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ABSTRACT

Spent hen, a poultry industry by-product with little market value and high lipid content,
can be used as a new and sustainable biomass source for lipid production. This study focused on
environmentally benign extraction methods, i.e., the microwave-assisted and supercritical CO»
extraction of lipids from the spent hen and conversion of extracted lipid into bionanocomposites.

First, over 95% of the lipids were recovered within 10 min using microwaves. Factors
affecting the lipid extraction yield, including extraction time, temperature, and the solvent-to-feed
ratio were studied using response surface methodology. To account for the low sample size,
parametric bootstrapping was used with a replacement approach. Data in all combinations were
bootstrapped 10,000 times, which showed a decrease in standard deviation. Fatty acid profiles of
extracts obtained under different conditions were investigated using gas chromatography equipped
with mass spectrometry and a flame ionization detector for qualitative and quantitative analysis,
respectively. The lipids predominantly contained oleic (46%), linoleic (~22%), and palmitic
(~23%) acids. Proton nuclear magnetic resonance spectroscopy (‘"H NMR) and Fourier transform
infrared spectroscopy were used to characterize different functional groups in the lipids. The phase
transitions and thermal degradation behavior of lipids were determined using differential scanning
calorimetry and thermogravimetric analysis, respectively.

Second, lipids were extracted using supercritical carbon dioxide (SC-COy) at 50—70 °C,
30—50 MPa, and constant CO> flow rate of 1 L/min (measured at ambient conditions). The
maximum yield of total lipid 37+0.4% (w/w) with 92% recovery was obtained at 50 MPa/70 °C.
Fatty acid compositional analysis was performed using gas chromatography with flame ionization
detector (GC-FID). Helium ion microscopy (HIM) was used to assess the morphological changes

before and after extraction. Furthermore, epoxidation of the extracted lipids was conducted with



and without the use of a solvent, where the solvent-free epoxidation was completed within 20 min.
The reaction progress was monitored by attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) and '"H NMR spectroscopy analysis, which showed the conversion rates of 59.8, 84.2
and 100% at 5, 10, and 20 min, respectively. The findings suggest that an alternative bio-epoxy
can be produced using SC-CO; extraction and solvent-free epoxidation of extracted lipids from
poultry industry waste/by-product.

Third, a monomer was synthesized using the mixture of fatty acids obtained through the
hydrolysis of triglycerides extracted from spent hens. The reaction conditions of temperature and
time were studied to obtain a high molecular weight biopolymer using bulk polymerization. The
bionanocomposites were then prepared with different ratios of nanoclay (0, 3, 5, and 10%) using
in situ polymerization. The bionanocomposite films were prepared using compression molding
and the effect of nanoparticle addition, in terms of their dispersion and impact on the final material
properties, was investigated by different characterization techniques. Results indicated improved
thermal stability for nanoreinforced biocomposites. The flammability test showed substantial
improvements in the flame retardancy of bionanocomposites compared to the neat biopolymer.
These results suggest that high-performance bionanomaterials can be developed from spent hen
lipids through in situ dispersion of nanoclay during polymerization.

Finally, a novel unsaturated macromonomer containing both saturated and unsaturated
fatty acids was synthesized from spent hen lipids and its chemical structure was characterized by
FTIR, '"H NMR, and gel permeation chromatography (GPC). The monomer was synthesized via
epoxidation of spent hen lipids, followed by grafting nanocellulose groups and acrylic groups
subsequently onto spent hen lipid molecules. The bionanocomposites were prepared by in situ

addition of modified nanoclay in different proportions. Also, the nanocomposites were synthesized



by copolymerization of spent hen lipid monomer and styrene. The obtained spent hen lipid
monomer possessed a highly polymerizable C=C functionality, consequently resulting in rigid
bioplastics. The synthesized cross-linked biomaterial from spent hen lipids provide an
environmentally friendly material showing potential for use in structural plastics.

In summary, lipids were extracted from the whole carcass of spent hens with high yields
by microwave-assisted and SC-CO» extraction and converted to bioepoxy materials. Furthermore,
the extracted lipids were converted to bionanocomposites with enhanced thermal stability and
flame retardancy properties. Moreover, environmentally friendly technologies such as microwave-
assisted extraction and SC-CO; extraction not only helped to reduce the lipid extraction time, but
also minimized the use of toxic organic solvents. Overall, in addition to several environmental

advantages, this research would benefit poultry, packaging, food and plastics industries.
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CHAPTER 1 - INTRODUCTION AND THESIS OBJECTIVES

In the last few decades, the use of fossil fuel-derived polymers has tremendously increased
in various applications including packaging, clothing, automobiles, space technology, buildings,
adhesives, cosmetics, medical devices, electronics, diagnostics and other industrial fields.
Worldwide, the consumption of plastics has been growing continuously over the past 50 years with
an annual increase rate of over 5%, with the total annual utilization exceeding over 300 million
metric tons in 2016 (Brockhaus et al., 2016). Generally, fossil resources are the main precursors
for the production of monomers on industrial scale and as a result over 7% of the global oil and
gas production goes into making plastics (Zhang et al., 2017), yet there are numerous
environmental apprehensions associated with their use and sustainability (Jambeck et al., 2015).
These fossil fuel reservoirs are not renewable and in the long term will not meet the needs of our
society. In addition, the majority of petroleum-derived plastic items can last for several hundred
years in landfills and do not degrade (Schneiderman and Hillmyer, 2017). Only 9% of the global
plastics are recycled and about 60% are landfilled (Lambert and Wagner, 2017) but the landfill
sites are decreasing. About five million tonnes of plastic waste is dumped into the ocean annually
(Miller, 2013; Tuck et al., 2012), and consequently, the amount of plastic in the ocean is expected
to be more than the number of fish by 2050 (Mohanty et al., 2018). Although there is no rapid
solution for such complex environmental concerns, the development of polymers from renewable
resources can mitigate some of these issues and provide sustainable alternatives to produce
materials that are suitable for recycling and/or biodegradable (Zhu et al., 2016). Consequently,
there has been a tremendous research interest both in academia and industry on the production and
use of biodegradable and sustainable materials. “Biobased” sustainable materials are currently

considered as the most suitable alternatives in the future as petroleum resources become limited



(Dietrich et al., 2017; He et al., 2017; Malinconico, 2017; Wroblewska-Krepsztul et al., 2018).

An eco-friendly and sustainable alternative for the plastic production is the utilization of
monomers from renewable resources (proteins, carbohydrates, lipids) as starting materials to
replace some or all of the synthetic plastics in many applications. Compared to proteins and
carbohydrates, lipid-derived monomers and biopolymers, being hydrophobic in nature, have the
potential to provide functionally equivalent, renewable and environmentally friendly replacements
for these finite petroleum-based raw materials, provided that they can be transformed into
monomers and subsequently to polymers according to the end-use requirements, and that they can
be produced in large scale to meet the current and growing industrial demand.

Consequently, much attention has been focused on the utilization of lipids as a raw material
to produce chemicals, energy, monomers and biopolymers. The main components of all lipids are
triacylglycerols (TAGs), which are esters of glycerol and free fatty acids. The lipids contain
hydrocarbon chains, which are structurally like those commonly found in materials derived from
petroleum. Therefore, lipids are considered as alternative natural materials to petroleum-based
materials with potential applications in various industrial sectors. For the production of bio-based
plastic materials the use of lipids from industrial by-products is highly desirable because it not
only reduces utilization of food-grade lipids such as plant oils but also diverts waste from landfills.
One such potential source of lipids is spent laying hens, which are mostly disposed of according
to the restrictions identified by, for instance, the international Landfill Directive (Muise et al.,
2016; Ullah and Wu, 2013; Wu, 2012).

Keeping in mind the stated issues, this PhD research aims to exploit a poultry industry
byproduct (spent hens) as a potential source of lipids and develop nanoreinforced composite

materials. There are no reports available in the literature on the utilization of lipids from spent hens



to develop biomaterials and or packaging materials. Therefore, this study aims to harvest this huge
bioresource and develop bionanocomposites for a variety of applications.

It was hypothesized that lipid-derived polymers can lead to new high performance
bionanocomposite materials through nanoparticle reinforcement. The overall objective of the
proposed research was to use rapid and environmentally benign methods of lipid extraction using
the spent hen as a raw material and to utilize the extracted lipids for the preparation of
bionanocomposites. The specific objectives were:

(1) To extract the lipids from spent hens using microwave-assisted extraction and to optimize

different extraction parameters, i.e., temperature, time, and solvent-to-feed ratio (Chapter 3),
(2) To extract the lipid from spent hens using supercritical CO> technology, and to study the

effect of different extraction factors, i.e. pressure, time and temperature on lipid extraction

yield and to transform the extracted TAGs into epoxidized lipid (Chapter 4),

(3) To prepare monomer and bionanocomposites from the fatty acids of the extracted lipids and
reinforce them by the addition of nanoparticles, i.e., nanoclay (Chapter 5), and

(4) To produce bionanocomposites from the extracted lipids, i.e., epoxidation followed by
cellulose nano crystals (CNC), monomer preparation, copolymerization with styrene and

nanoreinforcement by the addition of nanoclay (Chapter 6).
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CHAPTER 2 - LITERATURE REVIEW

Currently, one of the main pivots of industry and academia is to find sustainable raw
materials for the chemical manufacturing industries due to concerns related to the environment
and decreasing fossil fuel reservoirs (Loh, 2017; Zubair and Ullah, 2019). To address these
concerns and fulfill the industry requirements, utilization of industrial wastes or by-products has
been evaluated (Arshad et al., 2016b; Kaur et al., 2018; Stephen and Periyasamy, 2018). One such
potential, inexpensive and renewable bioresource, which has not been explored previously, is spent
hens.
2.1. Spent hen composition and disposal problems

Spent hens are the old egg laying birds, which have surpassed their laying cycle of up to

one year. Then, they are considered as poultry industry waste or by-product with minimal market
value. Approximately, over 2.6 billion spent hens are produced every year around the world, of
which 150 million are in North America (Kondaiah and Panda, 2007; Wang et al., 2013). The
annual production of spent hens in Canada is over 26 million. Each spent hen has ~1.8 kg meat
and on average the whole carcass contains about 60.1% moisture, 21.4% crude protein, 2.2% ash
and 16.3% lipid, which represents about 42-45 kilotons of lipids only in North America (Tactacan
et al., 2009). Ideally, these birds should be considered as food but due to their higher processing
cost, low meat quality and yield, this is not feasible for the poultry industry (Kersey and Waldroup,
1998). As a result, egg producers have to euthanize the birds followed by composting or dumping
into the landfills, which are not only expensive but also causing serious environmental concerns

(Bernhart and Fasina, 2009).



2.2. Lipid extraction methods

Several lipid extraction methods are being used, and some of the common methods, which
are reported in the literature are shown in Figure 2.1. Lipids are recovered from a variety of sources
with and without the use of solvents (Ranjith Kumar et al., 2015). The solvent method of lipid
extraction generally uses organic solvents, e.g. Soxhlet (De Castro and Priego-Capote, 2010),
Folch (Folch, Jordi et al., 1957), and Bligh and Dyer (Jensen, 2008) methods and the enzymatic
method of lipid extraction includes lytic (Gerken et al., 2013) and autolysis (Pueyo et al., 2000)
methods. Furthermore, the lipids can be extracted using supercritical CO; technology (Temelli,
1992). The supercritical CO> technology is sustainable and environmentally friendly. Physical
method of lipid recovery includes microwave-assisted extraction (Eskilsson and Bjoérklund, 2000).
Lipids can also be recovered using mechanical methods e.g., compression-decompression (Lee et
al., 2012), high pressure (Cho et al., 2012), bead milling (Zheng et al., 2011), homogenization
(Bligh and Dyer, 1959), hydrodynamic cavitation (Lee and Han, 2015), and ultrasonication (Zheng
et al., 2011). The microwave-assisted and supercritical CO extractions are the environmentally
friendly, sustainable and rapid methods as compared to the solvent extraction where huge amounts

of time, energy and toxic organic solvents are used (Carrapiso and Garcia, 2000).
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Figure 2.1: Schematic representation of common lipid recovery methods.
2.2.1. Microwave-assisted extraction (MAE)

MAE is an extraction technique that combines the use of microwave energy and traditional
solvent extraction. In MAE, microwave energy is used to heat solvents in contact with solid
samples or liquid samples (or to heat samples, e.g., fresh tissues) promoting partition of the
compounds of interest from the sample into the solvent. In contrast to conventional heating,
microwaves heat the solution directly. As a result, temperature gradients are minimal and the
heating rate using microwave radiation is faster (Camel, 2000).

MAE offers several advantages, such as shorter extraction time, low level or no use of

organic solvents and low extraction cost (Wahidin et al., 2014). During the microwave irradiation



process, rapid temperature increase, homogeneous heating, and high heating rates are responsible
for short extraction times (Meullemiestre et al., 2016).
2.2.2. Supercritical CO: extraction (SC-CO3)

Supercritical fluid extraction (SFE) is a modern separation technique where the solutes are
dissolved in a fluid, whose dissolving capacity can be modified under conditions above its critical
temperature and pressure. The characteristics of a supercritical fluid are applied to extract
selectively a compound or to fractionate mixtures by modifying the temperature and pressure. A
supercritical fluid shows physicochemical properties between those of a gas and a liquid. The
dissolving capacity of a supercritical fluid depends on its density, which can be as good as liquid
or as weak as gas by changing pressure and temperature (Raventds et al., 2002).

Superecritical carbon dioxide (SC-CO3) is considered to be an alternative to organic solvents,
which is abundant, nontoxic, nonflammable, cheap, sustainable and also has tunable physico-
chemical properties (Brennecke, 1997; Leitner, 2000; Temelli, 2009). The inherent properties of
COy, i.e., density, viscosity and diffusivity can be adjusted by altering temperature and pressure
(Brunner, 2013; Soh and Zimmerman, 2011). Because of the solvent properties of CO», it is not
only used for extractions but also as a reaction medium. This modern extraction technology has
been used for the extraction of lipids from a variety of sources, including meat and poultry feed
with excellent lipid recovery (King et al., 1989; Orellana et al., 2013).

2.3. Oil-derived bionanocomposites and their applications

The extracted oils from plant and animal sources can undergo a variety of chemical
modifications, which lead to a plethora of sustainable materials. Typically, oils are comprised of
up to 98% triglycerides (TAG), which are triesters of fatty acids and glycerol, and a typical

structure is shown in Figure 2.2 (Barnwal and Sharma, 2005). The fatty acid part could be saturated



or unsaturated. Other than triglycerides, the oils also contain diglycerides, monoglycerides,
phospholipids and free fatty acids (Srivastava and Prasad, 2000). Around 90% of the chemical
transformations take place at carboxyl functionalities of oils and the rest of the chemical
modifications are done at the double bonds of the fatty acid chains (Desroches et al., 2012).

Glycerol
Fatty acid chain
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Figure 2.2: A representative structure of triglyceride showing reactive sites.

The major applications of chemically modified oils are in coatings and their tendency to
form films depends on the extent of unsaturation in the fatty acid chains (Alam et al., 2014). The
transformation of oils is completed by the incorporation of different groups into the oil backbone,
such as hydroxyls, acrylics and acrylic co-polymers. Several such chemical modifications of the
oils are reported, for example, mono and diglycerides are considered as raw materials to produce
alkyds (Molina-Gutiérrez et al., 2019; Sharmin et al., 2015; Wu, Y. et al., 2012). Polyesteramides
and polyetheramides are produced by the amidation transformation of oils (Indumathi and
Rajarajeswari, 2019; Patil et al., 2019). The epoxides and polyols are produced by the oxidation
of oils (Okieimen et al., 2005; Rwahwire et al., 2019). Similarly, some of the examples reported
on double bond modifications are maleinization, and hydrohalogenation. Figure 2.3 summarizes
some common transformations of the oils (Aigbodion et al., 2003; Rastegari et al., 2019; Xia and

Larock, 2010) and a few specific examples of chemical modifications of oils are discussed next.
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Figure 2.3: Common transformations of oils.

Epoxides are three membered highly strained rings, which serve as a precursor in the
synthesis of numerous materials. Several studies have reported the epoxidation of oils from
different sources, e.g., Zhang et al. (2018) reported an alternative and sustainable epoxidation
method to acid-catalyzed epoxidations of soybean oil with 100% yields in the absence of any
organic solvents. Similarly, Ahn et al. (2011) synthesized epoxidized soybean oil in a single step
and at moderate reaction conditions at 50 °C and 5 min of reaction time, resulting in a thermally

stable, transparent, biodegradable and pressure sensitive material as shown in Figure 2.4.
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Figure 2.4: Epoxidation and hydroxylation of soybean oil for the production of thermally stable,
transparent and pressure sensitive material (Reprinted with permission from ACS (Ahn et al.,
2011)).

Several other studies have reported the epoxidation of oils from different sources, mainly
from soybean, castor, tung, corn, linseed, and sunflower oils (Benaniba et al., 2003; Huang et al.,
2013; Khundamri et al., 2019; Lligadas et al., 2006; Sinadinovi¢-Fiser et al., 2012; Sun et al.,
2011). Another study to modify linseed oil into coating was recently reported by Maurin et al.
(2019) where they successfully modified the epoxidized linseed oil in solvent and catalyst free
conditions with aminosilane. The plausible mechanism was ring opening of epoxide and
transamidation of triglycerides and the prepared hydrophobic material could be used as a coating
on cellulose and glass (Maurin et al., 2019). Another example of site selective epoxidation of oil
from a non-edible source was reported from the algae specie Botryococcus braunii. The extracted

oil was epoxidized by Prilezaev reaction using the oxidizing agent metachloroperbenzoic acid at
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0 °C with up to 88% epoxide yield. The oil only showed epoxidation at the C2, 6, 11, 17, 21
positions, giving pentaepoxide in high yield (Kawashima and Kijima, 2018). Similarly, talapia oil
was epoxidized by hydrogen peroxide in the presence of formic acid and toluene at room
temperature for 16 h with a yield of 94% and the reaction took place as transesterification followed
by epoxidation with the production of side products as ring opening of the epoxide. The epoxized
talapia oil could be used as a precursor to oleochemicals as well as lubricants (Do Valle et al.,
2018). Another example of epoxidized oil to be used as a source of other chemicals and lubricants
was reported with the addition of nano-sized CuO and CeO; particles (do Valle et al., 2018). Again,
the epoxidation of the rapeseed oil was performed in the presence of hydrogen peroxide, formic
acid, concentrated sulphuric acid, and diethyl ether. To improve their tribiological properties, the
nano-sized CuO and CeO; particles in the range of 0.1 to 1 wt% were added to the modified
rapeseed oil. It was concluded that the epoxidized rapeseed oil showed improved anti-wear and
friction-reducing properties compared to the unmodified oil. Also, the addition of nano particles
enhanced its friction reducing properties, which was due to the presence of polar groups that
facilitated the adsorption of metals for better film preparation (Gupta and Harsha, 2017).

The modification of epoxidized soybean oil to bio-rubber toughener was reported by Yadav
et al. (2018) and the rubber toughener was synthesized in a single step reaction of epoxidized
soybean oil consuming hexanoic anhydride from a bio-resource, which showed significant
improvement in their fracture toughness and reduction in glass transition temperature.

Through the amidation of oils polyamides can be synthesized, which have several
applications. Ahmad et al. (2004) synthesized boron-filled polyesteramides from soybean oil and
further modified the boron-filled polyesteramide to get polyesteramide urethane by the addition of

tolylene-2,4-diisocyanate, which showed the highest anti-microbial, anti-fungal activity for use as
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coating materials. Several other polyamides have been synthesized from soybean, castor, and
linseed oils (Biswas et al., 2008; Meier, 2019; Mohamed et al., 2014).

Hydroxy oils are considered as a feedstock for biodegradable polymer synthesis and used
as lubricants. For example, biodegradable polyurethane films were prepared from Mahua oil by
the incorporation of different proportions of zinc oxide nanoparticles (Indumathi and
Rajarajeswari, 2019). The composite with 5% zinc oxide nanoparticles showed enhanced
antimicrobial activity, hydrophobicity, barrier properties, stiffness and tensile strength.
Furthermore, the zinc oxide nanoparticle enhanced shelf life of carrots when wrapped in films up
to 9 days (Indumathi and Rajarajeswari, 2019).

Esterification of vegetable oils by benzyl alcohol using H2SO4 as catalyst was reported at
100 °C for 3 h, which gave benzyl esters with 96% yield. These benzyl esters from coconut, palm,
and soybean oils could be used as a lubricant, which consumed less energy during synthesis and
showed improved carbon black dispersion as compared to conventional aromatic oils (Boontawee
et al., 2017).

Acryl groups are introduced in the oils for the preparation of polymers. Ge et al. (2019)
synthesized acrylated epoxidized soybean oil-based films for improved moisture permeability by
ultraviolet initiation and as a result moisture permeability was decreased by 10 times. An
unsaturated ester from tung oil was prepared containing acrylates and maleates (Liu, C. et al.,
2016). Firstly, the maleic group was introduced followed by acrylic moiety onto the tung oil. The
prepared monomer possessed highly polymerizable double bonds, which resulted in a rigid
biopolymer with high cross linking, glass transition temperature of up to 127 °C and significantly
high tensile strength and modulus (Liu, C. et al., 2016). A soybean oil-based thermosetting resin

was synthesized by the reaction of isosorbide-methacrylate with acrylated epoxidized soybean oil
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resulting in improved degree of unsaturation (Liu, W. et al., 2016). The thermoset resin showed
high flexural strength, strain, storage modulus, glass transition and thermal stability. A
monomethyl itaconate was prepared with itaconic acid and epoxidized soybean oil. Also, acrylated
soybean oil was synthesized from acrylic acid and epoxidized soybean oil. The comparison of
monomethyl itaconate with acrylated soybean oil showed that the monomethyl itaconate had
extremely low volatility as high as 90 °C while acrylic acid volatilized at as low as 30 °C, which
proposed that monomethyl itaconate potentially could be used as an environmentally friendly
alternative to acrylic acid (Li et al., 2016).

Thiol-ene click reactions could be performed on bio-based oils through radical and
nucleophilic routes, which provide new avenues for the production of oleo chemicals with targeted
functionalities. Chemical modification of bio oils was reported to prepare polyols in one step by
the thiol-ene chemistry at —10 °C to —20 °C, giving almost 100% conversion of double bonds to
hydroxyl functionalization, which exhibited good transparency for use as films (Alagi et al., 2016).
Another example of thiol-ene click chemistry was performed on castor oil in which the oil derived
polyurethane acrylate was prepared by photo initiation (Chen et al., 2016). The highly efficient
side functionalization of castor oil was completed with B-mercaptoethanol by photo click reaction,
which showed significant improvement in UV curing rate and better film curing (Chen et al.,
2016).

Solvent-free polyurethanes were prepared from soybean oil by thiol-ene click chemistry.
Briefly, the soybean oil was mixed with several diisocynates, dibutyltindilaurate, and ethyl methyl
ketone using a molar proportion of isocyanate to hydroxyl 1.05:1 at 70 °C for 3 h and then the
temperature was increased to 80 °C for 12 h in a home-made oven to obtain poly urethane films

(Feng et al., 2017). The prepared films showed significantly high glass transition temperatures of
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up to 41.3 °C, 15.7 MPa tensile strength, and 470% elongation at break (Feng et al., 2017). By
using the thiol-ene click chemistry, soybean oil-based supramolecules reinforced with nano
cellulose were synthesized, which exhibited high storage modulus at 200 °C (Feng et al., 2017).
The plan was to introduce hydroxyl and carboxyl moieties in the soybean oil using methacrylate,
2-mercaptoethanol and initiator and the polymer prepared in this way facilitated hydrogen bonding
with the nano cellulose to enhance the compatibility of nanocomposite (Song et al., 2017).
Similarly, a green plasticizer from tung oil was synthesized by thiol-ene click chemistry (Jia et al.,
2018).

The grafting of oils on the surface of petroleum-based polymers has also been reported,
which showed improvement in the microbial and gas barrier properties of films. An example of
grafting of clove oil on the surface of linear low density polyethylene exhibited strong anti-
bacterial activity against Salmonella typhimurium and Listeria monocytogenes for up to 21 days
when the chicken samples were refrigerated (Mulla et al., 2017). Different types of chemical

modifications of the oils are shown in Figure 2.5.
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Figure 2.5: Chemical transformations of TAGs and fatty acids (continued)
2.4. Challenges with lipid-derived composites

Although bioplastics have a significant potential of replacing petroleum-based materials to
help reduce environmental concerns, these materials still present a number of processing and
property demerits that impede their utilization in many applications (Yu et al., 2006), in the food
packaging field in particular. Lower barrier properties of bioplastics to gases and vapours, their

lower thermal resistance, and strong water sensitivity, lower shelf-life stability due to ageing and
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plasticizer migration are the issues associated with the use of bioplastics as food packaging
materials (Satyanarayana et al., 2009). In this context, nanotechnology brings in significant
opportunities to minimize these drawbacks (Lagaron and Lopez-Rubio, 2011).

Several attempts have been made to functionalize and crosslink TAGs from vegetable
sources to develop thermosets and in some cases polymerization of functionalized TAGs to
develop thermoplastic polymeric materials. However, bioplastics prepared from these independent
biopolymers have intrinsic weaknesses such as low thermal stability, poor mechanical and other
physical properties. These drawbacks can be overcome by exploiting biopolymer nanotechnology.
Nanocomposites, with at least one dimension in nanometre scale, are regarded as a new generation
of high-performance materials. Particularly, nanoclay and cellulose nano crystals (CNC) are
considered to be emerging feedstocks for the preparation of nanoreinforced materials with
enhanced properties (Floros et al., 2012).

2.3. Summary

The major goal of this PhD research is to utilize the poultry industry by-product (spent hen)
as a starting material for the production of nanocomposites. The successful utilization of spent
fowls would not only help to reduce the waste being sent to landfills but will also add value to
poultry industry and benefit food industry through developing the composites from a renewable
starting material. The use of environmentally friendly technologies such as microwave-assisted
extraction and supercritical CO2 extraction will not only help to reduce the lipid extraction time,
but also minimize the use of toxic organic solvents. Overall, in addition to several environmental

advantages, this research would benefit poultry, packaging, food and plastics industries.
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CHAPTER 3 - EXTRACTION, OPTIMIZATION, AND CHARACTERIZATION OF
LIPIDS FROM SPENT HENS: AN UNEXPLOITED SUSTAINABLE BIORESOURCE!
3.1. Introduction

To reduce the dependency on fossil fuels, there is an extensive ongoing search both in the
industry and academia for new alternatives, which should be sustainable and environmentally
friendly (Chen et al., 2013; Kumar et al., 2016). Compared to proteins and carbohydrates as
renewable alternatives, much attention has been focused on the utilization of lipids to produce
chemicals, fuels, monomers and biopolymers (Fang et al., 2016; Jin et al., 2017; Qadeer et al.,
2017) because the hydrocarbon chains of fatty acids are structurally similar to those commonly
found in petroleum. Therefore, lipid-derived materials are considered as an alternative to
petroleum-based materials with potential applications in various industrial sectors (Katouzian et
al., 2017; Tao, 2007).

Currently, the competitive potential of lipid-derived non-food products is limited because
of the edible use and high cost of these lipids as a feedstock, i.e., soybean, canola, rapeseed,
sunflower, palm, and coconut oils contributing up to 85% of the total lipid production (Piker et al.,
2016). Microalgae as a potential source of lipid production (Alvarez-Diaz et al., 2017) also suffers
from high production cost (da Silva et al., 2014). Consequently, alternative resources are needed
to minimize cost (waste lipids or lipids from industrial by-products). It is possible to use non-
edible waste lipids as a feedstock because large quantities of waste are produced on a daily basis,
such as restaurant waste containing up to 30 wt% of lipids (Olkiewicz et al., 2014; Papanikolaou

et al., 2011).

! A version of this chapter has been published: Safder, M., Temelli, F., Ullah, A. 2019. Extraction, optimization, and
characterization of lipids from spent hens: An unexploited sustainable bioresource. Journal of Cleaner Production,
206, 622-630.
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The use of lipids from industrial by-products is highly desirable because it will not only
reduce the utilization of food-grade lipids but also divert waste from landfills. One such potential
sustainable resource is spent hens, which are old egg-laying hens and are mostly disposed of in
landfills (Bernhart and Fasina, 2009). Typically, the egg-laying period of hens lasts up to one year,
and after that, they are referred to as spent hens as they are no longer satisfactory regarding their
egg production and quality, as discussed in more detail in Chapter 2 (Section 2.1). This study aims
to harvest this massive bioresource for the recovery of lipids with the ultimate goal of developing
nanocomposites for food packaging applications.

Various techniques of lipid extraction from different substrates are being used, such as
conventional (e.g., mechanical pressing and solvent extraction) and modern (e.g., supercritical
fluid and microwave-assisted extraction) techniques. However, there are drawbacks associated
with conventional techniques, including lengthy extractions and high usage of organic solvents
(solvent extraction), as well as low extraction yield (mechanical pressing) (Amarni and Kadi, 2010;
Cravotto et al., 2008; Orr et al., 2016). On the other hand, microwave-assisted extraction offers
several advantages, such as shorter extraction time, low level or no use of organic solvents and
low extraction cost (Wahidin et al., 2014). During the microwave irradiation process, rapid
temperature increase, homogeneous heating, and high heating rates are responsible for short
extraction times (Meullemiestre et al., 2016).

Recently, some work has been done to extract and use proteins from the spent hens (Hong
etal., 2018; Wang et al., 2013; Yu et al., 2018), but to the best of my knowledge no work has been
completed on the extraction of lipids from spent hens using conventional or microwave-assisted
extraction techniques. Consequently, the objectives of this study were to explore microwave-

assisted extraction as a rapid and environmentally benign method of lipid extraction, to evaluate
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the effects of time, temperature and solvent-to-feed ratio on the lipid extraction yield and to
characterize the extracted lipids from spent hens.
3.2. Materials and methods

Spent hens were obtained through Alberta Hatching Egg Producers (AHEP). The solvent
n-hexane (95%) was purchased from Caledon Laboratory Chemicals (Georgetown, ON, Canada),
while dichloromethane (DCM, 99.5%), chloroform (>99%) methanol (99.9%), acetone (=99.5%),
ethyl acetate (EtOAc, 99.5%), potassium hydroxide (KOH, >85%), sodium chloride (NaCl,
99.9%), anhydrous sodium sulphate (Na2SOa, 99%), ferric chloride (>99.8%), acetic acid (=99%),
sulphuric acid (98%) and formic acid (>95%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as received.
3.2.1. Sample preparation

The spent hens were cut into small pieces manually followed by grinding at the Agri-Food
Discovery Place (AFDP), South Campus, University of Alberta. Grinding of the birds was
done using the Holly Mini-Matic Ergonomic Mixer/Grinder (Hollymatic Corporation,
Countryside, IL, USA) with a 5 mm plate followed by the Stephan Microcut MC 10 (Stephan
Machinery GmbH, Hameln, Germany) using the 1.8 mm cutting head. No water was added during
the grinding process. The ground hen materials were kept at -20 °C until further use.
3.2.2. Proximate analysis of ground spent hens

The lipid, protein, ash, and moisture contents of the spent hen with bones were determined.
Water and ash contents were estimated using the standard AOAC methods 935.29 and 942.05,
respectively (Horwitz and Latimer, 2005). The total amount of crude protein of the spent hens was
determined using LECO (Nitrogen/Carbon) analyzer (TruSpec®CN., Saint Joseph, MI, USA) and

a conversion factor of 6.25 (Osen et al., 2014). Lipid extraction of the spent hen was carried out
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using conventional methods, i.e., Folch (Folch, J. et al., 1957) and Soxhlet using dichloromethane-
methanol at 2:1 (v:v) ratio (Binnington, 1932) and all the analysis were performed in triplicate.
3.2.3. Microwave-assisted lipid extraction

All extractions were conducted in a 80 mL sealed tube having a pressure maximum of 2
MPa with a built-in magnetic stirrer using a CEM-Discover unit (120 V, CEM Corporation,
Matthews, NC, USA), equipped with a microwave radiation source having a maximum power
of 300 W. The microwave power was adjusted by the unit to reach and sustain the fixed
temperature. To monitor the internal temperature of the vessel contents, the instrument was
switched to fiber optic mode.
3.2.3.1. Single factor extraction conditions

A sample of about 15 g whole ground spent hen was placed in the 80 mL vessel with a
solvent-to-feed ratio ranging from 1.7-6.7 mL/g of dichloromethane-methanol (2:1, v:v) on a wet
basis. The mixture was subjected to microwave irradiation at the range of temperatures from 60-
100 °C for different time intervals (3-30 min) for the extraction of lipids, keeping solvent-to-feed
ratio (v/wt) constant at 1.3 mL/g. Then, extractions without and with the addition of solvent were
performed at 80 °C over 30 min. In the last set of extractions, the solvent-to-feed ratio was varied
from 0.7 to 2.6 mL/g at temperatures of 60, 80 and 100 °C at a fixed time of 30 min. Crude spent
hen lipids were obtained by filtration using Whatman filter paper (185 mm, GE Healthcare UK
Limited, Amersham Place Little Chalfont, Buckinghamshire, UK), then the solvent was

evaporated to get the extract using rotary evaporator under vacuum at 35 °C. The yield of extracted
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lipids was calculated based on the starting weight of whole ground spent hen sample. All the
experiments were conducted in duplicates and mean values were reported.
3.2.3.2. Response surface methodology (RSM)

Once the ranges of parameters were determined using the single factor experiments
described above, RSM was used to determine the optimal condition for the microwave extraction
of lipids from spent hen and to study the effects of input variables, i.e., temperature (A), extraction
time (B), and solvent-to-feed ratio (v/wt) (C) on the extraction yield (Y). Temperature range of
60-100 °C, 3-10 min extraction time, and 0.7-2 mL/g solvent-to-feed ratio (10, 20, and 30 mL of
solvent (DCM-methanol, 2:1, v:v) per 15 g of ground spent hen) were used as input variables. A
total of seventeen experimental runs were performed with five repetitions of the center point
according to Box-Behnken Design (BBD) using the Design-Expert software (Version 10.0, Stat-
Ease, Inc., Minneapolis, MN, USA). Test variables and their ranges are shown in Table 3.1, while
the designed experiments by the Box-Behnken method and their results are given in Table 3.2. The
analysis of variance (ANOVA) was performed, and the regression coefficients of the model
parameters were determined.

Table 3.1: The input factors and their ranges used.

Code Variable -1 0 1

A Temperature (°C) 60 80 100
B Time (min) 3 6.5 10
C Solvent-to-feed ratio (mL/g) 0.7 1.3 2

Bootstrap statistical analyses were performed in R version 3.4.3 (R Core Team 2017). A
total of 13 different combinations of input variables, i.e., temperature, time and solvent-to-feed
ratio were used. All 13 combinations of the input variables were tested in triplicates, and the

results for each combination were bootstrap 10,000 times to account for the low sample size.
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Parametric bootstrapping with replacement approach was used. Differences among the groups
were compared by conducting a three-way analysis of variance (ANOVA) (Bryant et al., 1987)
using a linear model at an alpha level of 0.05.

Table 3.2: The Box-Behnken design for optimization of process parameters of time (min),

temperature (°C), and the solvent-to-feed ratio (mL/g) and the resulting extraction yield %
(wt/wt) on wet basis.

Entry  Temperature (°C) Time (min) Solvent-to-feed ratio Yield (%)
(mL/g)
1 80 6.5 1.3 12.7
2 80 3 0.7 10.1
3 80 3 2 11.0
4 60 10 1.3 13.0
5 80 6.5 1.3 11.1
6 60 6.5 2 11.3
7 60 6.5 0.7 10.4
8 80 10 0.7 12.5
9 80 6.5 1.3 13.1
10 100 3 1.3 11.4
11 80 6.5 1.3 11.2
12 80 10 2 15.9
13 60 3 1.3 11.0
14 100 6.5 0.7 12.0
15 100 6.5 2 14.0
16 100 10 1.3 14.9
17 80 6.5 1.3 12.0
18° 60 480 10 16.1
19¢ 25 60 20 16.3
204 80 10 2 15.7

b Extraction of lipids by Soxhlet method
¢ Extraction of lipids by Folch method
d Extraction of lipids on a two fold scale-up process
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3.2.3.3. Two fold scale-up of microwave-assisted extraction

All extractions were conducted in a CEM-Discover unit (120 V, CEM Corporation,
Matthews, NC, USA). The optimized conditions for the lipid extraction from spent hen at a
laboratory scale were used for two-fold scale-up of the process. A temperature of 80 °C, 10 min
extraction time, and 2 mL/g solvent-to-feed ratio (60 mL of solvent (dichloromethane-methanol,
2:1, viv per 30 g of ground spent hen) were used. The lipid extract was filtered using five folds of
cheese cloth, an organic layer was separated by a separatory funnel and the organic solvents were
removed using a rotary evaporator under vacuum at 35 °C. The yield of extracted lipids was
calculated based on the initial feed weight. All experiments were conducted in triplicates.
3.2.4. Lipid analyses and characterization of extracts

The lipids extracted using optimized microwave extraction conditions were fractionated
into different classes using previously reported solid phase extraction (SPE) protocol (Zhao et al.,
2015) with some modifications. Briefly, the SPE cartridge packed with silica (Supelclean™ ENVI-
Carb™, Sigma-Aldrich, Oakville, ON, Canada) was conditioned with DCM, and then a solution
of lipid (30 mg) in 2 mL of DCM was applied onto the cartridge. The cartridge was first eluted
with DCM and then with acetone/methanol (9:1 v:v) followed by pure methanol to extract neutral
lipids, glycolipids, and phospholipids, respectively. Solvents were evaporated and residues were
weighed to determine the percentage of each lipid class. The SPE analyses were performed in
triplicate.
3.2.4.1. Gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame
ionization detector (GC-FID)

For the identification of fatty acid components, the lipid extract was transesterified with

methanol according to the protocol reported by (Arshad et al., 2014) and their GC-MS analysis
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was performed on Agilent 6890N gas chromatograph (Ramsey, MN, USA), equipped with a fused
silica SP2560 capillary column (100 m length % 0.25 mm diameter x 0.2 mm film thickness) and
detector (5975B inert XL MSD). The prepared sample (0.5 mg/mL in DCM (2 uL)) was injected
at an injector temperature of 240 °C operating at a split mode of 20:1. Initially, the temperature of
the oven was set at 45 °C and held for 4 min; the temperature was gradually raised to 175 °C with
the average ramping rate of 13 °C/min. This temperature was kept constant for 27 min and further
increased to 215 °C using a ramping rate of 4 °C/min, and held for 35 min. To measure the masses
of different components in the sample, a scanning range of 30—1000 amu with a scan rate of 1.55
per second was used. The carrier gas used was helium with a flow rate of 1.3 mL/min.

To determine the fatty acid composition of the extracted samples, the GC-FID analysis was
performed using a Perkin Elmer GC-FID Clarus 500 instrument (Alexandria, VA, USA) fitted
with a flame ionization detector. The temperature of the detector was 280 °C, while the injector
was set at 240 °C. Hydrogen was used as the carrier gas at the flow rate of 45 mL/min.
3.2.4.2. Proton nuclear magnetic spectroscopy (‘H NMR)

The structure elucidation of extracted lipids was performed by 'H NMR spectroscopy and
the spectra were recorded using deuterated chloroform at 400 MHz (Varian Inova instrument,
Palo Alto, CA, USA).
3.2.4.3. Attenuated total reflectance - Fourier transform infrared spectroscopy (ATR-FTIR)
analysis

ATR-FTIR spectra of extracted lipids were recorded using a Bruker Optics (Esslingen,

Germany) unit with the help of single bounce diamond ATR crystal. All samples were scanned in
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the wavenumber range of 450-3500 cm™!, spectra were obtained using OPUS software 6.5 version
from Bruker, and a total of 16 scans at a resolution of 4 cm™ were recorded.
3.2.4.4. Differential scanning calorimetry (DSC) measurement

To investigate thermal transitions in the extracted lipid samples, DSC analyses were
performed using a TA Instrument (2920 Modulated DSC, TA Instruments, New Castle, DE, USA),
with a purge of nitrogen gas. Samples (2.0-5.0 mg) were weighed in a pan, which was sealed and
placed in a DSC cell. The thermograms were recorded in the range of -50 to +50 °C, where the
heating rate was set at 3 °C/min. To eliminate the thermal history, the 2™ heating cycle of DSC
profiles was selected.
3.2.4.5. Thermogravimetric analysis (TGA)

The thermal degradation behavior of extracted lipids was investigated by thermal
gravimetric analysis using a Q50 TGA instrument (TA Instruments, New Castle, DE, USA) in the
presence of nitrogen gas. TGA measurements were conducted by heating the samples in the range
of 30 to 600°C at the ramp rate of 10 °C/min.

3.3. Results and discussion

Proximate analysis of the whole ground spent hen showed 60.1 £ 0.1% moisture, 21.4 +
0.1% crude protein, 16.3 £ 0.2% lipid and 2.2 + 0.2% ash content. In addition to the proximate
analysis, different classes of crude lipids were estimated by the solid phase extraction technique
with 86.2 + 0.4%, 0.6 £0.5% and 0.3 + 0.2 % of neutral lipids, phospholipids, and glycolipids,
respectively. In this study, the lipids extracted from the whole ground spent hen (containing 60.1
+ 0.1% moisture content), employing the conventional Folch method using dichloromethane and
methanol (2:1 v/v) was considered as the total lipid in the sample. The lipids extracted using the

Folch method were 1.6 g per 10 g of wet biomass spent hen (16.3% yield). Lipid extraction
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efficiency (% recovery) was reported as the ratio of the total lipids extracted by microwave-assisted
extraction and the lipids extracted by the Folch method.
3.3.1. Influence of extraction parameters based on single factor experiments

The effects of temperature, organic solvent addition and solvent-to-feed ratio on the lipid
extraction yield were evaluated using single factor experiments as discussed below.
3.3.1.1. Temperature effect on lipid extraction yield

The influence of extraction temperature on lipid yield was studied while keeping solvent-
to-feed ratio (v/wt) at 1.3 mL/g as depicted in Figure 3.1 (a). High temperature increases the
solubility of lipids and their diffusion; however, there is a risk of thermal degradation at higher
temperatures. An increase in the lipid extraction yield was observed by raising the temperature
from 60 °C to 100 °C, where the yield of 13.1% at 60 °C and 30 min is increased to 16.0% at 80
°C and 16.1% at 100 °C (Figure 3.1 (a)). As expected, the temperature had a direct effect on the
extraction yield. Generally, high mass transfer rates are achieved in microwave-assisted
extractions at elevated temperatures. Overall, the rise of temperature increases the lipid extraction
yield due to the weakening of intermolecular forces, i.e., hydrogen bonding, which leads to
improved diffusion of the lipid molecules within the matrix and then into the solvent phase.
Furthermore, the viscosities of the solvent and lipids drop at higher temperatures, which also
increase the diffusion rates. At elevated temperatures, the thermal energy overcomes the cohesive
and adhesive forces, which leads to improved capacity of solvents to dissolve lipids (Karlovic et
al., 1992). With an increase in extraction time, the lipid yield was substantially improved only up
to 10 min and then reached a plateau, which was in agreement with a report on olive pomace oil
(Yanik, 2017). At higher temperatures and prolonged extraction times, the cell structure can break

down, which could enhance the release of lipids (McMillan et al., 2013); however, the temperature
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sensitive constituents could be damaged. It was clear from Figure 3.1 (a), that prolonged extraction
times had no remarkable effect on the lipid yield. Considering a higher extraction yield, 80 °C was
selected as the optimum temperature in the subsequent single-factor experiment. Considering the
above results, extraction temperatures of 60 °C, 80 °C, and 100 °C and a time range of 3-10 min
were employed in the RSM study to further optimize extraction conditions.
3.3.1.2. Effect of organic solvent addition on lipid extraction yield

In addition to the effect of temperature and time on lipid extraction yield, the effect of
solvent addition was studied as depicted in Figure 3.1 (b). The microwave-assisted lipid extractions
were performed without and with solvent (solvent-to-feed ratio, 1.3 mL/g) addition at 80 °C for
up to 30 min. Solvent addition showed a substantial effect on lipid extraction yield (about 16.1%)
as compared to the extraction performed without solvent, where the extraction yield was 5.6% at
10 min. It is apparent that the extraction of lipids using a solvent is more efficient as compared to

the extraction of lipids without solvent.

3.3.1.3. Influence of solvent-to-feed ratio (v/wt) on lipid yield

The influence of solvent-to-feed ratio on the lipid extraction yield is shown in Figure 3.1
(c). The increase in the solvent-to-feed ratio (v/wt) from 0.7 to 2.0 resulted in a higher lipid yield.
At a solvent-to-feed ratio of more than 2, the lipid extraction yield reached a plateau at 60 and 80
°C but declined at 100 °C, which is attributed to the large volume of low boiling point solvents
creating more pressure inside the vessel causing some bleeding of the solvent and dissolved lipids
out of the vessel, as was observed at the completion of extraction. Similar observations were
recorded on flavonoids extraction (Xiao et al., 2008). Hence, 2 mL/g was adopted as the most

appropriate solvent-to-feed ratio (v/wt). Also, it is desirable to keep the solvent-to-feed ratio small
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to minimize the amount of solvent used. When using RSM to optimize the extraction factors, the

solvent-to-feed ratio (v/wt) of 0.7, 1.3, and 2 mL/g were employed for further analysis.
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Figure 3.1: Effect of (a) temperature, (b) solvent addition and (c) solvent-to-feed ratio (v/wt) on
the lipid extraction yield of spent hen, all the values are average of duplicates.
3.3.2. Optimization of extraction variables by RSM

Solid-liquid extraction involves the mass transfer of solute molecules from the solid phase
to the liquid phase. The phenomena behind mass transfer are capillary flow, which has a direct
relation to the viscosity of the solvents. Use of microwave irradiation produces heat inside the
sample, and as a result, a rapid increase in temperature develops inside the matrix, which could
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create pressure on the cell structure. Hence, during microwave-assisted extraction heat and mass
transfers are in the same direction, which enhances the extraction rate (Luque de Castro and
Castillo-Peinado, 2016). In this study, the relationship of lipid extraction yield and three input
variables, i.e., extraction temperature, time and the solvent-to-feed ratio (v/wt) were assessed by
RSM. Statistical software was used to evaluate the full regression model, including linear,
quadratic, and interaction terms. The results of ANOVA showed that the quadratic and interaction
terms were not significant, and the model was simplified to a linear model. To observe the fitness
of an empirical model with the generated responses, a regression analysis was conducted. A linear
equation was generated to calculate the predicted lipid extraction yield based on the actual
parameters (Eq. (3.1))

Y = +4.04327 + 0.0417504 + 0.46536B + 0.090625C (3.1)
where Y is the lipid extraction yield (%), A is temperature (°C), B is time (min), and C is the
solvent-to-feed ratio (v/wt). At a certain level of each parameter, the equation regarding actual
parameters can be used to predict the response.

To find out the significance and fitness of the linear model, the ANOVA results were
analyzed, including the main effects of selected variables, which are compiled in Table 3.3 for the
linear model. The model F-value of 17.77 suggested the model was significant (p < 0.0001). With
p <0.05, A, B, and C were found to be significant model terms. Among these terms, time (B) had
the most significant effect (p < 0.0001). The low value of the coefficient of variation (C.V. =
6.47%) and a non-significant lack of fit showed that the linear model results were reliable. The
effects of the operating parameters on lipid extraction yield were shown in Figure 3.2, where the
extraction yield increased linearly with temperature, time and solvent-to-feed ratio within the

ranges tested.
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The maximum extraction yield of 15.98% was obtained experimentally at a temperature of
80 °C, with 10 min extraction time and the solvent-to-feed ratio of 2 mL/g, showing good
consistency with the predicted value of 15.6%. The lipid recovery was 98% by the microwave-
assisted method under these optimized conditions.
3.3.3. Bootstrapping of data

To bootstrap the data, all of the 13 combinations of individual input variables, i.e.,
temperature, time and solvent-to-feed ratio were conducted in triplicates experimentally (Table
3.4). In RSM analysis, the interaction effects were not significant. In addition to individual
parameters, their interactions also significantly affected the yield of lipid at p < 0.00001 after
bootstrapping (Table 3.5). As the sample size increased the standard deviation decreased, which
showed the successful bootstrapping of data. The p-value decreased as the sample size increased

(Halsey et al., 2015).

3.3.4. Two-fold scale up extractions

The extraction parameters were optimized by RSM studies at laboratory scale, and those
were used for two-fold scale up, to assess the feasibility of microwave-assisted lipid extraction
from spent hens. In the scaled-up extraction process, the yield of extracted lipid was slightly less
than that obtained at the laboratory scale, with 96.5+0.2% crude lipid recovery. The findings
showed that comparable results could be obtained when the amount of starting material was

doubled, indicating the future applicability of microwave-assisted lipid extractions at larger scales.
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Figure 3.2: Response Surface Methodology plots for optimizing different parameters, showing
extraction yield as a function of (a) temperature, (b) time, and (c) total amount of solvent used for
15 g feed.
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Table 3.3: ANOVA results for the RSM experiments listed in Table 3.2 described by Eq. (3.1)

Source Sum of squares  Degree of Mean square F-Value P-Value
freedom

Model 33.37 3 11.12 17.77 <0.0001
A-Temperature 5.58 1 5.58 8.91 0.0105
B-Time 21.22 1 21.22 33.90 <0.0001
C-Solvent 6.57 1 6.57 10.50 0.0065
Residual 8.14 13 - - -
Lack of Fit 5.06 9 0.56 0.73 0.6805
Pure Error 3.07 4 - - -
Cor Total 41.51 16 - - -

3.3.5. Characterization of extracted lipids
The characterization of extracted lipids was done using GC-MS, GC-FID, '"H NMR, ATR-

FTIR, and TGA as discussed below.
3.3.5.1. Fatty acid compositional analysis by GC-MS and GC-FID

The GC-MS spectrum of the transesterified crude lipid extract is shown in Figure 3.3, where
methyl heptadecanoate (C17:0) was used as a standard. Five peaks were observed in the mass
chromatogram, in which three predominant peaks were identified as palmitic (C16:0), oleic
(C18:1) and linoleic (C18:2) methyl esters depending on their mass-to-charge ratio, while
palmitoleic (C16:1) and stearic (C18:0) acids were also observed but in lower concentrations as it

was evident from their peak intensities (Figure 3.3).
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Table 3.4: The Bootstrap results for the process parameters of time (3, 6.5, 10 min), temperature
(60, 80, 100 °C), and the solvent-to-feed ratio (0.7, 1.3, 2.0 mL/g).

Entry Combinations Mean SDE SDB sem
1 H H M 14.36 0.76 0.36 0.0036
2 H L M 14.36 0.6 0.36 0.0036
3 H M H 14.03 0.25 0.12 0.0012
4 H M L 11.79 0.2 0.09 0.0009
5 L H M 12.27 0.64 0.30 0.0030
6 L L M 10.67 0.42 0.19 0.0019
7 L M H 11.37 0.4 0.19 0.0019
8 L M L 10.20 0.2 0.09 0.0009
9 M H H 15.80 0.27 0.12 0.0012
10 M H L 12.00 0.5 0.23 0.0023
11 M L H 11.73 0.64 0.30 0.0030
12 M L L 10.03 0.4 0.19 0.0019
13 M M M 12.02 0.95 0.35 0.0035

The abbreviations SDE, SDB, sem stand for standard deviation experimentally, standard deviation
bootstrap and standard error of the mean, respectively, and L, M and H stand for low, medium and
high, respectively.
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Table 3.5: Three way ANOVA results for the Bootstrap experiments listed in Table 3.4

Source Sum of squares  Degree of Mean square F-Value P-Value
freedom

Temperature 1302.32 2 651.16 10416.73 <0.00001
Time 1055.28 3 351.76 5627.17 <0.00001
Solvent 1042.35 2 521.17 8337.28 <0.00001
Temp : Time 228.83 2 114.42 1830.35 <0.00001
Temp : Solvent 87.19 2 43.60 697.41 <0.00001
Time : Solvent 107.33 1 107.33 1716.97 <0.00001
Residual 80.45 1287 0.06 - -

To determine the composition of fatty acid components in the extracted lipids, the GC-FID
analysis was performed. Table 3.6 showed the fatty acid compositions of extracted lipids under
the different extraction conditions, and the results are reported as peak area percentage (normalized
to 100%). The most abundant fatty acids were muyristic (0.9-1.3%), palmitic (21.1-23.1%),
palmitoleic (5.2-6.2%), stearic (4.8-5.4%), oleic (43.9-46.4%), and linoleic (20.1-22.5%) acids.
On a two-fold scale up level, only slight variation was observed in the fatty acid compositions of
the extracts. Fatty acid compositional analysis of all lipid extracts obtained at different extraction
conditions showed that the temperature, time and solvent-to-feed ratios had no substantial effect

on their fatty acid composition.
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Figure 3.3: GC-MS spectrum of transesterified crude lipid extract.
3.3.5.2.'"H NMR analysis of extracted lipids

Figure 3.4 represents 'H NMR spectra of crude lipids extracted from the spent hen, where
the peaks labeled as "b" and "c" correspond to the methylene and methine protons of glycerol part
(O-CH>-CH-CH>-0). Unsaturated protons of hydrophobic fatty acid chains were observed in the
chemical shift range of 5.3 - 5.5 ppm marked as “a”. The signals in the up field region (0.5-3.0
ppm) of NMR spectra correspond to saturated hydrocarbon (-CHz-) protons. The triplet at 6 0.7
ppm represents the terminal methyl protons (") of fatty acid chains, while the internal methylene

[73L1)
1

protons were observed at 1.3 ppm marked as “i”. The signals at chemical shift values of 2.05 and
2.75 ppm labeled as “h” and “e” are associated with methylene protons adjacent to olefinic groups.

The rest of the signals marked as “f” at 6 2.4 ppm, and “h” at & 1.6 ppm indicate those methylene
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protons present adjacent to the carbonyl functionality (O=C-CH>-CH>-). All of these peaks in the
spectrum are characteristic for triglyceride molecules and are consistent with the reported literature
(Arshad et al., 2014).
3.3.5.3. ATR-FTIR analysis

Figure 3.5 represents an ATR-FTIR spectrum of the extracted lipids under the optimal
extraction conditions. The strong absorbance at 2850 and 2926 cm™! linked to the saturated C-H
stretching, indicating large amount of methyl and methylene functionalities. Furthermore, the
presence of small stretching bands at 3008 cm ™! is characteristic for alkene protons, confirming
the presence of wunsaturation in extracted lipids. The strong absorption peak at
1742 cm™! represents the carbonyl functionality stretching associated with an ester group, showing
a high content of carbonyl in the lipids. The absorption bands in between 1420 cm™ ! and 1485 cm ™!
belong to bending vibrations of alkanes, while the wavenumber region from 1080-1260 cm™'
represents the stretching vibrations of ester group (=C-O-C-). The strong peaks in the fingerprint
region at around 730 cm™! were attributed to rocking vibrations of methylene group and out of
plane vibrations of cis-disubstituted alkenes. These results confirm the presence of triglyceride
functional groups as was reported for the lipid extract of black soldier fly (Wang et al., 2017) and

are consistent with the proton NMR results given in Figure 3.4.
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Table 3.6: Effect of operation conditions on the fatty acid composition of lipids extracted from
the spent hen.

Entry® Cl14:0(%) C16:0(%) Cl6:1(%) CI8:0(%) Cl18:1(%) C18:2 (%)

1 1.3 23.1 5.8 5.1 43.9 20.7
2 0.9 22.4 5.7 5.0 45.1 20.7
3 0.9 22.2 5.7 5.0 45.6 20.5
4 0.9 21.9 6.4 5.1 44.8 20.8
5 0.9 22.9 53 54 44 .4 21.0
6 1.0 22.5 5.5 5.1 45.8 20.1
7 1.1 22.6 54 5.1 45.3 20.6
8 1.1 21.1 6.2 4.8 44.2 22.5
9 1.1 21.9 5.5 5.1 44.3 22.3
10 1.0 23.1 5.2 5.1 44.5 21.1
11 0.9 21.1 54 54 44.9 22.3
12 1.0 21.7 5.5 4.9 453 21.5
13 1.0 21.9 52 5.1 44.7 21.9
14 1.0 21.9 55 5.0 44.2 22.3
15 1.0 21.8 5.6 5.1 44.5 22.0
16 1.0 22.2 5.6 5.0 453 20.9
17 1.1 22.5 5.7 4.9 46.4 19.3
18° 1.2 223 5.5 52 45.0 20.8
19¢ 1.0 22.4 5.7 5.2 45.0 20.7
204 1.0 22.0 6.1 4.8 47.7 18.1

? Operation conditions of all entries are provided in Table 3.2
b Extraction of lipids by Soxhlet method

¢ Extraction of lipids by Folch method

d Extraction of lipids on a two fold scale-up process
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Figure 3.5: ATR-FTIR spectra of a crude lipid extract from spent hen.
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3.3.5.4. DSC profile of extracted lipids

To investigate the phase transition behavior of crude extracted lipids, DSC analysis was
performed as shown in Figure 3.6. Two broad exothermic peaks were observed in the cooling
profile of the DSC thermogram, which represented the transition from liquid phase to solid. These
two peaks indicate the presence of saturated and unsaturated lipids, while their broadness can be
attributed to the different chain lengths of fatty acids present. The lower solidification temperatures
(-0.2 and -8.4 °C) indicate the presence of a larger amount of unsaturated fatty acids, as this result
is consistent with the fatty acid compositional data (27.6% saturated and 71.8% unsaturated fatty
acids) determined by GC-FID (Table 3.6). The thermal data of lipids shown in Figure 3.6 are also

consistent with the data reported previously for vegetable oils (Teles dos Santos et al., 2012).
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Figure 3.6: DSC thermogram of crude lipids extracted from spent hen.
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3.3.5.5. Thermogravimetric analysis of the lipids

The thermal decomposition behavior of the extracted lipids was analyzed using the TGA.
The weight loss profile attained by TGA and its derivatives (d-TGA) are shown in Figure 3.7. The
curves showed that the entire thermal decomposition could be divided into two stages: the first
stage of weight loss in between 30 and 125 °C is attributed to the loss of moisture (less than 10%),
while the second stage represents the volatilization/decomposition of lipid molecules between 330
to 485 °C. The sudden increase in weight loss at 350 °C can be attributed to the breakdown of
large molecules into lower molecular weight hydrocarbons, CO2 and CO (Loo et al., 2015). The
maximum weight loss of crude lipids was observed at 415 °C as obvious in the d-TGA curve with
no residue left after the complete degradation of lipids. Similar thermal decomposition behavior

of triglycerides extracted from black soldier fly was reported previously (Wang et al., 2017).
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Figure 3.7: TGA and d-TGA curves of crude lipids extracted from spent hen.
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3.3.6. Industrial applicability of microwave technology

The use of microwave technology is not only confined to lab scale experiments. Recently,
industrial microwave units have been used in several areas, including chemical synthesis, food
processing, sterilization, pasteurization and extraction of oils. For example, Radient Technology
Inc. (Edmonton, AB, Canada) is using microwave systems on a pilot scale consuming up to 800
kg of biomass from different sources for the extraction of oils (Radient, 2018, January 12). In this
study, the lipid extraction yield was 98% in 10 min. The two-fold extraction also gave a similar
yield. The bootstrapping of data also supported its feasibility on industrial scale extraction of lipids
from spent hens, as the p-value and standard deviation decreased with the increase in sample size.
3.4. Conclusions

The spent hen is an untapped biomass source for producing a variety of lipid-derived
materials. The spent hen lipids were rapidly extracted using microwaves. The effects of extraction
parameters such as the solvent-to-feed ratio, extraction time, and temperature on lipid extraction
yield were studied and observed to be significant. The optimal yield was obtained using 2 mL/g
solvent-to-feed ratio for 10 min at 80 °C. To account for the low sample size, parametric
bootstrapping was used with a replacement approach, and data in all combinations were
bootstrapped up to 10,000 times, which showed a decrease in standard deviation and p-value with
an increase in sample size. The lipids predominantly had oleic, linoleic, and palmitic acids. The
physicochemical characteristics of the lipids revealed their suitability for biomaterial production.
The rapid extraction of lipids from spent hen provides a unique and promising opportunity for the

production of lipid-based materials in subsequent stages of production.
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CHAPTER 4 - SUPERCRITICAL CO2 EXTRACTION AND SOLVENT-FREE RAPID
ALTERNATIVE BIOEPOXY PRODUCTION FROM SPENT HENS?
4.1. Introduction

Currently, one of the main foci of industry and academia is to find sustainable raw materials
for the chemical manufacturing industries due to concerns related to the environment and
decreasing fossil fuel reservoirs (Loh, 2017; Zubair and Ullah, 2019). To address these concerns
and fulfill the industry requirements, utilization of industrial wastes or by-products has been
evaluated (Arshad et al., 2016b; Kaur et al., 2018; Stephen and Periyasamy, 2018). One such
potential, inexpensive and renewable bioresource, which has not been explored previously, is spent
hens as described in Chapter 2 (Section 2.1). The current study aims to harvest this bioresource for
the recovery of lipids with the ultimate goal of developing epoxidized lipids to be used as
plasticizers.

In conventional lipid extraction, large volumes of organic solvents are used i.e., n-hexane,
which has several drawbacks including lengthy extraction times (Garcia-Ayuso and Luque de
Castro, 2001). To overcome these limitations of solvent extraction, supercritical carbon dioxide
(SC-COy) is considered to be an alternative to organic solvents, which is abundant, nontoxic, non-
flammable, cheap, sustainable and also has tunable physico-chemical properties (Brennecke, 1997;
Leitner, 2000; Temelli, 2009). The inherent properties of CO., i.e., density, viscosity and
diffusivity can be adjusted by altering temperature and pressure (Brunner, 2013; Soh and
Zimmerman, 2011). Because of the solvent properties of COa, it is not only used for extractions
but also as a reaction medium. This modern extraction technology has been used for the extraction

of lipids from a variety of sources, including meat and poultry feed with over 96% lipid recovery

2 A version of this chapter has been published: Safder, M., Temelli, F., Ullah, A. 2019b. Supercritical CO, extraction
and solvent-free rapid alternative bioepoxy production from spent hens. Journal of CO, Utilization, 34, 335-342.
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(King et al., 1989; Orellana et al., 2013).

Epoxides are chemical compounds commonly produced from fossil resources and
extensively used in several industrial applications, including automobile, aerospace, electronics,
adhesives, and coatings (Aris et al., 2015; Goodman and Hanna, 2014; Parameswaranpillai et al.,
2016). However, due to their non-renewable and hazardous nature, development of sustainable
epoxides from renewables has attracted considerable research interest to synthesize them from
vegetable oils (Auvergne et al., 2013; Kamarudin et al., 2018; Xia et al., 2016; Xia and Larock,
2010). These oil-derived epoxides, being bio-renewable, have numerous applications including
lubricants, thermosetting polymers (Galia et al., 2010; Yan et al., 2016) and plasticizers (Mungroo
etal., 2008; Sharma et al., 2006). The major use of these plasticizers is in polyvinyl chloride (PVC)
materials, which are one of the most widely consumed thermoplastics (Arrieta et al., 2017) with
numerous applications (Suzuki et al., 2018). Nevertheless, the edible oil based bio-plasticizers are
competing with the food chain, and therefore, negatively affecting the price of edible oils, which
have a major use in human consumption (Fernandes et al., 2017; Greco et al., 2016). Therefore,
environmentally benign extraction of fats/oils from alternative low cost, renewable and sustainable
feedstock, which does not compete with the food chain is highly desirable.

The literature lacks information on the extraction of lipids from spent hens using SC-CO»
and subsequent conversion of the lipid extract into epoxides. Consequently, the overall objective
of this study was to evaluate SC-CO; extraction of lipids from spent hen and their oxidation for
the development of a bio-plasticizer. The specific objectives were first to investigate the effects of
pressure and temperature on the extraction of lipids using SC-CO; and then perform epoxidation
of the extracted lipids for the preparation of a bio-plasticizer with and without the use of an organic

solvent.
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4.2. Materials and Methods
4.2.1. Materials

The spent hens were obtained from Alberta Hatching Egg Producers (AHEP). Toluene
(299%), n-hexane (95%, Caledon), dichloromethane (DCM, 99.5%), anhydrous sodium sulphate
(Na2SO4, 99%), formic acid (=95%), Amberlite IR-120 resin, hydrogen peroxide (35%) and all
other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
4.2.2. Sample preparation

The grinding of the spent hen was carried out as previously described in Chapter 3 (Section
3.2.1). Moisture was removed by freeze drying using Virtis Ultra 35L Freeze Dryer (SP Scientific,
Stone Ridge, NY, USA) and the moisture content was calculated after gravimetric measurement
of the sample before and after drying. The ground samples were stored in a freezer at -20 °C until
further use for lipid extraction. Crude lipid content was determined by Soxhlet extraction in
triplicate using n-hexane for 5 h followed by solvent removal under vacuum at 40 °C. The moisture
content of ground spent hen was 60.1 + 0.1% (w/w). The lipid content of the spent hen was
40.510.4% as determined by Soxhlet extraction (Mello et al., 2017), which was in agreement with
the previous study on the extraction of lipids from spent hens using microwaves (Chapter 3).

The density of the spent hen before and after the SC-CO; extraction was measured by a
nitrogen pycnometer (AccuPyc 1330, micrometrics, Norcross GA, USA) using standard sample
holder (10 cm?®) according to ASTM D2856-94 (ASTM, 1994). The density of the ground spent
hen before and after the SC-CO; extraction was 1.2165+0.0016 and 1.4573+0.0052 g/cm?® with the

porosities of 65.5+1% and 86.1+1%, respectively.
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4.2.3. Supercritical extraction unit

SC-CO; extractions were performed using a laboratory-scale supercritical fluid extraction
unit (Newport Scientific, Inc., Jessup, MD, USA) as described previously (Bozan and Temelli,
2002) with some modifications. Briefly, the system was operated in a semi-continuous mode by
pumping SC-CO; through a fixed bed of ground spent hen, depressurizing the CO> to precipitate
the lipid extract after the extraction cell, and releasing the expanded CO; to the atmosphere. For
each run, approximately 2 g of ground sample was loaded into a basket (20 mL), and the basket
was placed in the 300 mL extraction cell. To prevent bed compaction glass beads were used in
between the sample and glass wool at both ends of the basket. Two o-rings placed around the
basket ensured that CO2 would flow through the sample. CO; in gaseous state was compressed to
the desired pressure by using a diaphragm compressor with a maximum rating of 70 MPa. Pressure
was controlled (=1 MPa) by a back-pressure regulator located at the compressor exit and monitored
by a pressure gauge. The extraction vessel was heated with an electrical heating jacket. The
temperature inside the vessel was monitored by a type K thermocouple and controlled by a
temperature controller with an accuracy of =1 °C (United Electric Control Co., model D921,
Watertown, MA, USA). CO2 was preheated to the targeted extraction temperature prior to entry
into the vessel, using a heating tape wrapped around the tubing, which was connected to a
temperature controller. The flow rate of the CO, was maintained manually by adjusting a
micrometering valve, which was placed at the exit of the extraction vessel and heated to avoid
freezing due to the Joule-Thomson effect upon CO> expansion. The flow rate and total volume of
COz used in each run were measured at ambient conditions by a flow meter and a dry gas meter

(£0.05 L), respectively.
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4.2.4. Experimental design

To maximize the recovery of lipids from ground spent hens, a range of temperatures and
pressures were employed. Extractions were performed at temperatures of 40, 55, and 70 °C and
pressures of 30, 40, and 50 MPa at a constant CO» flow rate of 1 L/min (measured at ambient
conditions). The extracted lipid fractions were collected with a short time interval of 10 min for
the first 30 min of extraction due to the larger extraction rate of lipids initially followed by 15 min
intervals for 30 min, and 30 min intervals for 120 min for a total extraction time of 180 min.
Extracted fractions were collected in scintillation glass vials held in a cold trap at =20 °C after the
depressurization valve. The amount of each fraction was determined gravimetrically, and the lipid
extraction yield was expressed as a percentage of the mass of ground sample used as feed.
Extracted lipid samples were stored at —20 °C until further use. All experiments were conducted
in duplicates.

A 10-fold scale up of the extraction was performed using the optimized SC-CO- extraction
conditions obtained (50 MPa, 70 °C) and keeping the flow rate of CO2 as 1 L/min. The extraction
time was extended up to 240 min because of the larger amount of sample loaded and the extractions
were conducted in duplicate. For each run, approximately 20 g of ground sample was loaded into
a larger basket (100 mL), and the basket was placed in the 300 mL extraction cell, while the rest
of the conditions were kept the same. The amount of extracted lipid was reported as percentage
yield on dry basis using the freeze-dried feed material, according to Eq. (1). In addition, the
recovery of extracted lipids was determined by considering Soxhlet extracted lipids using

dichloromethane-methanol (2:1, v/v) as 100 percent, according to Eq. (2).

Amount of lipid extracted by CO2

Lipid extraction yield (%) = X100 4.1)

Amount of feed used

Amount of lipid extracted by CO2

Lipid recovery (%) = X100 4.2)

Amount of lipid extracted by Soxhlet
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4.2.5. Characterization of extracts

To assess the effect of pressure and temperature on the fatty acid composition of the extracts,
the gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization
detector (GC-FID) analyses of the transesterified crude lipid was conducted using methyl
heptadecanoate (C17:0) as an internal standard (Arshad et al., 2014). GC-MS analysis was
performed using Agilent 6890N gas chromatograph (Ramsey, MN, USA), equipped with a fused
silica SP2560 capillary column (100 m length % 0.25 mm diameter x 0.2 mm film thickness) and
detector (5975B inert XL MSD) as described in Chapter 3 (Section 3.2.4.1.). The fatty acids were
identified by the comparison of retention time and mass from the GC library. GC-FID analysis
was performed using a Perkin Elmer GC-FID Clarus 500 instrument (Alexandria, VA, USA) fitted
with a flame ionization detector as described in Chapter 3 (Section 3.2.4.1).

The morphological changes of the ground spent hen matrix before and after SC-CO; and
Soxhlet extractions were examined using a Zeiss Orion nanoFab Helium Ion Microscope (HIM)
(Carl Zeiss AG, Oberkochen, Germany) located at the nanoFab facility of the University of
Alberta. To neutralize the positive charges concentrated on the surface of sample, an electron flood
gun was used, which helps to get the images of insulating samples. Unlike scanning electron
microscopy (SEM), the HIM uses a beam of He" ions and due to the defined gas ionized source
with a smaller probe size, high resolution images with larger field depth can be obtained (Burch et
al., 2017; Byrne et al., 2018). Therefore, HIM was deliberately selected for the analysis of ground
samples before and after SC-CO; extraction because it offers the advantage of using low-energy
ion beams, minimizes sample surface damage, and provides high surface contrast in direct imaging

of biological samples to prevent charging caused by the insulating properties of most biological
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materials (Bazou et al., 2011). It also maintains subtle surface features by eliminating any metal
coating requirements for sample preparation generally used in SEM (Joens et al., 2013).
4.2.6. Epoxidation without solvent use

Lipids extracted from spent hens (3 g) using SC-CO; at optimized conditions (50 MPa and
70 °C) were placed into a 25 mL round bottom flask with a magnetic stir bar and the mixture was
stirred at room temperature (24 °C) in a paraffin oil bath for 2 min. Then, 1 g of Amberlite IR-120
resin and 0.5 g of formic acid were added, and the reaction mixture was kept on stirring for 2 min.
Hydrogen peroxide (3 mL) was added drop wise to the reaction mixture. Then, the temperature of
the oil bath was raised to 50 °C, which was taken as t=0 min (Aerts and Jacobs, 2004). Samples
were collected during the reaction at the time intervals of 0, 15, 30, 60, and 120 min and the
completion of reaction was monitored by attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) and proton nuclear magnetic spectroscopy (!H NMR). After the
completion of reaction, a yellow epoxidized product (2.5 g) was obtained. The reactions were
performed in duplicate.
4.2.7. Epoxidation with solvent use

The epoxidation procedure was kept the same as described above except the lipid extract
was first dissolved in an equal amount of toluene as solvent. The samples were collected through
a capillary tube at relatively shorter intervals of 0, 5, 10, 20, 30 and 60 min during the reaction to
analyse the progress of reaction more precisely using ATR-FTIR and 'H NMR spectroscopy. The
epoxidized spent hen lipids were extracted from the reaction mixture using n-hexane and distilled
water (20 mL each). The emulsion formed during the extraction of product was broken by the

addition of saturated sodium chloride solution (10 mL). Then, the hexane layer was passed through
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anhydrous Na;SO4 to remove residual moisture. A yellow epoxidized lipid product (2.4 g) was
obtained after the completion of the reaction. The experiments were conducted in duplicates.
4.2.8. Characterization of reaction products

ATR-FTIR spectra of the reaction mixture were recorded during the epoxidation using a
Bruker Optics (Esslingen, Germany) unit equipped with a single bounce diamond ATR crystal.
All samples were scanned in the wavelength range of 410-4000 cm™'. Spectra were obtained using
OPUS software version 6.5 from Bruker and a total of 16 scans at a resolution of 4 cm™ were
recorded for each sample.

The progress of epoxidation reaction was also investigated with the help of 'H NMR
spectroscopy. The 'H NMR spectra of samples obtained at different time intervals were taken with
and without solvent using deuterated chloroform at 400 MHz using a Varian instrument (Varian
Inova, Palo Alto, CA, USA).

4.3. Results and Discussion
4.3.1. SC-COz extraction of lipids; extraction yield and apparent solubility

Experimental extraction curves of total lipids obtained at different operating conditions are
presented in Figure 4.1. As expected, the extraction curves present the three typical regions:
solubility-controlled region, transition region and the diffusion-controlled region. The apparent
solubility of lipids from spent hen in SC-CO; at each combination of pressure and temperature
was determined from the slopes of the initial linear portion of extraction curves, representing the
solubility-controlled region. Keeping the CO> flow rate low enough to allow sufficient contact
time is essential for the determination of apparent solubility. The CO flow rate was maintained
constant at 1 L/min in this study based on a previous study, which evaluated the effect of flow rate

on extract loading in CO> using the same extraction unit (Sun and Temelli, 2006).
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Figure 4.1: SC-CO> extraction yield as a function of solvent-to-feed ratio at pressures of 30, 40,
and 50 MPa at (a) 40 °C (b) 55 °C and (c) 70 °C.

The apparent solubility of spent hen lipids is given in Table 4.1. As expected, higher
solubility of total lipids was obtained at higher pressures at all temperatures and the results were
in agreement with the already reported study on extracted lipids from shrimp waste (Sanchez-

Camargo et al., 2011). The extraction results showed that the apparent solubility varied from
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4.440.5 to 7.5+£0.5 mg/g CO> at 40 °C, 5.4+0.4 to 9.0+0.3 mg/g CO> at 55 °C and 4.9+0.95 to
8.7£0.3 mg/g CO> at 70 °C within the pressure range of 30, 40, and 50 MPa. Similar solubility
behavior has been reported in the literature for lipids from different biological sources, for
example, flaxseed oil solubility was reported as 11.3 mg oil/g CO; at 70 °C and 55 MPa (Bozan
and Temelli, 2002) while the fat solubility from poultry meal was 6.3 mg/g CO> at 50 °C and 34.5
MPa (Orellana et al., 2013). The increase in apparent solubility with pressure was due to an
increase in the density of CO; at higher pressures, which in turn increased its dissolving power
(Wu et al., 2016). As presented in Table 4.1, apparent solubility increased with temperature at
higher pressures. Increasing temperature also has an impact on physicochemical properties with
reduced viscosity and enhanced diffusivity, which is beneficial for mass transfer. A higher amount
of CO; is needed at lower temperatures and pressures for the extraction of total lipids of ground
spent hen (Figure 4.1) (Giiglii-Ustiindag and Temelli, 2006; Viner et al., 2018). The lowest SC-
CO; consumption for the extraction of the maximum amount of total lipids was observed at 40
MPa and 70 °C from the initial linear portion of extraction curves. The maximum yield of 37 g/g
feed at an S/F of ~60 to 125 g/g feed (Figure 4.1) was obtained at 50 MPa and 70 °C, corresponding
to a recovery of 92%. The plateau was reached at S/F of 59.7 without much change with further
increase of S/F. The lower lipid extraction recovery compared to Soxhlet extraction could be
mainly due to the differences in the lower solubility of polar lipids in SC-COz. On a ten-fold scale
up level, the observed extraction yield was 17.5% at S/F of 16.6 g/g feed. While in comparison to
the small scale, 19.4% yield was obtained at a similar S/F of 16.6, so S/F of ~60 should be tested

at larger scale.
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Table 4.1: Apparent solubility of spent hen lipids in SC-CO; at different temperatures and
pressures.

P T CO:density>  Apparent solubility®
(MPa) (°C) (kg/m®) (mg lipid/g CO»)
30 40 910 4.4+0.5
40 40 950 8.9+0.95
50 40 990 7.5+£0.5
30 55 850 5.4+0.4
40 55 910 5.7+1.05
50 55 950 9.0+0.3
30 70 790 4.94+0.95
40 70 860 9.1£0.9
50 70 910 8.7£0.3

2COz density values were obtained from NIST Chemistry Webbook.
®Values are reported as mean + standard deviation based on duplicate runs.
4.3.2. Morphological analysis of spent hen before and after SC-CO2 extraction
Figure 4.2 shows the visual appearance of ground spent hen before and after SC-CO-
extraction, where the brown and coarse feed material became light brown and fine after extraction

because of the removal of lipids.

Figure 4.2: Physical appearance of ground spent hen (a) before and (b) after SC-CO; extraction.

69



The ground spent hen was investigated by HIM to examine the effect of high-pressure CO»
treatment on morphological changes. The HIM images of the ground spent hen matrix showed
smooth surfaces, no cavities and droplets in the matrix before extraction (Figure 4.3a), while there
were remarkable changes on its surface morphology after the SC-CO, extraction (Figure 4.3b) in
the form of ruptured surfaces with some visible pores in the matrix and rough texture compared to
the native sample before extraction. However, the surface morphology of the sample after the
Soxhlet extraction showed less disrupted surface compared to SC-CO» extraction as can be seen
in Figure 4.3c. The release of high-pressure SC-CO; following extraction has been previously
reported to cause cell rupture in pollen, soybeans, leather industry waste and Mortierella
alpina biomass (Devaraj et al., 2018; Li et al., 2004; Nisha et al., 2012; Xu et al., 2009).

4.3.3. Fatty acid composition of lipid extracts

Five peaks were observed in the mass chromatogram, in which three predominant peaks
were identified as palmitic (C16:0), oleic (C18:1) and linoleic (C18:2) methyl esters depending on
their mass-to-charge ratio, while palmitoleic (C16:1) and stearic (C18:0) acids were also present
but at lower concentrations.

Table 4.2 shows the fatty acid composition of the lipids obtained under the different
extraction conditions and the results are reported as peak area percentage (normalized to 100%)
based on GC-FID analysis. The most abundant fatty acids were myristic (0.8-1.4£0.2%), palmitic
(19.5-24.84+2.5%), palmitoleic (4.1-5.91+0.5%), stearic (4.7-6.8+0.8%), oleic (52.1-59.9+2.7%),
and linoleic (5.6-15.945.2%) acids, and the results are in agreement with the literature (Rocha
Garcia et al., 2003). Fatty acid compositional analysis of all lipid extracts obtained at different

extraction conditions showed that the pressure and temperature had no substantial effect on their
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fatty acid composition. In addition, the fatty acid composition of the lipid extract obtained after

ten-fold scale up was similar with only a slight variation.

Mod Scan Size — Working Disance Model Scan Size — Working Distance

1024 x 1024 9.357 Walimeters NanoFab 1024 x 1024 10 pm 9.413 Milimeters
Column Scan Dwell Time GFIS Field Of View Acauisition Timestamp Column Scan Dwell Time GFIS Fiald Of View Acquisition Timestamp
GFIS 02us 99.4 Microns. 121572017 10:59:17 AM GFIS 0.2ps 100 Microns 12/5/2017 10:29:03 AM

After Soxhlet E

Model Scan Size. — Working Distance

ZEISS NanoFan 1024 x 1024 10 pm 9.663 Millimeters
Column Scan Dwell Time GFIS Field Of View Acquisition Timestamp
GFIS 02ps 100 Microns

11/8/2018 11:16:51 AM

Figure 4.3: HIM images of ground spent hen sample: a) untreated ground sample, b) solid residue
after SC-COz extraction performed at 50 MPa and 70 °C, and c) residue after Soxhlet extraction.
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4.3.4. Epoxidation and characterization of reaction products

The SC-CO; extracted lipids from ground spent hen were epoxidized using Amberlite IR-
120 as ion exchange resin (Aguilera et al., 2018; Fernandes et al., 2017) and the proposed reaction
scheme is shown in Figure 4.4. The reactions using Amberlite-120 resin is a rapid and green
method because there is no use of metals, ligands, and basic conditions, and also the Amberlite is
recyclable by simple filtration and could be reused at least four times without any significant

change in its activity (Mulakayala et al., 2012).

H,0, / Toluene Formic acid,

Amberlite IR-120 | 80°C: S rs.

Epoxidized 0 o] O
TAG

Figure 4.4: Schematic representation of the epoxidation reaction for spent hen lipids.
4.3.5. Epoxidation without solvent use

The epoxidation of spent hen lipids under solvent-free conditions was monitored by ATR-
FTIR spectroscopy to assess the presence of double bonds and their transformation to epoxides
(Figure 4.5). As the reaction proceeded with time, the band intensity of double bonds decreased

and that of epoxide ring increased. The band at 827 cm™! is the most important band on the ATR-
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FTIR spectra, which is associated to epoxide group, while the band present at 3007 cm is related

to the unsaturated oils (Mashhadi et al., 2018) as shown in Figure 4.5.

Table 4.2: Fatty acid composition of lipid extracts (GC peak area %)

Pressure  Temperature  C14:0 C16:0 Clé6:1 C18:0 C18:1 C18:2
(MPa) (9]

30 40 1.12 23.66 4.49 6.79 58.24 5.68
40 40 1.23 24.82 5.39 5.71 56.51 6.31
50 40 1.11 24.58 4.86 6.77 59.96 2.71
30 55 1.03 20.95 4.61 5.09 53.68 14.63
40 55 1.47 23.30 5.99 4.86 53.91 10.45
50 55 0.90 20.73 4.70 5.18 53.62 14.86
30 70 1.04 21.12 4.99 4.69 52.18 15.97
40 70 0.97 19.50 4.53 4.94 52.19 12.91
50 70 0.78 21.03 4.13 6.29 55.85 11.92
1? 1.45 17.59 5.74 541 50.07 19.73
2° 1.23 26.63 4.98 6.97 56.10 4.04

? Extraction of lipids by Soxhlet method

b Extraction of lipids on a ten-fold scale up process using SC-CO; at 50 MPa and 70 °C.
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Figure 4.5: Epoxidation ATR-FTIR spectra at different time intervals i.e., To- Teo under solvent
free conditions.

The peak present at wave number 3007 cm™ was prominent at the start of experiment, i.e.,
0 min while there was no peak at 827 cm™! at the start of reaction. Band frequency of the
characteristic peaks was almost the same after 5 min of reaction time. However, the intensity of
double bond peak started decreasing at 3007 cm™! while the peak of epoxide was found at 827 cm”
I'after 10 min of reaction time. After 20 min reaction time, the double bond peak almost
disappeared, and a prominent peak of epoxide was found at 827 cm™'. These results indicated that
the reaction was completed in 20 min with conversion of all unsaturated molecules present in the
sample into corresponding epoxides.

The monitoring and confirmation of the epoxidation of spent hen lipids under solvent-free

conditions was also elucidated by '"H NMR spectroscopy (Figure 4.6). During the first 10 min, the

two distinct peaks resonating at 5.35 and 2.02 ppm associated to double bond and -CHb»- adjacent
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to double bond started disappearing and new peaks were observed at 2.94 and 1.50 ppm, which
were characteristic of oxirane and -CH>- neighboring oxirane ring (Fernandes et al., 2017; Xia et
al., 2016) as shown in Figure 4.6. As the reaction proceeded, the peaks associated to unsaturation
completely vanished and the epoxidized ring peaks were found after 20 min. The epoxidation
reaction was continued up to 60 min to make sure that all the double bonds were converted into
epoxides. By examining the '"H NMR spectra of spent hen lipid epoxides at different time intervals,
epoxidation conversion rates were calculated using glycerol protons as internal standard as their
peak integration were the same before and after the epoxidation (Xia et al., 2016). The conversion
rates were found to be 59.8, 84.2 and 100% at 5, 10, and 20 min, respectively. It was concluded
that all the double bonds were consumed, and the epoxidation was completed in 20 min of reaction

time.

T
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Figure 4.6: Epoxidation "H NMR spectra at different time intervals i.e., To- Teo under solvent free
conditions.
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4.3.6. Epoxidation with solvent use

The ATR-FTIR analysis of spent hen epoxidized lipid samples obtained at different time
intervals using toluene as the solvent was performed to evaluate the presence of double bonds and
their subsequent transformation to epoxide. An olefinic signal was observed at 3005 cm™! but there
was no oxirane peak in the range of 824-840 cm™ (Mashhadi et al., 2018) at 0 min reaction time
as presented in Figure 4.7.

A similar pattern of deflection was observed at both wavelengths at 15 min. As the reaction
time proceeded, unsaturated bonds started transforming into epoxide groups. At 30 min, the
absorptions associated to double bonds disappeared and a signal of epoxy ring was observed at
837 cm™!, which indicated the formation of epoxides. The reaction was further continued until 360
min but no further change in the ATR-FTIR spectra was observed after 30 min. These results
showed that initially, there were signals of double bonds while the epoxide group was absent in
the sample; however, with reaction time, double bonds started converting into epoxide groups.
Transition from double bond to epoxide group is expressed in the spectra. All unsaturated

molecules present in the sample were converted into corresponding epoxides.

—TO0
—T15
— T30
— T60
—T120
—T240
— T360
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Figure 4.7: ATR-FTIR spectra of epoxidation reaction samples obtained at different time intervals
i.e., To- T360 in the presence of toluene.
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4.4. Conclusions
The spent hen is an unexplored sustainable source of lipids for the production of lipid-

based materials. An environmentally friendly method of lipid extraction, the SC-CO, method was

used to extract the lipids. A range of pressures and temperatures were investigated for the
maximum extraction of lipids from spent hen. Over 92% of lipids were recovered at 50 MPa and

70 °C. Furthermore, the extracted lipids were epoxidized. The epoxidation of lipids was completed

in less than 20 min under solvent-free conditions and epoxidation conversion rates were calculated,

which indicated the conversion rates of 59.8, 84.2 and 100% at 5, 10, and 20 min, respectively.

The environmentally friendly extraction of lipids and their subsequent conversion into epoxides

under solvent-free conditions provide a promising green approach for the production of lipid-

derived bio-epoxy materials from an unutilized sustainable resource.
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CHAPTER 5 - LIPID-DERIVED HYBRID BIONANOCOMPOSITES FROM SPENT
HENS3
5.1. Introduction

In the last few decades, the use of fossil fuel-derived chemicals and polymers has
tremendously increased in various applications, including packaging, automotive, aerospace,
construction, adhesives, cosmetics, medical, and other industrial fields. In fact, the largest
application for plastics today is packaging, and food packaging is the largest sector within the
packaging market (Fauziah et al., 2015; Passos and Ribeiro, 2016). Packaging, on the one hand, is
needed as it helps to preserve food and hence reduces organic waste but the use of plastics in huge
amounts for this purpose is directly linked with alarming environmental issues. Plastics as a threat
to environment arose mainly out of their use as packaging materials. The majority of petroleum-
derived plastic packaging items can last for several hundred years in the landfills and do not
degrade (Philp et al., 2013). As a result, there has been a strong research interest both in academia
and industry on the development and use of biodegradable and/or biobased materials. “Biobased”
sustainable materials, the so-called bioplastics, are currently considered as the way to go and may
be the only alternative in the future as fossil fuel resources become exhausted (Ullah et al., 2011;
Zhang and Wang, 2012).

The biobased polymers may be classified into three main categories: (1) biopolymers
directly extracted from biomass such as cellulose, starch and protein etc. (2) biopolymers produced
by microorganisms or genetically modified bacteria such as poly (hydroxy alkanoates) (PHAs);
and (3) biopolymers synthesized using biobased monomers such as polylactide (PLA) etc

(Andreelen and Steinbiichel, 2019). The control of the structure and improvement in some

3 A version of this chapter has been submitted for consideration for publication: Safder, M., Temelli, F., Ullah, A.
2019. Lipid-derived hybrid bionanocomposites from spent hens.
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properties can be achieved by using biopolymers synthesized from biobased monomers. However,
compared to proteins and carbohydrates, lipid-derived monomers and biopolymers, being
hydrophobic in nature, have the potential to provide renewable alternatives to petroleum-based
raw materials and can be produced in large scale to meet the current and growing industrial demand
(Arshad et al., 2016a; Cohen-Karni et al., 2017; Jiang et al., 2018).

Although the development and applications of biopolymers can overcome some of the
environmental challenges, it is highly desirable for them to be cost competitive and have material
properties comparable to existing fossil-based materials, including thermal stability, mechanical
strength, flame retardancy, and processability to increase their utilization in many applications
(Khanra et al., 2018). An emerging approach, to improve such properties, is the incorporation of
nanostructures. A complete transformation of the material properties can be achieved by the proper
addition of nanoparticles. As the size is reduced to the nanoscale, the properties differ remarkably
from their bulk counterparts, owing to increased surface area and nano effects (Paul and Robeson,
2008). Therefore, reinforcement of bio-polymer matrices with organic or inorganic fillers (e.g.,
particles and fibers) from either synthetic or natural sources can lead to high-performance
composite materials (Bertolino et al., 2016; Souza and Fernando, 2016). These composites can be
designed with multifunctional properties, such as dielectric properties or antibacterial properties,
making them suitable materials for a variety of applications (Makaremi et al., 2017; Mousa et al.,
2016).

In the recent years, extensive amount of work is being done on the use of triglycerides for
monomer and subsequent polymer production to achieve materials with improved mechanical and
thermal properties comparable to their plastic competitor (Garrison et al., 2016; Mauck et al.,

2016). The use of oils from industrial wastes and by-products is necessary because it will not only
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provide a sustainable solution to produce materials but also address the waste management
problem. Large amounts of non-edible lipids are wasted on a daily basis such as restaurant waste,
which contains up to 30% lipids and can be used as lipid feedstock (Olkiewicz et al., 2014;
Papanikolaou et al., 2011). This study targeted to harvest lipids from spent hens, which is a huge
bioresource, as discussed in more detail in Chapter 2 (Section 2.1) with an ultimate goal of
developing nanocomposites for different potential applications.

Recently, some work has been done to extract and use proteins for the preparation of hybrid
bionanocomposite films to be used in the packaging industry and other applications from spent
hens (Hong et al., 2018; Wang et al., 2013; Yu et al., 2018; Zubair et al., 2019), but to the best of
my knowledge no work has been reported on the lipid-derived nano-reinforced biocomposites
from spent hens. Therefore, the objectives of the present study were to investigate the use of spent
hen lipids for monomer preparation and subsequent polymerization to evaluate the effect of time
and temperature on the molecular weight of the polymer obtained, and to investigate the effect of
different proportions of nanoclay addition during polymerization on the properties of the
nanocomposites obtained.

5.2. Materials and Methods
5.2.1 Materials

Thin layer chromatography (TLC, Merck, Darmstadt, Germany) was performed on silica
gel 60 F254  Aluminum plates. 4-(Dimethylamino) pyridine (DMAP>99%),
dicyclohexylcarbodiimide (DCC, 99%), 2-hydroxyethyl acrylate (96%), sodium chloride (99.9%),
anhydrous sodium sulfate (>99%), dichloromethane (DCM, 99.9%), Montmorillonite nanoclay

modified with 35-45 wt% dimethyl dialkyl (-C14 and -C18) amine, azobisisobutyronitrile (AIBN,
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98%, recrystallized in methanol), tetrahydrofuran (THF, >99%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used as received.
5.2.2. Microwave-assisted lipid extraction

Lipids were extracted from whole ground spent hens using microwave-assisted extraction
as described previously in Chapter 3 (Section 3.2.3) at 80 °C for 10 min using a CEM-Discover
unit (120 V, CEM Corporation, Matthews, NC, USA).

5.2.3. Monomer and polymer synthesis

Hydrolysis of triacylglycerols (TAGs) was performed using a standard procedure with
slight modifications (Salimon et al., 2011). To the oil (24.7 g) dissolved in a mixture of 230 mL
DCM and 23 mL methanol was added 112 mL of 2N KOH solution in MeOH in a 500 mL flask
and stirred for 2 h at 35 °C. The completion of the reaction was monitored by TLC and '"H NMR
spectroscopy. After that, the organic layer was separated using a separatory funnel, and another
200 mL of DCM was added into the mixture to make sure that all of the nonpolar compounds were
removed. The aqueous layer was acidified to pH 1-2 using concentrated HCI, the pH was estimated
by Litmus paper and the free fatty acids were extracted with DCM. The extraction was repeated
three times using the same amount 200 mL of DCM every time and the DCM was removed by
rotary evaporator. All the experiments were performed in duplicates.

Figure 5.1 shows the synthesis of spent hen derived fatty acid monomer (SFAM) and the
subsequent nanocomposites. The monomer was prepared using the previously reported method
(Arshad et al., 2016a) with some minor changes. Briefly, hydrolyzed free fatty acids (8 g) and
DMAP (0.353 g) were dissolved in DCM (30 mL) in a 250 mL flask. The reaction mixture was
stirred followed by purging with nitrogen gas for 10 min in an ice bath. In a separate beaker, DCC

(6.43 g) was dissolved in a minimum amount (~10 mL) of DCM and added into the reaction
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mixture dropwise. Then, 2-hydroxyethyl acrylate (3.13 mL) was added dropwise over 30 min. The
ice bath was removed after 20 min and the resulting mixture was stirred overnight at room
temperature (25 °C). The reaction was monitored by TLC until the complete utilization of starting
material. The reaction mixture was filtered to remove the white precipitate followed by 60 mL
distilled water addition to the filtrate. Then, the organic phase was washed with a saturated solution
of NaHCO3 (4 x 80 mL) and brine solution (2 x 80 mL) and dried using anhydrous Na>SO4 for 18
h. The organic solvent was removed by rotary evaporator and the extracted monomer was purified
by column chromatography using silica gel and hexane/ethyl acetate (95:5 v/v) as the mobile
phase. The lipid hydrolysis yield and the monomer yield were calculated using the Egs. (5.1) and

(5.2), respectively.

Amount of hydrolysed lipid
Amount of lipid

Lipid hydrolysis yield (%) = X100 (5.1)

Amount of monomer
Amount of hydrolysed lipid

Monomer yield (%) = X100 (5.2)
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Figure 5.1: Schematic representation of SFAM and SFAP synthesis from spent hen derived fatty
acids.

88



To synthesize the polymer, the SFAM monomer (1.5 g) was placed in a 25 mL flask,
together with a stirrer. The septum was used to seal the top with parafilm. The reaction mixture
was purged with nitrogen for 15 min. Then, 20 mg of initiator AIBN was added when the
temperature reached 70 °C and the reaction was allowed to proceed for 24 h. To optimize the
reaction conditions to get a high molecular weight polymer, temperatures of 70, 90 and 110 °C and
reaction times of 2, 4, 8, 12, 15 and 24 h were tested.

5.2.4. In situ nanoclay dispersion and synthesis of nanocomposites

SFAM monomer (1.5 g) and nanoclay modified (3, 5 and 10% by weight) were placed in
a flask separately and the temperature was raised to 50 °C to liquefy the reaction mixture
components. Then, the mixture was stirred mechanically for 10 min followed by sonication for 10
min for complete dispersion of nanoclay into the reaction mixture. The stirring and sonication
steps of 10 min each were repeated three times for maximum dispersion of nanoclay. The reaction
mixture was then purged with nitrogen gas to remove entrapped air before adding the initiator
AIBN (20 mg) and raising the temperature up to 65 °C to initiate the polymerization. After the
completion of reaction, THF was used to remove any unreacted monomer.

5.2.5. Preparation of nanocomposite films

Films of nanocomposite materials for thermal and flammability testing were prepared by
compression molding of the powder for 10 min at 150 °C and 3.45 — 4.83 MPa pressure, using a
Carver press (Carver Inc. hydraulic unit model no. 3912, Wabash, IN, USA). The films were then
cut into a standard size (approximately 30 mm length, 10 mm width and 1 mm thickness) to be
used for thermal and flammability tests.

5.2.6. Characterization tests

5.2.6.1. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy
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ATR-FTIR spectra of reaction mixtures were recorded using a Bruker Optics (Esslingen,
Germany) system equipped with a single bounce diamond ATR crystal. All samples were scanned
in the wavelength range of 410-4000 cm!. In total, 16 scans at a resolution of 4 cm™ were recorded.
Spectra were obtained using OPUS software 6.5 version from Bruker.
5.2.6.2. Proton nuclear magnetic resonance spectroscopy ("H NMR)

'"H NMR analyses of reaction components were performed using a Varian INOVA
instrument (Palo Alto, CA, USA) at 400 MHz frequency at room temperature where deuterated
chloroform (CDCI3) and methanol (MeOD) were used as solvent. The extent of conversion of
double bonds was determined by taking one of the internal peaks as a standard, which remained
the same throughout the reaction. Specifically, the signal at 0.90 ppm (-CH3, ¢) was used for this
purpose because it remained unchanged throughout the reaction (Aerts and Jacobs, 2004).
5.2.6.3. Thermogravimetric analysis (TGA)

The thermal degradation behavior was investigated using thermal gravimetric analysis
technique on Q50 TGA instrument (New Castle, DE, USA) in the presence of inert nitrogen gas.
TGA measurements were conducted by heating the samples up to 600 °C with the ramp rate of 10
“C/min.
5.2.6.4. Differential scanning calorimetry (DSC)

To investigate thermal transitions, DSC analyses were performed using a TA Instrument
(2920 Modulated DSC, New Castle, DE, USA), where a purge of nitrogen gas was used. Samples
with a quantity of 2.0-5.0 mg were weighed in a pan, which was sealed and placed into a DSC
cell. The thermograms were recorded over the 25-250 °C temperature range, where the heating
rate was set at 3 °C/min. DSC profiles of the 2nd heating cycle of samples were selected to

eliminate material thermal history.
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5.2.6.5. Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) was performed using an Agilent 1200 series
system (LabX, Midland, ON, Canada) equipped with a Waters Styragel HR 4E THF 4.6 x 300 mm
column. A series of polystyrene standards with peak molecular range of 770-113,300 g/mol was
used for calibration of the instrument.
5.2.6.6. Dynamic mechanical analysis (DMA)

The viscoelastic properties of the films were measured using a TA Instrument (DMA Q800,
New Castle, DE, USA) device at an oscillatory frequency of 1 Hz with applied deformation of
0.2% during heating. The measurement was carried out in a tensile mode where the temperature
was programmed from —80 to 150 °C at a rate of 2 °C/min.
5.2.6.7. Transmission electron microscopy (TEM)

A standard method for the preparation of the sample for TEM analysis was followed with
slight modification (Spurr, 1969; Wu, S. et al., 2012). Briefly, the composites were cut into small
pieces (~1 mm?) and rinsed twice with 100% ethanol for 1 h. Infiltration was done in Spur’s resin
at room temperature in four steps using 25, 50, 75 and 100% Spurr’s resin (in 100% ethanol) for
24 h each, except the 100% resin was repeated twice first for 24 h and then for 5 h. The
polymerization was performed at 75 “C in an oven for 16 h. The sectioning was completed from
top to bottom in the range of 70-100 nm. The blocks were cut using a Leica EM UC6
ultramicrotome equipped with a diamond knife (Leica Microsystems Inc., Concord, ON, Canada).
The TEM analysis of different nanoclay reinforced composites was conducted using a JEM-2100

Electron Microscope (JEOL Ltd., Akishima, Tokyo, Japan).
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5.2.6.8. X-ray diffraction (XRD)

XRD analyses were performed using a Rigaku Ultima IV XRD unit with Co radiation
operated at 38 kV and 38 mA. The samples were scanned from 5° to 80° (20) in a continuous
scanning mode at a rate of 2°/min with a 0.02 step size.
5.2.6.9. Atomic force microscopy (AFM)

The nanoclay dispersion in the prepared bionanocomposites was studied using a atomic
force microscope (Dimension Edge) (Bruker, Santa Barbara, CA, USA).
5.2.6.10. Film thickness

A digital caliper (Digi-Max Caliper, Sigma-Aldrich, Monticello, MN, USA) was used to
measure the thickness and width of the films at three different places, and the values were
averaged. The average film thickness was used for mechanical, flammability and DMA testing.
5.2.6.11. Flammability test

Flammability of the nanocomposite films was evaluated by a vertical hanging burning test
using the ASTM based UL94V standard method with slight modifications (Paul, D. and Robeson,
L.M., 2008). Rectangular films with dimensions of around 30 mm length, 10 mm width and 1 mm
thickness were prepared. The films were clamped vertically in hanging position and a laboratory
scale burner with a supply of methane gas (99.9%) was used with a flame height of 25 mm. The
top 10 mm part of the flame was applied to the lower end of the films for 1 s and then the total

time for the films to burn completely was recorded by a stopwatch.
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5.3. Results and discussion
5.3.1. Monomer and polymer production from spent hen lipids

To synthesize the monomer from spent hen lipids, the extracted lipids were first
hydrolyzed, and the amount of free fatty acids was reported as percentage yield (Eq. (5.1)), where
35.1+1% yield was obtained. Infrared spectroscopy is widely used for molecular structure analysis
of biomolecules, including lipids where the mid-infrared region (4000—400 cm™ wavenumbers) is
used the most commonly. FTIR is mainly used for qualitative characterization of TAGs and free
fatty acids by assigning the peak at 1744-1754 cm™ to the carbonyl of TAG esters and the peak at
1700-1711 cm™ to the carbonyl of free fatty acids (Forfang et al., 2017; Vlachos et al., 2006). As
can be seen from Figure 5.2, the carbonyl band of spent hen lipids at 1744 cm™! due to TAGs was
clearly differentiated from the carbonyl band at 1707 cm™! due to free fatty acids of hydrolyzed
spent hen lipids.

The free fatty acids were converted to acrylate monomer by the reaction of free fatty acids
with acryl alcohol in the presence of DCC and DMAP in DCM at room temperature for 24 h
(Figure 5.3) and the monomer (SFAM) was obtained as a colorless liquid with a yield of 74+0.5%
according to Eq. (5.2). The reaction products were characterized by ATR-FTIR and '"H NMR
spectroscopies. The reason for the introduction of the acryl group in the monomer was to introduce
a terminal double bond, which would then be used for polymerization. In addition, this approach

allowed the utilization of both saturated and unsaturated fatty acids from the spent hen lipids.
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Figure 5.2: ATR-FTIR spectra of (A) spent hen oil, and (B) hydrolyzed spent hen oil.
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To optimize the polymerization reaction conditions in order to get a higher molecular
weight polymer, temperatures of 70, 90 and 110 °C and reaction times of 2, 4, 8, 12, 15 and 24 h
were tested. '"H NMR spectra of acrylated lipid monomer and polymers at these conditions are
shown in Figure 5.3. The spectra clearly indicated the synthesis of polymer as the characteristic
peaks associated with the double bond protons disappeared, i.e., a doublet of doublet at 6.43 ppm,
6.17 ppm and 5.89 ppm and a multiplet at 4.37 ppm.

Proton nuclear magnetic spectroscopy can also be used to measure the conversion of double
bonds to polymers using a standard, i.e., 1,3,5-trioxane (Bharti and Roy, 2012). The percentage
conversions were calculated by comparing the peak intensity of double bonds before and after the

polymerization with respect to the peak intensity of standard using Eq. (5.3).

Io—-I
Io

Conversion (%) = X100 (5.3)

where ‘lo” denotes peak area of double bonds before the polymerization and ‘I’ represents the peak
area of double bonds after the polymerization. The calculated conversion percentages are shown
in Table 5.1. For the optimization of maximum molecular mass homopolymer, different
temperatures and times were used for homopolymer synthesis. Gel permeation chromatography
(GPC) was used to determine the average molecular weights (Mn) of the homopolymers
synthesized under different temperature and time periods. The molecular weights were determined
by GPC as shown in Table 5.1. A temperature of 70 ‘C and 24 h reaction time resulted in the

highest molecular weight of biopolymer (2.858x10°).
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Figure 5.3: 'H NMR spectra of polymerization at (a) 70 °C, (b) 90 °C and (c) 110 °C for 0, 2, 4, 8,
12, 15 and 24 h.

Monomer and subsequent polymer synthesis from spent hen lipids were confirmed by
FTIR. A peak of a double bond at 3013 cm™ was observed in the starting lipid as well as in the
monomer, whereas the peak of double bond disappeared in the homopolymer, which showed the

successful preparation of the polymer (Figure 5.4).

'H NMR spectra of extracted lipids from spent hens, acrylated monomer and polymer are

shown in Figure 5.5. The spectra clearly indicate the synthesis of monomer, as three new
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characteristic peaks were observed as a doublet of doublet at 6.43 ppm, 6.17 ppm and 5.89 ppm,

which were assigned to acrylic part and a multiplet at 4.37 ppm was associated to two methylene

groups of conjugated alcohol. All those acrylic peaks disappeared in the spectrum of polymer

(Figure 5.5), which indicated the successful synthesis of the polymer.

Table 5.1: Optimization of reaction conditions for polymerization of the monomer

Sr. No. Temperature (°C) Time (h) Conversion (%) Molecular weight
using 'HNMR  (M,,) using GPC
P2-70 2 75 4.5276X10*
P40 4 98 2.1194 X10°
Ps-70 70 8 99 1.8781 X10°
Pi2-70 12 100 1.4092 X10°
P15.70 15 100 1.4231 X10°
P24-70 24 100 2.8582 X10°
P390 2 85 1.1655 X10°
P4-90 4 100 9.5443 X10*
Ps-90 90 8 100 1.9722 X10°
P12.90 12 100 7.7443 X10*
Pis-90 15 100 2.4407 X10°
P24-90 24 100 1.0829 X10°
P2-110 2 92 3.6004 X10*
Pa-110 4 100 4.8851 X10*
Ps-110 110 8 100 2.9859 X10*
Pi2-110 12 100 2.3213 X10*
Pis-110 15 100 5.7803 X10*
P24-110 24 100 4.2382 X10*
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5.3.2. Characterization of nanocomposites

The nanocomposites synthesized from monomer (SFAM) and modified with the addition
of nanoclay at different levels (3, 5 and 10% by weight) were characterized with different
techniques. Figure 5.6 shows the ATR-FTIR spectra of the nanoclay reinforced composites, where
the characteristic peaks were observed at 1050, 1748 and 3647 assigned to (Si-O) silicate groups
of nanoclay, the carbonyl group of the fatty ester and structural groups of nanoclay (Al-OH),

respectively.
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Figure 5.4: ATR-FTIR spectra of (A) spent hen oil, (B) hydrolyzed spent hen oil, (C) monomer,
and (D) polymer.
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Figure 5.5: 'H NMR spectra of (A) lipids extracted from the spent hen, (B) acrylated monomer,
and (C) polymer.

The thermal stability and degradation behavior of nanoclay composites was studied by
thermogravimetric analysis (TGA) and its derivative (DTG). Figure 5.7 shows the
thermogravimetric analysis (Figure 5.7 (X)) and derivative thermogravimetric curves (Figure 5.7
(Y)) of the homopolymer and nanocomposites. As shown in Figures 5.7 (X) and (Y), the first stage
of weight loss occurred from 130 °C to 220 °C, which could be due to the evaporation of some
bound moisture from the homopolymer and nanocomposites. The second stage of major weight
loss started at about 350 °C because of the thermal degradation of the homopolymer in
nanocomposites. As can be seen from DTG curves, there are two weight loss zones in nanoclay

reinforced biopolymers compared to a neat homopolymer, which could be due to the presence of
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low molecular mass polymer chains. (Ray and Bousmina, 2005) previously reported that the
incorporation of silicate layers increased the degradation onset temperature and also widened the
degradation process. The added clay acts as a superior insulator and barrier to the volatile products
generated during decomposition and therefore enhances the performance of the char formed (Qi
et al., 2018). A prominent improvement in thermal stability was observed by the addition of
nanoclay, and the char left as a residue after complete combustion up to 600 °C could be due to the
presence of silica and alumina (Figure 5.7). Overall, the composites with 3, 5 and 10% nanoclay
showed less weight loss compared to the neat homopolymer (Figure 5.7). The 50% weight loss
was observed around 400 °C for all the composites (Figure 5.7 B, C, and D). The homopolymer
showed 100% weight loss at 600 °C while the composites with 3, 5 and 10% nanoclay showed 92,
91 and 90% weight loss, respectively, as shown in Table 5.2.

The thermal transitions of the biopolymer and its nanocomposites were studied by DSC
and are shown in Figure 5.8. The neat biopolymer exhibited a melting peak at around 160 °C and
among the nanocomposites, the 5% clay containing bionanocomposite displayed a melting peak
at around 180 °C and the nanocomposites containing 3 and 10% clay melted at lower temperatures.
The nanocomposite with 10% nanoclay clearly displayed 2 melting peaks, one at lower
temperature around 109 °C and a second peak at around 150 °C. This could be due to less
homogeneous distribution of nanoclay, leading to a nanoclay-rich phase and partially intercalated
regions with different crystallization behaviors. A sharp endothermic peak can clearly be seen for
the 5% nanoclay reinforced biopolymer, which demonstrates improved dispersion and more

exfoliation compared to the other nanocomposites.
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Figure 5.6: ATR-FTIR spectra of (A) homopolymer, (B) 3% nanoclay composite, (C) 5%
nanoclay composite, and (D) 10% nanoclay composite.

Dynamic mechanical analysis (DMA) is used to measure the changes in the viscoelastic
properties of the polymers with changing temperature. Thermal transitions are generally associated
with chain mobility and the glass transition (7%) is useful in determining the occurrence of
molecular mobility transition. A typical DMA plot of storage modulus and tan d (ratio of loss
modulus/storage modulus) for bionanocomposites is presented in Figure 5.9 The neat biopolymer
films were very soft and therefore DMA analysis could not be performed for the neat biopolymer.
For bionanocomposites, the highest storage modulus below zero degrees was seen in the case of
5% nanoclay addition compared to biopolymers with 3 and 10 % nanoclay. This is due to the fact

that 5% nanoclay based nanocomposites are more exfoliated and/or intercalated compared to 3 and
y p p
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10% nanoclay as seen in TEM investigations. The T of 5% nanoclay was also slightly higher than
that for the other two nanocomposites. At high temperatures, above 7§, the reinforcement effect
weakens in all nanocomposites, indicating weakening of the thermal-mechanical stability of these

materials at high temperature.
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Figure 5.7: (X) TGA curves and (Y) DTG curves of (A) homopolymer, and (B) 3%, (C) 5%, and
(D) 10% nanoclay composites.
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Table 5.2: Thermal stability of nanoclay reinforced lipid-derived composites

Sample Weight loss temperatures ("C) Char at
(% nanoclay) 600 °C (%)
5% 10% 50% 90%
A (0%) 189.3 312.6 419.6 460.6 1.76
B (3%) 190.6 245.6 402.2 460.5 6.03
C (5%) 181.4 229.7 387.9 464.6 7.47
D (10%) 200.9 250.9 397.5 489.2 8.91
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Figure 5.8: DSC curves of (A) 3%, (B) 5%, and (C) 10% of nanoclay composites and (D)
homopolymer.

X-ray diffraction (XRD) pattern is a characteristic method to evaluate the crystal structure
and to study the changes in the crystallinity patterns of nanoreinforced lipid-derived composites.
Figure 5.10 shows the XRD patterns of the nanocomposites prepared with the addition of different
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levels of nanoclay. The clay showed XRD peaks at a 20 angle of 5.85°, 19.78°, 26.70°, 29.01°,
35.07°, 53.99°, 61.82°, and 73.09°, while the homopolymer showed a broad peak at 22.84°. All
the characteristic peaks, assigned to modified nanoclay (Jose et al., 2014), completely disappeared
in the nanocomposites, which showed that the homopolymer developed interactions with the clay
particles, and as a result, clay crystallinity was disrupted. The differences in XRD patterns are
prominent with the appearance of some small new distinct peaks in samples containing 5% (D)
and 10% (E) nanoclay at 31.06°, 44.42°, and 51.92°, which may be attributed to a new crystalline
region created during in situ polymerization (Sahmani et al., 2018). These new peaks could be
related to the formation of a new crystal pattern, which may be created during the dispersion,
indicating that the nanoclay sheets were intercalated or exfoliated into the polymers or complete
nanoclay dispersion/exfoliation was achieved, leading to greater inter layer spacing, as further
confirmed by TEM analysis.

TEM analysis was conducted to analyse and confirm the dispersion of clay in the composite
matrix either by exfoliation or intercalation. Figure 5.11 showed TEM micrographs of composites
containing 3, 5 and 10% of nanoclay and homopolymer The dark stripes in the micrographs
showed the nanoclay sheets and the light color gap between the lines is the distance (d-spacing),
which is formed due to polymer development in between the nanoclay layers. Figures 5.11 (A),
(B) and (C) show clear exfoliation and intercalation of nanoclay sheets with greater values of d-
spacing in between these sheets. In the intercalated region, the d-spacing was similar in Figures
5.11 (A) and (C) in the range of 2.14-16.57 nm and 2.12-15.05 nm, respectively, whereas in Figure
5.11 (B) it was 2.01-9.05 nm. In conclusion, the range of d-spacing in all the composites was
between 2 — 16 nm, while in the exfoliated region as the layers have dispersed randomly the d-

spacing was about 20 — 60 nm or more (Giannakas and Leontiou, 2018). In these nanocomposite
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micrographs, intercalated assemblies were present with stacked sheets and some individual clay
sheets were also found in Figures 5.11 (A), (B) and (C). The silicate layers were nearly
homogeneously dispersed either intercalated or exfoliated in the composite matrices as was further

confirmed by the XRD analysis (Figure 5.10) and AFM images (Figure 5.12).
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Figure 5.9: DMA thermograms of (A) 3%, (B) 5% and (C) 10 % nanoclay composites (a) plot of
storage modulus vs temperature and (b) tan delta vs temperature.
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Figure 5.10: XRD patterns of (A) nanoclay, (B) homopolymer, (C) 3% nanoclay composite, (D)
5% nanoclay composite, and (E) 10% nanoclay composite.

Atomic force microscopy (AFM) can be used to measure surface topology of samples to
angstroms level resolution measuring forces existing between atoms (Binnig et al., 1986) and can
be used to probe nanoscale interaction forces between various kinds of materials including
polymers (Xu et al., 2019). The orientation and distribution of nanoclay in polymer
nanocomposites is substantially influenced by the percentage of nanoclay added and therefore high
percentage and non-uniform distribution of nanoclay causes surface defects (Pacheco-Torgal et
al., 2018). The 3D phase images of the neat biopolymer and the nanoclay-loaded samples are
illustrated in Figure 5.12. In the nanoclay bionanocomposites, the nanoclay appears as white bright

features in the reddish biopolymer matrix.
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Figure 5.11. TEM micrographs of composites with (A) 3%, (B) 5% and (C) 10% nanoclay with
scale bar at 100 nm, (D) 5% nanoclay with scale bar at 1 pm and (E) neat polymer with scale bar
at I um.
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Figure 5.12: Three-dimensional (3D) morphology of phase images of nanocomposite films
containing varying amounts of nanoclay: (A) 3%, (B) 5%, and (C) 10%.

It can be clearly seen in Figure 5.12 that the clay particles are well distributed all over the
matrix in the case of 3% and 5% nanoclay reinforced biopolymers, while in the case of 10%
nanoclay reinforced samples the clay particles are more confined in particular regions and not
homogeneously distributed all over the matrix. The non-uniform dispersion of nanoclay has a
significant influence on the nanoscale surface topology of the bionanocomposites.
5.3.3. Nanocomposite films

The physical appearance of bionanocomposite films containing 3, 5, and 10 wt% nanoclay
prepared by compression molding is shown in Figure 5.13, demonstrating the level of transparency

where the film with 3% nanoclay is more transparent compared to 5 and 10% nanoclay composite films.
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Figure 5.13: Physical appearance of nanoclay reinforced films prepared using compression molding
containing (a) 3%, (b) 5%, and (c) 10 wt% nanoclay.

After the dispersion of nanoclay in the polymer nanocomposites, flammability test was
performed on the films to study the effect of nanoclay dispersion on flame retardancy. The uniform
dispersion of nanoclay in the composites normally decreases the flammability. Figure 5.14 shows
images of the flammability test of neat homopolymer and the nanocomposites. It was found that
the neat polymer caught fire rapidly when exposed to the flame for one second and the films burnt
completely within 30 sec without leaving any residue. On the other hand, it took 52, 60 and 53 sec
for the nanocomposites containing 3, 5 and 10% nanoclay, respectively, to burn completely after
exposure to a flame (Figure 5.14). Overall, all the nanoclay reinforced composites delayed
complete burning of the films by about 22 - 30 sec in comparison to the neat polymer. It was also
found that the composites with higher nanoclay concentration deposited more residue after
complete burning. This trend showed that the presence of nanoclay in the composites facilitated
fire retardancy. Similarly, the composites with 5% and 10% nanoclay did not catch fire on the first
exposure to a flame, but these caught fire on the second time exposure to flame. The
nanocomposites containing 5% and 10% nanoclay took 60 and 53 sec, respectively, for complete
burning, which is almost two folds the time compared to the neat polymer that could be due to

better dispersion of the nanoclay particles in the polymer matrix, which enhanced the fire
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retardancy. Ultimately, the nanoclay reinforced composites displayed very good resistance against

flammability compared to the homopolymer.

Figure 5.14: Flammability tests of composite films: (A) 3% nanoclay, (B) 5% nanoclay, (C) 10%
nanoclay, and (D) residues.

5.4. Conclusions

The saturated and unsaturated fatty acids from a sustainable source, the poultry byproduct
spent hens have been successfully used in monomer synthesis. The bulk polymerization of the
spent hen derived monomer at different temperatures and times showed that the highest molecular
weight polymer was obtained at 70 °C for 24 h. The in situ addition of different proportions of
nanoclay during the polymer formation resulted in significant improvement in the thermal
properties. Specifically, the fire retardancy of the nanoclay reinforced films was substantially
improved to double as compared to the homopolymer without the addition of nanoclay. In
conclusion, the spent hen lipids were successfully modified to nanoclay composites, which show

great potential for further development targeting different applications.
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CHAPTER 6 - CNC GRAFTED NANOCLAY REINFORCED BIONANOCOMPOSITES
FROM SPENT HENS*
6.1. Introduction

In recent times, polyesters are extensively being used in different areas, i.e., automobiles
(Beardmore, 1986), health (Migneco et al., 2009), personal care products (Ammala, 2013), fibres,
ropes, belts (Deopura and Padaki, 2015) and others, and when reinforced with a small amount of
nanoparticles their thermal and mechanical properties are substantially improved (Haq et al.,
2008). Alternative polyesters can be prepared from sustainable feedstocks, i.e., plant oils, waste
oils, animal oils because the petroleum resources are not only depleting but also causing severe
environmental threats (Meier et al., 2007). Industrial wastes and byproducts are a great source of
renewable lipids, which are cheap and with chemical modification the undesirable materials can
be used as alternative polymer composites (Miao et al., 2014; Tharanathan, 2003). One such
important sustainable resource of lipids is the spent hens as discussed in more detail in Chapter 2
(Section 2.1).

Normally, the lipids are converted to introduce polymerizable unsaturated moieties (Xia
and Larock, 2010), e.g., introducing reactive hydroxyl groups first followed by reacting with
acrylic (Cho et al., 2010), maleic (Espana et al., 2012) or isocynate (John et al., 2002) precursors
to obtain the required macromonomer (Zhang and Zhang, 2013). Hydroxyl groups can be
introduced in different ways, e.g., transesterification of oils and polyols or oxidation of double
bonds to epoxide first and then reduction to hydroxyl groups (Campanella et al., 2010; Petrovic,
2008). Acrylated vegetable oils are prepared when epoxidized oils are reacted with acrylic acid,

acrylic anhydride or methacrylic anhydride (Meier et al., 2007).

4 A version of this chapter is to be submitted for consideration for publication: Safder, M., Temelli, F., Ullah, A.
2019. CNC grafted nanoclay reinforced bionanocomposites from spent hens.
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In the previous study reported in Chapter 4, spent hen epoxy resin macromonomer was
synthesized by the epoxidation reaction of spent hen oil in the presence of an ion exchange resin,
i.e., Amberlite IR-120. In this study, a novel approach is targeted to introduce hydroxyl groups by
grafting cellulose nanocrystals (CNC) on epoxidized spent hen lipids followed by acrylation to
synthesize the macromonomer. This study aims to harvest this massive bioresource for the value
addition of lipids with the ultimate goal of developing nanocomposites for different potential
applications. To the best of my knowledge, this is the first report on the synthesis of spent hen oil-
based monomers by introducing first the epoxy groups, then grafting CNC and subsequently the
acrylic groups onto spent hen oils and production of composites with nanoclay reinforcements.
6.2. Materials and methods
6.2.1. Materials

Thin layer chromatography (TLC, Merck, Darmstadt, Germany) was performed on silica
gel 60 F254  aluminium  plates. 4-(Dimethylamino) pyridine (DMAP>99%),
dicyclohexylcarbodiimide (DCC, 99%), 2-hydroxyethyl acrylate (96%), sodium chloride (99.9%),
anhydrous sodium sulfate (>99%), dichloromethane (DCM, 99.9%), montmorillonite nanoclay
modified with 35 - 45 wt% dimethyl dialkyl (-C14 and --C18) amine, azobisisobutyronitrile
(AIBN, 98%, recrystallized in methanol), tetrahydrofuran (THF, >99%), ZnCl>, ion exchange resin
Amberlie IR-120, cellulose nanocrystals (CNC), toluene, ethylacetate, n-hexane, buffers (pH 4, 7
and 10), methacrylic anhydride, 1-methylimidazole were purchased from Sigma-Aldrich (St.

Louis, MO, USA) and used as received.
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6.2.2. Extraction of lipids from spent hens

Lipids were extracted from spent hens using microwave-assisted technology according to
the protocol described in Chapter 3 (Section 3.2.3.)

6.2.3. Epoxidation of extracted lipids from spent hens

Epoxidation of extracted lipids was performed according to the previous study on the
solvent free rapid epoxidation using recyclable resin Aberlite IR-120 as described in Chapter 4
(Section 4.2.6).

6.2.4. Grafting of cellulose nanocrystals (CNC) on epoxidized lipid

Epoxidized spent hen oil (ESHO, 100 g) in toluene (150 mL) was mixed with CNC (0.2 g)
in the presence of ZnCl, (6 g) as a catalyst at 80 °C under nitrogen environment for 6 h. The
reaction progress was monitored by TLC, ATR-FTIR and '"H NMR spectroscopies. Toluene was
removed by rotary evaporator. Further purification was performed by column chromatography
using silica gel as stationary phase and 10% ethylacetate in n-hexane as mobile phase.

Grafting of CNC was also conducted to optimize different parameters such as in the
presence of buffers at pH 4, 7 and 10 at temperatures of 60, 80, and 100 °C for 24, 72 and 120 h.
The progress of grafting reactions was monitored by ATR-FTIR and 'H NMR spectroscopy. The
molecular weights of synthesized CNC-grafted lipids were determined by gel permeation
chromatography (GPC). Buffer solutions were prepared using Na,HPO4 and KH2PO4. On the basis
of different reaction conditions, a temperature of 80 °C for 72 h reaction time and using buffer at
pH 7 were used to synthesize the CNC-grafted precursor with a percentage yield of 64.37%. The

experiments were performed in duplicate.
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6.2.6. Acrylation of CNC-grafted spent hen oil using methacrylic anhydride (Monomer)

The monomer was synthesized by reacting 1000 mg of CNC-grafted oil (1 equivalent) with
methacrylic anhydride 1695.32 mg (11 equivalents) in the presence of 1-methylimidazole (82.1
mg) as catalyst at 40 °C for 30 min. The reaction was monitored by TLC and ATR-FTIR and the
obtained yield was 65.20%. The experiments were performed in duplicate.
6.2.7. Synthesis of composites

Styrene was added as a copolymer to enhance the strength of the composites because the
homopolymers prepared were not strong enough for film preparation. The monomer and styrene
(30% wt%) with the addition of different concentrations of modified nanoclay (1, 5 and 10%) were
used to synthesize nanocomposites at 70 °C after purging the reaction mixture with nitrogen for
30 min. The composites were prepared in duplicate.
6.2.8. Characterizations

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, proton
nuclear magnetic resonance spectroscopy (‘H NMR), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), gel permeation chromatography (GPC), transmission
electron microscopy (TEM), X-ray diffraction (XRD), and film thickness were performed
according to the protocols described in Chapter 5 (Section 5.2).
6.2.9. Moisture uptake

To investigate the moisture uptake behavior of neat composite and nanoclay reinforced
composites, the samples were first prepared following the standard protocol reported by (Arshad
et al., 2016b) with slight modification. Briefly, the diameter of disc was 44.46 mm with 0.85 mm
thickness. The discs were dried in an oven at a temperature of 100 °C until constant weight was

achieved. A weighed quantity of all prepared composites, including neat polymer was conditioned
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at room temperature (25 °C) and placed in a desiccator with 98% relative humidity (maintained by
placing a saturated solution of CuSO4-5H>0 overnight). The samples were taken out at specific
intervals, initially at short intervals of 0.5, 1, 16, 24 h and then continued until it reached the plateau
up to 160 h and weighed on an analytical balance to measure the gradual uptake of moisture.

Equation (6.1) was used to calculate the moisture uptake (MU) of all samples:

wt-wo

MU (%) = ( o

Y100 (6.1)

where Wy is the initial weight of the sample and Wt is the weight of sample determined at specific
time periods after exposure to 98% relative humidity.
6.3. Results and discussion
6.3.1. Composites preparation

The synthesis of monomer from spent hen lipids involved three steps as shown in Figure
6.1. In the first step, the double bonds of extracted TAGs were epoxidized in the presence of
Amberlite-120 as ion exchange resin and in the second step the CNC was grafted using those epoxy
rings in the presence of a buffer. Also, during the CNC grafting different parameters, i.e.,
temperature, pH and reaction time were studied to achieve the maximum level of CNC grafting.
In the third step, the monomer was prepared by reacting CNC-grafted spent hen lipid with
methacrylic anhydride in the presence of 1-methylimidazole as catalyst as shown in Figure 6.2.
Finally, the composites were prepared by bulk polymerization method in the presence of AIBN as
initiator, including copolymerization with 30% styrene and in situ addition of different proportions
of modified nanoclay to evaluate the effect of nano reinforcement on thermal and water uptake
properties of the composites. The proposed schemes for the synthesis of monomer and the

corresponding composites are shown in Figures 6.1 and 6.2, respectively.
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Figure 6.1: Preparation of monomer.

122



0 0 Acr- CNC -~ Acr

o] CNC~~Acr
Copolymerization HO. ‘\O/'

Styrene, N,, AIBN

70 C, 30 min

Nanoclay 1,5 and 10%
o) Styr~Acrs CNC ~~Acr Styr

Homopolymer

cnc ~~Acr~ Styr

Styr~Acr-cnc  cnow AcrwStyr

(0]
o) o CNC~~AcrStyr
OH
HO,,. WOy, o
O
Proposed CNC-grafted acrylic-styrene ~o Y HO Y o~
composite structure Ny O. .0
O
@)

] UNIVERSITY o?‘

ALBERTAa

DMONTOQ ALBERTA, CANADA TtE

: The University of  \lbert

Colleges of  Canada anc
Universities. e

Physical appearance
of copolymer

Figure 6.2: Preparation of copolymer composite from monomer and styrene.

KH)J\/\/\mr\/\/\
\[(\/\/\/AWAS/\/

123



6.3.2. ATR-FTIR analysis

ATR-FTIR spectra of extracted lipids from spent hens, epoxidized oil, CNC-grafted oil,
monomer (CNC-grafted acrylated) and 10% nanoclay reinforced composite are shown in Figure
6.3. From the spectra, it was obvious that during the first step, the peak of double bonds at 3005
cm’! disappeared and a new peak at 832 cm™! of oxirane functionality appeared, which showed the
epoxy ring formation of unsaturated part of extracted lipid in agreement with the previously
reported data (Adhvaryu and Erhan, 2002). In the second step, the signal of epoxy ring disappeared
and as a result a broad high intensity new peak at 3382 cm™! of hydroxyl groups appeared, including
several other peaks, i.e., 1418, 1173, and 1071 cm™! in the fingerprint region, which indicated the
grafting of CNC onto the epoxy rings. As well, the third step of monomer synthesis was also
indicated by the disappearance or decrease in hydroxyl of CNC peak at 3382 cm’!, introduction of
a weak signal at 3001 cm™ and a clear peak at 1634 cm™! of terminal double bonds, which showed
the successful formation of acrylated CNC-grafted monomer. These data were in agreement with
the previously reported data (Abraham et al., 2016). A representative FTIR spectra for nanoclay
reinforced composites shown in Figure 6.3 indicated the complete polymerization with the
disappearance of double bond peaks together with the appearance of clay peaks at 1230 and 940

cm!, which were associated with Si-O bending and Si-O-Si stretching vibration, respectively.
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Figure 6.3: FTIR spectra of extracted lipids from spent hens, epoxidized oil, CNC-grafted oil,
monomer (CNC-grafted acrylated) and 10% nanoclay reinforced composite.

6.3.3. Gel Permeation Chromatography (GPC)

To study the effect of pH, temperature and time on CNC grafting onto the spent hen epoxy
TAGs on their molecular weights, the GPC was used. The average molecular weights of CNC-
grafted TAGs at different reaction conditions are shown in Table 6.1. The molecular weight of
spent hen epoxidized oil was 3026.4. The higher molecular weight of 4455.6 was obtained at a

temperature of 60 °C, 72 h and at a pH of 7, which showed the grafting of CNC.

125



Table 6.1: Reaction conditions and average molecular weights obtained by GPC for CNC
grafting

pH Temperature (°C)  Time (h) MW
1 7 80 72 4228.7
2 7 100 72 3809.7
3 7 60 72 4205.5
4 7 80 72 4172.7
5 7 100 72 3923.2
6 10 60 72 3625.8
7 10 80 72 3590.5
8 10 100 72 3917.2
9 10 80 72 3780.2
11 10 100 72 3907.5
12 10 60 72 3276.3
13 10 80 72 3612.2
14 7 100 72 3116.8
15 7 60 72 4455.6
16 7 80 72 4373.9
17 4 100 72 2911.9
18 4 60 72 3251.9
19 4 80 72 4139.9

6.3.4.TH NMR analysis

The synthesis of acrylated CNC-grafted monomer from spent hen was confirmed by 'H
NMR spectroscopy. "H NMR spectra of extracted lipids from spent hens, epoxidized oil, CNC-
grafted oil, and monomer (CNC-grafted acrylated) are shown in Figure 6.4. The epoxidation of

extracted TAGs from spent hen was also confirmed by the disappearance of two peaks of olefinic
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protons from the starting material at 5.37 and 2.02 ppm and appearance of two new characteristic
peaks of oxirane protons at 1.50 and 2.92 ppm. In the second step of monomer preparation, which
was grafting of CNC onto the epoxides, the peaks of oxirane protons disappeared. The third step
of monomer synthesis was confirmed by proton signals associated to acrylic part resonating in the

range of 5.97-6.55.
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Figure 6.4: 'H NMR spectra of extracted lipids from spent hens, epoxidized oil, CNC-grafted oil,
and monomer (CNC-grafted acrylated).
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6.3.5. XRD pattern analysis

The extent of in situ dispersion of nanoclay was studied by XRD pattern. Figure 6.5 shows
the XRD patterns of the nanocomposites prepared with the addition of 1, 5, and 10% nanoclay.
The nanoclay showed XRD peaks at a 20 angle of 5.85°, 19.78°, 26.70°, 29.01°, 35.07°, 53.99°,
61.82°, and 73.09°, while the homopolymer showed a broad peak at 20.72°. All the characteristic
peaks, assigned to the modified nanoclay (Jose et al., 2014), completely disappeared in the
nanocomposites, which showed that the polymer composite developed interactions with the clay
particles, and as a result, clay crystallinity was destroyed. The differences in XRD patterns are
prominent with the appearance of some small new distinct peaks in samples containing 5% and
10% nanoclay at 40.54°, and 73.54°, which may be attributed to a new crystalline region created
during in situ polymerization (Sahmani et al., 2018). These new peaks could be related to the
formation of a new crystal pattern, which may be created during the dispersion, indicating that the
nanoclay sheets were intercalated or exfoliated into the polymers or complete nanoclay
dispersion/exfoliation was achieved, leading to greater inter layer spacing, as further confirmed by
TEM analysis.

6.3.6. Thermogravimetric analysis (TGA)

The thermal stability and degradation behavior of nanoclay composites was studied by
thermogravimetric analysis (TGA) and its derivative (DTG). Figures 6.6 and 6.7, respectively,
show the TGA and DTG curves of the homopolymer and nanocomposites. The first stage of weight
loss occurred from 120 °C to 235 °C, which could be due to the evaporation of some bound
moisture from the homopolymer and nanocomposites. The second stage of major weight loss
started at about 325-365°C because of the thermal degradation of the homopolymer in

nanocomposites. The added clay acts as a superior insulator and barrier to the volatile products
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generated during decomposition. A prominent improvement in thermal stability was observed by
the addition of nanoclay, and the char left as a residue after complete combustion up to 600 °C
could be due to the presence of silica and alumina. Overall, the composites with 5 and 10%
nanoclay showed less weight loss compared to the neat homopolymer. A 50% weight loss was
observed around 389 to 400 °C for all the composites. The copolymer showed 98.5% weight loss
at 600 °C while the composites with 5 and 10% nanoclay showed 94.6 and 94.2% weight loss,
respectively, as shown in Table 6.2. The thermal transitions of the biopolymer and its
nanocomposites were studied by DSC and are shown in Figure 6.8. The neat biopolymer exhibited
a melting peak at around 150 °C and among the nanocomposites, the 5% clay containing

bionanocomposite displayed a melting peak at around 160 °C.
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Figure 6.5: XRD patterns of nanoclay, 1% nanoclay composite, 5% nanoclay composite, and 10%
nanoclay composite.
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Figure 6.6: TGA curves of homopolymer, 1, 5, and 10% nanoclay composites.

Table 6.2: Thermal stability of nanoclay reinforced lipid-derived composites

T
200

T
300

T T T
400 500

Temperature °C

1
600

Sample Weight loss temperatures (°C) Char at

(% nanoclay) 600 °C (%)
5% 10% 50% 90%

Homopolymer neat 176.9 212.6 399.3 453.7 33

Copolymer with 158.9 196.1 392.2 436.6 1.5

styrene

1% nanoclay 165.3 203.4 394.7 435.7 1.2

composite

5% nanoclay 169.4 203 391.3 438.1 5.4

composite

10% nanoclay 179.3 214.1 388.8 443.1 5.8

composite
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Figure 6.7: DTG curves of homopolymer, 1, 5, and 10% nanoclay composites.
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Figure 6.8: DSC curves of homopolymer, 1, 5, and 10% nanoclay composites.
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Figure 6.9: TEM images of (a) copolymer, (b) 1% nanoclay composite, (c) 5% nanoclay
composite, and (d) 10% nanoclay composite.
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6.3.7. TEM Analysis

TEM images gave additional information regarding the dispersion of nanoclay in the
composites using 1, 5, and 10% nanoclay and copolymer as shown in Figure 6.9. In the TEM
images, there is an embedded image with low magnification of 0.5 um in the higher magnification
of 200 nm (Figure 6.9). Intercalated and exfoliated clay sheets were observed in all the composites
except for the copolymer where no nanoclay was added. More intercalated structures can be seen
in 10% and 5% nanoclay composites as compared to 1% nanoclay composite where most of the
nanoclays are exfoliated.

6.3.8. Moisture Uptake (MU)

The water molecules can be adsorbed directly by the polar groups on the surface of the
composites. The moisture uptake behavior of neat polymer and nanoclay reinforced composites
were carried out by placing the samples in a relative humidity (RH) of 98%. The moisture uptake
behavior of neat and modified composites is shown in Figure 6.10. The rate of moisture uptake is
high in the first few hours. The CNC-grafted and nanoclay reinforced composites absorbed more
water as compared to the neat polymer without CNC and neat polymer with nanoclay reinforced
composites. The neat homopolymer showed the least water absorption of 1% as compared to the
composite (CNC-grafted polymer with 10% nanoclay addition), which absorbed 15.6% moisture.
The lower water absorption in the case of neat polymer could be because of the nonpolar structure
of neat polymer. In general, all the composites prepared from CNC-grafted monomer, including
nanoclay reinforced composites absorbed water in the range of 15.6-17.1%, while the rest of the
composites prepared from acrylated monomer without CNC absorbed less water, which was in the
range of 1-14.4%. The higher absorption of water in the case of CNC-grafted composites could be

attributed to the introduction of higher number of hydrophilic groups, which lead to higher uptake
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of water molecules. The highest absorption of 17.1% in the case of neat homopolymer prepared
from CNC-grafted lipid was due to hydrophilic hydroxyl groups, which lead to higher absorption
of water uptake while in the case of monomer where there was no CNC-grafted, it absorbed the
least water. Similarly, the presence of nanoclay (nonpolar in nature) in different proportions, i.e.,
1, 5 and 10% in the composites and styrene copolymer composites resulted in less sorption of

water molecules than the neat polymers.
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Figure 6.10. Moisture uptake behavior of homopolymer, copolymer with styrene and composites
with 1, 5 and 10% nanoclay reinforcements during conditioning at RH of 98%.

134



6.4. Conclusions

A novel CNC-grafted acrylated monomer and the corresponding polymeric composites
reinforced by different percentages of nanoclay were prepared from spent hen lipids and their
chemical structures were characterized by FT-IR, '"H NMR, and gel permeation chromatography
(GPC). The monomer was synthesized in three steps, firstly via epoxidation of spent hen lipids,
followed by grafting CNC and then acrylic groups onto spent hen lipid molecules. The
bionanocomposites were prepared by in situ addition of modified nanoclay in 1, 5 and 10%
proportions. Also, the nanocomposites were synthesized by copolymerization of spent hen lipid
monomer and 30% styrene. The influence of experimental factors on thermomechanical properties
of the cured bionanocomposites were evaluated to better understand structure—property
relationships of the biomaterials and optimize experimental conditions. The obtained spent hen
lipid monomer possessed a highly polymerizable C=C functionality, consequently resulting in
rigid bioplastics. The synthesized cross-linked biomaterial from spent hen lipid provide an
environmentally friendly material that can potentially be used in structural plastics.
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Chapter 7-CONCLUSIONS AND RECOMMENDATIONS
7.1 Summary and conclusions

The spent hen is an untapped biomass source of lipid for producing a variety of lipid-
derived materials. Approximately, over 2.6 billion spent hens are produced every year around the
world and most of them are disposed of in landfills. Two main challenges associated with using
this huge bioresource were targeted in this PhD research, first the extraction of lipid from spent
hens using environmentally friendly techniques and second, value addition to extracted lipids in
the form of bionanocomposite production. For the extraction of lipid, environmentally friendly
technologies were used, i.e., microwave-assisted, and supercritical CO, (SC-CO») extraction and
then the extracted lipids were converted to bionanocomposites using different approaches, i.e.,
epoxidation, monomer synthesis, in sifu nanoclay addition and CNC-grafted composite formation.

In the first study (Chapter 3), the spent hen lipids were rapidly extracted using microwaves.
The effects of extraction parameters such as the solvent-to-feed ratio, extraction time, and
temperature on lipid extraction yield were studied and observed to be significant. The optimal
yield was obtained using 2 mL/g solvent-to-feed ratio for 10 min at 80 °C. To account for the low
sample size, parametric bootstrapping was used with a replacement approach, and data in all
combinations were bootstrapped up to 10,000 times, which showed a decrease in standard
deviation and p-value with an increase in sample size. The fatty acid composition of lipids
predominantly had oleic, linoleic, and palmitic acids.

In the second study (Chapter 4), SC-CO> extraction was used to extract the lipids. A range
of pressures and temperatures were investigated for the maximum extraction of lipids from spent
hen. Over 92% of lipids were recovered at 50 MPa and 70 °C. Furthermore, the extracted lipids

were epoxidized. The epoxidation of lipids was completed in less than 20 min under solvent-free
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conditions and epoxidation conversion rates were calculated, resulting in conversion rates of 59.8,
84.2 and 100% at 5, 10, and 20 min, respectively.

To compare the two lipid extraction technologies investigated, the microwave-assisted
method was rapid with 10 times reduction in organic solvent use and no need to remove moisture
from the feed material; however, an extra step was involved to recover the lipid by evaporation of
solvents. While in the case of SC-CO; extraction, there was no use of organic solvent and the
obtained lipids were clean, but an extra step of moisture removal from the feed material was
required for efficient lipid recovery. Considering all these factors, it is necessary to perform energy
and cost analysis before a choice can be made between the two extraction techniques.

The interesting findings were observed during fatty acid compositional analysis of
microwave-assisted and SC-CO» extractions. In case of microwave extraction, the C18:1 and
C18:2 were in the ranges of 43.9-47.7 and 18.1-22.3% respectively. While in case of supercritical
CO; extraction, the ranges of C18:1 and C18:2 were 50.07-59.96 and 4.04-19.73% respectively.
The possible reason could be, as in case of SC-COz only the CO2 was used in extraction without
any other organic solvent which extracted more nonpolar lipids, while in case of microwave
assisted extraction dichloromethane-methanol (2:1, v/v) were used.

In the third study (Chapter 5), the extracted lipid was used in monomer synthesis. The bulk
polymerization of the spent hen derived monomer at different temperatures and times showed that
the highest molecular weight polymer was obtained at 70 °C for 24 h. The in situ addition of
different proportions of nanoclay during the polymer formation resulted in significant
improvement in the thermal properties. Specifically, the fire retardancy of the nanoclay reinforced

films was substantially improved to double as compared to the homopolymer without the addition
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of nanoclay, which suggests that the synthesized composites can be used in indoor applications
such as switchboards where flame retardancy is a desirable attribute.

In the fourth study (Chapter 6), a novel CNC-grafted acrylated monomer and the
corresponding polymeric composites reinforced by different percentages of nanoclay addition
were prepared from the extracted lipid and their chemical structures were characterized by FT-IR,
'"H NMR, and gel permeation chromatography (GPC). The monomer was synthesized in three
steps, firstly via epoxidation of spent hen lipids, followed by grafting CNC and subsequently
acrylic groups onto the triacylglycerol molecules. The bionanocomposites were prepared by in situ
addition of modified nanoclay at levels of 1, 5 and 10% (wt.%). As well, the nanocomposites were
also synthesized by copolymerization of spent hen lipid monomer and 30% styrene. The
synthesized cross-linked biomaterial from spent hen lipids provide a sustainable material for
potential use in structural plastics.

In conclusion, it was demonstrated that the extracted lipids are suitable for biomaterial
production. The rapid extraction of lipids from spent hen provides a unique and promising
opportunity to produce lipid-based materials in subsequent stages of production. The
environmentally friendly extraction of lipids and their subsequent conversion into epoxides under
solvent-free conditions provide a promising green approach for the production of lipid-derived
bio-epoxy materials from an unutilized sustainable resource. The spent hen lipids were
successfully modified to nanoclay composites. The novelty in the approaches developed in this
PhD research is that while preparing the bionanocomposites no extra step is required to purify the
TAGs for monomer and subsequent composite synthesis, because all of the unreacted residual
traces and other lipid components present in the extracts were removed during monomer

purification using chromatography. Furthermore, the findings contribute to larger initiatives
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towards complete utilization of spent hens where the protein-enriched residue after lipid extraction
can also be used to prepare protein-derived hybrid bionanocomposites (Zubair et al., 2019). As
well, keratin protein from feather can be used to prepare biosorbents for wastewater treatment and
removal of heavy metals (Donner et al., 2019; Kaur et al., 2018; Khosa et al., 2013).

7.2. Recommendations

Spent hen lipids show great potential for use in different valuable applications. In the
future, it would be worthwhile to study and enhance the thermal and mechanical properties of the
lipid-derived composites because in general the bio-based composites show relatively poor
properties as compared to their petroleum-based plastic competitors (Peelman et al., 2013). Firstly,
cost analysis of both of the lipid extraction techniques used in this research, i.e., microwave-
assisted, and SC-CO; extraction is recommended and then on the basis of economic efficiency, the
feasible process can be scaled up for lipid production in the industry.

As the epoxidation reactions are exothermic, there is a need to cool and control the
temperature variations in the reactor. Different approaches can be evaluated by increasing agitation
rate, by adding additional heat exchange jacket, or by suspending a fluid around the reaction vessel
that will boil at the required reaction temperature and the vapours could be condensed again and
returned into the fluid. In addition, use of enzymes to catalyze this reaction at lower temperatures
can be evaluated. Secondly, to improve the thermal and mechanical properties of the
bionanocomposites different methods can be used. The controlled synthesis of polymer using
controlled polymerization such as reversible addition fragmentation chain transfer (RAFT)
polymerization to selectively polymerize terminal double bonds and then perform post
polymerization modification to use internal double bonds in the unsaturated fatty acid chain can

improve thermal and mechanical properties. Further, addition of small amount of copolymerizable
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nanoparticles such as nano-POSS could substantially improve the final product properties. To get
better homogenization of the particles, ultrasound technology is recommended.

The presence of nanofillers in the polymer matrix leads to significant modifications of the
charge transport, and charge distribution due to the interfacial effects. Therefore, understanding
surface charge distribution in nanocomposites is an important parameter for the design of
nanocomposite materials with desired properties and the use of electrostatic voltmeter and Kelvin
probe is recommended for that purpose.

Apparent surface color and transmittance of the composite film is greatly influenced by the
type and amount of nanoparticle added, which can be measured for required properties by Chroma
meter and spectrophotometer.

In composite materials, stresses are generated due to swelling with moisture uptake, so to
study the water uptake behaviour, Fickian and non-Fickian analysis is suggested. Furthermore, it
is recommended to perform biodegradability tests on the synthesized composites.

To prepare food packaging materials from spent hen lipids, it is recommended to
comprehensively study their barrier properties as well as their thermal and mechanical properties
for their long-term stability under the conditions of use. Furthermore, the prepared composite
materials were rigid and brittle, so it is recommended to use plasticizers. The properties of
nanocomposites are mainly dominated by the interfacial interactions between nanoclay and
polymer, so it will be worthwhile to analyse these properties by combining broadband dielectric

spectroscopy with small-angle X-ray scattering.
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