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Abstract

The aim of this project was to extract and fractionate waxes from abundant and low-cost
under-utilised renewable resources using a green alternative technology. Through a review
of the literature, the waxes covering agricultural by-products such as straw were identified as

a potential source of high value chemicals for a wide range of applications.

Wheat straw waxes were extracted using organic solvents to demonstrate that straw
contained high value wax compounds including free fatty acids, fatty alcohols, alkanes, wax
esters, sterols, aldehydes and p-diketones. The solvent properties did not affect the
composition of the extracts but changed the relative abundance of the different compounds.
Linear solvation energy relationship (LSER) was used to model the extraction selectivity
relating to total extraction yield and the various wax compounds. Lipophilic and aqueous
fractions were separated and LSER results identified that the solvent properties affect only
on the quantity of aqueous fraction recovered indicating the selectivity of the solvent.

Extraction of wheat straw wax was carried out using a more environmentally friendly
supercritical CO, extraction. The compositional profiles can be tuned by the manipulation of
temperature and pressure and compared with the organic solvent extractions. Optimisation of
temperature and pressure was carried out and the total crude yields and wax chemical group
yields were modelled using the Chrastil equation to gain a better understanding of conditions
required to achieve optimum extraction. The optimisation was used as part of the industrial
collaboration scale up with Sundown Products Limited and Evonik Industries where a total
of three tonnes of wheat, barley and oat straws were extracted using supercritical CO, which
yielded approximately 60 kg of wax. The three cereal straws were selected based on vyield
and composition as raw materials for the scale up from the biomass screen of seven different

straws using hexane and ethanol extractions.

Economical assessment was carried out based on the scale up trial and it was concluded that
currently the cereal straw wax would cost £12 per kg which is about 2 — 3 times higher than
commercial waxes. The straw waxes were characterised and physical properties such as
melting point were determined and found to be similar to commercial waxes such as

beeswax. Fractionation by scCO,, GPC and saponification were used to further separate the



wax products for formulation trials and product tests with the project sponsor, Croda. The
crude wax products were deeply coloured and highly hydrophobic with no emulsification

properties therefore applications such as coatings and polishes were suggested.
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Chapter 1

Introduction






1. INTRODUCTION

1.1 Scope of the project

The scope of this study is the extraction of waxes from biomass in a sustainable manner to
meet tighter legislation and higher demand for natural waxes to replace some of the existing
petroleum and synthetic waxes that are currently in the market. Through literature review,
agricultural waste was found to be an abundant and low cost renewable resource that
contains valuable waxes which can be a new potential high value source of natural wax for

many industrial products. Six distinct areas of research were identified:

Extraction of wheat straw waxes using organic solvents — Wheat straw waxes were
extracted using a traditional extraction method (Soxhlet apparatus). Linear solvation energy
relationship (LSER) was applied to correlate yields of extracts from wheat straw with
solvent parameters. The effect and significance of solvent parameters and their selectivity

were determined and discussed.

Raw materials screening — Seven different crops were extracted using ethanol and hexane
with an automated FexIKA® extractor to compare the yield and chemical composition. New
compounds not found in wheat straw waxes were highlighted. The potential for the raw

materials extracted as renewable resources for waxes is discussed.

Characterisation and quantification of straw waxes - Qualitative characterisation and
quantification of the key wax components of the straw extracts was carried out using GC-
FID and GC-MS. The wax classes of commercial interest were prioritised in order to

identify potential applications for this new novel wax product.

Alternative green extraction of wheat straw waxes using scCO, — For a sustainable
extraction of waxes from biomass, an environmentally-benign technology, supercritical CO,
extraction was employed. The Chrastil model was applied to the extraction of wheat straw
waxes to determine the relationship between solvent density and solvating power on

extraction yields to obtain an optimised extraction temperature and pressure.
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Production scale scCO, extraction of cereal straw waxes — Following successful
laboratory scCQO, trials, production scale on a total of three tonnes of wheat, barley and oat

straw were successfully extracted using scCO, and the effect of scale up is discussed.

Woax processing and physical properties — Wax from the production scale extraction was
processed using similar methods to current commercial wax lanolin e.g.: saponification.
Fractionation using GPC and scCO, were explored as potential new methods to separate the
complex mixtures. Physical properties such as melting point were determined and compared
with existing commercial waxes. The potential for straw wax to compete in the current wax

market is considered.

1.2 Sustainable development

From the growing environmental concerns in the 1960s and 1970s, debates across the world
on sustainability arose.? The term “sustainable development” was first used by the World
Conservation Strategy in 1980.% However, this term was firstly expressed and defined in the
Brundtland Report in 1987. The definition of sustainable development is “development that
meets the needs of the present without compromising the ability of future generations to
meet their needs”.* The concept of sustainable development is an attempt to combine
growing concerns about a range of environmental issues with socio-economic issues.?
Current industrial economies are heavily dependent on crude oil for both energy and
chemical products. With the depletion of crude oil at an increasing rate and a higher world
demand, sustainable development by government, industries and the public is necessary.’
Tighter legislation means industries are forced to switch to alternative processes and
minimise waste in order to battle climate change.® To supply the changing world demands
without further damage to the environment, the current oil-based economy must be switched
to a bio-based economy.” Bio-based industrial products can be developed to replace existing
petroleum-based products.” Waxes extracted from renewable resources using an
environmental benign technology to replace petroleum waxes are recognised to be
sustainable. Due to the decrease in petroleum waxes, the production of synthetic waxes must
be increased in order to maintain a stable wax market. To achieve a sustainable
development, it is important to assess and identify the natural resources that are in sufficient

quantity and readily available.?
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1.2.1  Bio-refinery Concept

The bio-refinery concept is the development of bio-based industrial products from
waste biomass. Comparable to the well-established oil-refinery, the bio-refinery will
be an integrated system for securing renewable materials to convert into bio-
chemicals, bio-energy and bio-materials in order to maximise the valuable products
and minimise the waste as shown in Figure 1.1.2 The challenge is to minimise the
strong dependence on fossil fuels and migrate to renewable natural resources globally.
There is a prediction of an average of 84% global increase in fossil fuels usage
between 2005 and 2030.° The world’s primary source for chemicals and energy is oil,
with a demand of approximately 84 million barrels per day in 2007.° With efforts
across the globe, the level of oil consumption was similar in 2009 but despite the rate
of increase of oil usage slowing; it is still predicted to increase to 99 million barrels
per day by 2035.%° Targets have been made to cut oil usage by 4.7 million barrels per
day by 2020 globally and in 2009 help, government support of $20 billion per year
was made and this is set to rise up to $45 billion per year by 2020.° Governments
across different countries are attempting to push forward the idea of bio-refinery and
setting goals for bio-based products industries." An agreement by G8 leaders to cut
global emissions by 50% by 2050 was taken at their summit in July 2009.'° With
government support, targets set and the rising oil price, bio-based products such as
biofuels are set to be in competition with petroleum-derived products. Biofuel
production of 1 million barrels per day in 2010 is projected to grow to 4.4 million
barrels per day in 2035.%

The bio-feedstocks must be extensively and optimally exploited using sustainable
processes to be in competition with petroleum-derived products. There are four types
of bio-feedstocks from distinct sectors: agriculture, forestry, industries or household
and aquaculture.'? The raw materials are very different to crude oil which is a mixture
of hydrocarbons and small amounts of impurities. These can be removed and
fractional distillation can be carried out to manufacture a full range of products from
gasoline to lubricating oils.* In contrast, biomass is not homogeneous and mainly
consists of C, H and O. ' With the vast range of biomass waste, that differs
seasonally, there is need for a large range of refining and processing is needed by

comparison. Based on the oil refinery concept, a list of target bio-platform molecules
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must be identified for the development of a series of chemicals.? The idea of bio-
platform molecules is to replace the existing petroleum-derived ethylene, propylene,
C,-olefines and aromatics.*? A list of twelve bio-platform molecules was identified by
the US Department of Energy in 2004 which can be used for further reactions to

create new and existing key molecules.®®

] Petroleum-derived
Fossil fuels

. _—_ products
- crude oil, —>| Oil-refinery > _ energy, chemicals,
natural gas etc.

materials etc.

Biomass Bio-based products
- Straw, wood, == Bio-refinery [——> - ENErQY, chemicals,
grass etc. materials, feed, food
etc.

Figure 1.1: Comparison of oil-refinery vs. bio-refinery (originally in colour)

The main drawbacks for using biomass as bio-feedstock are the wide distribution
geographically with very low bulk density and relatively high water contents making
transportation costly and complicated.** The bulk density is intensively increased by
pre-treatments of biomass such as pelletisation prior to distribution and this is
necessary for both economic and conversion processing reasons.” Alternatively,
localised bio-refineries beside farmlands can be established to stimulate local
industries, create new markets and generate job opportunities.’® ¥ Other challenges

include the developing conversion processes and acceptance of new products.®

Using wheat straw as bio-feedstock for whole crop bio-refinery has been

demonstrated by Deswarte et al.*

The study showed the agricultural waste being fully
exploited by extracting the high value wax products using scCO, in the initial stage of
bio-refinery prior to converting the lignocellulosic fraction into paper, strawboard,
mulch or energy as illustrated in fig 1.2."> *® * 2 The University of York and a
number of collaborators (Velcourt Group Plc and Botanix Limited) have demonstrated
the success of a pilot scale scCO, extraction of wheat straw in 2005.%® Calorimetric
studies showed that dewaxing the straw does not affect its calorific value as the scCO,
processing step also removes most of the water that is present in the straw. ' The

negative effect of wax removal is compensated by the positive effect of water removal



in the process giving the same calorific value.”>** This new valuable wax product has
shown high potential to replace some commercial waxes. Bio-materials such as

strawboards have also shown added strength when waxes were removed. ™

Cereals Food and feed |€

Energy,
chemicals and
materials

Wax products Straw residues

Figure 1.2: Straw bio-refinery (originally in colour)

1.2.2  The twelve principles of Green Chemistry

Green Chemistry is a term which describes environmentally benign chemical
synthesis and processes.”* This is a field of chemistry based on the utilisation of a set
of principles that reduces or eliminates hazardous waste by design, manufacture and
application of chemical products.?? The “Twelve Principles of Green Chemistry”
(Figure 1.3) was established by Paul Anastas and John Warner in 1998 to help

chemists to achieve sustainable chemical designs.? %
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1) Prevention

It is better to prevent waste than to treat or clean up waste after it is formed.

2) Atom economy

Synthetic methods should be designed to maximise the incorporation of all materials
used in the process into the final product.

3) Less hazardous chemical synthesis

Wherever practicable, synthetic methodologies should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4) Designing safer chemicals

Chemical products should be designed to preserve efficacy of function whilst reducing
toxicity.

5) Safer solvents and auxiliaries

The use of auxiliary substances (e.g.: solvents, separation agents etc.) should be made
unnecessary wherever possible and, innocuous when used.

6) Design for energy efficiency

Energy requirements should be recognised for their environmental and economic
impacts and should be minimised. Synthetic methods should be conducted at ambient
temperature and pressure.

7) Use of renewable feedstocks

A raw material of feedstock should be renewable rather than depleting wherever
technically and economically practicable.

8) Reduce derivatives

Unnecessary derivatisation (blocking group, protection/deprotection and temporary
modification of physical/chemical processes) should be avoided whenever possible.

9) Catalysis

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10) Design for degradation

Chemical products should be designed so that at the end of their function they do not
persist in the environment and break down into innocuous degradation products.

11) Real-time analysis for pollution prevention

Analytical methodologies need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances.

12) Inherently safer chemistry for accident prevention

Substances and the form of a substance used in a chemical process should be chosen so
as to minimize the potential for chemical accidents, including releases, explosions and
fires.

Figure 1.3: The “Twelve Principles of Green Chemistry

»22 (originally in colour)




1.3

1.2.3  Biorefinery and Green Chemistry as sustainable future

The University of York have previously demonstrated that the incorporation of green
chemistry into the bio-refinery concept could help towards a sustainable future for the
21% century.”* The group showed a number of green technologies such as scCO,
extraction being implemented into conversion processes, use of agricultural waste
such as wheat straw and incorporation of renewable starch as chromatography
stationary phase into biorefineries.?* For a sustainable future, it is therefore the aim of
this thesis to incorporate an intermediate step in existing uses of agricultural waste
with a green technology, scCO, extraction, in the extraction of valuable waxes. This
concept will prevent waste by utilisation of renewable agricultural wastes and CO,,
use safer and greener solvents to minimise pollution and reduce and replace existing

petroleum-derived wax products.

Agricultural waste

131  Availability

For every tonne of cereal produced worldwide, approximately 1.5 tonnes of straw is
produced as an agricultural by-product. This give a world production of 1000 million
tonnes of cereals per annum and about 1500 million tonnes of cereal straw is obtained.
China is the main contributor of this enormous amount of straw as this single country

can produce more than 700 million tonnes of cereal straw per year.?

Reported by the NNFCC, there were 11.8 million tonnes of cereal straws in the UK in
2007 and of which 8.3 million tonnes are from cereals and 2.5 million tonnes are from
oilseeds. Wheat, the most abundant cereal crop in the UK, covers 2 million hectares
which can produce about 3.5 tonnes per hectare of straw giving approximately 7.5
million tonnes of wheat straw alone.? Other cereal crops such as rye and triticale are
also grown. Figure 1.4 shows the individual breakdown of each crop grown in UK in
2007.
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0.09%

0.92% m Wheat
m Winter Barley
4.3% m Spring barley
m QOat

m Other cereals

® Linseed

Oilseed Rape

Figure 1.4: Total breakdown of cereal and oilseed crops in UK in 2007% (originally in

colour)

These four crops are grown in all parts of the UK as shown in Figure 1.5.
Approximately 1.6 million tonnes of wheat straw is produced in eastern England
which makes it the greatest amount of wheat straw yielded in a single region. Barley
is also predominately grown in eastern England giving 3.6 million tonnes of barley
straw making this region the highest straw producing region. Oat tends to be grown in
south England and can produce about 1700 tonnes in total. Qilseed rape is the major
oilseed crops grown and is located mainly in the midlands which can produce about

1.1 million tonnes of straw just in this region.?



Wheat Barley Oat

Straw production in the UK
(tonnes) in 2007:

1-2500

2501 - 5000

5001 - 10000
10001- 50000
50001 - 100000
100001 - 150000
150001 - 200000
200001 - 400000
400001 - 800000
BO0001 - 1200000
1200001 - 1600000
= 1600000

Oilseed rape

Figure 1.5: Breakdown of wheat, barley, oat and oilseed rape straw in the UK in 2007%

(originally in colour)
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1.3.2 Straw and husk

The main agricultural waste in cereal crops are its straw and husk. Straw is the stalk of
the cereal plant that is left after the grains or seeds are removed and husk is the
protective outer layer of the grains or seeds and is left as a by-product after dehulling
as shown in Figure 1.6. The straw alone can make up more than 50% of the dry

weight of the crop.?’

Cereal grain covered by husk %% L Seed head

i Z

Leaf N
r Straw
Internodes — >

Nodes

_—
it}

Figure 1.6: Cereal straw and its botanical components (originally in colour)

Straw consists of mainly three groups of organic compounds which are cellulose,
hemicellulose and lignin and together these three components add up to more than
80% of the dry weight.”® The minor constituents include waxes, protein, sugars, salts
and ash. As discussed in Section 1.3.1, there is an enormous quantity of straw
available worldwide; utilisation of this major agricultural by-product is paramount.
The price of straw fluctuates on a yearly basis due to demand, weather and harvesting
results. Straw prices were higher in 2010 compared to 2009 and the value of straw
production rose by 15% to £346 million in the UK.?

Traditionally, straw is used as an animal feedstock due to its high cellulose content.
About 40% of straw is cellulose which makes it a great energy source but the
digestibility is limited to about 30% due to the chemical structure of straw.*® * In
1800, straw was being used as source of non-wood fibre for paper for the first time.
With the shrinking forests and dramatic increase in demands for paper, there was a
rise in the use of non-wood fibres derived pulp from 6.7% to 10.6% from 1970 to
1993.%" With the growing demand for energy and a declining supply of petroleum,

straw is becoming important as an alternative and renewable energy source. Straw can



be converted to a useful energy source via thermochemical conversion (combustion,
pyrolysis, gasification and liquefaction) or biochemical processing (digestion and
fermentation). A potential total of 442 gL of bio-ethanol can be produced with
agricultural waste (corn stover, wheat straw, barley straw, oat straw, rice straw,
sorghum straw and bagasse) worldwide, as reported in 2004.%2 Other applications of
straw include bio-based materials such as particleboards, bio-degradable plastics and
adsorbents. Successful straw boards have been manufactured as a replacement in the
wood-based panel industries.*® Straw can be decomposed to soluble sugars and
chemicals such as lactic acid which is a critical chemical for producing bio-degradable
plastics.* The market for bio-degradable plastics grew five-fold between 1996 and
2001.* As well as using straw as animal feed, paper, energy, particle boards and
biodegradable plastics, it is also used as an absorbent to battle water pollution
problems. Traditionally, activated carbons are used for the absorption of dyes and
heavy metals in waste water but bio-derived activated carbons have been synthesised
from different straw and husk.** ¥ The excess straw is also being incorporated into the
soil and research shows that incorporation can change the soil properties both
positively e.g.: nutrient gain and negatively e.g.: in clay-based soil.*®** Other current
uses include animal bedding, garden mulch, bio-composites, oil spillage clean-up,
mushroom compost control of the algae and cyanobacteria growth in aquatic
reservoir.*® #4243 44 45 Although there are many uses of straw, it has been mainly
used as a whole form and not as individual components that can be utilised separately.
Waxes can be extracted to create another bio-based product prior to its current uses

e.g.: energy, which can add value to this low cost, high volume biomass.*®

1.3.3  The plant cuticle

The plant cuticle is a multi-layered structure as shown in Figure 1.7. The epidermal
cells are highly protected by the cell wall and a pectin cuticular layer. This pectin
layer provides the surface for a layer of semi-crystalline epicuticular wax, the main
function of which is to minimise water loss. Its reflective property also helps to
protect the plant from ultra-violet radiation.”® *’. This protective waxy layer also helps
in plant defence against bacterial and fungal pathogens.®® Its hydrophobicity can help
with the reduction of water retention on the surfaces and therefore minimise a build-

up of air pollutants.*® *” It was also shown that there are small amounts of embedded
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wax particles in the cutin making it a support for both intracuticular and epicuticular
wax.*® The content of the wax in the straw is low and only comprised of 0.5 — 1.0% of
the dry weight but with the huge volume of this agricultural by-product worldwide, a
potential of 7.5 — 25 million tonnes of valuable waxes can be obtained each year. *°

Epicuticular wax on straw consists of three structurally distinctive fractions with
varied degrees of order and composition: crystalline, solid amorphous and liquid
amorphous.” The crystalline fraction consists of regularly aligned long aliphatic
chains of the wax which are packed in an orderly fashion. As the chain length of the
different wax constituent compounds vary so some of the crystalline regions would
result in a less ordered fraction which is the solid amorphous region within the layers
as shown in Figure 1.8. ® The cuticular wax is a dynamic structure therefore the
crystalline and solid amorphous can break and undergo rearrangement. The packed
array of aliphatic chains are surrounded by the solid amorphous region and with
elevated temperature, this would convert into liquid amorphous.® The crystalline
regions are assembled as orthorhombic crystal lattice at a lower temperature and is

rearranged to an hexagonal structure with increased temperature but prior to melting

point.®® *
o Lamellate region of the
Epicuticular wax cuticle (Cutin and
embedded wax)
Middle
lamella /?eticulate region of the
cuticle
Al /
e <— Pectin layer
//—‘x
<— Cellwall
<—— Plasma membrane
W< Tonoplast
Upper ~
epidermal

Figure 1.7: The structure of the plant cuticle (originally in colour)
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Figure 1.8: Molecular structure of cuticular waxes

Plant waxes
1.4.1  Classes of plant epicuticular waxes

Plant epicuticular waxes are complex mixtures of both aliphatic and cyclic compounds
with various functional groups, chain lengths and abundance in different species.
Table 1.1 shows the common wax classes with emphasis on the major components.
Hydrocarbons in plant waxes can exist as n-alkanes, branched- chain alkanes and
alkenes. n-Alkanes are a universal wax class and account for more than 50% of the
wax.> They predominately exist as odd-chain numbers and include chains of Cy7, Cas,
Ca1 and Cg3.%® Even-chain n-alkanes are also present in some species but it is at much
lower proportions in comparison.>® Branched-chain alkanes found are usually even-
numbered but it has been reported that both odd and even-numbered are present.>®
Alkenes in plant lipids tend to be mono-unsaturated with the double bond in position
1.54

Wax esters are another ubiquitous class of compounds which can exist up to 80%.
Mono-esters are the most common and are typically made up of saturated long even-
chain acids (Ci, - Cs) and alcohols (Cy — Csp).> Unsaturation of wax esters has been
reported and the double bond(s) are usually found in the acid moiety.>® The wax ester
fractions are found to be constituted by the esterification of the homologous acids and

alcohols of several isomers and/or a single homologue acid or alcohol.” Free fatty
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acids in plants can be found unbranched, branched, saturated and unsaturated but
usually exist as even-chain saturated forms and have carbon numbers of about Cyg to
Cas.”" These are quite dominant in some plants and up to 40% of free fatty acids can

be found 8

Primary alcohols are commonly found and can be up to 60% of the total wax. These
molecules are usually straight chain and comprise of chain lengths of Cy to Cas. In
cereal crops, a single primary alcohol tends to be predominant and in wheat,
hexacosanol (C,s) or octacosanol (C,g). > * ® Secondary alcohols are also identified
in plants, however they are predominately odd-chain numbers and the hydroxyl group
is commonly found in the 10" or 15" position in a Cy alkyl chain and 9™ or 16"
position in a Cy chain.®® % ® ® Ketones are also found in a similar pattern as these

are formed from the oxidation of the corresponding alcohol.”

Aldehydes are
intermediates formed from oxidation of alcohols to fatty acids and are usually found
in small quantities. If aldehydes are observed, its compositional pattern tends to be

similar to the fatty alcohols.®

B-Diketones can be present as a major wax constituent of up to 70% in some plant
species. About 10-50% of B-diketones have been reported in cereals such as wheat,
barley, oats and rye.®” The 1,3-dicarbonyl group is usually situated on positions 12,14-
, 14,16- and 16,18- in C3; and Ca; alkyl chains.%® Hydroxy-B-diketones are also mainly
found in cereals as the two groups are closely related and are mostly derived from the

most abundant hentriacontane-14,16-dione.®’

The cyclic components consist mainly of sterols and triterpenoids. Plant sterols, also
called phytosterols, are tetracyclic groups of molecules found in plants and the most
common are stigmasterol, B-sitosterol and campesterol.®® Plants can contain up to 3
mg of sterols per gram dry weight.”” Sterols in plants tend to be membrane
constituents with main functions in regulation of its fluidity and water permeability.”
These sterols can react with free fatty acids present on the plant surfaces and form an
ester bond to make steryl esters.” It has been reported that the structures of steryl
esters are formed from the three major free sterols identified.”* The fatty acid moieties
have been reported to be in the range of C;, to C,,.". Hexadecanoic, octadecanoic and

octadecenoic acids are predominately found and poly-unsaturated fatty acids have also



previously been reported as a moiety of steryl esters.”® Esterification of free sterols
and free fatty acids to form steryl esters is a way to regulate the levels these wax
constituents in plants and assist the intracellular and extracellular movement of free
sterols.”> ™ Triterpenoids are pentacyclic compounds and often exist as triterpene
alcohols, ketones and acids and the most common are amyrins, ursanes, lupanes and
oleane.”™ " " 7 The pattern and abundance of the different wax classes in various
species presented in the plant cuticle are dependent on the genetic expression via the

biosynthetic pathway and environmental influences.>® "

Table 1.1;: Common wax classes®

Carbon number and

Compounds range of major Major components
components

Aliphatic wax classes

n-Alkanes 0dd Cy; - Css Cy7, Cp, C31

Wax esters Even Cs4 - Cq Cuo, Cx

Free fatty acids Even Cy- Cap Co, Co4, Cog, Cog

Primary fatty alcohols Even C,, - C3» Coe, Cog, C3, Cap

Aldehydes Even C,, - Cs, Ca6, C2s, C30, Ca2

Ketones Odd Cy3 - Cy3 Cog, Ca1

Secondary fatty alcohols 0Odd Cy3 - C33 Cyg, Ca1

B-Diketones 0Odd C,; - C33 Cs1, Ca3

Hydroxy-p-diketones 0Odd Cy7 - Cg3 Cs1, Css

Cyclic components

Sterols B-Sitosterol, stigmasterol, campesterol

Steryl ester B-Sitosteryl esters

Triterpenols a-Amyrin, f-amyrin, lupeol

Triterpenoid acids Ursolic acid, oleanoic acid

Taraxerone, lupen-3-one, oleanen-3-

Triterpenoid ketones
one, ursen-3-one
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1.5
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Biosynthetic pathway of plant cuticular wax

1.5.1 Biosynthetic pathway

The first stage of the biosynthetic pathway of plant cuticular wax begins by the
synthesis of C;s and C,g fatty acids de novo in the plastids in the epidermal cells. The
synthesis is carried out when the growing acyl chain attaches to the ACP in the FAS
complex and is illustrated in Figure 1.9.% Acetyl-CoA and malonyl-CoA are both
activated by ACP to form acetyl-ACP (A) and malonyl-ACP (B) which can then form
an extending malonyl-ACP (C) via a (a) condensation reaction by KAS.# % Fatty
acids are then synthesised by a series of reactions which result in the addition of C,
moiety to form palmitoyl-CoA. The reactions involve the (b) reduction of B-ketoacyl-
ACP by B-ketoacyl reductase, (c) dehydration of B-hydroxyl-ACP by B-hydroxylacyl
dehydratase and (d) reduction of trans double bond in enoyl-ACP by enoyl
reductase.’” ® The (e) reaction cycles continue until seven C, moieties have been
added to form a total of Cy¢ or C1g acyl chain. There are three different KAS which are
acyl chain length specific (KASIII: C, — C4, KASI: C; — Cys and KASII: Cis — Cyg)
during the synthesis process which dictates whether hexadecanoic or octadecanoic
acid (G) is synthesised.®* The termination of fatty acid synthesis occurs by the (f)
deactivation of the palmitoyl-ACP (D) or stearyl-ACP by acyl-ACP thioesterase and
to () activate to CoA thioesters by acyl-CoA synthase which results to hexadecanoic

acid (E) and coenzyme A (F).%

The Cy and Cyg fatty acids can then undergo an (h) elongation process which involves
the extension of the acyl chains to very long chain fatty acids once (g) esterified back
to CoA (H) and translocated to the ER.% These are the basic components for the
synthesis of the different wax constituents. The (h) elongation process is catalysed by
other multi-enzyme complexes FAE.* Similar to fatty acids synthesis (a)
condensation of acyl-CoA and malonyl-CoA, (b) B-ketoacyl reduction, (c) -hydroxyl
dehydration and (d) enoyl reduction. Usually the repeated elongation process extends
to about 20 — 34 carbons with the addition of C, moiety and the termination of the
process is dependent on the specificity of the FAE forming a range of Cy - Cs, fatty

acids.®



The fatty acids of various chain lengths can convert back to CoA (H) or ACP and
undergo one of the two downstream biosynthetic pathways as shown in Figure 1.9.%°
First is the acyl reduction pathway in which a (i) reduction reaction occurs to form
aldehyde intermediates (J) and can further (j) reduce to primary fatty alcohols (K).
The aldehydes usually have similar carbon number to primary alcohols.® The primary
alcohols are then either exported directly to the plant cuticle or (k) esterify with the
pool of fatty acids (1) available to form wax esters (L_).%* Second is the alkane pathway
which explains the existence of odd numbered carbon chains which were extensively
reported in plant cuticular waxes.®” ®® A typical (i) reduction reaction occurs to give
the aldehyde intermediates (J) in the acyl reduction pathway followed by (I)
decarbonylation to form odd-numbered alkanes (I\).%° In many species, this is the end
product of the pathway but in some cases, the alkanes can carry out further
downstream conversions as the corresponding secondary alcohols and ketones have
been observed.®® The alkanes can undergo a (m) hydroxylation to secondary alcohols

(N) which can then follow by an (n) oxidation into ketones (0).%
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Figure 1.9: Fatty acids de novo synthetic pathway® (originally in colour)

The biosynthesis of fatty acids, fatty alcohols, wax esters, aldehydes and alkanes are
widely accepted. Odd-numbered B-diketones and hydroxy B-diketones have also been
reported in various plant species.*® *'*> As the diketones observed are odd-numbered,
it was suggested that the synthesis of the B-diketones and hydroxy B-diketones must
derive from the alkane pathway of the wax biosynthesis similar to the synthesis of

secondary alcohols and ketones.* Wettstein-Knowles et al. investigated the origins of



B-diketone specifically hentriacontan-14,16-dione in barley spike wax by
radioactively labelling the acetate.”® The study concluded that the two carbonyl groups
were built into the carbon skeleton during the elongation rather than downstream
reactions after the termination like secondary alcohols and ketones as shown in Figure
1.10.** This was supported by the lack of abundance correlation between alkanes and
B-diketones.* The p-keto group is introduced into the acyl chain when a C, moiety is
added to the palmitoyl-CoA but in this case, the 3-keto group is not reduced like the
fatty acid elongation pathway.” The group is (P) protected by a metal ion e.g.: copper
and this could be a metal ion from an enzyme. Further elongation would occur by the
(m) addition of another C, moiety and the protecting metal ion would remain until the
number of carbon units have been added to the chain.”® A (n) decarboxylation of the
B-keto acyl chain and a (0) deactivation process occurs which results in an (Q) odd-
numbered B-diketone.®® The (R) B-diketone precursors can then further react and
synthese hydroxyl B-diketones via a reduction reaction in one of the carbonyl

groups.”

The biosynthetic pathway for cyclic compounds such as sterols is different as it
derives from the isoprenoid pathway where IPP and DMAPP are the main building
blocks. These two molecules react to form FPP by FPP synthetase which is an
important precursor for sterol synthesis that occurs in the plastid.*® More than 30
enzymes and steps are reported to be involved in the sterol synthetic pathway but this
is controlled by a key enzyme, squalene synthetase.”® Squalene (R) forms and then
converts to squalene oxide (S) where cyclisation occurs to create cycloartenol (T) then
cycloeucalenol (U) and followed by obtusifoliol (\/).* A series of different reactions
then occur for the synthesis of various sterols but studies showed that sitosterol is the
first sterol to be made in the sequence.* Various chemical reactions further
downstream lead to a matrix of very complex sterols. Sterols are an important class of
molecules that regulate the fluidity of membranes.® Sterols can also exist in bound
form as the reactive 3> OH group can react and interact with other molecules such as
fatty acids to form steryl fatty acid esters and sugars to form sterol glycosides.*® These
are also components that are commonly found in plant waxes both as free and bound
forms.® The biosynthetic pathways for the aliphatic and cyclic wax constituents give
a good explanation in the various wax classes that have been reported in the

literatures.
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1.5.2

Cereal waxes

Extensive research was carried out by Tulloch and Bianchi between late 1960s to mid-

1980s on the epicuticular wax of cereal crops as shown in Table 1.2.

Table 1.2: Epicuticular wax of cereal plants

Reference Cereal (Species)  Investigation

Six varieties (Little Club) of young wheat (weeks before
Tullochetal. Wheat (Triticum  maturity) dipped using cold light petroleum ether: composition
(1969)% compactum) quantification of one variety

Two varieties (Pelissier and Stewart 63) of young wheat (weeks
Tulloch etal. Wheat (Triticum  before maturity) dipped using cold light petroleum ether:
(1971)% durum) composition comparison

Two varieties (Selkirk and Manitou) of young spring wheat (65
Tullochetal. Wheat (Triticum  days after germination) dipped using cold light petroleum ether
(1973)% aestivum) : composition quantification
Tullochetal.  Oat (Avena mﬁu?sﬁ?;rgKﬁ{:ﬁsi?‘igﬁi%id using cold light petroleum ether:
(1974)'® sativa) P a

Three stages of growth (30, 130 and 190 days after germination)
Bianchietal. Wheat (Triticum  of young wheat (Demar 4) plants dipped using cold
(1977)* aestivum) chloroform: composition comparison

. . Sorghum Two varieties (Alliance A and SD 102) of sorghum (tasseling
Bianchi et al. . ) ) L A
(1978)™°! (Sorghum stage) dipped using chloroform: composition quantification
vulgare)
Bianchietal. Rice (Oryza Eggygsﬁggztaizrz;?ﬁc(g;gre‘) dipped using cold chloroform:
(1979)'% sativa) P g
S tal. Wt (T ST, e on it whet (Chiese v
(1980)'%® aestivum) PP g - comp g
Sorahum Two stages of growth (panicle and fourth-fifth leaf) of mature

Bianchi et al. (So? hum sorghum (SD 102) and (tassling) sorghum (Alliance A and
(1984)** bicolgor) Martin A) dipped using chloroform: composition quantification
Bianchi etal. Wheat (Triticum  Glaucous and non-glucous matured wheat dipped using cold
(1986)'%® durum) chloroform for 1 minute: composition quantification

Most of the research tends to focus on the age and genetics of the cereal plants. Only a

small number of cereal plants have been studied and, as shown in Table 1.3, the most

studied was wheat. This could be due to the countries of study or availability of raw

materials. Column chromatography was used frequently as a mean of separating the
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complex mixtures for compound identification and quantification with GC.”" *
Major classes of wax compound have been clearly identified as fatty acids, fatty
alcohols, alkanes, wax esters, sterols, aldehydes and B-diketones, however most of the
data collected was based on young plants and there is a lack of data on mature plants.
91,97.99. 100 e to the high molecular weight of many wax compounds, a lot of the
studies only showed partial characterisation. High temperature GC-MS tends to be the
technique of choice when analysing the wax components.’® The wax samples are
sometimes derivatised (usually silylation) prior to analysis to make the compounds
more volatile, improve peak shapes, reduced adsorption losses and shorten retention

times.*®

In the 1990s, there was a lack of interest in the field of cereal waxes and limited
research took place until the 2000s. The raw materials of interest then were cereal
wastes and not young plants. As shown in Table 1.2, a lot of research was carried out
on cereal straws. This could be part of sustainable development and adding value to
waste products. In the early 2000s, organic solvent extractions were studied on
various cereal straws and full characterisation was carried out. Physical properties of
these valuable extracts became an interest not only in the academic field but also in
the commercial field. A lot of physical properties (particularly thermal properties)
were determined for the extracts and compared to existing commercial waxes as part
of the sustainable development and bio-refinery concept. **" *® Alternative plant
waxes were needed to replace some of the existing synthetic and petroleum waxes so
there was a real drive in the research. From the mid-2000s until 2012, industries were
not only trying to secure a more sustainable wax source but also attempting to modify
the existing extraction method. Supercritical CO, is being introduced as a green
alternative solvent for the extraction of cereal straw wax.'® % *° Supercritical CO, is
not a new technology; it has been used extensively in commercial extraction such as
decaffeination of coffee and extraction of hops.'® ' Despite this, the solubility of
wax compounds in CO, is not well understood compared to tradition organic solvents
S0 many attempted to compare scCO, with organic solvent properties. Optimisation of
CO, conditions for extraction had been modelled using various established equations,
however none have yet to apply to cereal wax.”* Using CO, to fractionate the wax
extracts has been developed so that extraction and fractionation can be carried out as a

one step process.*®



Table 1.3: Epicuticular wax from cereal waste

Reference Cereal (Species) Investigation
Rice straw extracted in six solvents (toluene/ethanol (2/1,
Sun et al v/v), chloroform, petroleum ether (bp: < 318 K), DCM,
(2001)108' Rice (Oryza sativa)  hexane and MTBE, Soxhlet): physical properties and
composition quantification
Barley straw extracted in four solvents (toluene/ethanol (2/1,
Sun et al. Barley (Hordeum v/v), chloroform, MTBE, hexane/acetone (2/1, v/v) and
(2001)% vulgare) DCM, Soxhlet): physical properties and composition
quantification
Rye (Secale Rye and rice straw extracted with MTBE (Soxhlet): physical
Sunetal. . - o e
(2001)™%° cereale) and rice properties and composition quantification
(Oryza sativa)
Sorghum straw dipped in three organic solvents (light
Welleretal.  Sorghum (Sorghum  petroleum ether, hexane, chloroform) for 1 minute: physical
(2002)™° bicolor) properties and composition quantification
Wheat straw extracted in four solvents (toluene/ethanol (2/1,
Sun et al Wheat (Triticum v/v), toluene/ethanol/ methanol (1/1/1, viviv), MTBE and
11 : chloroform/methanol (2/1, v/v), Soxhlet): physical properties
(2003) aestivum) o e
and composition quantification
Flax dusk from flax fiber processing extracted with hexane
Morrison et Flax/linseed (Linum (Soxhlet), scCO, and scCO, with ethanol (333 K and 55.2

al. (2005)™

Deswarte et
al. (2006)™

Mazza et al.
(2009)

Mazza et al.
(2010)%°

usitatissimum)

Wheat (Triticum
aestivum)

Flax/Linseed
(Linum
usitatissimum)

Triticale
(Triticosecale
wittmack)

MPa and sequential extraction with addition of ethanol at 1%,
5% and 10%): composition quantification

Wheat straw extracted in five solvents (hexane, toluene,
MeTHF, ethanol and acetone, Soxhlet), scCO, (313 K and
10/30 MPa) and ICO, (283 K and 6 MPa) : physical
properties and composition identification

Three varities of flax straw (AC, McDuff, NorLin and
Flanders) extracted with hexane (Soxhlet) and scCO, (343 K
and 30 MPa): physical properties and composition
quantification

Triricale straw (AC Ultima) extracted with hexane (Soxhlet)
and scCO, (343 K and 25/30/35/40 MPa): physical properties
and composition quantification

From the literature review, it is clear that optimisation of CO, and solvent extraction of

cereal waxes is needed. Alternative purification and fractionation techniques must be

adopted instead of traditional column chromatography for a greener process. The influence

of chemical composition on physical properties must also be understood so that the

extraction conditions can be optimised for commercialisation and replacement of existing

commercial waxes.
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1.6 Commercial waxes

The word “wax” is actually originally derived from the Anglo-Saxon “waex” for the

material found in the honeycomb of the bee. However, beeswax is not the only type of

commercial wax available. The competition in the wax business is high with many

traditional waxes as well as new waxes and they can be natural or synthetically produced.

There are broadly five different categories of waxes: animal, insect, vegetable, mineral and

synthetic.
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1.6.1  Manufacturing of commercial waxes

Waxes from different sources can be extracted by various methods depending on
many factors such as chemical compositions, yield and location of the wax. The most
common animal waxes are beeswax and lanolin and they are both by-products of other
industries.’*® Beeswax is a valuable wax that is projected from the wax glands under
the abdomen of the honey bee (usually European bees Apis mellifera in UK) for the

b 114

application of honeycom The wax can be recovered by melting when the honey is

removed from the honeycomb and is classed as a by-product from honey

113

production.™ It is then filtered through a steam-jacketed filter press and washed with

water to remove impurities.**®

Wool grease is another common type of animal wax which is a by-product from the
textiles industries.**® The shorn wool tends to have wool wax from 5 — 16% by weight
of the fleece depending on the quality and breed.**® The wax is secreted from the
sebaceous gland of the sheep to protect the animal against wetting."*® The Australian
or New Zealand wool is washed in a mixture of cold and warm water with detergents
for the textiles industries.""” Heavy solids such as sand are removed to give clean
wool. The wool grease can be recovered from the “dirty” washings with a vortex and
centrifuge step.” Project sponsor Croda Europe Limited is a global leader in lanolin
supply and the manufacturing process described is based on communications with the
company during a site visit. The wool grease from scouring mills arrives at Croda site

for lanolin processing.



The wool grease is then recovered by the addition of sulphuric acid to about pH 2.5 —
3.5 to remove any pesticides and sodium hexametaphosphate added to remove any
metal salts and for bleaching purposes.’*” The wax is further bleached by hydrogen
peroxide to a specified Gardner colour and then followed by an alkaline wash to
remove any free acids. Any soap created during the free acid removal process would
be removed by washing in isopropanol and water. At this stage of the process, the wax
can undergo various processing routes to create different forms and grades of lanolin.
The wax can be steam deodourised to give the “undistilled” lanolin, molecular
distilled to yield the “distilled” lanolin, winterised using ethyl acetate to create “hard”
and “liquid” lanolin fractions or saponified to give the lanolin acid and lanolin
alcohol.™” A few types of the lanolin can then be super-refined using flash
chromatography to give super-refined lanolin.**’

Other important waxes include candelilla and carnauba waxes, which are two of the

113 Carnauba

key vegetable waxes and both are grown in South and Central America.
wax originates from carnauba palms (Copernicia cerifera) in Brazil but as the
Brazilian government is protective and tightly controls their production, the
manufacturing processes are carried out only in that country.™™® The wax is removed
by threshing when the leaves are cut and dried. Approximately 5 — 8% of wax can be
retrieved depending on the size of leaf, age, growing conditions etc.**® Candelilla wax
is also derived from a regional specific candelilla shrub (Euphorbia antisiphilitica,
Euphobia cerifera and Pedilanthus pavonis) which is grown predominately in
Mexico. The wax is extracted out by heating the plant in boiling water with 1%
sulphuric acid which is added to enhance the wax recovery and reduce foaming.'*®
The waxy layer located on top of the aqueous layer is removed and strained and gently
heated to remove the excess water.*® The yields vary from 1.5 — 2.5% depending on

age, growing conditions etc.**®
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1.6.2  Chemical composition and physical properties

The four waxes consist of predominately esters and hydrocarbons. Beeswax, carnauba
wax and lanolin are ester-based with at least 80% in its composition. Candelilla wax is
distinctly different to the other two commercial waxes as it has a high content of
hydrocarbon. Wheat straw wax had been reported to contain aliphatic wax esters,
alkanes, free fatty acids, free fatty alcohols, sterols and B-diketones but the quantity of
each lipid class has not been identified."® The identification of the chemical
compounds in the wax is important as it is directly related to its physical properties
which can influence its applications. Commercial waxes are graded, characterised by a
number of properties and tested according to various pharmacopeia guidelines
depending on its application. The colour, odour and taste of waxes are tested and
usually decolourisation and deodorisation steps are carried out to fit with the wax
application. For applications such as cosmetics, it is undesirable for the wax to be
heavily coloured or have strong odour. Beeswax is commonly bleached by hydrogen
peroxide to a satisfying colour.®® The unpleasant sheep odour is removed from
lanolin by vacuum deodorisation at 0.2 — 0.5 KPa and 373 — 393 K with steam
purging.'™® The waxes are usually taste-free after purification and processing and this
is particularly important for candelilla wax as one of the major applications is as a
binder for chewing gums.**® Thermal properties such as melting and softening points
are necessary for the functionality of certain applications such as depilatory waxes.**
Water absorption levels for emulsion formation in cosmetics and waterproofing
properties in coatings must be balanced for applications performance.*? ' Other
physical characteristics that are also important include penetration, shrinkage, drop
point and density.*** *" Chemical constants such as acid value, saponification value
and iodine value are commonly determined for waxes as they give an overview into
the chemical components. Acid value is the number of mg of KOH needed to
neutralise 1 g of the wax, saponification value is the number of mg of KOH required
to hydrolyse 1 g of wax and iodine value is the amount of iodine that is reacted with
the double bonds in the wax so it would give an indication of the degree of
unsaturation.’*®* Some of the key physical properties for the commercial waxes are
expressed in Table 1.4. The physical properties for the commercial waxes are

distinctively different to serve different applications.



Table 1.4: Chemical composition and physical properties of four commercial waxes*** !¢

Carnauba Candelilla

Beeswax Wax wax Lanolin
Lipid classes
Aliphatic wax esters 70 - 80% 84 - 85% 28 -29% 48 - 59%
Steryl esters - - - 32 -35%
Hydrocarbons 10 - 15% 1.5-3% 50-51% 0.4-2%
Free fatty acids 12 - 15% 3-3.5% 7-9% 1-4%
Fatty fatty alcohols - 2-3% -

. 12- 14%

Resins - 4-6% (Total) -
Sterols - - 0.8-1.5%
Triterpene alcohols - - - 4,5-55%
Lactides - 2-3% - -
Lactones - - - 6-6.6%
Physical properties
Acid value (mg of KOH 17-36  29-97  12-22 7-15
per g) o
'1%0(')';9) value (g iodine per 7-16 7-14 19- 45 15- 30
g?‘:fg::‘%aetr'%'; value (Mg 95149 79-95 43 - 65 100 - 110
Melting point (K) 335 - 338 351 - 358 339 - 344 308 - 315

1.6.3  Wax market and applications

Waxes are the basis of many different applications and are important raw materials for
many industries. In 2010, there was a global demand of 4.35 million tonnes of waxes
of which 85% was petroleum waxes, 11% was synthetic waxes and 4% animal or
vegetable waxes.'* Synthetic and vegetable waxes are the fastest growing products in

the 2010 wax market with a massive increase in production from Asia.***

Petroleum
wax is by far the most important in the wax market as the main application for this
wax is candles which accounts for 43% of the application of waxes."** The second
biggest application is board sizing which holds 15% of the wax market. Impregnation
of petroleum wax consisting Cy - Cso hydrocarbons are typical for the paper
industries.'** Another major application for waxes is coatings and this includes
coatings for wires, food packaging, fruits, paper, tablets and wrapping as some waxes
are very hydrophobic and can provide water proofing of the products.*® This holds
about 14% of the global wax market as shown in Figure 1.15. Waxes are also used in

adhesives as a laminator and protective coating and a number of different polishes
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from shoes to cars.*®* A large number of cosmetics also have waxes in their
formulations for different purposes including lip-sticks, skin cream, depilatory wax
etc.!® ' Lanolin can self-emulsify into a stable water-in-oil emulsion and has
emollient properties which are ideal as a cosmetic ingredient for skin creams.''
Waxes can also be blended into different products for improved performance. Paraffin
wax is added to rubber to increase the stiffness of the product; carnauba wax is
blended into candles at a low percentage as a hardener and beeswax is incorporated
into coatings to increase flexibility."®* Many formulations or applications involve
more than one wax as there are advantages and disadvantages to each wax. In a
typical lip-stick formulation, a combination of waxes is formulated into the stick for

125

various functions.™ Candelilla wax is formulated in as a harder; lanolin serves as an

emollient and helps the stick to remain as an homogeneous mass whereas carnauba

wax is added in order to increase the toughness of the stick.*?®

m Candles

m Board sizing

m Coatings

m Packaging

m Health industries
= Other
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Figure 1.15: Global wax applications™" (originally in colour)

1.6.4  Wax market outlook and opportunities

The demand for wax is predicted to grow from 4.35 million tonnes in 2010 to 5.46
million tonnes in 2020 with an average annual growth of 2.3%. However, the wax
supply will not be growing at the same rate. Wax supply is forecasted to grow at just
1.4% which gives a predicted wax supply of only 5 million tonnes so as a result there
would be 0.47 million tonnes of wax shortage as shown in Figure 1.16. This is mainly

due to a zero increase in petroleum waxes from the shortage of crude oil. By 2015, the



market will experience uneven demand and supply of wax despite the increased
production of synthetic and natural waxes. This market research data shows a huge
gap in the wax supply and as a result increases the opportunities for new waxes in the

market.
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Figure 1.16: Wax market outlook in 2020 (originally in colour)

Wheat straw wax has been highlighted as a potential renewable wax with many
attractive characteristics to replace some existing commercial waxes. In 2006,
Deswarte carried out a successful pilot scale scCO, extraction of wheat straw yielding
770 g of wax and various physical properties were tested and showed promising
results for the replacement of commercial waxes.'® It had been concluded that wheat
straw wax could potentially be useful as a raw material in cosmetics formulations.
This new wax could potentially be a real competitor in the cosmetics market as there
is a big drive from consumers for natural cosmetics. In order to brand a product
“natural”, the processing and the product must follow tight guidelines. Figure 1.17
shows a picture of a B&T Company poster taken at the international cosmetics
exhibition “In-Cosmetics® in 2010 as an example of industrial interest in green
products. Companies are researching and developing new green raw materials and

processing to meet the consumers’ needs; many of which have developed their own
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in-house “green” guides when formulating and are branding their products “natural”

according to their in-house guidelines which usually involve a “banned” list.

THINK GREEN

YOUR BEAUTY, ITS HEALTH

Figure 1.17: A poster by B&T Company at In-Cosmetics® 2010 (Picture taken at the
exhibition) (originally in colour)

1.7 Introduction to work in thesis

The literature showed there is a large quantity of under-utilised straw and this renewable
agricultural by-product has been reported to be covered with a layer of valuable semi-
crystalline wax which clearly indicates a great opportunity for the extraction of these high
value chemicals from this waste. Only a small amount of work had been done in regards to
characterisation of straw cuticle waxes so therefore it would be interesting to carry out a
biomass screen for extraction yields and important wax molecules so potential biomass for
sources of waxes can be identified. Typical key wax classes identified in straw cuticle waxes
include fatty acids, fatty alcohols, sterols, wax esters, [-diketones and aldehydes.
Traditionally, these wax molecules are extracted using organic solvents but due to demand
for more sustainable extraction methods, supercritical CO, as an environmentally friendly
alternative to traditional organic solvents are being explored. However, minimal
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optimisation of solvent and scCO, extractions had been carried out. In solvent extractions,
mathematical modelling can be applied on natural product extractions so a relationship
between solvent parameters and extraction yields can be established. The different wax
components can be characterised and quantified and develop extraction models for specific
wax classes. Optimisation of CO, extraction on straw waxes carried out previously was
limited so it would be interesting to further develop the optimisation using different scCO,
models. Extraction and fractionation methods can alter the chemical compositions of the
wax products so it is crucial to examine the physical properties and performance of the novel
renewable wax products. This would give an indication on the similarities and differences in
physical properties between existing commercial waxes so the potential applications can be
identified. With the research gaps highlighted, the work in this thesis had been split into four

main areas:

Chapter 2 describes the extraction of wheat straw wax using various organic solvents and
mathematical modelling was carried out to relate the solvent parameters to selectivity.
Characterisation of the chemical composition of the wheat straw wax was described and
highlighted potential applications for the compounds identified. Quantification of the
extracts was studied and mathematical modelling for different wax classes was investigated.

Chapter 3 examines the use of carbon dioxide as an environmentally friendly alternative to
traditional organic solvents. Carbon dioxide was compared with the organic solvents and the
similarities and differences were highlighted. The effect of temperature and pressure on
scCO, extraction was investigated extensively. Optimisation of temperature and pressure
was carried out using two different methods. Qualitative and quantification analysis of the
wheat straw wax were completed for different extraction conditions so conclusions can be
drawn on optimal extraction conditions for both total crude extraction yields and specific

wax classes. The influence of chemical composition on physical properties was considered.

Chapter 4 investigates the potential biomass for wax sources by carrying out a straw
screening using hexane and ethanol extractions. The extraction yields and new molecules
found were highlighted. The chemical composition of the different types of straw wax was
compared and the potential biomass for further investigation was selected. Selected cereal
straws were scaled up to production scale and the chemical compositions of the straw waxes
were compared and analysed. Comparison between laboratory and production scale was

drawn.

61



Chapter 5 focuses on downstream processing after scCO, extraction. The co-extraction of
water with the waxes was the first initial processing step and was noted as new potential
waste materials for different markets. Other processing steps such as fractionation and
saponification were discussed. The physical properties such as melting point were
determined so potential applications can be selected for formulation trials. Economic
analysis was carried out based on the production scale trial and was used to conclude for

further scale ups and potential commercialisation.
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Solvent extraction of wheat straw wax

V.L. Budarin, P.S. Shuttleworth, J.R. Dodson, A.J. Hunt, B. Lanigan, R. Marriott, K.J.
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2. SOLVENT EXTRACTION OF WHEAT STRAW
WAX

2.1 Introduction

A semi-crystalline layer of valuable wax is located on the surface of plants which can be
removed mechanically or by solvent extraction. In this Chapter, a number of solvents
(heptane, ethanol, diethyl ether, 2-methyl tetrahydrofuran, acetone, toluene, ethyl acetate,
propanol, butan-2-ol, dimethyl carbonate and methanol) were investigated for their abilities
to selectively Soxhlet extract waxes from winter wheat straw (Viscount 09). Chemical
compositions of the wheat straw wax extracted were characterised using Kl and GC-MS.
The main components in the extracts were quantified using GC FID. Potential applications
of the key high value wax groups are discussed. LSER modelling was applied to the
extraction crude yield and individual wax groups for future solvent extractions. The

environmental impact of the solvents is considered when identifying the “ideal” solvent.

2.2 Solvent selection and extraction

2.2.1  Solvent parameters and linear solvation energy relationships (LSER)

Solvent is a liquid substance that serves the purpose of dissolving chemicals in
applications such as extractions and can be removed unchanged after the applications
(unless solvent is one of the reactants).™® In extractions, the purpose of the solvents is
to solubilise solutes selectively and effectively as well as easily separate and recover
solvents and solutes. The dissolution of a compound in a solvent can only occur when
the attractive forces between solute and solvent outweighs both solvent-solvent and

solute-solute interactions.*?’

The extent of solubility is dependent on the
intermolecular interactions between solvent and solute molecules giving the overall
mutual solubility. Typically molecules of “similar” structures and properties would
have greater solvent-solute interactions resulting in high dissolution. The forces that
determine this are the dipole-induced dipole forces, instantaneous dipole-induced
dipole forces and hydrogen bonding.*”® Solvent is a major part of extractions with

most of the 8 million tonnes of oils isolated per year from seeds and grain
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commodities being extracted by hexane in the US.*® Solvents must be selected in
consideration of solvent properties, environmental impact, economic issues and
associated hazards. Solvents can be classified by different ways and in an extraction;
it is the solvent-solute interaction that is considered the main driver of the outcome. A
list of physical constants namely melting point, boiling point, heat of vapourisation,
index of refraction, density, viscosity, molar volume, surface tension, dipole moment,
relative permittivity, polarisability, etc. are compiled which can describe the

behaviour of each solvent.

Solvent polarity is a measurement to describe the strength of the solvent including all
the solvent-solute interactions and cannot be defined by a single physical parameter
alone.’® Researchers attempted to measure solvent polarity quantitatively and
introduced empirical scales of solvent polarity."® In 1951, Brooker was first to have
thought of the idea of the use of solvatochromic dyes to measure solvent polarity but
it was Kosower who was the first to establish the first polarity scale (Z values) in
1958.1%% ¥ |n 1963, Reichardt devised a normalised polarity scale using the
solvatochromatic pyridinium-N-phenoxide betaine dye (non-protonic dye) from 0
(TMS) to 1 (water).”®® Kamlet and Taft developed a comprehensive set of
solvatochromic parameters a, f and n* using various solvatochromic dyes (e.g.: N, N-
diethyl 4-nitroaniline (non-protonic indicator), 3, 5 dinitroaniline (protonic indicator),
4-amino 7-methyl coumarine (hydrogen bond donor indicator), where o is the
hydrogen bond donating ability, B is the hydrogen bond accepting ability and ©* is the

133, 134, 135, 136 The 1c*

polarisability of the solvent. scale was derived from the shift of the

wavelength absorption maximum in the dyes that was caused by the solvent-solute
interactions which was normalised to cyclohexane (n* = 0) and DMSO (r* = 1).1%% 13
The o and [ scales were also derived using a similar method but ©* interactions tend
to occur as well as a or B interactions so the «* interactions must be subtracted from
all solvent-solute interactions in order to give only the a or § values. The B scale was
normalised to cyclohexane (B = 0) and hexamethylphosphoramide (§ = 1). ).*¥ 3¢

Table 2.1 shows the parameters of selected solvents for extraction.

Linear solvation energy relationships have been proposed to correlate physical and
chemical properties of solvents and can relate to the solvent-solute interactions.™*

Many have been proposed but the LSER had been one of the most successful as



shown in Equation 2.1, where XYZ describes the In(K) of the process, XYZ,, where
K is the equilibrium constant, a, b and s are experimental dependent and a, p and ©*

are the Kamlet-Taft parameters.**’

Other physical and chemical properties of the
solvents can also be included into the expression in order to fully describe the solvent

and solute relationship.™’

Table 2.1: List of selected solvents and their Reichardt’s number (E") and Kamlet-Taft

polarity parameters (a, 3 and %)

Reichardt's™* Kamlet- Taft parameters™> 134 13

Solvent

EN o p m*
Heptane 0.012 0 0 -0.08
Toluene 0.100 0 0.11 0.54
Diethyl ether 0.117 0 0.47 0.27
2-MeTHF 0.180 0 0.45 0.51'%
Ethyl Acetate 0.228 0 0.45 0.46
DMC 0.232 0 0.43 0.55
Acetone 0.360 0.08 0.43 0.71
Butan-2-ol 0.506 0.69 0.8 0.4
Propan-1-ol 0.617 0.84 0.9 0.52
Ethanol 0.652 0.86 0.75 0.54
Methanol 0.762 0.98 0.66 0.6

XYZ =XYZy+a.a+b.f+s.1" + -

Equation 2.1: Kamlet-Taft linear solvation energy relationships

2.2.2  Solvent green guides

As large quantities of solvents are used and disposed of during natural product
extraction, its environmental impact must be considered carefully during the selection
process. Over the years, both the government and industries have attempted to
eliminate, replace, recycle and minimise the use of solvents across all different
process. Researchers and industries have developed solvent “green guides” to
highlight the environmental issues associated with individual solvents and aim to use

it as guidance to switching to alternative greener solvents. Most of the solvent guides
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broadly take account of three main areas: environmental, health and safety impacts
associated with each solvent. In 1999, SmithKline Beecham (how known as GSK)
conducted solvent selection guidelines based on a number of key categories
(incineration, recycle, bio-treatment, VOC, environmental impact to water,
environmental impact to air exposure potential and safety hazard) on thirty-five
different solvents.”*® The guides consider each of the categories and apply a score
system for four categories (waste, impact, health and safety) from 1 (major issues) to
10 (no issues).”® The environmental impact of distillation of solvents was compared.
In 2004, GSK improved the solvent guide and expanded its solvent list to forty seven

solvents and reviewed the reported solvents.'*

A similar scoring system applied but
an extra category of LCA has been introduced. The guide was also more user friendly
by introducing a colour coding system of red (Unacceptable), yellow (average) and
green (acceptable). Fischer et al. developed an environmental assessment of twenty
six solvents through EHS (identify potential substance hazards) and LCA (quantify of
emissions and resource use over the whole life cycle) method in 2007. By considering
nine different categories (water hazard, air hazard, persistency, chronic toxicity,
irritation, acute toxicity, reactivity, potential for fire or explosion and release
potential), an EHS score has been allocated and added together to indicate the overall
environmental impact of each solvent. In 2008, Pfizer produced a solvent selection
guide which clearly divided the solvents into three groups as green (preferred), yellow
(useable) and red (undesirable). This guide not only clearly indicated the problems of
“undesirable” solvents but it also highlighted the solvents that can be used to replace
them e.g.: heptane can be used to replace hexane. GSK also produced a similar but
more comprehensive solvent guide in 2011. The solvents are grouped into three
categories as green (few issues), yellow (some issues) and red (major issues).! Like
the previous versions of the GSK guides, a scoring system from 1 — 10 was adopted
on a more extensive list of categories (waste, environmental impact, health,
flammability and explosion, reactivity or stability and life cycle score) as shown in
Table 2.2." This solvent guide will be used when comparing the solvents used for the

wheat straw extractions as it is the most recent and detailed.*



Table 2.2: List of selected solvents and their environmental, health and safety issues’

(originally in colour)

oo vt ST Ty R o
Heptane 6
Toluene 6 !
Dmyener 6
2-MeTHF 4 )
Ethyl Acetate 4 :

4

Acetone

Propan-1-ol
Ethanol
Methanol 4 5 5
Solvents are colour coded according to the GSK solvent guide®

2.2.3  Biomass pre-treatment techniques

A large number of pre-treatment processes have been developed for lignocellulosic
biomass such as wheat straw to enhance the extraction efficiency and lower
processing costs.'*" The pre-treatment steps aim to cause physical and/or chemical
change to the biomass.'* Pre-treatments are either physical or chemical and in some
cases, both are incorporated for added positive effects. Physical pre-treatments tend to
be applied to make raw materials easier to handle and reduce particle size for better
solvent diffusivity to achieve better extraction efficiency. These include comminution,
steam explosion and hydrothermolysis.*** ***> Comminution is carried out to reduce

particle size by dry, wet or vibratory milling.***

Chemical treatments are commonly used to help with the recovery of targeted
molecules by chemical modification or disruption of the biomass structure. Acids
and bases such as sulphuric acid and sodium hydroxide can be added to improve the
extraction yield by enhancing the recovery of targeted molecules.**® **" As well as
acid and base treatment, ammonium-based solvents (e.g.: ammonia), aprotic solvents

(e.g.: DMSO), metal complexes (e.g.: ferric sodium tartrate) and water oxidation are
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also commonly used as a mean to disrupt the cellulose structure of biomass.*® 149 1%

1 For the extraction of wheat straw, physical pre-treatment is necessary to increase
the extraction efficiency so hammer milling was the chosen technique to reduce the

particle size.

2.2.4  Solvent extraction techniques

Waxes can be extracted using various solvent extraction techniques such as Soxhlet. It
is important to select a solvent technique for this investigation. Soxhlet extraction is a
traditional continuous extractor that is originally designed for the extraction of lipids.
The pre-treated sample is filled into a porous cellulose thimble which is then slotted
into the Soxhlet extractor as shown in Figure 2.1. During the extraction, the solvent
was heated to boiling point and the Soxhlet extractor then slowly filled with
condensed solvent. When the solvent has reached the siphon top, the filled Soxhlet
extractor empties back into the solvent reservoir directly below. During this process,
the extracted solvent carries the materials extract with it. This cycle is repeated
continuously until heating is stopped. Typically, the extraction uses a large amount of

solvent and needs to be run for several hours.

I

’ t\ il
ﬁiﬁ Condenser

Soxhlet
Cellulose
Siphon
Round bottomed
Solvent flask

Heating mantle

Figure 2.1: Soxhlet extractor (originally in colour)

FexIKA® extraction is designed to tackle the main disadvantages of Soxhlet such as

the large volume of solvent usage and long extraction times. It is a multi-point solid-



liquid extractor (Figure 2.2) that is based on the fluidised bed extraction principle with
the aim of the design to reduce solvent and extraction time. IKA® claim that this
technique can reduce the extraction times by 90%. The sample is loaded in to the
extractor where the solvent vapour penetrates the filter, permeates through the sample
and comes into contact with the cooling finger. The condensed solvent remains in the
extraction tube whilst the solvent level in the base vessel is continuously being
reduced as the heating proceeds. This enables electronic online monitoring of
temperature changes and feedback controls over the entire process. When the heating
is switched off after a set time, the cooling water enters the device to cool the system.
The induced cooling and condensing creates a vacuum and the resulting differential
pressure and atmospheric pressure pulls the solvent along with the extract through the
filter and into the base vessel. This process can be repeated continuously.

Cooling finger

Extraction
Raw material
. Solvent resistant
PTFE filter
adaptor
Solvent
Magnetic stirrer

M &l Stirrer hotplate

Figure 2.2: FexIKA® Vario Control Series Extractor (originally in colour)

ASE® is also a common extraction technique which is designed to extract at an
elevated temperature and pressure in order to reduce the solvent usage and minimise
extraction time. This technique enables the solvent extractions to be carried out at the
same temperature with elevated pressure. With this technique, solvent consumption
can be reduced by 90% making it both cheaper and more environmentally friendly. It
is an automated multi-cell extractor which makes it ideal for sequential extractions
and extraction of a large number of samples. Ultrasound-assisted extraction is an
alternative method for solid-liquid extraction. It is very similar to Soxhlet extraction
with the assistance of ultrasound for the enhancement of solubility of solutes in
solvents. The advantage is that the extraction time is shortened by this enhancement,

and ultrasound can help with cell disruption if a biological sample is used which could
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enable better penetration of solvent through the sample. All the techniques described
rely on conventional heating but microwave-assisted extraction is an efficient
extraction process without conventional heating. The extraction can be carried out
under pressure with controlled internal temperature. This advanced technology is
more environmentally friendly compared with traditional Soxhlet extraction with
shorter extraction times and 90% less solvent usage. After careful consideration,
Soxhlet extraction method was chosen for the investigation as it is a traditional
method that is quick and easy to set up.

2.3 Optimisation of solvent extraction using LSER

The wheat straw (Viscount 09) was physically pre-treated, extracted and moisture
determined using methods in Sections 6.2.2, 6.2.3 and 6.2.1 respectively. The water content
of the milled wheat straw was checked to ensure it is less than 10% prior to extraction. The
percentage crude yields were calculated using Equation 2.2 and found to lie between 1.22 —

5.13% (with a £0.11% error) depending on solvent used.

% Crude vield = Mass of extract (g) < 100
blrude yieid = Mass of biomass (g)

Equation 2.2: Calculation of percentage crude yield

Solvent extractions tend to be very unselective and can lead to the extraction of many
different unwanted molecules. It had previously been reported that phenolic acids, resin
acids, glycerides, phospholipids, pigments, low molecular weight carbohydrates, ash and
salts were found in plant extracts.’* *°* 1> 1> The extracts were partitioned using DCM and
water to retrieve just the lipophilic fraction of the extract. Table 2.3 and Figure 2.3 show a
graph of the average percentage crude yields from different organic solvents (with DCM and

water soluble fractions).
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Table 2.3: Percentage crude yield with percentage of DCM and water soluble fractions

Solvent Crude Yield (%) DCM soluble (%) Water soluble (%)
Methanol 5.13 1.07 4.06
Propan-1-ol 4.07 1.22 2.85
Ethanol 3.87 1.01 2.87
Butan-2-ol 3.38 1.32 2.06
MeTHF 2.53 1.79 0.73
DMC 2.36 1.30 1.06
Ethyl Acetate 2.31 1.89 0.42
Toluene 2.16 1.51 0.65
Acetone 1.80 0.62 1.18
Heptane 1.26 0.96 0.30
Diethyl ether 1.22 0.46 0.76
55 -
5.0 -
45 - Water soluble
40 - DCM soluble
5 3.5 -
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Figure 2.3: Percentage crude yield with percentage of DCM and water soluble fractions

(originally in colour)

From Figure 2.3, methanol has the highest percentage crude yield for wheat straw
extraction and can be considered as the solvent with the most extracting ability for the

various molecules that are presented in the biomass. On the other extreme, diethyl
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ether has the lowest percentage crude yield indicating poor compatible properties with
molecules in wheat straw or alternatively, this could be due to the low boiling point of
only 308 K so the amount of molecules that can extracted are limited. Methanol
appeared to have strong solvent power but it is important for the solvent to have high

selectivity so downstream processes can be minimised.

It had been reported that the content of the wax in the straw is low and only comprised
of about 0.5 — 1.0% of the dry weight.*® Previously, Deswarte recovered the lipophilic
fraction of wheat straw waxes from 5 different solvents (hexane, acetone, toluene,
Methyl-THF and ethanol) using silica gel column chromatography with (85:15 v/v)
hexane: diethyl ether.*® Results show a range of 0.8 — 1.2% wax yields were collected
and hexane was the most selective with 69.2% of the extracts as wax. A different
purification procedure using biphasic (DCM: water) extraction had been adopted in
this case. Figure 2.4 shows the selectivity of the different organic solvent extractions.
The percentage selectivity was calculated using Equation 2.3.

% DCM soluble fraction

% Selectivity = % Crude yield x 100

Equation 2.3: Calculation of percentage selectivity

100

Co-extractives

% Selectivity
S

Solvent

Figure 2.4: The selectivity of different organic solvent extractions (originally in colour)



From Figure 2.4, ethyl acetate shows exceptional selectivity as over 80% of ethyl
acetate was lipophilic waxy material. Heptane also indicated high selectivity of 76%
for wax which is in agreement with the high selectivity seen with hexane by
Deswarte.'® Heptane and hexane are compared as the polarity of the solvents (E;™:
0.012 and 0.009 respectively) are very similar and researchers have proposed that

trends of extraction yields are mainly dependant on the polarities of solvent.'® >

Table 2.4: Comparison of data with literature values™

Solvent Crude Yield (%) Lipophilic extract (%)
3.87+£0.24 1.01
Ethanol (n = 3)
3.29° 1.20°
2.53+0.12 1.79
MeTHF (n =3)
3.10° 1.12°
2.16 £0.17 151
Toluene (n=3)
1.97% 0.91°
1.80+0.14 0.62
Acetone (n = 3)
1.90° 0.87°
Heptane (n = 3) 1.26 £ 0.04 0.96
Hexane 1.17% 0.81°

2 Published data from Deswarte

Table 2.4 shows a comparison of novel data with literature values of similar extraction
work on wheat straw. Both sets of data are in agreement and show the same trends in
terms of percentage crude yield in the order ethanol, methyl-THF, toluene, acetone
and heptane/hexane. The variation in results could be due to a number of factors e.g.:
different varieties, age, growing conditions etc. The influence of natural variations on
the compositional differences is discussed in Chapter 3. The yield data for methyl-
THF appeared to be distinctly different to other solvents as the percentage selectivity
almost doubled (Deswarte: 36% compared to 71%). Methyl-THF is a solvent of high
interest as it is bio-derived and can be used to replace some of the petroleum-derived

ethers.™®

Methyl tert-butyl ether is also recommended in the Pfizer green guide as a
greener replacement.”™’ Sun et al. extracted wheat straw using methyl tert-butyl ether
without any further purification steps which resulted in a yield of 1.12%. A greater
amount of wax esters, sterols and triglycerides were extracted with ether compared to

more polar solvents (e.g.: toluene: ethanol: methanol, 1/1/1, v/v/v) in the study.™” The
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higher percentage of lipophilic compounds in methyl-THF extracts could be due to the

extra wax esters, sterols and triglycerides extracted.

To fully understand how the solvent properties influence the extraction of wheat
straw, LSER was proposed to describe the percentage crude yield. Initially, only 10
solvents (all except DMC) were carried out and DMC was the chosen solvent for the
validation of any LSER deduced because it is a bio-solvent and is listed as a green
solvent in the most recent solvent guide. Linear regression was applied and related to
a list of solvent parameters such as the Reichardt’s number, Kamlet-Taft polarity
parameters and molar volume on the percentage crude yield. Usually a single polarity
parameter is introduced into the LSER to generate an expression to describe the
process. Other physical parameters can also be included in the expression in order to
enhance the effectiveness of the expression. Assuming the extraction has reached
equilibrium, the equilibrium constant (K) is expressed as the percentage total
compounds extracted over percentage total compounds not extracted. This equilibrium
constant is used as a substitute as mole fractions of the extraction are not available. A
Kamlet-Taft LSER expression was used successfully as shown in Equation 2.5 and
discussed previously in Section 2.2.1. This LSER can be used to describe the standard
Gibbs free energy of extraction as a new LSER expression for extraction (Equation
2.4). Equation 2.5 had been normalised to 323 K (T = extraction temperature and
Tt = normalised temperature) because of the different extraction temperature from
the various solvents. Table 2.5 shows the extraction temperature and its boiling point
for each solvent. The Gibbs free energy of extraction is shown in Equation 2.4, where
K is the equilibrium constant, AG® is the change in Gibbs free energy under standard

conditions (Jmol™), R is the gas constant (JK*mol™) and T is the temperature (K).

—AG® y Texpt

In(K) =
N0 = R X T,

Equation 2.4: New Gibbs free energy equation

1 ( % Crude yleld ) « Tewt 315406358 - 0.0128Y,
"\100% — % Crude yield) ™ Trey = 635( = 0.0128V,
Equation 2.5: New normalised temperature LSER equation with percentage crude

yield



In this study, Equation 2.5 was developed and showed strong correlation with two
important solvent parameters V,, and Kamlet-Taft parameter § (R? = 0.936). Table 2.5
shows the Vy, and B of the solvents under investigation. The equation was used to
predict the percentage crude yield with DMC. The model developed has proven fairly
accurate as the experimental yield was 2.4% and the predicted was 2.9% which results
in only a difference of 0.5%. Kamlet-Taft parameter  describes the hydrogen bond
accepting ability of the solvent and is a key solvent polarity parameter.

Table 2.5: Solvent parameters in LSER Equation 2.5

Extraction 134
Solvent V,, at 298K temperature (K) B
Methanol 40.7 337 0.66
Propanol 74.7 370 0.90
Ethanol 58.7 351 0.75
Butan-2-ol 92.4 371 0.80
MeTHF 101.7 350 0.45
DMC 84.7 361 0.43
Ethyl Acetate 98.4 350 0.45
Toluene 106.9 384 0.11
Acetone 74.1 329 0.43
Heptane 147.6 372 0
Diethyl ether 104.7 308 0.47

Figure 2.5 shows a 3D plot of the percentage crude yield of the solvents (including
DMC) with B and its environmental impact (using latest GSK green solvent guide). A
rough (without normalised temperature) trend with B is reflected in the plot: as the
hydrogen bond accepting ability increases, the percentage crude yield also increases.
As shown in Figure 2.5, the greener solvents e.g.: butan-2-ol can achieve similar
percentage crude yield, though it is necessary to identify and quantify the extractives

for comparison.
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Figure 2.5: A 3D plot of the percentage crude yield of the solvents (originally in colour)

Welton et al. shows by that using ionic liquids the anion basicity which can be
described by Kamlet-Taft parameter B correlated with the ability to expand pine
lignocellulose. The anions in ionic liquids are the most important determinant for p.**®
It was also reported that the anion in ionic liquids has an impact on the ability to

dissolve cellulose.*™

Wheat straw is high in lignocellulose, it comprised of 35 — 40% cellulose, 20 — 30%
hemicellulose and 8 — 15% lignin.'® It is possible that as the hydrogen bond basicity
(B) increases, the lignocellulose in the wheat straw behaves similarly to pine and
expands, therefore enabling the embedded wax in the plant cuticle to be extracted out
into the solvent. Alternative argument is that the lignocellulosic molecular structure of
the straw breaks down as 3 increases so the solvent molecules can penetrate through
the straw more easily therefore leading to enhanced extraction. The diffusivities of
molecules in and out of the straw would be easier hence for solvents of higher 3, the
selectivity will be lower due to the extraction of other unwanted molecules e.g.: low
molecular weight carbohydrates. If the lignocellulose structure is expanded, solvent
with higher V, will be able to reach the inner structure of the straw and more wax
molecules would be extracted as penetration through the biomass is easier. The

extraction of the epicuticular wax on the surface of straw is also inversely proportional



to V. As molar volume is the volume of one mole of solvent and the lower the V,,
the more the solvent molecules in a specific volume so more B interactions would
occur. Both the V,, and  are cooperative and together they describe the relationship
of the solvent to solutes in wheat straw as the new LSER expression Equation 2.5.
Figure 2.6 shows a plot of experimental data and expected data from the LSER
described in Equation 2.5 and the axis represents the y term (left) of the Equation.
DMC was added onto the plot as a validation of the result and it showed that the
experimental data of DMC are similar to predicted data. This indicated that the LSER
developed can be used to predict the percentage crude yield on a wide range of
solvents with known V,, and . To achieve highest percentage crude yield sustainably,
the solvent must have a low V, and a high B and these parameters are usually found in

small aliphatic alcohols.

Experimental data

Predicted data

Figure 2.6: A comparison of experimental and predicted percentage crude yield (originally

in colour)

The same linear regression and normalised temperature were also applied to the
percentage aqueous Yield and a similar relationship between V., and p was identified.
Equation 2.6 shows a newly established relationship between percentage aqueous
yield with V, and B (r* = 0.89). DMC was also used for data validation and the

experimental and predicted data were compared. The experimental and predicted
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aqueous Yields were 1.3% and 1.1% respectively giving only a 15% error. The
residual errors for the correlation of experimental and predicted data are calculated
using Equation 2.7. The residual error plot is shown in Figure 2.7 and the data was
evenly distributed both positively and negatively which means there is no bias
towards over or under estimation. Figure 2.8 shows a comparison of the experimental

and predicted data using the new LSER Equation 2.6.

% Aqueous yield ) Txpt
X = —3.52+ 1.415 — 0.0228Y,
n (100 — % Aqueous yield Tres A mn

Equation 2.6: New normalised temperature LSER equation with percentage aqueous

yield
Residual error = Predicted value — Experimental value
Equation 2.7: Calculation for residual error

As a new LSER equation had been established, the percentage of agueous soluble
components can be minimised and the selective solvents can be identified. A high Vi,
and a low [ parameter are required to minimise the aqueous soluble extraction which
means the selectivity of the solvent can be increased and further downstream

processing steps can be reduced.

The residual error was also calculated for the aqueous soluble yield using Equation
2.7 which is shown on Figure 2.9. The data was evenly distributed both positively and

negatively as previously which means there is no bias over or under estimation.
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Figure 2.7: Residual error plot for experimental and predicted percentage crude yield
(originally in colour)
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Figure 2.8: A comparison of experimental and predicted percentage aqueous soluble yield

(originally in colour)
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Figure 2.9: Residual error plot for experimental and predicted percentage aqueous soluble
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yield (originally in colour)

The same linear regression was also applied to the percentage DCM soluble yield,
however no correlation was found as expected. Both newly established LSER
equations for percentage crude yield and aqueous soluble yield have similar
coefficients for B and V., suggesting lipophilic fraction extraction had gone to
completion as shown in Figure 2.10 (with all eleven solvents). A horizontal trend line
for the different solvents (saturation) is displayed with percentage DCM soluble yield.
It can be concluded that the same trends were observed from percentage crude yield
and aqueous Yield and the newly established aqueous yield equation (Equation 2.6)
would be useful in highlighting the highly selective solvents for lipophilic fraction of
the extracts. Figure 2.10 is plotted using the values derived from linear regression and
the values used are shown in Equations 2.8, 2.9 and 2.10. Equations 2.8 and 2.9 show

strong correlation with r* = 0.92 and 0.89 respectively.
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Figure 2.10: A comparison of DCM soluble, aqueous soluble and crude yield (originally in

colour)

% crude yield T,
ln( - 4 ) + 522t — 0.6925 — 0.0122V,, — 3.25

100% — % crude yield Trer

Equation 2.8: LSER equation for percentage crude yield

% DCM soluble yield T
ln( % soluble yie ) EXPt — 0.04768 — 0.00181V,,, — 4.75

100% — % DCM soluble yield Trer

Equation 2.9: LSER equation for percentage DCM soluble yield

0, 1 T
n< % aqueous soluble yield ) EXPE _ 1 478 — 0.0222V,, — 3.63

100% — % aqueous soluble yield Trer

Equation 2.10: LSER equation for percentage aqueous yield
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2.4 Chemical composition identification using GC and GC-MS

Extensive research had been carried out on the characterisation of waxes from young wheat
plants and only limited composition data were found on wheat straw extracts. Sun et al.
explored the compositional differences between different solvent extractions which included
the use of solvent mixtures. Deswarte also successfully identified the different wax
components in wheat straw wax, though no quantification data were available so the relative

abundance of each compound from different solvent extractions was not compared.®

Initially, each of the extracts was analysed using GC-FID and GC-MS using the method
described in Sections 6.3.1 and 6.3.2. The GC chromatograms for all the different solvent
extractions showed similar patterns indicating that the chemical compositions are
comparable so therefore only selected extracts were analysed using GC-MS. This suggests
that the differences between the extracts are mostly due to the relative abundance of each
component present. A representative GC chromatogram of heptane wheat straw extract is

shown in Figure 2.11.

PA "] 9 o
. % Internal standard S Heptane
120 o %
v 8 8 g
100 \ = g
80 +
Solvent q
60 + § %
a0 =
20 LA i Ak l L
o T T T T T
0 10 20 30 40 50

Figure 2.11: GC chromatogram of whole heptane wheat straw extract (originally in colour)

The DCM soluble extracts were also compared with the full extracts using GC. Figure 2.12
shows that the full ethanol extract consisted of highly similar components as the DCM

soluble fraction so full extracts were identified using GC-MS.

The retention index system (known as the Kovats Index) was originally developed by
Kovats in 1958 using n-paraffinic series as reference materials for gas chromatography.

Kovats used the logarithms of the retention times and identified a linearity relationship with
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ramp temperature for programmed GC. In 1963, Van Den Dool and Dec Kratz modified the
equation to also include linear temperature programmed GC. Equation 2.11 shows the
Kovats Index calculation as modified by Van Den Dool and Dec Kratz, where Kl is Kovats
Index, n is the number of carbons in the smaller reference alkane, N is the number of
carbons in the larger reference alkane, ty is the retention time for larger reference alkane, t;,
is the retention time for smaller reference alkane and tywnown 1S the retention time of the

compound of interest.
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Figure 2.12: GC chromatogram of ethanol wheat straw extract (originally in colour)

The compounds in the wheat straw extracts were identified using the combination of
the fragmentation pattern from the mass spectra, NIST mass spectra library, authentic

standards and the Kovats Index.

t -t
KI =100 [n +(N—=n) (M)]

ty — tn

Equation 2.11: Kovats Index (KI) calculation as modified by Van Den Dool and Dec

Kratlel, 162
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Two different capillary columns (ZB-5HT, 30 m x 0.25 mm [I. D. X 0.25 um film
thickness, Phenomenex and ZB-5 HT, 15 m x 0.25 mm LD. x 0.25 um film thickness
Phenomenex) were used to analyse the wax extracts. The 15 m column was used for
the identification of larger molecules (up to 60 carbons) as these molecules would
struggle to elute off the 30 m column in a reasonable retention time. Figure 2.13
shows differences in retention times between the two columns for reference alkane

miX Cy, . Ceo.

The NIST Library is a database of mass spectra where the chemical structures of the
different components can be predicted by the mass fragmentation. The Library was
used to search for the best possible match mass spectra which can help with the
identification. As many of the EI spectra do not show the molecular ion, FI was used
to obtain some molecular ions to confirm the identification. Calculated KI was
compared with literature KI for the calculation of the chain length of the aliphatic

molecules. The guantification of the wax components were discussed in Section 2.5.
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Figure 2.13: Reference alkane mix analysed by two different capillary columns (originally in

colour)

2.4.1  Free fatty acids

Free fatty acids identified in wheat straw waxes by GC-MS were exclusively n-
alkanoic acids of chain length ranging from Cy, — Cyg with different degrees of
unsaturation which is in agreement with past literature.’® > Three saturated free fatty
acids were identified: tetradecanoic acid (Cy4), hexadecanoic acid (Cyeo) and
octadecanoic acid (Cig). Figure 2.15a shows the El spectrum of hexadecanoic acid.
The other fatty acids all have a similar EI fragmentation pattern. Figure 2.15b shows

the NIST library match of hexadecanoic acid to Figure 2.15a.
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Figure 2.14: Formation of El fragment ion m/z = 60
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Figure 2.15a: EI mass spectrum of hexadecanoic acid (C1¢,0) (magnified three times from

m/z 213 — 260) (originally in colour)
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Figure 2.15b: EI mass spectrum of hexadecanoic acid (Cg.0) from the NIST library
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Main distinct EI fragment m/z = 60 is formed as a result of McLafferty Rearrangment
as shown in Figure 2.14. The abundant fragment ion m/z = 73 is generated through the
migration of a hydrogen atom. This fragment ion is part of the series of oxygen-
containing fragments of m/z = 45, 59, 73 and 87. Table 2.6 shows a list of fragment
ions and its percentage base peak intensity as well as calculated and published KiI

values that assist in the identification.

Due to the nature of ElI mass spectra, a weak molecular ion of the fatty acids is
formed, and sometimes, the ion is not detected so therefore the molecular weight was
assigned using calculated KI. Other abundant series of ions in the saturated free fatty
acids series include m/z = 43, 55, 57 and 71. This series of ions are indication of alkyl
chain with the difference of 14 mass units in the molecule as shown in Table 2.7. The
ions at m/z = 55 and 69 occur due to the elimination of two hydrogens in the alkyl

chain.

Figure 2.16: Formation of EI fragment ion m/z = 73
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Table 2.6: Identification of free fatty acids presented in solvent extracts including the El

fragmentation pattern with percentage base peak intensity and Kl values

Calculated Literature

T + .
Identification M El Fragmentation Kl Kl

Saturated free fatty acids

43(100), 73(89), 60(81), 57(60),
Tetradecanoic acid (Cy4.0) 228.4 55(60), 71(30), 69(30), 129(23), 1750 17513
42(21), 83(21)

43(100), 60(87), 57(87), 73(80),
Hexadecanoic acid (Cys.0) 256.4 55(75), 69(39), 71(38), 83(28), 1951 1950'%
41(27), 129(24)

43(100), 55(91), 73(81), 60(80),
Octadecanoic acid (Cig.0) 284.5 57(79), 69(47), 71(35), 83(31), 2148 2168'%°
129(29), 85(28)

Unsaturated free fatty

acids
55(100), 69(64), 43(49),
Octadecenoic acid (Cig1) 282.5 79(41),83(39), 97(33), 57(32), 2128 2137%¢
67(27), 70(23), 84(20)
Octadecadienoic acid 67(100), 81(70), 54(56), 68(55), 165
(Ciaz) 2805 95(50), 82(34), 55(31), 96(25) 2126 2l%

Table 2.7: Aliphatic alkyl chain fragmentation peaks in mass spectra

m/z Structure

43 [CH3(CH,),]"
57 [CH3(CHy)4]"
71 [CH3(CH,).]"
85 [CH3(CHy)s]"
55 [CH3CH,CH=CH]"
69 [CH3(CHCH=CH]"

Deswarte previously identified free saturated fatty acids from nonanoic acid (Cg,) to
dotricontanoic acid (Csy) containing both odd and even-numbered carbon atoms in
variety Consort."® Odd-numbered free fatty acids are very uncommon as this group of
molecules are formed by the addition of C, moiety during an elongation process.®

The free acids arise from lipid biosynthesis and possibly from hydrolysis of
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triglycerides or wax esters as the plant enter senescence.®” Sun et al. reported a range
of free saturated fatty acids in wheat straw ranging from decanoic acid (Cig,) to
tetracosanoic acid (C,s0).'*! Both researchers show the presence of both odd and even
numbered of free saturated fatty acids, though only three predominate: tetradecanoic
acid (Cu0), hexadecanoic acid (Cie) and octadecanoic acid (Cig).”® *** The results
from wheat straw (Viscount 09) are in agreement with previous literature. Limited
free saturated fatty acids were identified as the extracts were analysed crudely without
any separation. Unsaturated free fatty acids hexadecenoic acid (Cys.1), octadecenoic
acid (Cyg), octadecadienoic acid (Cyg:), octadecatrienoic acid (Cyg3) and eicosenoic
acid (Cy4) Were identified in previous studies."® ™" Initially tetradecanoic acid (Cy4.)
is formed in the fatty acids de novo biosynthetic pathway then followed by
hexadecanoic and octadecanoic acids. Deswarte was able to identify such a wide
range of fatty acids as the crude extracts were fractionated by column chromatography
so GC method can be tuned to analyse free fatty acids exclusively e.g.: the use of a
more polar column to aid separation. It is not necessary to fractionate the fatty acids
from these crude extracts in this case as the aim of the study was to compare the
selectivity of various solvents. Fatty acids can be used in potential applications such

as soaps, detergents, lubricating oils and cleaning polishes.**" *¢®

2.4.2  Hydrocarbons

Hydrocarbons have been identified in all wheat straw extracts as straight chain n-
alkanes with chain lengths between C,; to Cs; Odd-numbered n-alkanes were
predominately found which is in agreement with the wax biosynthesis in which the
alkanes are formed by the decarbonylation of the aldehydes in the alkane pathway.
Previous research by Tulloch et al. on young wheat plant showed that the wheat
extracts contain odd-numbered n-alkanes with chain lengths from Cy.35.”" *® However,
Sun et al. reported absence of hydrocarbons completely in mature wheat straw which
is in disagreement with the results presented. This is unusual as n-alkanes are
commonly found in many plants and not just cereal crops. ** The range of the n-
alkanes tends to vary widely even within species.'®® In the case of wheat, the most
abundant alkanes were highlighted to be nonacosane (C,g) and hentriacontane (Cs;)
which is exactly what had been observed in these wheat straw extracts,®" %" % % 105

The identification of n-alkanes was relatively simple as the fragmentation pattern is
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very unique but it can be challenging when some of the alkanes co-eluted with other
wax components in the complex mixture. Previously, Deswarte managed to separate
an alkane rich fraction by column chromatography over silica which can aid in the

identification process.®

A distinct fragmentation pattern for n-alkanes is shown in Figure 2.17 where in the
low m/z region of the spectrum, there is a series of peaks regularly spaced by 14 mass
units indicating the loss of CH, shown in Table 2.8. Figure 2.18 shows the zoomed in
regions from m/z of 120 — 410 and magnified higher m/z regions that showed the
regularly spaced 14 m/z units continued through the spectrum and the presence of m/z
409 which is the molecular ion for nonacosane. The largest peak in each cluster of
fragment ions usually occur with C,Hzn. at m/z = 14n + 1 where n is the number of
atom. Other smaller peaks are also observed are C,H,, and C,H,,.; fragments. It can
be observed in Figure 2.17a that the most abundant fragments are at Cs, C4 and Cs and
the fragment ions decrease in a skewed curve to the large fragment ions. Figure 2.17a
is compared with Figure 2.17b which is the identification from the NIST library. The
molecular ion is commonly lost in an EI spectra so the chain length of the alkanes was
determined by the KI and standards as shown in Table 2.8. The table also shows the
major ions and its base peak intensity in the El spectrum for alkanes with the chain

lengths C,7 to Caa.
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Figure 2.17a: El mass spectrum of nonacosane (C,g) (magnified two times from m/z 100 —
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Figure 2.17b: EI mass spectrum of nonacosane (C) from the NIST library

Table 2.8: Identification of n-alkanes presented in solvent extracts including the El

fragmentation pattern with percentage base peak intensity and Kl values

Identification M* El Fragmentation Calculated KI  Literature Kl
n-Alkanes
57(100), 43(81), 71(62),
Heptacosane (Cy) 380.7 85(41), 55(35), 69(27), 2685 2700
56 (23)

57(100), 71(69), 43(59),

161
Nonacosane (Cy) 408.8 85(36), 55(25). 56(20) 2884 2900
. 57(100), 71(72), 43(68), 161
Hentriacontane (Cs;) 436.9 85(39), 55(22). 56(21) 3083 3100
Triatriacontane (C33)  464.9 57(100), 43(55), 71(49), 3282 3300

85(34), 55(28)

Due to these long hydrocarbon chain structures, hydrocarbons are very hydrophobic
and can be used to replace existing paraffin waxes and various coatings
applications.*™ This distinct group of odd-numbered alkanes have been reported to be
involved with semiochemical functions on different insects.”" "> "* Semiochemicals
(from Greek simeon as “a mark or signal”) are biochemical compounds that contain
“messages” which are used by insects and other organisms to communicate and these
chemicals can be divided into two groups: pheromones and allelochemics.'™
Pheromone (from Greek phereum as “to carry” and horman as “to stimulate”)
involved in intraspecific interactions and allelochemics (from Greek allelon as “one
another” involved in interspecific interactions.”™ In 2009, Tina Han (student in green
chemistry group) separated a high alkane fraction and carried out aphid control tests in
collaboration with Rothamsted Research. It was concluded that the alkane fraction in

wheat straw wax can be used as an effective aphid semiochemical.
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2.4.3  Free fatty alcohols

Free fatty alcohols of exclusively n-alkanols with chain lengths from C, to Cg in
wheat waxes in young plants have been extensively reported in the literature. - % %
Octacosanol (Cjg) was defined as the most abundant homologue in young wheat
plants. * % % The range of free fatty alcohols identified in the young plants is in
agreement with the composition in wheat straw extracts carried out by Deswarte.
Deswarte identified n-alkanols with chain length from Cy, to Ca4 in wheat straw after
fractionation. Only octacosanol (Cy) was identified in the wheat straw in the crude
extracts and in many cases, there is co-elution of octacosanol (Cy) with
hentriacontane (Cs;) which made identification more difficult. Fractionation of free

fatty acids appeared to be an important step for identification and quantification.

Figure 2.18a shows an EI spectrum for octacosanol (C) which is compared with the
El spectrum from the NIST library (Figure 2.18b). As EIl is a relatively harsh
ionisation technique, molecular ions are rarely observed so in order to calculate the
number of carbons in the aliphatic chain, the KI was calculated and compared with
literature value. The octacosanol standard was also analysed to confirm the
identification. Table 2.9 shows the fragments and its percentage base peak intensity
and from both Figure 2.19 and Table 2.9, the fragmentation pattern appeared to be
extremely similar to standard n-alkanes. The regular pattern of 14 mass units
differences indicated the progressive loss of CH, meaning there is no unsaturation in
the molecule and the assignment for the aliphatic alkyl chain is shown in Table 2.7.
Due to the harsh ionisation technique used, most of the time, the larger ions are
fragmented and therefore have low peak intensity and for this reason the region
around the molecular ion was magnified as shown in Figure 2.18a. Sometimes a
distinct prominent peak of [M — 18] can be observed from the loss of water. The loss
of the H,O occurs when a d-hydrogen is lost as shown in Figure 2.20 and in the case
of octacosanol (Cy), a fragment ion of m/z = 393 would be observed. As well as just
the elimination of water, the elimination of alkene from primary fatty alcohols also
tends to happen which will result in a peak of [M — 18 — 28]". Octacosanol (Ca)
would show a peak at m/z = 364 which represents the elimination processes shown in
Figure 2.20.
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Figure 2.18a: El mass spectrum of octacosanol (Cyg) (magnified five times from m/z 126 —
410) (originally in colour)
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Figure 2.18b: El mass spectrum of octacosanol (C,g) from the NIST library

Table 2.9: Identification of octacosanol in solvent extracts including the El fragmentation

pattern with percentage base peak intensity and Kl values

Identification M* El Fragmentation Calculated KI  Literature Kl

Free fatty alcohol

57(100), 43(82), 55(76),
97(65), 69(64), 83(57),
71(50), 56(39), 111(30),
85(27)

Octacosanol (Czg) 410.8 3083 3118'"

Octacosanol is not just an ordinary component identified on plant waxy surfaces as it
has many nutritious and health benefits such as cholesterol lowering effects, anti-

aggregatory properties, cytoprotective uses and ergogenic properties.’’”® Due to the
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low amount that is actually ingested, policosanol (natural mixture of primary fatty
alcohols) containing mainly octacosanol has been made into dietary supplements.'’”
Policosanols supplied derived from sugarcane wax, grasses, cereal grains and
beeswax.'”® There has been much research on the extraction of wheat leaf wax and the
isolation of octacosanol. In 1933, Pollard et al. first reported the isolation of
octacosanol from wheat wax and Tulloch et al. also identified this valuable group of
molecules in young wheat plants.”” *® Dunford et al. have studied the policosanol
composition in many wheat grains of different varieties and have identified a
policosanol range with chain lengths from C,o to Cs, predominantly tetracosanol (Co,)
and hexacosanol (Cy).**° The data reported for wheat grains are different to wheat
straw where octacosanol (Cyg) is the predominant fatty alcohol. Different fractions of
the wheat grain have also been investigated and wheat bran has been highlighted as
the highest policosanol containing fraction which shows that the level of policosanols

vary between different parts of the wheat plant.**

R
O A R\ . H\ +/H \C. R

+

e

Figure 2.20: Formation of El fragment ion m/z = 393 and m/z = 365 for octacosanol (Cys)
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2.4.4  Aldehydes

Aldehydes have also been previously identified and in this particular variety of wheat,
only the aldehyde octacosanal (Cy) was identified which is in agreement with the
biosynthetic route.®” Aldehydes are the intermediates between alcohols and fatty acids
precursors and as octacosanol (Cyg) is the only fatty alcohol identified, this suggests
that the octacosanal (C,s) may be present due to partial oxidation of the alcohol.®
Aldehydes can be used as flavourings but many have reported that aldehydes are only
minor constituents in wheat extracts.’® * % 1 A few have also reported a complete
absence of aldehydes in the extracts which means that any purification steps for
applications exclusively for aldehydes will probably be not viable."™" *** Figure 2.21
shows the EI mass spectrum of octacosanal (C,g) and in this case molecular ion was

not observed due to the harsh El ionisation technique used for analysis but when the



region was magnified, the [M — 18]" ion can be observed. The fragmentation pattern
for aliphatic aldehydes are very similar to aliphatic primary fatty alcohols as both
compounds would undergo a dehydration step giving [M — 18]" ion. The fragment ion
of [M — 28]" ion can also be observed due to the loss of CO with aliphatic aldehydes
but not primary fatty alcohols.  Other characteristic ions [M — 1]*, [M — 29]" and [M
— 441" might be observed due the cleavage of the C — H bond and cleavage of C — C
bond to release just the functional group CHO and CH3;CHO respectively as shown in
Figure 2.22.
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Figure 2.21: El mass spectrum of octacosanal (C,g) (magnified five times from m/z 125 —
410) (originally in colour)

[M - 44]* \ ﬁ

[M - 29]*
[M-1]
Figure 2.22: Mass fragment ion of aliphatic aldehyde (originally in colour)

A softer FI technique was used for the mass spectrometry to give less fragmentation is

shown in Figure 2.24 to confirm the identification.
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Figure 2.23: Formation of mass fragment ion m/z = 390
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Figure 2.24: FI mass spectrum of octacosanal (Cas)

The molecular ion and fragment ion [M — 18]" can be identified for octacosanal. The
[M — 18]" ion corresponds to the loss of water as shown in Figure 2.23. The extra
information gathered from the FI mass spectrum confirmed the identification of
aliphatic aldehyde and the number of carbons on the alkyl chain. Table 2.10 shows the
El fragment ions with the percentage base peak and the calculated Kl but
unfortunately, there are no published literature KI for comparison. The base peak ion
is a result of a combination of fragment ion from the alkyl chain [CH3(CH,)s]* and
McLafferty rearrangement and then followed by an a-cleavage as shown in Figure
2.25.



Table 2.10: Identification of octacosanal in solvent extracts including the El fragmentation

pattern with percentage base peak intensity and calculated KI

Identification M* El Fragmentation Calculated Kl

Aldehyde

57(100), 43(99), 82(97), 55(66),
Octacosanal 408.7  96(63), 69(57), 71(52), 83(51), 3024
81(48), 97(45)

Figure 2.25: Formation of base peak ion m/z = 57 for aliphatic aldehydes

245 Wax Esters

Wax esters are one of the most important groups of molecules found in plant waxes as
the high molecular weight molecules have many valuable applications such as
cosmetics, hard wax polishes, lubricants, coatings and plasticisers."® Structures of
wax esters in wheat are derived from esterification of saturated primary even-
numbered chain fatty alcohol and fatty acids to give the ester chain lengths from C
to Cse. The analysis of high molecular weight compounds using GC-FID and GC-MS
is difficult because of the low volatility so wax esters are usually analysed by
hydrolysis of the wax esters into fatty alcohols and fatty acids. The benefit is that this
would ensure that all the high molecular weight wax esters are eluted off the column
although the original wax ester structures are lost. To combat this problem, the wheat
straw wax extracts were analysed using a shorter column (DB-5HT, 15 m x 0.25 mm
I. D. X 0.25 um film thickness) as described in Section 6.3.1 for the identification of
the wax esters. The method enabled carbon chain lengths of up to 60 with the Kl of
6000 to be analysed. Figure 2.26 shows the GC chromatogram of the identified wax
esters from wheat straw wax. The trace displays that even- numbered saturated wax

esters predominately found in wheat straw wax tend to consist of hexadecanoic acid

99



100+

(C16:0) and octacosanol (Cag). These two compounds were identified as a “free” form

in the extracts which is in agreement with the biosynthetic pathway of wax esters.*
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Figure 2.26: GC chromatogram of wheat straw wax esters (originally in colour)

3045

As can be observed from Figure 2.26, the most abundant wax ester is octacosanyl

hexadecanoate (C,3:Ci6). The EI mass spectrum of octacosanyl hexadecanoate

(Co6:Cyp) as a representative of the saturated wax ester group is shown in Figure 2.28.

A small molecular ion is observed and distinct characteristic ion of [R2CO,H,]" was

generated by the B-cleavage at the oxygen on the ester group and McLafferty

rearrangement with double hydrogen transfer which is shown in Figure 2.27. In the

case of hexadecanoate esters, the fragment ion [R2CO,H,]" with m/z

257 is

generated and sometimes this is the base peak ion. Figure 2.27 also shows that another

important ion of [R2CO,H]" could also be identified and is also believed to be
Weak ions of [R1CO,]" and [R1 — 1]°
arising from the fatty alcohol moiety can sometimes be observed. Table 2.11 shows a

generated by McLafferty rearrangement.

list of distinct characteristic fragment ion for the even-numbered wax esters identified.

Other fragment ions found in a long chain aliphatic wax ester have a regularly spaced

14 m/z units apart and this is due to the long alkane chain and the corresponding ions
are identified in Table 2.7.

- Time
30.96
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Figure 2.27: Formation of El fragment ions m/z = 393, 257 and 256 for octacosanyl

hexadecanoate (Cs:C6)
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Figure 2.28: El mass spectrum of octacosanyl hexdecanoate (C,5:Cy6) (magnified four times
from m/z 600 — 650) (originally in colour)

Table 2.11 shows a list of saturated wax esters identified, corresponding El

fragmentation and percentage base peak intensity. It was apparent from the KI that it

101



102

is a series of wax esters with increasing two carbons in chain length. However, the
difficulties of identifying the exact structure arise as the observed molecular ions are
very weak so therefore the distinct fragment ion [R2CO,H,]" was used to identify the
length of the fatty acid moiety. The chain length of the fatty alcohol can be calculated

by the known fatty acid chain length so therefore the wax esters can be identified.

All the wax esters identified in wheat straw are saturated which is in agreement with
literature.'® " % Limited identification work had been carried out on the wax esters
due to the high molecular weight so therefore only Deswarte had managed to also
identify wax esters of up to Css. As shown in Figure 2.26, odd-numbered aliphatic
esters were also found in the wheat straw waxes. It was reported that odd chain wax
esters found in barley had carbon chains in the range Cs; - C3; where the alcohol
moieties are secondary alcohols of Cy; - Cy7 and wheat straw waxes may possess the
same homologous series.’®® Odd-numbered wax esters in wheat straw have also

previously been reported by Deswarte.'®



Table 2.11: Identification of wax esters in solvent extracts including EI fragmentation

pattern with percentage base peak intensity and calculated KI

Identification m* El Fragmentation Calculated Kl
Wax esters
43(100), 57(88), 69(64), 55(59),
(Tg”f"‘éos)a”y' hexadecanoate 502.6  71(58), 83(44), 97(43), 68(34), 4137
2-Cr 85(30), 56(29).
57(100), 43(83), 69(67), 71(64),
(H(fxf"éozany' hexadecanoate 6206  55(61), 97(55), 83(55), 85(37), 4335
26:C1s 257(34), 70(30)
57(100), 43(82), 71(65), 69(62),
%‘?‘é’sg"”y' hexdecanoate 648.7  83(54), 55(54), 97(49), 85(30), 4513
26:Cas 111(27), 70(27)
57(100), 43(80), 71(70), 69(61),
?CCI"’T%OS;‘“V' octadecanoate 676.7  83(53), 55(50), 97(49), 85(31), 4699
26:Cas 70(28), 111(26)
. 57(100), 43(69), 71(61), 83(51),
%“"}‘g’sg"”y' eicosanoate 704.7  69(51), 97(47), 55(45), 85(33), 4953
26:Cao 70(27), 111(25)
57(100), 43(78), 71(70), 69(58),
?CCI"’TCCOS;"“V' docosanoate 7328 83(53), 55(52), 97(47), 85(34), i
26:Caz 82(28), 111(26)
57(100), 43(76), 71(64), 69(57),
%“"}‘g’s;‘”y' tetracosanoate 760.8  55(50), 83(46), 97(43), 85(32), -
26:Caa 73(30), 96(30)
57(100), 43(78), 71(54), 83(46),
?CCt"’TCCOS?“y' hexacosanoate 788.8  96(46), 97(43), 55(40), 85(36). i
26:Cas 70(27), 73(26)
57(100), 71(68), 43(46), 83(43),
Octacosanyl octacosanoate 8169  97(40), 85(34). 55(33). 111(25). )

(C25:C2)

70(23)
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Table 2.12: List of characteristic fragment ions for even-numbered wax esters

Identification M* [R2CO,H,]" [R2CO,H]" [R1-1]" [R2CO,]"
Wax esters
Tetrfalcosanyl hexadecanoate 592 6 957 4 256.4 3366 3817
(C24-C16)
Hexacosanyl hexadecanoate 620.6 257.4 256.4 364.7 364.7
(C26-C16)
Octacosanyl hexdecanoate
(C8:C1e) 648.7 257.4 256.4 392.8 437.8
Octacosanyl octadecanoate
(C8:C1g) 676.7 285.5 284.5 392.8 437.8
Octacosanyl eicosanoate
(C26:C) 704.7 3135 3125 392.8 437.8
Octacosanyl docosanoate
(Cy6:C2) 732.8 341.6 340.6 392.8 437.8
Octacosanyl tetracosanoate
(C8:Ca4) 760.8 369.7 368.6 392.8 437.8
Octacosanyl hexacosanoate
(Cy8:Cs) 788.8 397.7 396.7 392.8 437.8
Octacosanyl octacosanoate
(C25:Ca) 816.9 425.8 424.8 392.8 437.8

R1 and R2 are side chains indicated in Figure 2.27

24.6 Sterols

Sterols and 3’-ketosteroids were identified in the wheat straw wax. They are closely

related in both functionally and structure. Both groups of molecules consist of the four

cycloalkane carbon skeleton rings as shown in Figure 2.29. Sterols are paramount in

membrane function as the hydroxyl group in the 3’ position can form hydrogen bonds

with various ester carbonyl moieties from the fatty acids of phospholipids to regulate

the fluidity of the membrane."® 3’-Ketosteroid also have important roles in

destabilisation of the phospholipid bilayer membrane structure and when incorporated

into erythrocytes, the permeability and fragility of the membranes are greatly

increased.'®® The abundance of sterols and 3’-ketosteroids must be highly regulated in

wheat in order to maintain the appropriate fluidity and permeability of the membrane.
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Figure 2.29: Four cycloalkane carbon skeleton rings found in sterols and 3’-

ketosteroids

Sterols such as stigmasterol, campesterol and B-sitosterol were identified in wheat
straw wax and these compounds are structurally similar as they are all derived from [3-
sitosterol.?? These are three predominant cereal phytosterols that have been identified
in wheat and other cereal crops such as barley and oat in previous studies.*® *¥
Cholesterol, ergosterol, and stigmastanol were also identified in wheat straw but these
phytosterols were not found in the organic solvent extracts. ** " 52 Phytosterols have
been reported to be found in other wheat by-products such as wheat bran and germ.®
As well as the three common sterols, brassicasterol, avenasterol and campestanol were
also identified in the wheat by-products.”® The wheat straw wax extracts were
analysed directly without further purification and fractionation so there is a chance
that the sterols may co-elute with other wax components as the extracts consist of
many compounds of around 30 carbons. Phytosterols are an important class of
compounds and have nutritional benefits and are used as food supplements for
reducing blood cholesterol level.'® **° As highlighted previously, polycosanols are
capable of reducing blood cholesterol level even though the mode of action for both
phytosterols and policosanols are very different. Policosanols can lower total and LDL
cholesterol by inhibition of cholesterol synthesis from activation of AMP kinase.'®
Phytosterols reduce the total and HDL cholesterol level by minimising intestinal
cholesterol absorption and increase faecal excretion of cholesterol.** **? Due to the
different lowering cholesterol mechanisms, it had been reported that a combination of

both policosanols and phytosterols can give an enhanced effect.™®* *** However, Jones
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et al. showed that there is not a significant amount of benefit when both of these
groups of molecules are applied together in hamsters.'® Extensive research has taken
place in order to find new potential sources and to separate these high value sterols.*®
1% 1t would be interesting to fractionate the phytosterols and policosanols and test for
cholesterol lowering effects. Previous studies indicated that sterols can also exist as
bound forms such as steryl esters within wheat straw however, no steryl esters were

found in this case.'®

HO HO HO

B-Sitosterol Stigmasterol Campesterol

Figure 2.30: Structures of sterols present in wheat straw wax

The three predominant sterols were identified using a combination of NIST library
2008, standard compounds, El fragmentation pattern and published Kl data. The El
mass spectrum of stigmasterol is shown in Figure 2.31a which is compared with the
El spectrum from the NIST library (Figure 2.31b). Other sterols have a similar
fragmentation pattern and the molecular ion is weak but can be observed which is

extremely useful when distinguishing between different sterols.

The ion m/z = 57 forms from the -cleavage of the ring, followed by the formation of
a diene. Characteristic ion m/z = 357 for B-sitosterol followed the same B-cleavage of
the ring then a hydrogen migration occurred to give a 3-rings ion. Sterols can also
undergo the cleavage of three rings giving a stable tertiary cation m/z = 272. The 3’
OH group on the sterols can also undergo a dehydration step with carbon 4 on ring A

giving a stable conjugated cation as indicated in Figure 2.32.
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Figure 2.31a: El mass spectrum of stigmasterol (magnified two times from m/z 400 — 415)
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Figure 2.31b: EI mass spectrum of stigmasterol from the NIST library

Table 2.13 shows the characteristic fragment ions for the three important sterols in
wheat straw. A total of five sterols are found in the wheat straw wax but sterol 1 and 2
were not identified as it is not present in all the different solvent extracts. The
presence and relative abundance of sterols between various solvent extracts are
discussed in Section 2.5.7.
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Table 2.13: List of characteristic fragment ions for sterols

dentification ~ M*  [M-H,0]' [M-CHgJ* [M-R-OHJ" gg"_'ocﬁ]u [C1, C3 + OH]"
Sterols

Campesterol 4007 3827 385.7 255.2 3433 57.0
Stigmasterol 412.7 394.7 397.7 255.2 355.3 57.0
bSitosterol 4147 396.7 399.7 255.2 357.3 57.0

An interesting 3’-ketosteroid was identified in wheat which is in contradiction to all
the previous studies on both plants and straw.'® & 97 9. 99,103,152 Ty 3>_ketosteroid
found was confirmed to be A’-sitosten-3-one using a combination of the EI
fragmentation pattern in Figure 2.35, the molecular ion information from the FI mass
spectrum in Figure 2.36 and the NIST library 2008. The EI fragment ions and peak
intensities are shown in Table 2.14. The base peak ion m/z = 124 is generated by two
different mechanisms as shown in Figure 2.37. One of which is the fission of the
carbon 9 — 10 bond with the cation remaining on carbon 5 then followed by the
migration of hydrogen on carbon 11 (left mechanism). Alternatively, the base peak
ion can be generated by the migration of two hydrogen atoms from carbon 11 and 6 so
the charge remains on the oxygen (right mechanism). This base peak ion is unique and
characteristic of a A*-sterone. Other important fragment ions include m/z = 149 which
is the consequence of the fission of the 9 — 10 bond which is similar to the generation
of m/ z = 124 shown in the left mechanism. Both proposed mechanisms for the
generation of m/ z = 149 ion involve the migration of a hydrogen atom on carbon 8.
On the left mechanism, the formation of m/z = 149 ion is driven by the fission of the
allylically labilised carbon 6 — 7 bond whereas the right mechanism is driven by the
formation of the ionised carbon 8 — 9 bond. In Figure 2.38, a mechanism for the
formation of m/z = 230 ion was proposed, this ion was not observed initially but the
ion can be found when the higher m/z region was magnified. The fragment ion is

formed by a four-membered ring formation in ring A of the steroid skeleton.

109



1242 Wx3

1004
431
55.1
9%
57.2 982 207.2
7 -t
107.2 2204
811 ar2 2895 M
69, 932 1233 1352 |49,
67.1 7
<
e 19,2 B2 s 327.4 a7
971 137.2
N
a4 8.2 |||/ ‘ L 23 sss 3706
0 bprrrr \‘\‘\\w LR BALRE AL Ll maaa T T JBARAR RAARBUALS Labng wans T SRR RS RS Laasy sana Ry T miz
44 64 84 104 124 144 164 184 204 224 244 264 284 304 324 344 364 384 404

Figure 2.35: EI mass spectrum of A*-sitosten-3-one (magnified two times from m/z 230 —
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Figure 2.36: FI mass spectrum of A*-Sitosten-3-one
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Figure 2.37: Formation of base peak ion m/z = 124"’
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Figure 2.38: Formation of fragment ions m/z = 230 and m/z = 14

112



Table 2.14: Identification of sterols and sterol derivatives in solvent extracts including El

fragmentation pattern with percentage base peak intensity and calculated KI

Identification M* El Fragmentation Calculated KI  Literature Kl

Sterols

43(100), 55(73), 57(62), 105(55),

Campesterol 400.7  81(50), 107(48), 95(48), 91(44), 3238 31938

93 (38), 145(37)

55(100), 83(67), 43(53), 81(51),

Stigmasterol 412.7  69(42), 91(33), 57(33), 93(32), 3272 3249

95(32), 107(28)

43(100), 55(76), 57(62), 81(51),

B-sitosterol 4147  107(50), 105(47), 93(45), 69(45), 3334 3408%°

145(40), 91(39)

55(100), 69(61), 43(40), 81(37),

Sterol 1 - 67(32), 79(31), 83(29), 97(25), 3400 -

109(22) 105(22)

124(100), 43(70), 55(53), 57(31),

A’-Sitosten-3-one 413.7  95(30), 229 (29), 105(25), 3476 -

109(23), 69(23), 147(23)

43(100), 55(86), 57(60), 69(49),

Sterol 2 - 81(41), 95(36), 93(34), 107(31), 3636 -

67(31), 137(30)

24.7 Beta-diketones

Another interesting class of molecule in the wheat straw extracts are the -diketones
which are commonly identified as a component in plant cuticle wax. B-Diketones have
been identified in many other cereal crops such as barley, oat and flax.% % 1%
Hentriacontane-14,16-dione (Cs3;) occurs as one of the major wax components in
wheat straw which is in agreement with a previous study carried out by Deswarte.™
This is a common wax component and had been reported extensively as the key -
diketone in young wheat plant.*™ ¥ % %1% Triatriacontane-16,18-dione (Cs;) was
also identified in the extracts which is in contradiction to other publications on

wheat.'® ¥

However, this had been identified as one of the major B-diketone in
Eucalyptus spp.” It commonly has the 1,3-dicarbonyl group in positions, 12 and 14

or 14 and 16 or 16 and 18 of Cy, Cs; and Cy; alkyl chains.®® These odd-numbered p-
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diketones are synthesised during the elongation process in making the fatty acids
precursors.”® The B-keto group is protected by metal ions such as copper in various
enzymes which can have important applications as metal chelators.”® 22 These
diketones can also be used for making super-hydrophobic coatings.?®® The p-diketones
only exist as odd-numbered as a similar decarboxylation step to alkanes also occurs
when the molecules are formed.*® B-Diketones have tautomeric structures and can
undergo keto-enol tautomerism as shown in Figure 2.39. The tautomerism occurs by
the migration of a hydrogen atom between a carbon atom and the oxygen on an
adjacent carbon to form an equilibrium mixture of keto and enol tautomers. As the R
groups on the B-diketone are long alkyl chains and the carbon between the two
carbonyl groups are unbranched, the equilibrium can be predicted to lie towards the

enol tautomer.?*

Due to their tautomeric structure, [-diketones can undergo a
derivitisation step such as silylation and be converted into TMS enol ethers to
improve chromatography and assist in characterisation. However, this step was not
necessary as it was possible to deduce the structures of the B-diketones from direct

analysis.
Rl\/\/RZ RI\NZ RI\NZ
r7 = — L,

Keto Enol Enol

Figure 2.39: Keto-enol tautomerism of -diketones

Both of the B-diketones were identified using published Kl data, EI fragmentation
pattern and NIST library 2008. The molecular ion is usually not observed for these
compounds but due to its distinct fragmentation pattern, the structure can be deduced
easily. When the higher m/z region was magnified, the molecular ion of 492 can be
seen at a low intensity as shown in Figure 2.40. With the help of KI values, the
number of carbons in the aliphatic alkyl chain can be calculated. It was apparent that
there were two CH, difference between the two B-diketones as there are about 200 Kl
unit differences which reflects the two extra carbons in the alkyl chain. Figure 2.40a
shows an EI spectrum of hentriacontane-14,16-dione and some distinctive fragment
ions which is compared with an EI spectrum from the NIST library (Figure 2.40b).

The fragment ion m/z = 100 is a strong characteristic ion for B-diketones. The ion is



formed by a McLafferty rearrangement at the first carbonyl group, cleaving the R
group. A series of keto-enol tautomerism can occur after the first McLafferty
rearrangement so the second carbonyl is charged. A second McLafferty rearrangement
took place as before but on the second carbonyl group and cleaving the second R
group which can result in fragment ion m/z = 100 as shown in Figure 2.41. The ion

then rearranged and cleaved off a methyl group to give a fragment ion m/z = 85.
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Figure 2.40a: EI spectrum of hentriacontane-14,16-dione (magnified two times from m/z

212-500) (originally in colour)
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Figure 2.40b: El spectrum of hentriacontane-14,16-dione from the NIST library
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Figure 2.41: Characteristic fragment ions for p-diketones?®*

In order to locate the two carbonyl groups on the alkyl chain, the fragmentation

around the functional group is important which is shown in Figure 2.42. Table 2.15

shows the calculated Kl values for both B-diketones and shows that the there are two

carbons KI difference between the two molecules so the total aliphatic carbon chains

can be predicted for 16,18 triatriacontanedione (Cs3). In 14,16 hentriacontanedione

(Cs1), fragment ions m/z = 253 and m/z = 281 were apparent from the EIl mass

spectrum whereas for 16,18 triatriacontanedione (Cs;) a single ion of m/z = 281 was

observed.?®

Table 2.15: Identification of B-diketones in solvent extracts including El fragmentation

pattern with percentage base peak intensity and calculated KI

Identification M* El Fragmentation Calculated K1 Literature Kl
B-Diketones
100(100), 43(94), 57(82),
14,16 hentriacontanedione 71(66), 55(47), 85(41), 198
(Ca) 492.9 69(31). 95(30). 97(28) 3377 3375
83(27)
43(100), 57(87), 69(80),
16,18 triatriacontanedione 5209 69(80), 71(63), 100(60), 3581 i

(Cas)

83(50), 95(49), 85(45),
81(44)
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m/z = 253 m/z = 281
14,16 hentriacontanedione (Cs1) 16,18 triatriacontanedione (Css)

Figure 2.42: Mass spectral fragmentation of the 14,16 hentriacontanedione (Cs;) and 16,18

triatriacontanedione (Cass) (originally in colour)

Hydroxyl-B-diketones were also common wax component in plant cuticle waxes and
had previously been reported to be found in wheat plant, though this had never been

reported in wheat straw.® 103 206 207

2.4.8  Chemical composition of wheat straw wax summary

The main components on wheat straw cuticle wax can be identified as two main
groups: alkyl chain with function group(s) and sterol and its derivatives. The chain
lengths of aliphatic wax groups identified followed the pattern from the wax
biosynthetic pathway discussed in Section 1.5 where all the components initially stem
from a pool of acyl CoAs.** The number of carbons of the different compounds is
either predominantly all even or all odd-numbered pathway which is expected due to
the mechanisms of each wax groups are synthesisd in plant.®” Figure 2.43 summaries

the main components identified in the wheat straw wax.
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Figure 2.43: Typical GC chromatogram of solvent wheat straw wax (Viscount 09) extract (originally in colour)



2.5  Quantification of key wax components in wheat straw wax

It can be observed using GC-FID that the various wax extracts from different organic
solvent extractions consist of identical wax components so therefore it is important to

calculate the relative abundance of the different wax components.

2.5.1  Quantification of key wax components by calibration

The different key wax components have successfully been identified and are then
quantified using the method described in Section 6.3.1. The calibration graphs for
alkane, free fatty acid, free fatty alcohol, sterol, wax ester, aldehyde and B-diketone
have been established using a minimum of eight different standard concentrations
along with tetradecane as the internal standard. Figure 2.44 shows a calibration graph
for octadecanoic acid as an example. The area and mass ratio were calculated using
Equations 2.12 and 2.13 respectively to generate a list of directly proportional area
and mass ratio so a line of best fit can be generated. The response factor can be
deduced from the gradient of the best fit line. Table 2.16 shows the list of standards
along with the calibration range analysed for the quantification of wax components in
the extracts. The lowest concentration of the calibration range of the standard is used
as the LOQ for that specific wax group.

0.7 1 y =0.4667x - 0.0556
06 R2=10.9945
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Figure 2.44: Calibration graph for octadecanoic acid (free fatty acid representative)

(originally in colour)
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. Area of standard peak
Area ratio =

Area of internal standard peak

Equation 2.12: Calculation of area ratio

) Mass of standard in 1 mL (mg)
Mass ratio =

Mass of internal standard in 1 mL (mg)

Equation 2.13: Calculation of mass ratio

Table 2.16: List of standards and calibration ranges with the r? and the calculated response

factor value

Wax group Standard Calibration range (mgmL™) R? Response factor
Fatty acid Octadecanoic acid 0.25-3.0 0.9945 0.4667
Alkane Hentriacontane 01-40 0.9983 0.4251
Fatty alcohol  Octacosanol 0.25-3.0 0.9902 0.3272
Sterol Stigmasterol 0.25-5.0 0.9931 0.3124
Wax ester Octadecanyl hexadecanoate 0.25-5.0 0.9960 0.2721
Aldehyde Dodecanal 0.25-3.0 0.9967 0.7655
B- Diketone  3,5-Heptanedione 05-5.0 0.9997 0.5464
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For wax groups, fatty acid, alkane, fatty alcohol and sterol the chosen standards are
wax components that are present in the extracts. As previously discussed, the
components identified in each wax group have similar carbon chain lengths and
structures so it is valid to use one representative standard to represent the wax group.
The largest wax ester standard that can be obtained is octacosanyl hexadecanoate
which only consists of 34 carbons but as the carbon length increases, the significance
of each extra carbon on the chain length reduces so the response factor of octadecanyl
hexadecanoate calibration was used for all the wax esters. Unfortunately, long chain
aldehydes and B-diketones standards are not commercially available so the standards

obtained were most structurally similar to what were identified. The ECN method was



used to calculate the response factor value when authentic standards were not
available.”®® The predicted response factor values were calculated using Equation 2.14
for octacosanal (Cy) and 14,16 hentriacontanedione (Cs;) for the aldehyde and B-
diketone group, where IS is tetradecane the internal standard and std is the wax group
standard. Table 2.17 shows the molecular weight of the standards and the calculated

response value.

Response factor value (ECN method)

_ (MW of IS X number of C in std) (MW of IS)
~ \MW of std x number of C inIS MW of std

Equation 2.14: Calculation of response factor value using ECN method*®®

Table 2.17: List of standards with the calculated response factor value from ECN method®*®

Standards MW Response factor value
Tetradecane (Cy4) — Internal 198.390 -
14,16-hentriacontanedione (Cs;) 466.834 0.4516
Octacosanal (C,g) 410.760 0.50

As indicated by Tables 2.16 and 2.17, there is a large difference between the
calculated response value and experimental response value for aldehyde. Since there
is a large difference in the chain length between experimental standard aldehyde used
and aldehydes identified, the calculated response factor value was used. The two
response factor values for the B-diketone were similar but due to the same reason as

aldehyde, it is more valid and appropriate to use the calculated response factor value.

2.5.2  Free fatty acids

The five free fatty acids in wheat straw were found to be presented in the extracts
ranging from about 1.5 — 11%. Sun et al. showed much higher percentage free fatty
acids can be extracted with a percentage range of 11 — 34% being reported.’*" ** By
using a solvent mixture system, about 34% of free fatty acids can be extracted using

toluene/ethanol/methanol at ratio of 1:1:1." Interestingly, Sun at al. also showed that
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the extraction times can have a significant change in the relative abundance as
reported that extracting using DCM for four hours gave a percentage of about 15%
and with 6 hours, there was a reduced percentage to less than 12%.'*! Figure 2.45
shows the percentage of free fatty acids in the solvent extracts (normalised to 100%).
DMC was shown to be most selective and diethyl ether as the least selective. The
same linear regression with various solvent parameters was carried out as previously
but no trends were identified. It has been previously reported that free fatty acids from
Cyo to Cyg can be extracted from wheat straw. As the extracts were analysed without
further fractionation, it will be difficult to identify and quantify any components in
low concentrations. A further fractionation step prior to analysis and a better
separation of fatty acids in the GC method would improve on the identification and
guantification which might enable a correlation between free fatty acids and solvent

parameters.
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Figure 2.45: Percentage of total fatty acids in solvent crude extracts (originally in colour)
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In Figure 2.46, hexadecanoic acid (Cyg,) is the most abundant free fatty acid found in
all solvent extracts which can be presented up to about 5.3% in the propan-1-ol
extract. Octadecenoic acid (Cyg4) is shown to be the second most predominant free
fatty acid up to 3.2% in DMC extract. This is in agreement with results reported by
Deswarte over 70% of the total free fatty acids present were hexadecanoic acid,

octadecenoic acid and octadecanoate acid.' Interestingly, no octadecadienoic acid



was reported which is in contradiction to data shown in Figure 2.46."° Sun et al.
reported that the most abundant free fatty acids were tetradecanoic acid and
pentadecanoic acid in wheat straw.™" *** This is unexpected as odd-numbered free
fatty acids are usually found in low concentrations as a C, moiety is added during the

free fatty acids biosynthetic pathway.*
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Figure 2.46: Percentage of individual free fatty acids in solvent crude extracts (originally in

colour)

2.5.3  Hydrocarbons

The hydrocarbons identified were all exclusively n-alkanes with odd-numbered
carbon chains between C,; to Cas. Hentriacontane (Cs;) sometimes co-elutes with
octacosanol (Cyg) using the GC method described in Section 6.3.1 due to the similarity
in the retention index. Figure 2.47 shows the percentage of total alkanes in the extracts
but the bars highlighted in patterns are a combination of both hentriacontane (Cs;) and
octacosanol (Cyg). The alkane fraction in wheat straw can be separated using column
chromatography as demonstrated by Deswarte.'® For the purpose of this work, this

was not necessary as further greener extraction and fractionation techniques are
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explored. In the solvent extracts, over 4% of n-alkanes only can be found in the wheat
straw. The percentage of n-alkanes appeared to be very similar in many different
solvents with varied solvent parameters. This could be an indication that the

maximum amount of n-alkanes had been extracted.
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Figure 2.47: Percentage of total n-alkanes in solvent crude extracts (originally in colour)

As shown in Figure 2.48, nonacosane (C,) and hentriacontane (Cs) were the two
most abundant n-alkanes found in wheat straw wax which has been previously
reported.™ These valuable n-alkanes are not always recovered by solvent extractions;
no n-alkanes were identified in the wheat straw by Sun et al. The level of all the
solvent extracts were found to be very similar with the exception of DMC where it
appears that a high proportion of all four n-alkanes were extracted. It would be
interesting to carry out more work using DMC to see how the solvent-solute
interactions were formed. No mathematical modelling to correlate solvent properties
with the recovery of n-alkanes was carried out as there is a co-elution of peaks which

means the total n-alkanes were not calculated.
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Figure 2.48: Percentage of individual n-alkanes in solvent crude extracts (originally in

colour)

2.5.4  Free fatty alcohols

Only octacosanol (Cyg) was identified and as mentioned previously. Octacosanol (Cag)
co-eluted with hentriacontane (Cs;) in some cases which made the quantification more
difficult. It would be beneficial to separate the fatty alcohol from the other wax
components or derivitise it for more accurate quantification but the results presented
in Figure 2.49 gives an indication of the quantity of the octacosanol in the extracts.
Same as Figure 2.48, the patterned bars indicate the co-elution of two compounds.
More than 5% of pure octacosanol can be found in the butan-2-ol extract. Policosanols
of Cy to Cs have been reported in wheat straw after separation by column
chromatography with octacosanol being the most abundant fatty alcohol.’® As
policosanol is a very high value product, the content has been well studied. Dunford et
al. studied the effect of policosanol content in different wheat varieties and under

different growing environment.'*® 2 It was shown that policosanols of chain length
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Cy to Cz can be found and the most predominant were tetracosanol (C.y),

hexacosanol (C,) and octacosanol (Cas).

A similar trend can be observed with the fatty alcohol and the n-alkanes as DMC,
ethanol, propan-1-ol and heptane extract the highest percentage of compounds in the
crude extracts. Again, no mathematical modelling to correlate solvent properties with
the recovery of fatty alcohol was carried out as there is a co-elution of octacosanol
(Cas).
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Figure 2.49: Percentage of octacosanol (Cyg) in solvent crude extracts (originally in colour)
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255  Aldehydes

Octacosanal (Cyg) was the only aldehyde found in the wax extracts and this aldehyde
was a minor component in wheat straw wax. As shown in Figure 2.50, less than 1% of
the extracts are octacosanal except in the DMC extract. Surprisingly, DMC showed an
exceptional solvent power for octacosanal in which 5.7% of the extract was
octacosanal. It would be interesting to further investigate the DMC-octacosanal
interactions in details. Sun et al. reported that aldehydes are completely absent and
Deswarte identified the presence of octacosanal but did not carry out any

guantification work so this is the first time in which aldehyde was quantified in the



wheat straw extracts.'® ¥ *** Due to the very low concentration of octacosanal in the

extracts, no mathematical modelling to correlate solvent properties was carried out.
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Figure 2.50: Percentage of octacosanal (C,g) in solvent crude extracts (originally in colour)

2.5.6 Wax esters

Wax esters are one of the most valuable groups of compounds in the wheat straw
extracts. A range of 2.8 — 13% of the extracts was found to be wax esters depending

on the organic solvents used as shown in Figure 2.51.
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Figure 2.51: Percentage of wax esters in solvent crude extracts (originally in colour)
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Figure 2.52: Percentage of wax esters in solvent crude extracts (originally in colour)

Figure 2.52 shows the breakdown of the percentage of individual wax ester in the
extracts. Octacosanyl hexadecanoate (Cas:Cyg) is the most predominant wax ester and
represents up to 4.2% of the whole extract. The distribution of the wax esters were
consistent with results reported by Deswarte where octacosanyl hexadecanoate was
the most predominant then followed by octacosanyl octadecanoate. It was noted that
the two highest percentages of wax esters in the extracts derived from the free fatty
acids (hexadecanoic and octadecanoic acid) and fatty alcohol (octacosanol) identified
previously. Octacosanyl octadecanoate (C,3:Cyg), octacosanyl eicosanoate (Caugs:Co)
and octasanyl docosanoate (Cy:Cy,) are similar which suggests that high levels of

octacosanol (C,g) are synthesised by the plant. Hexadecanyl hexadecanoate (Cy6:Cyg),
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octadecenyl hexadecanoate (Cis:1:C16) and octadecenyl octadecenoate (Cig1:Cigi)
were the three wax esters previously identified in wheat straw by Sun et al. which is in
contradiction to the results shown in Figure 2.52. About 2 — 14% of wax esters were
identified in the extracts with both petroleum ether and hexane extracting up to
14%.'** 152 Fractionation of wax esters might be necessary to ensure the shorter wax
esters have been recovered and there is no co-elution with other compounds. Deswarte
fractionated the extracts and the shortest chain length identified was Cu0.%° It would be
interesting to quantify the odd-numbered wax esters and compare the distribution,
though they represent at such low level, the focus had been based solely on even-

numbered wax esters.

LSER have been proposed to correlate the properties of solvents in order to
understand the solvent-wax ester interactions. Different physical and chemical
properties of the solvents were included into the expression as described in Section
2.5. Again, DMC was the chosen solvent for any validation of the results produced.
Strong correlation with two important parameters V,, and Kamlet-Taft parameter o
(R’= 0.903) was developed giving a new normalised LSER equation shown as

Equation 2.15 for wax esters presented in wheat straw.

% Wax ester Texpt
1 ( ) X = —3.37 - 0.745 0.00798Y1;,
"\100 = % Wax ester Tres @t mn

Equation 2.15: New normalised LSER equation with percentage wax ester

The equation was used to predict the percentage of wax esters in DMC. The model
has proved to be accurate as the experimental percentage of wax esters was 9.88% and
the predicted value from Equation 2.15 was 8.88% which results in only 10% error.
Kamlet-Taft o parameter describes the hydrogen bond donating ability of the solvent
and is highly significant when extracting wax esters from wheat straw. The residual
errors were calculated using Equation 2.7 and the plot is shown in Figure 2.54 with
the data evenly distributed both positively and negatively meaning that there is no bias

over or under estimation.
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Figure 2.53: A comparison of experimental and predicted percentage wax esters in crude

extracts (originally in colour)
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Figure 2.54: Residual error plot for experimental and predicted percentage wax esters in
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crude extracts (originally in colour)

257 Sterols

A range of 2.6 — 10.6% of sterols were found in the solvent extracts and interestingly,
DMC can extract the highest level of sterols as shown in Figure 2.55. Figure 2.56
shows the breakdown percentage of the individual sterols. Sun et al. reported that

approximately 3 — 25% of total sterols were found in the extracts with both petroleum



ether and hexane extracts. " *** This is higher than the results shown in Figure 2.56
but no cholesterol, stigmastanol and ergostanol were identified in the extracts which
might explain the lower sterol contents. The most abundant sterol in the extracts is
identified to be B-sitosterol. This is usually the case in higher plants as (-sitosterol is
synthesised first amongst all the other sterols in the biosynthetic pathway.® This is in
good agreement with data produced by Deswarte as it was noted that more than half of
the total sterol content was B-sitosterol.’® It is important to note that campesterol,
stigmasterol, B-sitosterol and A*-sitosten-3-one were the main sterols identified. LSER
was also carried out on this important group but no positive correlation was deduced
between the sterol levels and the properties of solvent.
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Figure 2.55: Percentage of sterols in solvent crude extracts (originally in colour)
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Figure 2.56: Percentage of individual sterols and its derivatives in solvent crude extracts

(originally in colour)
2.5.8  p-Diketones

The level of B-diketones detected in the extracts varied depending in the organic
solvent and a range of as low as 1.5% and as high as almost 9% was found as shown
in Figure 2.57. B-Diketones are common in cereal crops and has been quantified in

wheat but this is the first time that $-diketones have been quantified in wheat straw.
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Figure 2.57: Percentage of B-diketones in solvent crude extracts (originally in colour)
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Two main B-diketones have been identified in wheat straw (Figure 2.58) which is in
agreement with the literatures on wheat and that 14,16- hentriacontanedione is the sole
B-diketone.’® 9 % 9 Almost 8% of the DMC extract was only 14,16-
hentriacontanedione which makes it a very significant component in the wheat straw
wax. 16,18-Triatriacontanedione is only present at very low level and under some
solvents, there is a complete absence of the compound. Despite that B-diketones is a
common group of compound found in Gramineae, there have been reports that no -
diketones were found in wheat straw.''" ** _LSER was carried out with the p-diketone
groups but no positive correlation was found between solvent properties and

percentage of B-diketones extracted.
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Figure 2.58: Percentage of individual B-diketones in solvent crude extracts (originally in

colour)

2.5.9  Summary of wax components quantified in organic solvent extracts

The lipophilic fraction of the wheat straw wax from different organic solvent extracts
have similar composition so a quantitative analysis of the different wax groups was
carried out. The quantified components were grouped and plotted into a chart against
the percentage yield as shown in Figure 2.59. The result showed a deeper insight into
the chemical composition of the extracts and the lipophilic components are only a

minor portion of the extracts. Only a range of 14 — 57% of the extracts were identified
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and quantified which shows that there is still a large proportion of the extracts that
need further investigation. DMC has the highest proportion of waxy components to

total extractives with the highest percentage of quantified components.
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Figure 2.59: The lipophilic fraction of the wheat straw wax in various crude solvent extracts

(originally in colour)

There are other minor wax components such as phenolic acids, resin acids and
glycerides that have also been previously identified in wheat.**" *° Phenolic acids are
commonly found in cereal crops especially grains and bran.?*! They are an important
group of molecules found to have strong antioxidant activities against free radicals
and reactive oxygen species which are found to be one of the main causes of a large
number of chronic human diseases such as cancer and cardiovascular disease.?% 2324
Syringic acid, vanillin, vanillic acid, p-coumaric acid and p-hydroxybenzoic acid have
all been previously identified in wheat straw so it would be interesting to investigate

the level of phenolic acids in these extracts and its anti-oxidant activity.”**> Resin acids
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100+

have also been reported in wheat straw with the most common being azelaic acid,
which is frequently used in medical creams and polymers.?* 2'* 27 Glycerides have
been reported in wheat straw and are mostly found as triglycerides but can
occasionally exist as diglycerides."* FAME analysis was carried out using the method
described in Section 6.3.4 (Figure 2.60) on the ethanol extract to check for the
presence of glycerides in wheat straw. FAME of hexadecanoic, octadecanoic,
octadecadienoic and octadecatrienoic acids were identified and can be confirmed that
the FAME were the products from glycerides as the wax esters can still be observed.
Figure 2.61a shows an EI spectrum of methyl octadecanoate comparing with Figure
2.61b which is an EI spectrum from the NIST library. However, the FAME only
indicated the presence of glycerides and not the level of substitution of the glycerol
(mono, di or triglycerides). In the ethanol extract, only up to 2.7% of glycerides in the
extract can be found which shows that there are still a lot of unknown compounds in
the extracts. Previously, dipalmitin, tripalmitin and dipalmitoyl-oleylglycerol were
reported to be found in wheat straw.'** Other compounds that could also be co-

extracted are free sugars and pigments which are also not detectable by GC.
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Figure 2.60: FAME analysis of wheat straw wax (originally in colour)
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Figure 2.61b: El spectrum of methyl octadecanoate from the NIST library

In summary, the quantified components were expressed in pg.g™ of wheat straw in
Table 2.18. This gives a different dimension to the data as it shows the amount of
extractives from the biomass. Alkanes, fatty alcohols, wax esters, sterols and B-
diketones are the most valuable components amongst the complex extract so it is
important to highlight the highest level that can be extracted from the various
solvents. As the total amount of wax components in the biomass is unknown, this
guantitative work can be used as a rough guideline on the level of compounds are
presented for future extractions. This allowed the percentage solvent efficiency to be
calculated as shown in Table 2.19 in which the data are all normalised to the highest
guantity of the wax group being extracted. The percentage solvent efficiency values
expressed in Table 2.19 are calculated using Equation 2.16. Table 2.19 shows that

DMC is the most efficient solvent as it can extract above 70% of the wax components.



% Solvent ef ficiency

Concentration of compounds in biomass (ugg™1) < 100

- Highest concentration of compounds in biomass (ugg=1)

Equation 2.16: Calculation for percentage solvent efficiency
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Table 2.18: Quantification of wheat straw wax components in various solvent extracts

ugg™ of wheat straw (n > 2)

Identification Ethyl Diethyl
Methanol  Propan-1-ol Ethanol Butan-2-ol MeTHF DMC Toluene Acetone Heptane

acetate ether
Tetradecanoic acid 220+ 23 229 £ 45 248 £ 44 322+31 64 +6 142 +7 67 + 14 66 + 43 60 + 23 134 + 34 1717
Hexdecanoic acid 719 +13 2140+ 11 1019 + 20 904 + 12 484 + 48 1050 + 12 498+66 570+50 433119 925 +54 129 + 37
Octadecadienoic acid 209 + 45 298 + 90 175+ 33 420 + 23 173+ 19 449 + 11 Tr 108+25 136+ 37 70+13 22+2
Octadecenoic acid 363 +50 533+78 372+51 766 * 46 274 £ 41 764 +23 83+13 223+13 246%12 224 +27 Tr
Octadecanoic acid Tr 124 £ 12 143 £ 16 184 + 32 73128 166 £ 19 71+23 82 +10 62 £ 29 133+ 32 1817
Total free fatty acids 1511 +131 3324+236 1957 +164 2596+ 144 1067 +142 2572+72 719+116 1%191i 937 +£120 1485+ 160 186 £ 53
Heptacosane Tr Tr 206 + 38 151+ 12 98 + 23 Tr 67 £ 22 91+29 88 +43 116 £31 34 +4
Nonacosane 275+ 33 327 +21 445 + 34 336 + 32 183 £ 54 407 + 34 170£59 226+57 170+34 318+ 19 98 +12
Hentriacontane 1111 +98%  1239+43* 1874+ 112° 1327 + 149 323+18 1588 +80° 338+47  437+27 35157 500 + 26 183+ 10
Triatriacontane Tr Tr 202 +12 127 £ 40 49+19 193 £ 50 50+ 11 65+ 13 47 +£10 114 £ 32 305
Total hydrocarbons 1386 + 50 1567 + 64 2726 +196 1940+233 653 +114 2188+164 625+139 818+126 656+ 144 1048+ 108 345+ 31
Octacosanol 1436 + 42° 1239 + 59° 2422 + 71° 1716 £ 52 527 £ 57 2053 + 30° 380+21 501+11 449+43 444 + 36 174 + 24
Total fatty alcohol 1436 + 42 1239 + 59 2422+ 71 1716 £ 52 527 + 57 2053 + 30 380+21 501+11 449143 444 + 36 174 £ 24
Octacosanal Tr Tr Tr Tr 82+5 1343 + 59 8714 195 + 27 59+11 117 £13 43+ 14
Total aldehyde Tr Tr Tr Tr 82+5 1343 £ 59 8714 195 + 27 50+11 117 +13 43+14
Tetracosanyl hexadecanoate 123 £ 27 132+ 34 Tr 127 £ 17 120+ 20 85+ 25 75+5 140+£23 102+10 157 £ 32 65+ 10
Hexacosanyl hexadecanoate 119+ 24 204 £ 11 232+ 22 223 +23 201 +52 191 + 67 146 +15 238+12 169 +27 291+ 19 97 +7



Table 2.18 (continued)

Octacosanyl hexdecanoate 533+19 634 £ 25 659 + 22 656 + 45 53223 800 £ 14 536 +£34 748+24 458+17 1064 +70 299 + 22
Octacosanyl octadecanoate 309 £ 25 369 + 15 330+£13 391 +16 427 £ 25 493+ 15 309+11 490+12 312+32 588 + 11 119+ 19
Octacosanyl eicosanoate 186 + 18 265 + 23 Tr 353+ 25 324 £ 14 345+ 23 245+26  444+37 17423 520 + 23 98+3
Octacosanyl docosanoate 166 + 37 222 +12 Tr 375123 267 £ 19 297 + 22 150+45 408 + 28 67 +12 473 +£19 81+15
Octacosanyl tetracosanoate Tr Tr Tr 164 + 17 84 + 38 1205 50+3 127 £ 15 Tr 134 £ 15 29+2
Octacosanyl hexacosanoate Tr Tr Tr 62 + 2 Tr Tr Tr Tr Tr 65+ 15 130
Octacosanyl octacosanoate Tr Tr Tr 87+6 Tr Tr Tr Tr Tr Tr Tr
Total wax esters 1435+ 150 1825+ 120 1221 £ 57 2439+174 1955+191 2331171 151%%i Zi%ii 12182?ii 3291 + 204 802 +78
Campesterol 214 £ 23 271+ 17 343+ 17 246 + 11 148 + 58 352+15 102 +9 123+15 139+ 36 65+ 13 39+2
Stigmasterol 238+11 301+29 364 + 15 323+5 151 +44 392+24 109 +13 140+26 146+ 34 77 +14 46 +5
[-Sitosterol 638+ 24 749 + 38 1022 + 25 840 £ 28 362 £12 933 +33 247 + 23 199+36 36715 186 + 38 109 + 13
Sterol 1 Tr Tr 106 £ 14 152 £ 16 Tr 156 5 Tr Tr Tr 52+4 16+5
A*-Sitosten-3-one 240+ 14 305+11 319+12 377 +£26 168 + 22 400 £ 17 156 + 23 196 +29 186 +29 142 + 32 161 + 23
Sterol 2 Tr Tr Tr 201 £ 22 Tr 265+ 14 Tr Tr 108 £ 34 Tr 80 £ 26
Total sterols 1330 + 58 3192 + 95 2154 + 83 2138+108 829+136 2498+108 614+68 659+106 945+148 522+101 451+ 74
14,16 hentriacontanedione 974 £ 45 624 + 58 1148 + 60 1491 + 13 919 £ 45 1832 + 87 882+45 1196+34 950+14 814+ 21 689 + 14
16,18 triatriacontanedione Tr Tr Tr 204 £ 21 Tr 248 6 81+29 90 + 27 129 £+ 23 116 £11 129 £ 13
Total B-diketones 974 £ 45 624 + 58 1148 + 60 1695 + 34 919 + 45 2080 £ 93 963+74 1287+61 1079+37 930+32 818 + 27
. - 11627 + 15066 + 4910 + 7104 + 5408
Total identified 8072 +£476 11770 £ 632 631 12524 £ 745 6032 £+ 690 697 621 623 624 7837 £ 654 2821+ 301

6T

# = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1
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Table 2.19: Normalised percentage solvent efficiency for different wax group

ngg™ of % Solvent efficiency
Solvent/ wax grou wheat i
grotp Methanol  Propan-1-ol Ethanol  Butan-2-ol MeTHF DMC Ethyl Toluene  Acetone  Heptane Diethyl
straw acetate ether
Propan-1-ol/ 3324 45 100 59 78 32 77 22 32 28 45 6
Free fatty acids
Ethanol/ 2726 51 57 100 71 24 80 23 30 24 38 13
Hydrocarbons
Ethanol/ 2422 59 51 100 71 22 85 16 21 19 18 7
Free fatty alcohols
DMC/ 1343 0 0 0 0 6 100 6 15 4 9 3
Aldehydes
Heptane/ 3291 44 55 37 74 59 71 46 79 39 100 24
Wax esters
Propan-1-ol/ 3192 42 100 67 67 26 78 19 21 30 16 14
Sterols
DMC/ 2080 47 30 55 81 44 100 46 62 52 45 39

p-Diketones




2.6 Conclusion and future work

Wheat straw (Triticum aestivum) has been highlighted as a low cost, high volume
agricultural waste that needed added value applications. From the straw bio-refinery
concept, an opportunity to extract of wheat straw for high value chemicals arises. In this
chapter, the use of eleven different organic solvents (heptane, ethanol, diethyl ether, 2-
methyl tetrahydrofuran, acetone, toluene, ethyl acetate, propanol, butan-2-ol, dimethyl
carbonate and methanol) on wheat straw wax extraction was investigated. Linear solvation
energy relationships were successfully developed to describe the relationship between
properties of solvent and extraction crude and lipophilic yields. It was found that there is a
strong correlation of both the percentage of crude and lipophilic yields with Kamlet-Taft
parameter B (hydrogen bond accepting ability and molar volume. Two new normalised
LSER equations were established for the prediction of percentage crude and lipophilic
yields. This aids the understanding between the solvent-solute interactions which can be
extremely useful during solvent selection. Ethyl acetate showed the best selectivity for wax
components, closely followed by heptane.

A qualitative analysis by HTGC-MS with the assistance of Kl and NIST Library 2008
demonstrated that organic solvents had almost no effect on the chemical composition, which
means that the important point to note is that various different solvents extract different
guantities of each wax components as there is a large variation with the yields. The
lipophilic fraction of the wheat straw wax composed mainly of free fatty acids, free fatty
alcohols, aldehydes, wax esters, alkanes, B-diketones and sterols. The main components
were identified successfully but fractionation of the extracts would enable compounds of
lower concentrations to be identified. Phytosterols and policosanols have been highlighted as
potential sources for dietary supplements or food additives that can reduce blood cholesterol
levels. Alkanes have been shown to have insect repellent properties which are interesting as
an additive in insecticides. Wax esters, fatty alcohols, sterols and alkanes are components
commonly identified in commercial waxes for many applications in the personal care and
cosmetics industry. Wax esters and alkanes are highly hydrophobic which have the potential
to be used in wax polishes and coatings. Beta-diketones are an interesting group of
molecules that can be used as metal chelators. The above components identified in wheat
straw wax have tremendous commercial potential as a UK-sourced alternative or an addition

to the continuous growing existing wax market. In order to push this to a commercial
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success, physical properties of this new product must be determined to understand the actual

market potential and how it can be compared with the existing commercial waxes.

A quantitative analysis of the different wax groups is paramount due to similarities in
chemical composition. A comprehensive quantitative analysis was carried out for all the
various solvent extracts. LSER was also carried out on some key wax groups but
unfortunately no correlation was established between any of the wax groups except the wax
esters. This is the first time that a relationship with properties of solvents and specific groups
of compounds was successfully established. The newly developed LSER equation
specifically for wax esters within a complex mixture is important as it showed that there is a
potential in defining the relationship of organic solvents and wax groups. This will prove to
be extremely useful in solvent selection for higher selective extractions. It is difficult to
understand the solvent-solute interactions as natural products are typically very complex.
Fractionation of wax groups and fine tuning of GC methods to the specific groups would
give a more accurate quantification analysis which may assist the establishment of any

further mathematical modelling.

As with all extraction from a plant material, the total extractives in the biomass originally
are unknown but from the solvent study, a deeper understanding of the “potential” quantities
of each key wax components was achieved. With this new information, the efficiency of the
solvent for the extraction of specific wax groups can be reviewed. It was concluded that
DMC is the solvent with the highest efficiency for all the wax groups as it can extract over

70% of the “potential” quantities presented on the wheat straw.

As wheat straw has shown such great potential biomass for wax products, it would be
interesting to investigate other possible biomass for natural wax sources. This will give
opportunities for other biomasses as well as locating the “best” biomass for extraction by
comparison of extraction yields, chemical compositions and yields for specific wax groups.
Sourcing wax products from a number of renewable sources can be advantageous when wax
blending needs to be applied to achieve various physical properties for different applications.
For these reasons, different potential biomasses would be screened for waxes, which is

discussed in Chapter 3.
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It has been noted that this high value wax product can be produced from a natural, readily
available renewable resource but due to tighter legislations and consumers’ demands, there
is a big drive towards “greener” products. The levels of residual solvent in natural extracts as
well as solvent emissions into the atmosphere are of more concern so it has become
increasingly restricted over the past few years. This is a great opportunity for both
environmental reasons and new marketing opportunity to establish a 100% natural wax
product. Alternative environmentally friendly extraction techniques such as supercritical
carbon dioxide would not only leave the wax product completely solvent- free but is also a
by-product from industrial processes. According to the principles of green chemistry,
existing renewable resources should be utilised where it can, so this is an area of research of
high interest in this process. Due to all these reasons, this alternative extraction technique is
investigated in Chapter 4. With this preliminary organic solvent extraction work, the green
extraction technique can be compared so conclusions can be made on whether the use of

carbon dioxide is feasible.
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3.

SUPERCRITICAL CARBON DIOXIDE

EXTRACTION OF WHEAT STRAW WAX

3.1

Introduction

Components in straw wax have been successfully identified and quantified by organic
solvent extraction and preliminary results showe that some of the wax compounds has
real commercial potential to replace some existing waxes or as a green alternative wax
for many applications such as flavourings, cosmetics, food supplements, coatings
etc. '8 218 219 20 Many of these applications are strictly regulated, for example
legislation is already in place restricting extraction solvent usage and residues in
cosmetics, flavour and fragrances.?2: 222 223. 224,225,226 | injds are traditionally extracted
using an organic solvent such as hexane but with growing environmental concerns
over organic solvents, extensive research has been taking place into using greener
alternative solvents." ™’ Hexane has been recognised as a hazardous air pollutant by
the US EPA and the EPA Toxic Release Inventory (TRI) indicated that more than
20,000 tonnes of hexane are released into the atmosphere from extraction.® " As
well as the warnings issued by various government bodies, hexane is also reported to
be neurotoxic and can potentially greatly affect the central nervous system.??® ° One

option is to use CO, as a greener replacement solvent for hexane.”® 2%

With the amount of CO, generated and emitted into the atmosphere continuing to rise,
it is apparent that a major effort is needed across the world in order to reduce
atmospheric CO, levels including carbon dioxide capture and storage.?*? Reductions in
energy use and an increase in the use of carbon neutral biofuels are already in place in
order to tackle global warming.”** ** However, despite the negative association of
CO,, this can be a valuable renewable resource for use in many industrial processes.”*®
Carbon dioxide is usually obtained as a recovered by-product from industrial
processes such as fermentation, ammonia production and the generation of
hydrogen.”® The production of bioethanol in particular generates significant quantities
of CO, and utilisation of this should be considered in preference to capture and storage
in oceans or terrestrial sinks.”*? This is especially the case when CO, is used as a

reactant as it would be omitted and converted to other products. CO, generated as a
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by-product is relatively pure and can be easily dried, re-compressed and stored before

being used to extract valuable chemicals or used as a reaction solvent.?*

Due to tighter legislation on solvent usage, the use of supercritical CO, is slowly
being implemented to replace many industrial applications due to its many advantages
compared with organic liquid solvents.? 222 223 224.225. 231 1t s also very well-known
for its environmental benefits e.g.: it does not contribute to smog, cause ozone
depletion, create acute eco-toxicity and most importantly it generates no liquid
wastes. 238 239 240. 241 1t 4150 fulfils many health and safety issues such as being non-
carcinogenic, non- toxic, non-mutagenic and non-flammable. Carbon dioxide is
commonly used as a SCF due to its low critical point of 304 K and 7.3 MPa, 2% 239240
1 The properties of SCFs have been compared with both gases and liquids; they are
often described as the intermediate between these two states as shown in Table 3.1.
Due to these physical properties, SCF is a defined state that is neither a gas nor liquid.
Above the critical point, a substance is at a higher temperature and pressure range than

a gas and liquid in equilibrium so giving this special state as shown in Figure 3.1. ***

239, 240, 241

SOLID LIQUID SCF

Pe bommmmme e
i~ Critical
i Point
Pressure !
(MPa) i
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Triple Point

v

Temperature (K) T

Figure 3.1: Phase Diagram for supercritical fluid



Table 3.1: Physical properties of gaseous, supercritical and liquid CO,

State Density (gL™")  Viscosity (Pa.s) Diffusivity (m°s™)

Gaseous 1 10° 10*
SCF 100 - 900 10 10°
Liquid 1000 107 10%-10°

As well as its low critical point, it is also non-flammable, non-toxic and renewable
which makes supercritical CO, the most common SCF used. The critical point for
each substance has its own specific critical pressure (P.) and temperature (T,). 2% %%
240241 gypercritical fluids have many unique and unusual properties which make them
of interest to many chemists and industries. 2** % 24% 241 The most crucial properties
of a SCF are its density, viscosity, diffusivity and heat capacity. The physical
properties of supercritical CO, and liquid CO, are highlighted in Table 3.2 where they
are compared with common organic solvents. High densities generally means
enhanced solubilisation of compounds and low viscosities mean greater penetration

238, 239, 240, 241

into solids and easier flow with minimal friction. The properties can be

manipulated by temperature and pressure and it has been reported that scCO, is a
good solvent for the extraction of lipids and gives a very high recovery. 2% 239 240. 241
Under scCO, conditions, the temperature of extraction tends to be lower than of
organic solvent extraction which minimises thermal destruction of the raw materials.
As the extraction is carried out under pressure, the system can be depressurised after

completion, leaving both the raw materials and extracts completely solvent-free.

Table 3.2: Physical properties of CO, compared with organic solvents

Solvent Density Viscosity Heat capacity Reichardt's polarity
(gL™h (Pa.s) (kikg'K™) scale E"

DCM 1326 4.06 x 10 1.19 0.309
Hexane 655 2.95x 10™ 2.27 0.009
Water 1000 8.94 x10* 4.18 1
Ethanol 789 1.074 x 107 2.44 0.654
Ethy| 804 431x10% 1.9 0.228
acetate )

956 (at 313 Kand 40 1.06 x 10™(at313 0.846 (at 313 .
scCO, MPa) K) K) 0.09 (variable)

1000 (298 K and 40 1.2x10%(at298  3.14 (at 283 .
ICO, MPa) K) K) 0.09 (variable)
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Processes using CO, do not add to CO, emissions and CO, in the atmosphere but they
create an opportunity to reuse the by-product CO, from other industrial processes.
According to the principles of green chemistry, the use of CO, as the extraction
solvent for wheat straw wax has double benefits as not only can the extraction add
value to the low cost, high volume agricultural waste, it also utilises an industrial by-

product so avoiding unnecessary extra production of organic solvents.

1200 -
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800 | K
S 600 -
2
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< 400 - 283K
° 313K
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0 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Pressure (MPa)

Figure 3.2: Density of CO, with change in temperature and pressure (originally in colour)
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The solvent properties of scCO, is “tuneable” and this can be achieved by the
adjustment of temperature and pressure as shown in Figure 3.2.%*' These two
parameters directly influence the density which affects the solvating power of CO..
Carbon dioxide is a very non-polar molecule so as expected scCO, is a very non-polar
hydrophobic solvent which means the selectivity for non-polar molecules is high.
Small or non-polar molecules such as alkanes are highly soluble whereas large or
polar molecules like fatty acids are less soluble. The molecules that would be soluble
in scCO, can be predicted as mentioned previously since the polarity is comparable
with hexane. Due to its low polarity, a co-solvent such as ethanol can be added to the
extraction in order to increase the overall polarity of the extraction solvent to extract
more polar molecules. Fractionation of different molecules within the extract can be
achieved by adjusting the pressure and temperature of the separators so the molecules

of interest can selectively precipitate. Using scCO, as an extraction solvent, extraction



3.2

and fractionation can be combined in one step. Previously, supercritical CO, had been
demonstrated as an environmentally friendly alternative solvent for the extraction of
these valuable wheat straw waxes.*® The extraction trials investigated both liquid and
supercritical CO, as a solvent as well as the addition of a co-solvent. Due to the
success of the laboratory trials, the extraction of wheat straw wax using supercritical
CO, was carried out in pilot scale in collaboration with Botanix. However,
optimisation of the extraction conditions was not fully completed so a lot of the

parameters used were recommendations from the company.

In this chapter, the use of CO, as an environmentally friendly alternative to organic
solvents is investigated thoroughly. The same winter wheat straw (Viscount 09) was
used for the CO, experiments so it can be compared with results from Chapter 2. The
effects of different pressure and temperature on extraction yields as well as chemical
composition would be studied. A quantitative analysis was carried out to understand
the relationship between solute solubility in CO,. Finally, optimisation of wheat straw
wax extraction was carried using Chrastil model to identify the “ideal” extraction

conditions for various wax groups.

Carbon dioxide extraction of wheat straw

3.2.1  Raw materials, pre-treatment and moisture content

Wheat straw (Viscount 09) was used for all the CO, extractions and was milled to
reduce particle size using the procedure described in Section 6.2.2 prior to extraction.
The milled wheat straw was stored in paper sacks in a cool dry place until the
extraction was carried out. Prior to the each extraction, the moisture content was
determined using the method described in Section 6.2.1 to ensure it was below 10%.
The moisture level must be 10% or less because CO, can co-extract residual water in
the biomass. The effect of moisture level and the co-extraction of water is discussed in
Section 5.2.1 in Chapter 5.
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3.2.2  Comparison of organic solvents and carbon dioxide extraction yields

Carbon dioxide is a relatively non- polar solvent and quite often its polarity is
compared with hexane. Heller et al. compared the solubility parameters of CO, with
n-alkanes in the 1980s.*° In the 1990s, Ikushima et al. carried out scCO, polarity
measurement using IR spectroscopy and concluded that supercritical CO, has a very
similar solvent polarity to hexane and heptane.”*" Extensive research had taken place
to compare and understand the differences between hexane and scCO, extraction of
lipids. Traditionally, lipids are extracted using hexane but scCO; has been adopted as
a more environmentally friendly alternative extraction method. One of the biggest
worldwide industrial scCO, plants for the extraction of sesame oil was built in South

242

Korea.”™ An extractor volume of 2 x 3800 L and a pressure of up to 55 MPa is used

for this edible oil production.?*

In this study, extraction of wheat straw wax by liquid, supercritical CO, and
supercritical CO, with co-solvent were compared with traditional organic solvents.
The extractions were carried out using the procedure described in Section 6.2.5. The
extraction times were selected based on previous investigation with wheat straw wax
carried out by Deswarte.'® Extraction of scCO, is quite often being compared with
hexane or heptane extraction. Table 3.4 shows a comparison of extraction yields
between scCO, and heptane.

45

: 1.0
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ICO, scCO, F Heptane scCOzand scCOzB Ethanol
Solvent ~ ethanol

N w
w o1 b
1

= f
R oNg

% Crude yield

o
(6]
1

o

Figure 3.3: Comparison of percentage crude yields of organic solvents and carbon

dioxide (originally in colour)



Table 3.3: CO, extraction conditions outlined in Figure 3.3

Temperature (K) Pressure (MPa) Co-solvent
ICO, 278 6.5 -
scCO, F 323 35 -
scCO, B 373 40 -
scCO, + ethanol 323 35 10%

As shown in Figure 3.3, it can be observed that the extraction yields varied, depending
on temperature and pressure and the addition of ethanol co-solvent with carbon
dioxide. The CO, conditions for the different extractions presented in Figure 3.3 are
shown in Table 3.3. The yield for heptane is in between the two scCO, conditions and
scCO, with ethanol which is expected as scCO, is more selective for non-polar
molecules compared to heptane but with the addition of a polar co-solvent, the
polarity increases and it is capable of extracting more polar molecules. The addition of
co-solvents with CO, means the total overall polarity would alter and this is dependent
on the percentage of co-solvent added and the polarity of the organic solvent. Due to
the co-extraction of more polar molecules, the increase in the relative proportion of
polar to non-polar molecules means a reduction in selectivity.””® Previously, it was
shown from the extraction of wheat straw wax that any co-solvents added to the
system would provide enhanced extraction efficiency and the extraction yield is
directly related to the polarity of the co-solvent. In this case, ethanol is chosen as the
co-solvent and has E" of 0.654, it can be expected that a co-solvent with higher E;"
such as methanol (Es"= 0.762) would give rise to a higher extraction yield.'® In this
experiment, heptane was used as a more environmentally friendly alternative to
hexane due to lower toxicity." Table 3.4 shows some literature that suggested hexane
and scCO, extraction yields are highly comparable in lipid extraction but it is common
to find that hexane yields tend to be higher than scCO, yields unless a higher pressure
is used.”** In a separate experiment where the conditions were at 373 K and 40 MPa, a
1.8% extraction yield was observed for wheat straw wax. The yield for liquid CO, is a
lot different to heptane as the properties of the solvent completely changes when CO,
is used in liquid phase. Due to the higher viscosity, the penetration through the
biomass is more difficult which can greatly reduce the compounds being extracted due
to poorer penetration and reduced solubility.?*® Less work has been carried out using

liquid CO, compared to supercritical CO, even though it has a relatively high density
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and therefore high solvent power although in some cases, liquid CO, can lead to
extraction of unwanted contaminants compared to scCO,.** The compositional

difference between ICO, and scCO, extracts will be discussed later in the Chapter.

Table 3.4: Comparison of supercritical CO, and hexane lipids extraction yields

Extract scCO, Hexane
Pressure (MPa) Temperature (K) Yield (%) Yield (%)
Soy bean oil* 30 313 16.4 19.9
Sunflower seed 0il** 32-35 313-323 36.0 38.4
Rape seed oil ** 35 313 39.3 40.1
Soybean oil** 345 323 20.0 19.9
Rice bran wax/oil**’ 28 343 71 12.0
Flax dust wax*'2 55.2 333 7.4 4.0
Wheat straw wax™® 30 313 0.63 1.0
Triticale straw wax® 25 343 0.82 0.8

3.2.3  Effect of temperature and pressure in supercritical carbon dioxide

crude extraction yields by first order polynomial modelling

As discussed previously, the temperature and pressure in scCO, determines the
density of CO, which is one of the most crucial physical properties in extraction.
Milled wheat straw was extracted using a range of temperatures and pressures in an
experimental 2 x 2 plot as shown in Figure 3.4. The main advantage of carrying out
the experimental design is that two variable parameters can be investigated
simultaneously unlike the traditional method of only changing one variable parameter

at any single time.?*

The plot was designed to give a working range for temperature
and pressure. The temperature was set at 305 K and 373 K and the pressure was set at
7.5 MPa and 40 MPa. Traditionally, there is a limitation with the working pressure as
older commercial plants cannot usually operate above 30 MPa. Due to advances in
engineering, some of the bigger and newer plants built nowadays can operate up to 55
MPa.”® 2 A total of four experimental points at the minimum and maximum
operating temperature and pressure were obtained with the exact conditions shown as
points A, B, C and D in Figure 3.4. An extra point at the centre of the working ranges

was also carried out (labelled E: 338K and 25 MPa) to clarify any relationships



identified and minimise the risk of missing a non-linear relationship in the middle of

the working range.?°

The significance of temperature and pressure were modelled using the dimensionless
factor coordinate system.’® *° A similar optimisation on wheat straw wax has been
modelled before and a successful first order polynomial function was developed to
describe the relationship of extract crude yield to temperature and pressure.'® The
work described by Deswarte is further developed in this study. Bigger temperature
and pressure ranges were incorporated into the study as technologies have advanced.
The same qualitative analysis was carried out as in Chapter 2 and the conclusions can
be drawn that the CO, extraction conditions have very little effect on chemical
compositions. This is expected as using CO, under different conditions will only
moderately modify the polarity of the solvent and in the solvent study described in
Chapter 2, a larger polarity range was studied and there were still little compositional
difference between the extracts. Due to this reason, an identical quantitative analysis
on the different wax groups was undertaken to further understand the relationship of
temperature and pressure on specific groups of compounds. No work has been carried
out before on correlation of specific wax groups in cereal straw wax due to the

complexity of the natural wax extracts.
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Figure 3.4: Experimental design for extraction conditions optimisation
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A dimensionless factor coordinate system has the convention of “-1” for the low level
and “+1” for the high level of each parameter. The coordinate for the centre point was
“0” as it coincided with the origin of the system. The newly coded coordinate values
are shown in Tables 3.5 and 3.6. As the centre point E was 338 K and 25 MPa which
is not exactly central, in the calculations the coordinate “0” used were exact calculated
values to increase accuracy. The values were adjusted and resulted in x; = 0.0097 and
X, = 0.107.

Table 3.5: Experimental design with the coded coordinate values

. . Coded coordinate values
Factor Experimental variable

-1 0 +1
X1 Temperature (K) 306 338 373
X Pressure (MPa) 7.5 25 40

Table 3.6: Experimental design for optimisation

Experiment Coded coordinate values Experimental conditions
point X4 X, Temperature (K) Pressure (MPa)
A -1 +1 305 40
B +1 +1 373 40
C -1 -1 305 7.5
D +1 -1 373 7.5
E 0 0 338 25

A total of five experiments were carried out for the optimisation and the relationship
between percentage crude yield and temperature and pressure were deduced using
multiple linear regression. Equation 3.1 shows the first order polynomial function
used for the multiple linear regression where Y was the total percentage extraction
yield, b; and b, account for the main effects of the coded coordinate values of x;
(temperature) and X, (pressure), b, represents the second order interaction term and by

is the response at “zero” level which corresponds to the yield at experiment point E.

Y = bo + b1x1 + b2x2 + b12x1x2

Equation 3.1: First order polynomial function



A standard four hours extraction was carried out and the total yields were calculated
using Equation 3.1. A standard extraction time was chosen. Previous work carried out
by Deswarte showed that more than 90% of the compounds were extracted out of the
wheat straw within four hours.’® *® There is no need to extend extraction further
because of the significant increase in the operating cost for the low increase in yield.
An operating flow rate of 40 g.min® was used based on previous extractions
demonstrated by Deswarte which means that a total of 9.6 kg of CO, was used for
each four hour extraction.® A similar factorial design study carried out by Meireles
showed that the effect of flow rate was not significant which means the important
factor is the total amount of CO, used in the extraction.”®! The total percentage crude
yield for the five experiments is shown in Figure 3.5.
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Figure 3.5: Percentage crude yields for scCO, extraction at different pressure and

temperature (originally in colour)

Multiple linear regression was carried out using the percentage yield data presented in
Figure 3.5 using Equations 3.2, 3.3, 3.4 and 3.5 and as a result, a new first order
function modelling the scCO, extraction of wheat straw waxes was deduced, which is
presented as Equation 3.6.
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1
by = Z(Y1+YZ+Y3+3’4)

1
b, = 7 (—y1+ Y2—Y3+ Ya)

1

b, = Z(_yl_ Y2+ Y3+ Ya)

1
b1, = 7 1= Y2—y3+ ya)

Equations 3.2, 3.3, 3.4 and 3.5 (top to bottom): Calculation for coefficients of the
first order polynomial function

Y = 0.72 + 0.24x, + 0.53x, + 0.34x;x,

Equation 3.6: First order function modelling the scCO, extraction of wheat straw

waxes

Equation 3.6 shows the coefficients for both temperature and pressure which give
further details on the influence of the individual parameters and the combination of
the two parameters that determine the density of CO, and hence solvent strength.* It
is important to note that temperature, pressure and density are not the only factors that
can have an effect on extraction yield. Other factors such as viscosity, diffusivity and
polarity of the scCO, have also been reported to have an important role in terms of
extractions.”® In general, the coefficient can give a rough idea on the influence of
temperature and pressure on the yields. Here, the coefficient for x, (pressure) is
double the value for x; (temperature) which indicates the pressure of the extraction is
more influential in giving higher crude yields. From the coefficient, it is apparent that
the density of the CO, is important. An inverse effect of the temperature with constant
pressure can be seen. The increase in temperature leads to a decrease in CO, density
under identical pressure conditions which can cause a drop in the solubility of the wax
compounds. This is the case when the system is under low pressure as shown by
experimental points C and D. The density dropped from 311.5 gL™ to 130.4 gL and
this was reflected in the massive decrease in yields from 0.29% to 0.09%. As a result
of reduced solubility, the yields should also decrease from experimental points A and
B but the opposite occurred as the system did not behave as predicted. The increase in

temperature from 306 K to 373 K at 40 MPa means the density would drop from



978.7 gL™ to 756.7 gL™. This indicates that there are other factors that come into play
when describing the influence of temperature and pressure. The increased temperature
would provide sufficient energy to break the crystal lattice of the wax compounds
which can lead to enhanced solubility. It can be concluded that the effects of
temperature on wax extraction yield are controlled by two opposing factors. At high
temperatures, the vapour pressures for the wax compounds are high and the wax on
the straw surfaces are molten meaning that this factor overrides the negative influence
of reduced density. Research carried out by Lucas also suggests that increased
solubility of lipids at high temperatures was more important than the density giving a
higher yield.**" In contrast, the effect of density dominated at low temperatures where
the wax remained crystalline on the straw surfaces. The percentage crude yield for
extraction point E in the middle of the experimental design was calculated using
Equation 3.6 and compared with the experimental value. The predicted value was
calculated to be 0.73% and the average actual experimental value was 0.83% giving a
0.1% difference with a 13% error. The model shows relatively good prediction for
percentage crude yield in wheat straw wax extraction which is in agreement with

previous first order polynomial modelling work carried out by Deswarte.®

3.24  Effect of temperature and pressure in supercritical carbon dioxide

extraction yields of different wax groups

The five extractions described in Section 4.3.4 were characterised following the
procedure described in Section 6.3.2. Identical wax compounds were identified in the
scCO, extracts compared to the solvent extracts so it is necessary to carry out a
quantitative analysis. In this section, the effect of temperature and pressure on
individual wax groups is discussed and the details of the breakdown of the individual
compounds within each wax groups are described later in the chapter. The calibration
and methods used are identical to Chapter 2 and Table 3.7 shows the percentage of the

different wax groups within the extracts.

The physical properties such as colour and texture of the scCO, extracts ranged from
soft pale yellow to harder light green at different extraction conditions, already
suggesting that there are compositional differences between the extracts. The purpose

of using experimental design was to optimise the extraction conditions for groups of
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compounds and single compounds. This proved successful and this is the first time,

correlation of wax groups has been carried out using such experimental design.”** >

Table 3.7: Percentage of different wax groups extracted from wheat straw

Percentage of wax group in wheat straw

Experimental point . .
Fatty acid Nonacosane Aldehyde Waxester Sterol B-Diketone

A 0.079 0.019 0.009 0.179 0.083 0.125
B 0.103 0.028 0.0108 0.320 0.113 0.170
C 0.0079 0.02 0.0033 0.004 0.029 0.099
D 0.013 0.001 0.0006 0.015 0.0004 0.0004
E 0.097 0.023 0.017 0.133 0.097 0.125

In order to understand the relationship between the relative abundance of various wax
groups with temperature and pressure, the same multiple linear regression was carried
out for each individual wax group using Equation 3.6. In these cases, Y represents the
normalised percentage of different wax groups in the crude extracts. Table 3.8 shows
the coefficients from the multiple linear regression method. Hydrocarbons and fatty
alcohols were omitted from the modelling as there were co-elutions between
hentriacontane (C;;) and octacosanol (C,g). Nonacosane (Cy) is one of the most
predominant n-alkanes in wheat straw wax so this was used to represent the
hydrocarbon wax group in the first order polynomial modelling. As octacosanol (Cas)
is the only fatty alcohol which was measurable because of co-elution, the fatty alcohol

was not investigated.

Table 3.8: Coefficients for different wax groups

Coefficients

Wax group
bo b, b, b1,

Fatty acid 0.0254 0.00465 -0.000476 -0.0134
Nonacosane 0.0170 -0.00260 0.00643 0.00705
Aldehyde 0.00267 -0.000826 0.0000205 -0.000162
Wax ester 0.0456 0.00520 0.0181 -0.0182
Sterol 0.0211 -0.0115 0.00570 0.00255
B-Diketone 0.0453 -0.0312 -0.00504 0.01780
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Unlike the coefficients derived for percentage crude vyield, all four coefficients are
positive meaning that there is positive influence on the described parameters. A
mixture of both positive and negative coefficients can be seen on Table 3.8 which
means that the temperature and pressure can affect the yields of certain wax groups
both positively and negatively. However, it is important to evaluate the validity of the
newly developed first order polynomial equations for each wax group by comparing
the predicted yield for a specific wax group with the actual experimental yield for
experiment point E. Table 3.9 compares the calculated predicted and actual
percentage yield for each wax group. The percentage errors indicate the difference
between the predicted and actual experimental percentage yields.

Table 3.9: Prediction of percentage yield for different wax groups

% Yield
Wax group % Error
Predicted Actual Difference
Fatty acid 0.025 0.034 0.0082 24.3
Nonacosane 0.017 0.023 0.0060 26.1
Aldehyde 0.003 0.017 0.014 84.0
Wax ester 0.046 0.046 0.001 1.1
Sterol 0.021 0.034 0.013 37.4
B-Diketone 0.045 0.043 -0.002 4.1

The percentage yield difference between the two values was also calculated along
with the percentage error. It can be observed that there are good matches between the
wax esters and B-diketones as the differences between the predicted and actual
percentage yield is very low which means there is a linear relationship with
temperature and pressure. The proposed equations for wax ester and B-diketone are

shown as Equations 3.7 and 3.8 respectively.

Y (Wax esters) = 0.0455 + 0.00520x; + 0.0181x, — 0.0182x, x,
Y (B — diketones) = 0.0453 — 0.0312x; — 0.00504x;, + 0.0178x;x,

Equations 3.7 and 3.8 (top to bottom): First order function modelling the wax esters

and B-diketones extraction in wheat straw waxes
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The coefficients for the wax esters and p-diketones are plotted in Figure 3.6 to show
the important parameters in achieving high yield. For wax esters, the coefficients
suggested that both pressure and temperature of CO, have a positive influence on high
extract yields. However, the coefficient by, showed a negative value which means that
the density has little influence on the yield of wax esters and this data is supported by
no increase in values from experimental points B and D and a large rise in yield from
experimental points C and D. At low temperature, the pressure appears to have a huge
positive impact (experimental points A and C) but at high temperature, the increased
pressure has zero influence (experimental points B and D). The results show that a
combination of low temperature and high pressure can achieve the highest wax ester
yield. The results shown are not expected as the solubility of wax esters increase when
the compounds are molten under higher vapour pressure as discussed previously.?’
The data is also in disagreement with work carried out by Jones et al. on the extraction
of wool wax from scCO,.** The study showed that wool wax containing 88% of
esters with more than 95% of esters with molecular weight of above 600 Da behaved
in the opposite manner as at critical temperature, the pressure has no influence on the
yield.”* These findings were also supported by scCO, extraction of wool wax by
Bayona et al.*® Interestingly, Cygnarowicz-Provost et al. extracted wool grease using
scCO; in a pressure range between 20 — 52 MPa using three different temperatures
and showed that above 45 MPa at high temperatures, the amount of wool grease
extracted dropped giving 45 MPa as an optimum pressure.®®  From the data, a non-
linear relationship between pressures can be established for high temperature in wax
esters extraction in wheat straw. It would be interesting to conduct a pressure study on

high temperature for wax esters.

For B-diketones, the results were very interesting as both temperature and pressure
showed a negative impact on the extraction yield alone but in combination, the density
appeared to have a large effect on the extraction yield. This means that the highest
percentage yield for B-diketones can be achieved by using low temperature and high
pressure which result in high CO, density. Even though temperature and pressure can
alter a lot of other physical properties such as viscosity and diffusivity, a number of
studies have suggested that the density of CO, is one of the most crucial parameter in

terms of extraction.?" °8 2%°
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Figure 3.6: Coefficients in first order modelling for wax ester and p-diketone

(originally in colour)

The prediction for the fatty acids and sterols yields was relatively poor which
indicates that there is no linear relationship between temperature and pressure.
However, in order to confirm that this is true, fractionation of the individual wax
groups and using specific methods of analysis would improve the accuracy of the
quantification analysis. The aldehydes in the wheat straw wax showed very interesting
results as the predicted and actual values for experimental point E are extremely
different and have a large percentage error of 84%. Due to the high percentage error,
no linear relationship between temperature and pressure can be demonstrated which
indicates that there may be “hot spots” in the experimental design where at a specific
temperature and pressure, the yield is high. A similar result was seen with the
extraction of bagasse wax using scCO, by a student Gabriel Guihard in the Green
Chemistry group in the University of York, where a “hot spot” for high yields was
observed.”®® A 22 experimental design of 308 - 338 K and 10 — 40 MPa was carried out
and especially high crude yield was found at 333K and 35 MPa.”® The chemical
composition study for bagasse wax shown later in the thesis (Chapter 4) highlighted
that the main wax group in the extracts are aldehydes. In wheat straw hexane extract,
the aldehydes levels are shown to be up to 800 pgg™ (about 16% of the total extract).
A high level of long chain aldehydes in sugarcane was previously observed by Wada

et al. This may explain the abnormal “hot spot” located in the experimental design as
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aldehydes in waxes do not behave as predicted. It would be interesting to carry out
further extractions to try and understand the relationship of aldehyde extraction with

scCO, extraction parameters.

3.2.5  Optimisation of wheat straw wax extraction using supercritical carbon
dioxide by Chrastil modelling

The effect of temperature and pressure on the wheat straw wax yield has been
previously analysed using first order polynomial function in order to establish any
relationship between temperature and pressure. The established first order functions
showed the positive and negative influence of temperature and pressure on the
extractions which are useful information when designing optimised scCO, conditions
for maximum vyields. Although the change in temperature and pressure of the system
ultimately reflects the change in density, as highlighted before other parameters such
as diffusivity and viscosity may also be altered. The yield of extracts is strongly
dependent on the solubility of the different compounds in scCO, at specific
temperatures and pressures. Effectively, the wax compounds are assumed to be in
equilibrium between the straw and scCO, so the supercritical solubility behaviour can
be calculated. In the past, many density-based supercritical models have been
explored to describe this behaviour (Chrastil, Del Valle and Aguilera, Adachi and Lu,
Méndez-Santiago and Teja, Bartle).?®" 262 %3 264 The most well-known density-based
empirical supercritical model was developed by Chrastil in 1982 and it is one of the
first models proposed which directly relates the solubility of solute and the density of
CO,.®* Many of the others are derived from the Chrastil model but modified to
improve their suitability for different circumstances. Del Valle and Aguilera
highlighted the limitations of the model such as high solute solubility and limited
temperature range in their study of extraction of vegetable oil and created an
“improved” equation to account for the variations of heat of vaporisation with
temperature.”®® Adachi and Lu modified the Chrastil equation for more density
dependable functions within the model.?® Here, the original density-based Chrastil
equation was used to model the behaviour of wheat straw wax in scCO, from nine
different extraction conditions in order to understand the behaviour of solvent and
solute interactions. The Chrastil model describes the association of solvent and solute

molecules in equilibrium resulting in the formation of a solvated complex. The



Chrastil equation is shown as Equation 3.9, where ¢ is the mass of the extract (Q)
divided by the volume of CO, (g), k is the average number of solvent molecules in a
solvated complex, a is a function of the enthalpy of solvation and enthalpy of
vapourisation, b is a function of k, T is the temperature (K) and d is the density of

261

carbon dioxide (g.L ™).
a
In(c) = kin(d) + T +b

Equation 3.9: Chrastil equation

Table 3.10 shows the nine different extraction conditions used for the Chrastil
modelling and the average mass of extracts recovered. The extractions are labelled as
experimental points A — | (with A — E corresponding to the previous first order
polynomial function). As a standard extraction time and flow rate were used in all the
extractions a total of 9.6 kg of CO, was being used for each extraction. The total crude
yields for the nine experiment points are also listed in Table 3.10 and displayed as a
contour graph as Figure 3.7.

The content of the wax in the straw is low and only comprised 0.5 — 1.0% of the dry
weight so in order to achieve 1% crude vyield, the extraction data showed that a
minimum temperature of 320 K and pressure of 25 MPa (density = 848.7 g.L™) is
required for the extraction.”® If a 1% crude yield can be achieved in the straw
extraction then a potential of 7.5 — 25 million tons of valuable waxes can be obtained
each year worldwide.” By modelling the scCO, extraction, this can ensure that a
certain crude yield can be achieved by applying specific temperature and pressure. A
full economic assessment must be carried out to establish the most financially viable
extraction conditions for the highest percentage crude yield. From Figure 3.7, it can be
observed that it is a combination of high pressure and temperature that enhanced the
percentage crude yield and these results are in agreement with other scCO, straw wax
extractions.” A temperature of 305 K and a pressure of 40 MPa results in a CO,
density of 982.4 g.L™ and only gives a low yield of 0.67% confirming that the density
of CO, is important. There are other factors that dictate the solubility of wax
constitutes in CO,. Both temperature and pressure dictate the density and dielectric

constant of the CO, which influence the solvating power, thereby increasing the
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solubility of solutes in the extracting fluid.?®® Cuticular wax is semi-crystalline and
enough thermal energy is required in order to overcome the lattice energy and increase
the solubility of wax components.*

Table 3.10: Extraction conditions and percentage crude yield for Chrastil modelling

Experimental point  Temp (K) Presure (MPa) Mass (g) Density (gL™) Crude yield (%)

A(h=3) 305 40 0.87 981.9 0.67 £0.15
B (n=3) 373 40 2.37 756.7 1.82+0.22
C(n=3) 305 7.5 0.37 365.9 0.29 £ 0.08
D(n=3) 373 7.5 0.05 130.4 0.09 £ 0.02
E(n=3) 338 25 1.25 761.9 0.83+0.11
F(n=3) 323 35 1.26 899.2 0.97+0.14
G(h=3) 373 25 1.27 588.5 0.98 £ 0.09
H((n=3) 373 10 0.24 188.6 0.18 £ 0.02
1(n=3) 323 7.5 0.2 193.9 0.15+0.04
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Figure 3.7: Percentage crude yield of wheat straw waxes from scCO, extraction
(originally in colour)

According to the Chrastil model, In(d) versus In(c) at constant temperature should
give a straight line if the system obeys the theory.”®* This model was applied to the
scCO; extraction of the total crude yield and it was found that the extraction of wheat
straw wax obeys the model well. The coefficient can be improved when other

functions are incorporated into the Chrastil equation. Multiple linear regression was

166



applied to the In(d) and In(c) crude yield data to obtain the coefficients k, a and b. The
crude yield of wheat straw waxes extracted using scCO, can be predicted using
equation 3.10 with r? = 0.96.

1256.37
In(c) = 1.411In(d) — — - 14.6

Equation 3.10: Chrastil equation modelling the scCO, extraction of wheat straw

waxes

Figure 3.8 shows a linear relationship between experimental In(c) and predicted In(c)
between (305 K and 7.5 MPa) to (373 K and 40 MPa) which indicated the extraction
can be modelled using Equation 3.10 derived from the Chrastil model. From Figure
3.7, it can be concluded that high temperature and pressure would favour the
extraction of waxes from wheat straw. This finding is in agreement with previous first

order polynomial modelling of temperature and pressure.

However, as part of the straw bio-refinery, it is crucial that the straw remained in a
usable condition for exploitation such as co-firing for energy or microwave pyrolysis
for bio-oil so the high temperature and pressure conditions must not alter the physical
condition of the straw residues.’® This is where the use of CO, as a solvent is superior
to traditional organic solvents as the straw residues are left completely solvent-free,

unlike solvent extractions where an extra drying step may be required after extraction.

The limitation of the model (temperature 305 - 373K and pressure 7.5 - 40 MPa)
might mean that the optimum wax extraction conditions may not have been reached.
Most large commercial plants built in the 1980s and 1990s will not operate above 35
MPa due to equipment design so the maximum pressure would be limited. However,
modern plants have been designed to operate at up to 55 MPa so the extraction times
can be significantly reduced. Operating at a high pressure means scCO, extraction is
an energy intensive and costly process, so a full economic assessment must be carried
out to calculate the extra costs against extra wax yield. The total wax content present
on the straw surfaces is unknown at this stage so it is difficult to conclude that the
straw has been completely de-waxed and extraction has gone to completion. Further

extending the models extraction limits would be of interest from an academic point,
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but would add limited commercial value due to the added cost of production scale
extractions at higher pressures.
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Figure 3.8: Experimental In(c) against predicted In(c) for percentage crude yield

(originally in colour)

For the first time, the Chrastil equation has been applied to just a single group of
molecules within a complex mixture of molecules. As in previous first order
polynomial modelling, hydrocarbons and fatty alcohols were omitted due to co-elution
of hentriacontane (Cs;) and octacosanol (C,s). Nonacosane (C,) Was used to represent
hydrocarbon wax group and the fatty alcohol wax group was not investigated. The
same multiple linear regression was applied with the mass of wax group extracted in
In(c) with In(d) to calculate new k, a and b for the development of a new model that is
specific to the different wax groups. Table 3.11 shows the values for coefficients k, a
and b for the selected wax groups.
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Table 3.11: Chrastil modelling for different wax groups

Coefficients )

Wax group r
k a b

Fatty acid 1.32 -2090 -13.87 0.68
Nonacosane 1.98 -3661 -15.63 0.65
Aldehyde -0.34 -5726 6.34 0.11
Wax ester 2.60 -2441 -20.76 0.90
Sterol 2.44 1518 -31.87 0.73
B-Diketone 2.44 2155 -33.30 0.74

Some wax groups have showed good correlation with density and temperature in the
Chrastil model. There are a number of reasons for the correlations so further
investigation is required to optimise the individual wax group. An obvious reason is
that no equilibrium was achieved in the residence time in the extractor, as the
experiments were carried out using a fixed flow rate under a flow-through method at
different temperature and pressure. An improvement to this would be to stop the CO,
flow once the extractor is filled but the disadvantage of this method is that as the wax
groups become soluble in the scCO,, the properties of the CO, such as polarity would
change and also become more saturated as more molecules are dissolved. Friedrich et
al. demonstrated in a scCO, extraction study using soybean flakes that the extraction
efficiency is not uniform through the CO, extractor column. The soybeans were
removed and divided into three fractions, the three fractions showed a large difference
in colour and oil content showing that the CO, becomes more saturated as it
penetrates through the materials.??’ By stopping the flow, the extraction efficiency
will be more uniform which is a benefit over the existing method. Another method is
to alter the flow rate of the system and remain as a flow-through method so that the
residence time for each extraction conditions are the same and the effect of extraction
yield with various residence time can be investigated. However, achieving equilibrium
for all the different wax groups at a specific residence time is impossible but

nonetheless; it would be interesting to in investigate this extraction parameter.

Only the wax ester group correlates well with the Chrastil model which indicated that
the extraction of wax esters has reached equilibrium in the extraction conditions
carried out and is also dependent on CO, density and temperature. The other groups

may not have a correlation as the extraction cannot be modelled by density and
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temperature alone. Other important parameters such as polarity and viscosity of the
CO, may influence the extraction performance. From this preliminary optimisation
trial, it can be concluded that the individual wax groups (except wax esters) do not
correlate well with the established Chrastil equation under the testing conditions.
However, other CO, parameters can be considered and incorporated in order to
establish a new equation for modelling the extraction of certain wax groups. It is also
important to carry out extraction over shorter times. As the influence of extraction
times has not been investigated for each individual group, it is very difficult to ensure
that saturation has not already occurred during the four hour extraction as currently
four hour extraction data only gives a “snapshot” of yield results. This may be the
reason for the lack of correlation against some of the wax groups. As the wax ester
group obeys the Chrastil model in the extraction conditions under investigation, a new
equation can be established for the wax esters in wheat straw wax as displayed in
equation 3.11 with r* = 0.90. Figure 3.9 shows a good match of experimental and
predicted In(c) for percentage wax ester.

2440.52
In(c) = 2.601In(d) — —7 20.8

Equation 3.11: Chrastil equation modelling the scCO, extraction of wax esters in the

wheat straw waxes
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Figure 3.9: Experimental In(c) against predicted In(c) for percentage wax esters

(originally in colour)



As shown in Figure 3.9, there were two distinct clusters of points in which low In(c)
indicated high wax esters yield and high In(c) showed low wax esters yield. The trend
cannot be explained by density of CO, alone. It can be noted that extractions carried
out using 25 MPa or higher belonged to the higher wax esters yield. There are two
opposing factors that are important for wax esters extraction. The elevated extraction
temperature leads to high T, long chain wax esters melting on straw surfaces so
therefore increasing the solubility in CO,. However, the increase of temperature
would result in the decrease in CO, density leading to reduced solvating power of
solvent so therefore it is vital to understand and optimise the influence of extraction
conditions through modelling.

It can be concluded that using the existing extraction conditions, the percentage crude
yield and wax ester yield can be predicted using the Chrastil model. More work is
needed to investigate extraction time and establishing equilibrium of wax molecules
between CO, and straw. New density-based models may need to be developed in
order to describe the extraction of wheat straw wax completely.

3.3 Identification and quantification of key wax components in wheat straw wax

The different key wax components have been successfully identified with the full
identification process described in Chapter 2. The compounds found in the scCO, extracts
were identical to the wax components identified in the solvent extracts. The use of scCO, at
different temperatures and pressures has been used to replace traditional organic solvents so
it is not surprising that the wax compounds identified are identical. The calibrations used for
the quantification of the scCO, extracts are detailed in Section 2.5.1. The percentages are all
normalised to 100% for the percentage of wax groups within the extracts. Liquid CO, and
scCO; with co-solvent ethanol are labelled with different colours (dark grey and light grey)
in order to distinguish between the extracts. Co-elution of compounds often occurs when
analysing crude samples directly and without fractionation. In the wheat straw wax,
hentriacontane (Cs;) and octacosanol (Cjs) eluted with the same retention times so the
quantified percentage of both compounds is indicated as patterned bars in the Figures. The
use of CO, as a solvent at different temperatures and pressures has often been compared
with different traditional organic solvents. Since it is the first time that any quantification of

wax components has been carried out in wheat straw waxes extracted using CO, so no
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comparison with previous literature were made thus the results are compared with data

previously reported from solvent extracts in Chapter 2.

3.3.1  Free fatty acids

A total of five free fatty acids were identified in the CO, extracts and these are
tetradecanoic acid (Ci4y), hexadecanoic acid (Ciep), Octadecadienoic acid (Cig.),
octadecenoic acid (Cg.1) and octadecanoic acid (Cyg). The fatty acids presented in the
CO, extracts are all even-numbered and are one of the shortest aliphatic carbon chain
wax compounds identified in the wheat straw wax. Due to their relatively short
aliphatic carbon chain, it can be expected the compounds are highly soluble in CO..
This was reflected by the quantities of the total free fatty acids presented which varied
depending on extraction conditions and this is displayed as Figure 3.10. Percentages
ranged of 5.6 — 29.5% of free fatty acids were reported in the scCO, extracts and
liquid CO, and scCO, with ethanol consist of a low percentage of 7.2% and 3.6%

respectively.
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Figure 3.10: Percentage of total free fatty acids in CO, crude extracts (originally in

colour)
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From Figure 3.11, hexadecanoic acid (Cyeg) is shown to be the most abundant free
fatty acids in the CO, extracts which is the same as identified in the solvent extracts.
About 14.5% of hexadecanoic acid (Cyg,) in 373 K and 10 MPa scCO, extract and the
yield data suggested that low CO, density tend to lead to relatively high free fatty
acid extracts due to other wax components identified in the extracts not being soluble
at such low CO, density. It is difficult to predict the extent of solubility of free fatty
acids in scCO, under different conditions from wheat straw but significant studies
have been carried out to establish the solubility of free fatty acids in scCO,. Other
factors will affect the solubility behaviour of free fatty acids in wheat straw wax
extraction as properties such as polarity of the CO, will alter as wax molecules
become soluble in the solvent and other issues such as diffusivity of CO, which would
impact on the penetration of CO, through the straw to solubilise the compounds. In a
multi-component system, the solubility of compounds may be impeded or enhanced
when other compounds become soluble in the CO, which can then effectively act as a
“co-solvent” and the extent of this effect is highly dependent on the other wax

compounds, its quantities and the location of various wax compounds in the straw.”®’
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Figure 3.11: Percentage of individual free fatty acids in CO, extracts (originally in

colour)

Table 3.12 shows a list of published solubility data for free fatty acids in CO,. The
table shows a range of conditions where fatty acids are known to be soluble in CO..
The published solubility data for the various free fatty acids in CO, are similar so
therefore it is suggested that the distribution of fatty acids displayed in Figure 3.11 is
predominantly based on the abundance in the wheat straw. Iwai et al. investigated the
influence of solubility of fatty acids and showed that the use of ethanol as a co-solvent
can enhance the solubility in C0,.%8 However, the use of ethanol as a co-solvent can
also improve the solubility of other compounds which will lead to less selective
extraction and more downstream processing. The balance of the use of neat CO, and
various co-solvents must be further investigated in order to conclude the feasibility of

the use of co-solvents.



Table 3.12: Published solubility data for fatty acids in CO,?*

. Temperature Pressure range Density range Solubility (kg/kg

Fatty acids range (K) (MPa) (gL of CO,)
(ng:‘)jecano'c acid 308 - 333 14-41.9 563-980 0.5 x 10%- 63 x 10°
(H(fl’;i‘;ecano'c acid 308 - 328 13.8-41.4 620-976 1.9 x10%- 76 x 10°

. . . . 2
Octadecadienoic acid 313-333 13.8-276 563 - 899 0.11 x 102 -2.7X
(C18:2) . . 10 )
Octadecenoic acid 313-333 13.8 276 563 - 899 0.048 x 102 -2.3X
(C18:1) . . 103
Octadecanoic acid 308 - 328 13.8 - 412 620 - 976 0.28 x 103 -33x
(Cis0) 10

3.3.2  Hydrocarbons

As identified previously, the hydrocarbons in the solvent extracts were all exclusively

n-alkanes with odd-numbers due to the wax biosynthetic mechanism.®? The four main

n-alkanes identified were heptacosane (C,;), nonacosane (Cyg), hentriacontane (Cs;)

and triatriacontane (Cs3) which were also identified in the solvent extracts. Figure 3.12

shows the percentage of total alkanes in the extracts and the co-elution has been

highlighted. Further work of fractionation is needed to be carried out for alkane

fractions. In Figure 3.13, the breakdown of the individual alkanes is displayed and

nonacosane (Cy) and hentriacontane (Cs,) were found to be the most abundant n-

alkanes which is also consistent with the solvent data in Chapter 2.

175



18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

% in crude extract

T QT QR R QR
S @@ﬁ@@@ﬁ\@ @
@ KT EFES
Q Q‘) (\") n) /\n} ﬁ)
’b % @”J
P
CO, conditions
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colour)
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Table 3.13 shows a list of published solubility data for the n-alkanes with chain
lengths between C,s to Cs, in CO,. From this data, its suggested that the aliphatic
carbon chain lengths do not have a large influence on the solubility in CO,. In a multi-
component system of long chain molecules, diffusivity of the alkanes in CO, is an
important factor. Wakao et al. demonstrated with FAME that as the chain length
increases, diffusivity decreases so the larger alkanes present such as triatriacontane
(Cs3) would be less diffusive compared to heptacosane (C,;) making it more difficult
to extract out of the straw.””® It was been shown that as the number of carbons in the
aliphatic chain increases, the miscibility with CO, decreases which means solubility

also decreases.”* It was demonstrated that branching in alkanes would aid the
271

solubility.

Table 3.13: Published solubility data for n-alkanes in CO,*"
Temperature Pressure range Density range Solubility (kg/kg of

Hydrocarbons range (K) (MPa) (gL™h CO,)

Hexacosane 343 15.8 - 26.4 541 - 754 04-31

(Ca)

Octacosane 343 16.2- 24 557 - 725 0.25 - 1.42

(Cz8)

%’”)'aconta”e 343 18.5-31 626 - 797 0.23-1.38

32

3.3.3  Fatty alcohols

Octacosanol (C,g) was the sole fatty alcohol found in the CO, extracts and again this
was also demonstrated by the solvent extracts. Figure 3.14 shows the percentage of
octacosanol presented in the extracts and the patterned bars highlighted the combined
yield of hentriacontane (Cs;) and octacosanol (Cyg). It can be noted that generally the
yield of octacosanol is higher in CO, extracts than the solvent extracts and this may be
due to the higher selectivity by using CO,. No published octacosanol (Cs) solubility
data was found but fatty alcohols are readily soluble in a wide range of CO,

conditions.
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Figure 3.14: Percentage of total octacosanol (Cys) in CO, crude extracts (originally

in colour)

3.34  Aldehydes

Octacosanal (Cyg) was the only aldehyde identified in the CO, extracts and is present
at a very low level. As shown in Figure 3.15, the maximum quantity found in the CO,
extract is 2.2% and at low CO, density, quite often the octacosanal (C,g) is not

extracted.
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Figure 3.15: Percentage of total octacosanal (Cg) in CO, crude extracts (originally

in colour)
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3.35 Wax esters

Aliphatic wax esters are the main wax group presented in the CO, extracts at levels up
to 30.1% of the extracts. The percentage yields of wax esters found in the CO,
extracts are displayed in Figure 3.16. Wax esters of C,4q — Csg chain length were found
in the CO, extracts as shown in Figure 3.17. As discussed previously the wax esters
were predominantly octacosanol (Cys) and hexadecanoic acid (C;6) and these are some
of the most abundant wax compounds in their free form. Octacosanyl hexadecanoate
(C25:Cy6) and octacosanyl octadecanoate (C,3:Cig) Were the main aliphatic wax esters
identified. No published solubility data was found for long chain wax esters but
Dandge et al. published data on methyl and ethyl esters and found that the presence of
the ester functional group can increase the solubility of the equivalent chain length
compound.?”* The solubility would be lower in the wax esters present in wheat straw
as the aliphatic carbon chain lengths are much higher. The scCO, with co-solvent
ethanol showed a very high percentage of wax esters in the extract and it has been
demonstrated that the use of co-solvent can enhance of the solubility of esters.””® The
use of ethanol as an addition to supercritical CO, does not have any economic
advantages over the use of neat scCO, as high temperatures and pressures are both

still required for the increased yield.
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Figure 3.16: Percentage of wax esters in CO, crude extracts (originally in colour)
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Figure 3.17: Percentage of individual wax esters in CO, extracts (originally in

colour)

3.3.6 Sterols

Sterols and their derivatives were found at between 0.5 — 27.4% in the CO, extracts as
shown in Figure 3.18. The 3 main plant sterols, campesterol, stigmasterol and [-
sitosterol were identified again in the CO, extracts with B-sitosterol being the most
abundant which is in agreement with the solvent extracts. The relative abundance for
the individual molecule and the percentage presented in the crude extracts is shown in
Figure 3.19. The second most abundant sterol derivative in the extracts was the

4
oxidised form of B-sitosterol: A -sitosten-3-one, which was also found to be a

molecule of high abundance in the solvent extracts.
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Figure 3.18: Percentage of sterols and its derivatives in CO, crude extracts
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Figure 3.19: Percentage of individual sterols and its derivatives in CO, extracts
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3.3.7  B-Diketones

In agreement with the solvent extracts, only two B-diketones were found in the CO,
extracts. This group of compound is presented at a very high level in the CO, extracts
as up to 34.5% of B-diketones can be found in a single wax extract as shown in Figure
3.20. As shown in Figure 3.21, 14,16-hentriacontanedione is the most abundant f3-
diketone identified and the highest B-diketone containing extract has up to 34.5% of
just 14,16-hentriacontane as the other B-diketone 16,18-triatriacontanedione was not
found. No published solubility of B-diketones in CO, was found but B-diketones from
wheat straw showed great solubility in liquid CO,, supercritical CO, and supercritical

CO, with co-solvent ethanol.
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Figure 3.20: Percentage of B-diketones in CO, crude extracts
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Figure 3.21: Percentage of individual B-diketones in CO, extracts

3.3.8  Summary of wax components quantified in CO; extracts

The lipophilic fraction of the wheat straw wax from different CO, extracts were
successfully identified and quantified. The wax compounds identified were identical
to the solvent extracts so it can be concluded that the difference between both organic
solvent and CO, extracts obtained under different conditions is the relative abundance
of the wax compounds. The quantified components were grouped and plotted against
the percentage yield as shown in Figure 3.22 and the data is also displayed in Table
3.14. Unlike the solvent extracts where up to 84% of the extracts were not identified
using GC-FID, only 43% of unidentified compounds were present in CO, extracts.
This suggests that using CO, as a solvent is more selective for wax extracts. By
simply manipulating the temperature and pressure of the CO, conditions, it is possible
to change the solubility of wax compounds to give a distinct mixture of wax
compounds which was apparent through colour, texture and odour. The colour of the

straw waxes ranged from light yellow to a darker brown-yellow. The liquid CO,
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extract was the lightest and the supercritical CO, extract was the darkest in colour and

this can reflect the selectivity of wax compounds in Figure 3.22.

Liquid CO, is selective for smaller molecular weight compounds as the solubility of
wax compounds in liquid CO, was lower compared to CO, under supercritical
conditions and this was reflected by the lack of wax esters in the extract. For this
reason, it can be concluded that the use of liquid CO, is not ideal for the extraction of
wheat straw waxes but could be used as a pre-treatment process to extract some of the
wax compounds selectively and then increasethe temperature and pressure of the CO,
above its critical point to extract the wax esters remaining on the straw. This would
result in one fraction containing the majority of wax groups (free fatty acids,
hydrocarbons, fatty alcohols, aldehydes, sterols and B-diketones) and another high
wax esters-containing fraction. A 10% co-solvent ethanol was also explored and it
showed the solubility of compounds increased due to the increased polarity. This can
be seen from the rise in extraction yield from 1% to 1.6% but the percentage of
identified lipophilic compounds remain the same so it can be concluded that the use of
10% ethanol as a co-solvent has no advantage over the use of neat CO, under the
same conditions. However, the use of ethanol has been shown to increase the
solubility of wax esters by giving the highest percentage of wax esters presented in the

extract.

The identified wax compounds were shown as g per g of wheat straw in Table 3.15
and some important trends have been noted. In hydrocarbons, at medium pressure
(338K/373K and 25 MPa), the elevated temperature does not appear to have any
beneficial effect on the yield. When the temperature was increased from 305 K to 373
K at 40 MPa, the level of alkanes almost tripled. This highlighted the importance of
increased pressure on alkane extraction. For sterols, the data from Table 1 shows
increased pressure from 25 to 40 MPa does not have a significant effect on sterol yield
which indicated that increasing the CO, density to above 600 g.L™" would not benefit
sterol extraction. Up to 30% of long chain aliphatic wax esters are extracted at high
temperature (373 K). The data showed that a higher proportion of wax esters have
been extracted at higher temperature which could be due to the high melting points.
The melting point (T,,) of wax esters are much higher than other compounds found in
the extracts due to the extended chain length. Saturated wax ester tetracosanyl

tetracosanate (C,4.0— Caap) has a T, of > 348 K and an increase of 1 — 2 °C per extra



carbon on the molecules.?”* The main factor influencing the T,, was shown to be the
chain length of the wax esters.””* The smallest wax ester identified was tetracosanyl
hexacosanoate (C,.0 — Cos) and this means that the fraction is not molten until the
extraction temperature is at least 348 K. At high (373 K) temperature, it is believed
that the wax esters melt on the surface of the straw which can enhance the solubility
of these long chain wax esters (> Cy) in scCO,. With p-diketones, it is important to
note that about 1000 pg.g™ of 14,16 hentriacontanedione in straw can be extracted at
critical temperature and pressure and the level remained similar at increased
temperature of up to 373 K and increased pressure of 35 MPa. This indicates that the
solubility of B-diketone in scCO, is very high. The data showed that this valuable
molecule can potentially be isolated at the critical point of CO, (at about 35% purity),
then increasing the temperature and pressure for the extraction of the other wax

components.

As well as the identified wax components, there are other molecules that were
expected to be present in the extracts which were discussed in Chapter 2. Since the
polarity of CO, is similar to hexane, the extractives can be predicted to be similar.?"
Other minor wax components such as phenolic acids, resin acids and glycerides were
identified in wheat.™™ ?° The presence of glycerides was assessed using FAME
analysis as per the method described in Section 6.3. The highest CO, density extract
(373 K/ 40 MPa) and the extract carried out using co-solvent ethanol under the same
conditions, both contain the highest percentage of unknown compounds. In the
extracts obtained using scCO, condition (373 K/ 40 MPa) and scCO, with ethanol, the
level of glycerides was quantified using the method described in Section 6.3.1giving
up to 5.5% and 14.5% respectively. The calibration for the fatty acids can be found in
Section 2.5.1. Further investigations need to be carried out to fully characterise these

whole extracts.
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Table 3.14: Quantification of wheat straw wax components in various solvent extracts

pg/g of biomass (n = 3)

Identification 373K/ 373K/ 323K/ 338 K/ 305 K/ 305 K/ 373K/ 323 K/ 373K/ 278 K/ 323 K/ 35
40 MPa 25 MPa 35 MPa 25 MPa 40 MPa 7.5 MPa 10 MPa 75MPa 75MPa 6.5MPa MPa/ EtOH
Tetradecanoic acid 78 +12 76 £11 47 + 4 76 £12 63+1 36+5 48 +5 11+5 4+1 20+4 56 £13
Hexadecanoic acid 476 £13 642+34 398+34 560+29 361+24 232 +3 267 £ 16 77+14 96 +14 130 £ 25 374 £ 22
Octadecadienoic acid 142 +16 33323 77+19 69+12 53+14 62+5 79 £13 35+4 9+3 44 +1 85+10
Octadecenoic acid 271+23 574+12 158+12 191+10 264 +3 Tr 121 +4 63+7 18+2 17+3 51+12
Octadecanoic acid 58 +9 129 £ 45 56 +3 76 +11 47 £5 31+7 24 +8 14+2 11+3 Tr Tr
Total free fatty acids 1O§g * 51227; 736 £72 344+74 787+47 361+20 539+46 589+32 139+23 211+33 567 £ 57
Heptacosane 109+10 8810 748 7511 555 15+1 29+1 15+5 7T+£2 23+7 68 + 13
Nonacosane 280+18 281+24 218+13 23114 190+7 33+3 51+£5 33+14 10+2 59+9 244 + 27
a a
Hentriacontane 12%1‘; * 11;3 414445 883435 342415 22°45  24°+2 2244  16°+#3 95°+17  478+19
Triatriacontane Tr Tr 74 +4 106 £5 60+3 Tr Tr Tr Tr Tr 83+7
Total hydrocarbons 1632 * 465+71 779+70 459+65 647 +30 2079 104 +8 207 £ 23 337 177 + 33 873 + 66
Campesterol 153+13 239+11 102+10 155+ 6 83+5 30+7 Tr 2+1 Tr 0 55+14
Stigmasterol 191+£16 229+4 140+11 1067 11015 361 Tr 10+3 Tr 0 709
B-Sitosterol 401+34 544+30 327x15 245+16 247 £ 4 89+5 Tr 29+6 4+1 83+4 155+ 18
Sterol 1 72+7 141 +8 83+15 87+10 83+6 27+6 Tr 29+7 Tr 50+3 56 £+ 6
A*-Sitosten-3-one 313+8 304+19 241+12 246 £ 6 208 £ 13 Tr 4+1 35+4 Tr 133+ 15 137 + 10
Sterol 2 Tr 202+10 146+34 130+ 7 103+8 29+5 7+1 35+4 Tr 90 +£ 16 70+9
Total sterols ll?g + 11321 * 1051;) + 968 +52 834+51 274+24 11+£2 37+25 4+1 356 + 38 543 + 66
. . 1505 + 1231 + 1052 + 1120 + 1111 +

14,16-Hentriacontanedione 56 56 56 56 19 994 + 18 17+4 309 + 23 4+1 816 + 28 725 + 34
16,18- Triatriacontanedione 195+ 16 135+4 217+16 125+22 144+14 Tr Tr 31+1 Tr 160 + 17 52 +12
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Table 3.14 (continued)

. 1700 + 1366 + 1270 = 1245 + 1254 +
Total B-diketones 72 60 79 78 33 994 + 18 174 339+34 4+1 976 + 45 777 + 46
Tetracosanyl hexadecanoate 113+ 11 51+4 126 + 16 Tr 795 Tr Tr 3%x1 265 20+4 88 +11
Hexacosanyl hexadecanoate 27415 137+8 233+18 49x10 194zx14 40+ 3 10+£4 6+2 175 Tr 260 £ 14
Octacosanyl hexdecanoate 1155? * 526+19 857439 12348  863+6 Tr 9+4  4+2 1344 Tr 1500 + 56
Octacosanyl octadecanoate 630+£25 314+£19 57727 50724 358x35 Tr 9+3 22+4 297 Tr 728 £ 35
Octacosanyl eicosanoate 438 £33 225+15 445%+26 231x17 156 + 3 Tr 61 11+1 52 +18 Tr 599 + 33
Octacosanyl docosanoate 378 +£31 22920 417+24 158+13 83x5 Tr Tr Tr 24 £ 4 Tr 551 + 17
Octacosanyl tetracosanoate 137 +£13 Tr 131+13 17618 53+8 Tr Tr Tr Tr Tr 192 +12
Octacosanyl hexacosanoate 72+11 Tr Tr 89+5 Tr Tr Tr Tr Tr Tr 70+ 13
Octacosanyl octacosanoate Tr Tr 63 +19 Tr Tr Tr Tr Tr Tr Tr 76 £15
Total wax esters 321%?:11 430 £ 85 2%%621 472 £ 95 17% * 403 33+12 46+10 160x43 204 4062 + 206
a a a
Octacosanol 15;2 * 15% * 733126 112% * 303:24 185°+17 31°:5 2243  16°:3 9510  491+34
1521 + 1142 £
Total fatty alcohol 1570 +78 56 733+ 26 37 303+24 185+17 315 22+3 16+3 95+10 491+ 34
Octacosanal 108+6 207+33 168+15 182+17 86+11 334 Tr 16£3 61 171 67 + 13
Total aldehyde 108+6 207+33 168+15 182+17 86+11 334 Tr 16+3 6+1 17+1 67 + 13
. - 8770 + 6898 + 3670 + 5395 + 1908 + 1322 £ 1566 +
Total identified 564 4186 534 418 279 95 704 £ 77 130 565 + 79 164 6411 + 488

& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1



34 Conclusion and future work

Following the solvent extraction study in Chapter 2, the use of CO, as a green alternative
solvent instead of traditional organic solvents for the extraction of low cost, high volume
agricultural waste wheat straw (Triticum aestivum) has been studied. Qualitative analysis by
GC-MS and quantitative analysis by GC-FID were proved to be successful. The analysis can
be improved by fractionation of the individual wax groups so that a tailored analytical
method could be applied to improve separation and precision. Liquid CO,, neat
supercritical CO, and supercritical CO, with ethanol were examined. The chemical
composition of the CO, extracts were found to be identical to the solvent extracts which is
expected so the key wax molecules were quantified. Liquid CO, extraction give a very low
selective wax vyield which consist of free fatty acids, hydrocarbons, fatty alcohols,
aldehydes, sterols and B-diketones but no wax esters. It can be concluded that liquid CO, can
be used as part of a pre-treatment on wheat straw to selectively extract high wax esters
extract by using scCO,. The addition of co-solvent ethanol with scCO, lead to complete
extraction but failed to extract wax molecules relatively which means the extraction overall
is unselective. Supercritical CO, extracts showed both high extraction yields with optimised
temperature and pressure and selectivity towards wax components so therefore the effect of

temperature and pressure was investigated.

Supercritical CO, conditions namely temperature and pressure were investigated and
optimised using 27 factorial design. Temperature and pressure both have direct influence on
CO, density which was found to be the main parameter that drives the extractions. However,
it is important to note that other parameters such as viscosity, diffusivity and polarity are
also affected by the modification of temperature and pressure. A first order polynomial
equation was applied to both the percentage crude extraction yield and the individual wax
groups. The percentage crude yield, wax ester and p-diketone yield correlate well and no
correlation was found with free fatty acid, hydrocarbon, aldehyde and sterol yield. This
suggested that wax esters and -diketones have a linear behaviour with CO, temperature and
pressure. Strangely, the percentage crude yield showed astrong correlation even though not
all the wax groups behave linearly. Further work is needed to understand the behaviour of
the wax molecules in CO, by carrying out solubility tests. Extraction times and flow rate
have not been investigated so the experiments can be extended to 2° or 2* factorial design in

order to establish any relationship between extraction times and flow rate.

189



The most well-established density-based model, the Chrastil model, for supercritical CO,
was explored for the first time with the extraction of wheat straw wax. This model was used
by assuming that equilibrium extraction of wax in a flow system has been achieved and that
the scCO, would form solvated solute complexes with the wax molecules. In the case of
applying this model to this extraction, it proved difficult as this is a multi-component
system. Again, the model was applied to both the percentage crude extraction yield and the
individual wax groups. The model will only have a correlation if there is a CO, density
relationship with the extraction yields. As the extractions were carried out on a flow system
at a fixed extraction time for all nine different scCO, conditions, it is difficult to gather if the
system was in equilibrium. Further work must be carried out at different extraction times and
flow rates in order to gain more understanding of the different extractions as the current data
only provide a “snapshot” of the investigation. The experiments may need to switch from
flow-through to fixed volume at specific temperature and pressure but new problems could
arise as the CO, properties, such as polarity, may change as molecules are dissolved or
saturation of the solvent can occur due to, the vast mixtures of different molecules. As the
raw materials is a natural product containing semi-crystallised layered cuticular wax, the
different wax molecules would align differently on different layers of the straw surfaces so
therefore it may prove difficult to model. Diffusivity of CO, through the straw is very
important and further investigation on the physical pre-treatment will be needed to optimise
the best method for pre-treatment and particle size for CO, extraction. However, it is
important to be aware that the extracted straw residues is a valuable product and not a waste
as it can be used for further processing such as microwave pyrolysis which was discussed in
the as the concept of straw bio-refinery in Chapter 1. The Chrastil model was successfully
applied to percentage crude yield and wax ester yield based on the extraction conditions,
which suggested that equilibrium was achieved during its residence time. Again, strangely,
a strong correlation was found with percentage crude yield as the majority of the wax groups
do not have any correlations. Even though there is a lack of correlation with the majority of
the wax groups, this study had shown the potential to use a density-based model to establish
optimised conditions for a specific blend of chemical composition of wax. New improved
models have been developed and adapted over the years to suit the extraction process so for
future work, this will need to be investigated and draw some correlation between CO,

conditions and solubility of wax compounds.
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Solubility data for the key wax compounds were gathered. The majority are based on binary
systems which give only limited information on the behaviour of the wax molecules in the
scCO, phase at different conditions. In a multi-component system such as in the case of
extraction of wheat straw waxes, the solubility of the wax compounds would alter. It would
be of great interest to investigate the variation in behaviour of wax molecules in both
situations. This would provide important solubility information that has not only benefit in
extraction but also would assist in process development in using CO, for fractionation.

The promising preliminary results show that supercritical CO, can be used as a green
alternative to traditional organic solvents from the chemical compositional analysis. Wax
compounds have shown a vast range of potential applications as discussed in Chapter 2.
There is a real interest both academically and industrially to bring the product and process to
commercialisation following the success of the use of CO, as a green solvent. The effect of
temperature and pressure for CO, has been studied and conditions have been optimised but
further work is needed on the investigation of extraction time and flow rate. It can be
concluded that the next stage is pilot scale trials. With the initial optimisation data and
success with pilot scale by Deswarte, carried out previously, it would be interesting to
increase scale to production scale to examine any scaling up effect.”® By scaling up, the
feasibility of using supercritical CO, for straw wax extraction would be assessed and the
physical properties of the resulting wax products can be tested and any further downstream

processing can be investigated.
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4. STRAW WAX SCREEN AND PRODUCTION SCALE
SUPERCRITICAL CARBON DIOXIDE EXTRACTION
OF CEREAL STRAW WAXES

4.1 Introduction

The extraction of wheat straw wax has been demonstrated successfully both by organic
solvents and a greener alternative, supercritical CO,. After assessing the potential of both, it
can be concluded that supercritical CO, under optimised conditions is the most selective and
environmentally friendly method for straw wax extraction so scale up trials were carried out
using supercritical CO,. In this chapter, a number of other low cost straws were screened
using the selected organic solvents ethanol and hexane to give an insight into the wax
content as well as interesting new molecules that could potentially have a high commercial
value. The ethanol and hexane extracts were also quantified by GC-FID to compare the
relative abundance of the key important wax groups. It was highlighted previously that the
crude wax vyield and the chemical composition from hexane extractions are highly
comparable with supercritical CO, so the data collected from the hexane extractions were
used for the selection of raw materials for the production scale supercritical CO, extraction.
Solvent extraction was used as in preliminary trials instead of scCO, extraction due to
shorter set up time. Wheat, barley and oat were selected from the seven different biomass
screens for the scale up trials which were carried out in collaboration with Sundown
Products Limited and Evonik Industries. Three tonnes of cereal straw one 1 tonne of wheat,
barley and oat straw wax each) was extracted using optimised scCO, conditions and the
scale up effect is discussed. The chemical compositions of the waxes were analysed
qualitatively and quantitatively. Physical properties such as melting point were analysed in
order to gain a greater understanding of the potential for commercialisation and selected for
relevant product formulations. The main advantage of using scCO, as the extraction solvent
is its low environmental impact. As the extraction of waxes requires high pressure it is an
expensive technology which can raise many concerns industrially. For this reason, an
economic assessment was carried out for the extraction of wax from cereal straw as part of

the consideration of using scCO, extraction.
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4.2

196

Raw materials selection

42.1 Raw materials

Cuticular waxes exist on all the plant surfaces. In this section, different biomass
wastes are explored as a new source of wax by screening using hexane and ethanol
extraction. The focus on the biomass screen is solely based on straw as this part of the
plant makes up more than 50% of the dry weight of the crop.?” Straw ‘waxes’ from
other plant families have also been examined with flax (Linum usitatissimum) straw
first being first extracted in 1931.%"® However, little work has been carried out on
other agricultural straws. The main agricultural crops wheat (Triticum aestivum),
barley (Hordeum vulgare), oat (Avena sativa) and oilseed rape (Brassica napus), were
considered as potential sources of straw as together, the four crops make up about
99% of the total cereal crops grown in the UK.?® Bagasse was considered as a source
of biomass for wax as this is the biggest waste after pressing for its juice in the sugar
cane industry. Sugarcane wax has long been of interest and highlighted as a potential
new wax, with many attempts to study its chemical composition as far back as 1935
but, yet to be commercialised.®™ *"® 2" Currently, the waste bagasse (Saccharum
officinarum) is being utilised as a source of bio-ethanol however, if the bagasse can
firstly be extracted using scCO, to create wax products prior to bio-ethanol production

then it creates a new idea of the bio-refinery concept.’’®

Miscanthus (Miscanthus
giganteus) is another bio-energy crop and therefore of interest for its potential as a
novel source of wax by adding value to the biomass prior to fuel production.?”
Another potential biomass is sunflower (Helianthus annuus) and this is of increasing
growing volume due to the rise in bio-diesel production.?® The resulting sunflower
straw currently does not have any high value applications so this was a great
opportunity to add value to sunflower straw by extraction of high value chemicals.
Almost no work had been carried out on the extraction of miscanthus and sunflower
straw so this would be an interesting study on potential extraction crops. For these
reasons, wheat, barley, oat, oilseed rape, bagasse, miscanthus and sunflower straw
were screened for wax content and composition. Figure 4.1 shows pictures of the
biomass being studied. All the samples were milled to increase the bulk density
following the procedure described in Section 6.2.2. The moisture content of the air-

dried milled straw was determined using the method in Section 6.2.1 and it was



ensured that the moisture was no greater than 10% (w/w). All the milled straw was

stored in paper sacks in a dry, cool place to keep the samples ventilated.

Cereal straw e.g.: wheat straw

Oilseed rape straw

Bagasse

Sunflower straw

Miscanthus straw

Figure 4.1: Straw samples (wheat, oilseed rape, miscanthus, bagasse and sunflower) used for

wax screening (originally in colour)

4.2.2  Identification of chemical compositions from different raw materials

Hexane and ethanol were chosen as the two solvents for the biomass screen due to the
distinctly different polarities. The comparison of n-alkanes extracted with scCO, was
also demonstrated by wheat straw discussed in Chapter 3. Ethanol is a relatively green
polar solvent which is capable of extracting more polar molecules hence the increased
yield shown in Chapter 2. With these two solvent systems, a full extraction yield and
composition profile for each biomass was obtained. As a large number of straw
materials are required to be screened, the multi-point FexIKA® extractor was chosen
as the extraction technique as many extractions can be carried out simultaneously. The
detail of this extraction method is discussed in Section 6.2.4. Figure 4.2 shows
pictures of the hexane and ethanol wax extracts. From the colour and the texture of
each extract, it was apparent that the compositions are different. The colour of the
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hexane extracts are usually lighter than the ethanol extracts as it is more selective so

therefore contains less co-extracted pigments.

Hexane

Wheat straw

Barley straw

QOat straw

Oilseed rape
straw

Sunflower
straw

Miscanthus
straw

Bagasse

Figure 4.2: Hexane and ethanol extracts of the seven different straws (originally in colour)
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Table 4.1 shows the list of straws that are under investigation and their descriptions.
The vyields for the hexane and ethanol extracts are displayed in Figure 4.3 and the

biomass label corresponds to the biomass in Table 4.1.

Table 4.1: Description of straw

Straw code  Straw description

WS1 Winter wheat straw (Triticum aestivum) (Claire 07)

WS2 Winter wheat straw (Triticum aestivum) (Claire 08)

WS3 Winter wheat straw (Triticum aestivum) (Charger 08)
WS4 Winter wheat straw (Triticum aestivum) (Oakley 08)
WS5 Spring wheat straw (Triticum aestivum) (Hereward 08)
BS1 Winter barley straw (Hordeum vulgare) (Carat 08)

BS2 Spring barley straw (Hordeum vulgare) (Optic 08)

0s Oat straw (Mixed varieties 08) (Avena sativa)

RS1 High docosenoic acid oilseed rape straw (Brassica napus)
RS2 Low docosenoic acid oilseed rape straw (Brassica napus)
SS High octadecenoic acid sunflower straw (Helianthus annuus)
MS Miscanthus straw (Miscanthus giganteus)

Bag Bagasse straw (Saccharum officinarum)

The hexane yields indicate mainly the lipophilic fraction of the extract and were found
to be between 0.3 — 1.4% with oat straw having the highest yield at 1.4%. All the
cereal and oilseed rape straws have a consistent hexane yield about 1%. The
sunflower, miscanthus and bagasse have very low hexane yields and this could be due
to the larger cross-section of the straw meaning that the surface area of cuticular wax
would be smaller per gram sample being extracted. For example, it can be observed in
Figure 4.1, the sunflower straw has a very large cellulosic inner core which is
completely wax free so it would be interesting to separate the straw surface from its
inner core for future extractions. All the ethanol yields were considerably higher than
the hexane yields as expected and these extracts are suspected to contain more polar
compounds such as sugar molecules. In order to determine which of the straw are
potentially good as new sources of wax, and can be scaled up for commercialisation,
the chemical composition is determined and quantified to give a full wax assessment.
Wheat straw (Oakley 08), barley straw (Carat 08) and high docosenoic acid oilseed
rape straw were chosen for further analysis to represent their species types. The

identification and quantification were carried out by following the procedures
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% Crude yield

described in Sections 6.3.1 and 6.3.2 respectively. Figures 4.4, 4.5, 4.6, 4.7, 4.8, 4.9
and 4.10 show the GC chromatograms of the hexane extracts for wheat, barley, oat,

oilseed rape, sunflower, miscanthus and bagasse straw respectively.
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Figure 4.3: Percentage crude yield of hexane and ethanol extracts of different straws

(originally in colour)
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Figure 4.4: GC chromatogram of hexane extract for wheat straw (Oakley 08) (WS4) (originally in colour)
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Figure 4.5: GC chromatogram of hexane extract for barley straw (Carat 08) (BS1) (originally in colour)
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Figure 4.6: GC chromatogram of hexane extract for oat straw (OS) (originally in colour)
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Figure 4.7: GC chromatogram of hexane extract for oilseed rape straw (RS1) (originally in colour)
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Figure 4.8: GC chromatogram of hexane extract for sunflower straw (SS) (originally in colour)
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Figure 4.9: GC chromatogram of hexane extract for miscanthus straw (MS) (originally in colour)
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As discussed in Chapter 2, the solvent used during the extraction has very little
influence on the chemical composition but the relative abundance of the wax
compounds is highly dependent on the organic solvent. For this reason, only the
chromatograms of the hexane extracts are shown. Table 4.2 shows a list of wax
compounds that were identified in the straw waxes and highlights the new wax
compounds found compared to wheat straw wax (Viscount 09) which was discussed
in Chapter 2. The identification was carried out by using a combination of El
fragmentation pattern, Fl mass spectra, NIST library and K1 values.

Table 4.2: List of wax compounds identified in straw waxes

Wheat straw wax (Viscount 09) New wax molecules
Free fatty acids Eicosanoic acid (Cyq.0)

Hexadecanoic acid (Cyg.0)
Octadecadienoic acid (Cyg:)
Octadecenoic acid (Cyg:1)
Octadecanoic acid (Cyg.o)

Hydrocarbons
Heptacosane (Cy;)
Nonacosane (Cag)
Hentriacontane (Cay)
Triatriacontane (Css)

Fatty alcohols

Octacosanol (Cys) Hexacosanol (Cy)
Aldehydes
Octacosanal (Csg) Hexacosanal (Cy)

Triacontanal (Cz)
Dotriacontanal (Cs,)
Tetratriacontanal (Ca,)
Hexatriacontanal (Csg)

Wax esters

Tetracosanyl hexadecanoate (Coy4:Cig)
Wax ester 1 (C41)

Hexacosanyl hexadecanoate (C6:C16)
Wax ester 2 (Cya)

Octacosanyl hexdecanoate (Cyg:C1g)
Wax ester 3 (Cys)
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Table 4.2 (continued)

Octacosanyl octadecanoate (Cys:Cig)
Wax ester 4 (C47)

Octacosanyl eicosanoate (Cag:Cy)
Wax ester 5 (Cyo)

Octacosanyl docosanoate (Cog:C»,)
Wax ester 6 (Csy)

Octacosanyl tetracosanoate (C,g:Cy4)
Wax ester 3 (Css)

Octacosanyl hexacosanoate (C,g:Cy)
Octacosanyl octacosanoate (Cog:Cos)

Sterols

Campesterol Sterol 3
Stigmasterol Sterol 4
[-Sitosterol Sterol 5
Sterol 1 Sterol 6
A’-Sitosten-3-one Sterol 7
Sterol 2

[3-Diketones

14,16-hentriacontanedione (Cs;)
16,18-triatriacontanedione (Cs3)

Ketones
Ketone 1 Nonacosan-15-one (Cyg)

As seen in Table 4.2, there were a total of thirteen new molecules found in the seven
different straw waxes. No work had been previously carried out on the extraction of
sunflower straw but considerable amounts of sterols have been identified in sunflower
oil. Campesterol, R-sitosterol, stigmasterol, A’-stigmasterol, A’-avenasterol and A°-
avenasterol were all identified in high oleic sunflower oil so there is a possibility that
these were also found in the sunflower straw.”®" 22 The sterols are all structurally
similar which makes identification more difficult. The structures for campesterol, B-
sitosterol and stigmasterol were shown in Figure 2.30 in Chapter 2 and the structures
for potential sterols A’-stigmasterol, A’-avenasterol and A°-avenasterol found in

sunflower straw are displayed as Figure 4.11.
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Figure 4.11: Structures of sterols presented in sunflower oil

A new interesting molecule, nonacosan-15-one was found in oilseed rape straw wax
as indicated in Figure 4.14. The aliphatic compounds identified in the cuticular waxes
from the seven different straws all contain functional groups in the primary position
except the B-diketones. Secondary fatty alcohols with odd-numbered carbon chain
lengths of C,3 - Cg3 are commonly found in plant epicuticular waxes and
predominantly consist of C, and Cs;. The primary alcohols series are usually even-
numbered as these molecules are derived from the complete reduction reaction of
even-numbered fatty acids in the acyl reduction synthetic pathway. ¥ % The
secondary alcohols found in epicuticular waxes are derived from the alkane pathway
hence the odd-numbered carbon chain length.®® The biosynthetic schemes for both of
these reactions are illustrated in Figure 1.11 in Chapter 1. Secondary alcohols are
much less commonly found compared to primary alcohols and sometimes these
secondary alcohols can undergo an oxidation reaction to form ketones so occasionally,
a series of alkanes, secondary alcohols and ketones with the same chain length can be
found.® In barley, a combination of heptacosan-9-ol, nonacosan-10, -11-ols and

d 283

hentriacontain-10, -11, -12 and -13-ols have been reporte It has been reported by a

number of researchers that the addition of the hydroxyl group to the alkanes that

forms the secondary alcohols usually occurs in the middle of the carbon chains but the

location of the hydroxylation is strictly controlled by enzymes.® 283 284 285, 286 T

secondary alcohols mostly occur freely in plant waxes but it has been reported to be

esterified with fatty acids in rose and pine waxes.* **



In oilseed rape straw wax, nonacosan-15-one was identified as well as nonacosane but
no nonacosan-15-ol was found. Kolattukudy et al. proved the biosynthetic relationship
between these three related wax compounds in broccoli leaf waxes.®* % In the study,
both nonacosan-14 and -15-ols were identified at approximately 4:6 ratio however the
study showed there is a high preferential oxidation to the ketone with 92% of the
ketones is nonacosan-15-one in the wax.** The oxidation of the secondary alcohols
shows that the reaction is tightly controlled and regulated by enzymes. ® In oilseed
rape straw wax, this could explain why no nonacosan-15-ol was identified as
oxidation at the 15™ position is highly preferable. This suggested that in oilseed rape
straw wax, nonacosane undergoes hydroxylation to form the nonacosan-15-ol which is
then quickly oxidised to nonacosan-15-one so in the GC analysis, only the alkane and
ketone were found. The identification of nonacosan-15-one was carried out using the
El fragmentation pattern and Fl mass spectrum. Figure 4.12 shows the EI
fragmentation pattern of nonacosan-15-one. As El is a harsh ionisation technique, the
molecular ion was not observed. Characteristic fragment ions at m/z = 225 and m/z =
241 were seen in the EI mass spectrum. Another characteristic ion was also observed
when the high m/z region was magnified; fragment ion of m/z = 240 was also present.
The fragmentation pattern for secondary alcohols is very similar to ketones however
in ketones, there is a cleavage of the C — C bond adjacent to the carbonyl group which
results in a distinct fragment ion of m/z = 225 as shown in Figure 4.14. The formation
of m/z = 240 is as a result of McLafferty rearrangement and fragment ion m/z = 241 is
generated via McLafferty rearrangement then followed by the migration of a hydrogen
atom which is shown in Figure 4.15. Other fragment ions presented in the mass
spectrum include m/z = 43, 57, 71 and 85 which are from the alkyl chain as shown in
Table 2.7 in Chapter 2. This series of ions showed a difference of 14 mass units in the
molecule which suggested the presence of alkyl chain. As the published literature KI
for nonacosan-15-one is not available to determine the chain length of the molecule,
the molecular ion is required. The molecular ion was observed from the FI mass
spectrum which is shown in Figure 4.13. Table 4.3 shows the fragment ions and its

percentage base peak intensity as well as the calculated Kl value.
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4.12: El mass spectrum of nonacosan-15-one (magnified eight times from m/z 400 —
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Figure 4.13: FI mass spectrum of nonacosan-15-one
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Figure 4.14: Characteristic fragment ions m/z = 225 for nonacosan-15-one (originally in
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Figure 4.15: Characteristic fragment ions m/z = 240 and m/z = 241 for nonacosan-15-one

Table 4.3: Identification of noncosan-15-one in oilseed rape straw including the El

fragmentation pattern with percentage base peak intensity and Kl value

Identification M*  EI Fragmentation Calclz:ated
Ketone
Nonacosan-15-one  422.7 57(100), 43(84), 71(79), 58(65), 85(44), 225(42), 3088

96(33), 59(29), 83(25), 81(24)

4.2.3  Quantification of hexane and ethanol extraction of raw materials

The hexane and ethanol straw wax extracts were quantified using calibration data
presented in Section 2.5.1 and the method described in Section 6.3.2. The quantities of
the different wax components in the extracts are normalised to percentage in the

extracts and in pg per gram of biomass. The quantification data for the hexane
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extracts are shown in Tables 4.4 and 4.5 whereas the data for the ethanol extracts are
shown in Tables 4.6 and 4.7. No purification or fractionation was carried out prior to
guantification analysis therefore the results shown are data from the crude extracts.
The two solvent extracts were quantified in order to gain an insight into the quantities
of each wax group from each different type of straw. As expected and observed
previously in Chapter 2, the total lipophilic fraction of the ethanol extracts is very
small, and in the case of bagasse ethanol extract, only 6% of the extract was lipophilic
compounds which suggests that bagasse consists of a high percentage of non-volatile
polar compounds. The percentage of identified compounds for oat and miscanthus
ethanol extracts were both less than 10% which indicated a high proportion of non-
volatile polar compounds.

The fatty acid levels present in the different straw hexane extracts ranged from 2.3 —
8.5% which equates to about 120 — 640 pgg™ of fatty acids in the straws. Miscanthus,
oilseed rape and sunflower straw extracts contain a high proportion of fatty acids. It is
expected that there may be high levels of free fatty acids in oilseed rape and sunflower
extracts as these are both oilseed crops that contain large amounts of free fatty acids in
their seeds. Sunflower straw extract is the only wax that consists of a considerable
amount of eicosanoic acid (C,p). Sunflower straw wax is particularly interesting as it
also contains a high percentage of sterols. Sunflower straw contained eleven different
sterols and their derivatives, of which four are identified. Campesterol, stigmasterol
and B-sitosterol are the typical phytosterols found across all seven different straws.
Interestingly, a high level of wax esters is also present in the sunflower straw as over
18% of the extract is aliphatic wax esters. Currently, sunflower straw is being
developed for use as a major component of particle boards to replace wood-based
panels so extraction of sunflower straw for sterols and wax esters prior to particle
board manufacture means adding value to the low cost agricultural by-product.”®
Sunflower appears to be a good potential biomass for scale up extraction due to its
high sterol and wax ester content in its straw but the crude yield of sunflower straw
hexane extract is only a very low 0.3%. With such low extraction yield, it is possible
that extraction is not very economically viable as there would be less kg of product
extracted per kg of CO,. However, if the sunflower straw was to be sorted and pre-
treated to remove the large cellulosic core and then solely extract the straw surfaces

then it may improve the economics but a full economic analysis must be carried out



due to the extra cost in processing step. As an extra pre-treatment step will have to be
added, the overall economics of the whole process needs to be assessed. Sunflower
straw wax does not contain any fatty alcohols which is an important group of
compounds in many cosmetics applications such as cosmetic creams but oat straw
wax showed an exceptionally high fatty alcohol content.”®® Above 1700 pgg™ of fatty
alcohols can be found in oat straw which is 2.5 times higher than the second highest,
barley straw. About 17% of the oat straw hexane extract was fatty alcohols which
makes it the biggest identified wax group found in oat. The results are in agreement
with results from oat leaf wax where 45% of the identified compounds is fatty
alcohols.'® Wax esters are the main wax group found in sunflower straw as almost of
the half of the quantified hexane extract is found to be wax esters with chain lengths
of up to at least 56 carbons. This could potentially be a good source of biomass for the
extraction high wax esters-based waxes. It was reported that at least 65% of the
sunflower seed wax was found to be aliphatic wax esters with the most predominant

being wax esters with 42 total alkyl chain length.?*

Wheat and barley which showed a high hexane yield of about 1% do not have
distinctive high levels of a specific wax group but both of these cereal straws are the
only biomass to contain B-diketones which are interesting molecules with potential to
be metal chelators.®® %2 Both of the hexane extracts contain at least 2000 pugg™ of B-
diketones with the predominant B-diketone being 14,16-hentriacontanedione. Bagasse
hexane extract contains the lowest amount of identified compounds and aldehydes
were mainly found in this extract with carbon chain length from C,s — C35 Which is in
agreement with data from sugarcane wax.”' Most of the other straw waxes only
contain long chain aldehydes with chain lengths C,s — Cso. Aldehydes are usually the
intermediates between alcohols and fatty acids. The low amount of identified
compounds in the bagasse extracts suggests that the majority of the compounds were
too non-volatile to be analysed by GC therefore it would be interesting to carry out
HPLC or GPC fractionation on the extract and identify the higher molecular weight
compounds. Derivatisation can also be carried out on the waxes to improve peak
shape and increase volatility. No wax esters have been reported previously in
sugarcane wax however, large triglycerides of Cs; — Cs; have been identified.”®* The
study of sugarcane wax showed that the wax contains mainly aldehydes, fatty alcohols

and n-alkanes which are the three main groups identified. Aldehydes can be useful in
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the flavour industry and from the identified compounds; the major wax group in the
extract is the long chain aldehydes which means the purity is high, and therefore less

downstream processing is required for the recovery of these aldehydes.

Considering the biomass availability, percentage crude yield and the chemical
composition profile (high in sterols, fatty alcohols and wax esters), wheat, barley and
oat straw were chosen for the scale up trials. These three agricultural crops are the top
three cereals grown in the UK and as the chemical compositions were somewhat
similar, wax blending at a later stage can be considered for formulations. Wheat and
barley straw were selected due to the extracts containing unique -diketones as well as
relatively high levels of other valuable wax groups such as wax esters, sterols and
fatty alcohols. Oat straw wax showed exceptionally high quantities of wax esters,

sterols and fatty alcohols which have many important applications such as cosmetics.
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Table 4.4: Quantification of hexane straw waxes (% in extracts)

Identification

Hexane (% in extract) (n>2)

Wheat Barley Oat Oilseed Rape Sunflower Miscanthus  Bagasse
Tetradecanoic acid (Cy4) 04+0.07 0.4+£0.02 0.3+0.02 02+002 01+0.06 0.2+0.02 Tr
Hexadecanoic acid (Cy) 3.3+05 1.8+0.1 3.1+£0.3 38102 3.8+0.3 6.7+£09 1.8+0.03
Octadecadienoic acid (Cyg:») 0.7 £0.02 05+0.02 0.5+0.03 0.3+0.08 0.1 +£0.07 Tr Tr
Octadecenoic acid (Cyg.1) Tr 1.1+0.01 0.2 +0.05 0.2+0.01 Tr 0.8 +0.05 Tr
Octadecanoic acid (Cyg.q) 05+0.01 0.4+£0.04 0.6+£0.01 1.4+0.2 0.8+0.02 0.8+£0.05 0.5%0.08
Eicosanoic acid (Cyp) Tr Tr Tr Tr 1.3+0.1 Tr Tr
Total free fatty acids 49106 4.2+0.28 47+04 6.0+ 0.5 6.1+055 85+1.0 23+0.11
Heptacosane (Cy7) 05+0.1 0.4+0.01 0.2+0.02 0.4+0.07 1.5+£0.08 13+04 09+0.1
Nonacosane (Cag) 23104 7.44+0.2 11.0°+0.3 16.2+1.1 33102 25103 1.0°+0.2
Hentriacontane (Ca;) 1.9°+0.3 1.4°+0.3 1.4°+0.1 45+0.2 1.8+0.08 18+0.08 5.3°+0.3
Triatriacontane (Csz) 1.0+ 0.02 1.0+0.2 Tr Tr Tr 1.0+£0.05 04=+0.02
Total hydrocarbons 56%+0.82 10.2°+0.71 12.6°+042 259=*1.4 66+04 65+0.83 7.5+0.69
Hexacosanol (Cy) Tr 95°+09 14.2°+0.8 Tr Tr Tr 1.2%+0.04
Octacosanol (Cyg) 7.3%+0.2 1.9°+0.1 2.8°+0.1 Tr Tr 3.2+0.1 6.9+0.2
Total fatty alcohols 7.3*+0.2 11.4%+1 17.1*+0.9 Tr Tr 32+01 81%024
Hexacosanal (Ca) 0.1+£0.02 1.2+0.03 25+0.1 13.7+03 0.2+£0.02 0.5£0.05 03+0.1
Octacosanal (Cys) 1.1+ 0.05 0.4+0.02 0.4 £0.05 3.8+0.2 0.8+0.08 6.1+1.3 5.6 +0.4
Triacontanol (Csp) Tr Tr Tr 2.2+0.03 Tr Tr 1.7+0.02
Dotriacontanal (Cs,) Tr Tr Tr Tr Tr Tr 1.1+0.08
Tetratriacontanal (Cs,) Tr Tr Tr Tr Tr Tr 1.2 +£0.06
Hexatriacontanal (Csg) Tr Tr Tr Tr Tr Tr 0.2+0.02
Total aldehydes 1.3+0.07 15+0.05 29+0.15 19.7+053 0901 66+14 10.1+0.68
Tetracosanyl hexadecanoate (C,4:Cy6) | 0.3 +£0.02 1.0+£0.1 0.4+£0.04 Tr Tr 0.2+0.01 Tr
Hexacosanyl hexadecanoate (Cy:Cy) | 0.8 0.2 3.1+03 0.4+0.12 Tr 0.7+0.08 0.7+0.09 0.3%£0.1
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Table 4.4 (continued)

Octacosanyl hexadecanoate (Cyg:Cyg) 0.8+0.2 3.1+£0.3 1.1+£0.03 0.5+0.05 22+008 21+£009 1.1+0.08
Wax ester 3 and 4 Tr Tr Tr 13+04 Tr Tr Tr
Octacosanyl octadecanoate (C,5:Cyg) 3.2+04 9.0+0.5 2.8+0.9 0.6 £0.09 2.8+0.8 15+0.04 0.6+0.09
Octacosanyl eicosanoate (Cag:Cy) 1.7 +£0.03 77+21 1.8+04 0.8+0.04 3.6+1.2 1.6+0.02 0.6+0.06
Wax ester 5 Tr Tr Tr 0.4£0.01 Tr Tr Tr
Octacosanyl dosanoate (C,5:Cy,) 21+0.3 23+04 0.8+0.2 0.5+0.02 3.4+09 1.1+£003 05+0.01
Octacosanyl tetracosanoate (C,g:Co4) 0.7 £0.08 0.7+0.3 1.8 +0.08 0.5+0.03 25+06 05002 05%0.03
Octacosanyl hexacosanoate (C,g:Cog) 0.5+0.09 0.6+0.1 1.1 +£0.02 0.4 +0.08 15+04 0.2+0.06 0.4+0.04
Octacosanyl octacosanoate (Cog:Cog) 1.3+0.1 0.4 +0.07 08+04 Tr 1.7+0.1 04+0.1 1.6+05
Total wax esters 121+14 28.0+5.22 129+22 48+0.76 184+4.1 8.4+0.3 5.8+0.81
Campesterol 1.2+£0.3 2.9+£0.09 0.9+£0.03 Tr 0.2+0.03 36%0.2 Tr
Stigmasterol 1.4+£0.2 28+0.1 0.7£0.08 3503 50+0.1 21+0.1 Tr
B-sitosterol 1.0+£0.08 6.1+0.3 0.9+0.2 6.3£0.4 3.0+0.2 53106 0.8+£0.02
Sterol 1 0.7 £0.02 Tr Tr Tr 32+£0.08 53+1.8 Tr
A’-Sitosten-3-one 20+£0.14 19+0.1 0.6£0.1 2404 1.7+0.1 Tr 1.1+£0.08
Sterol 2 0.9+£0.03 Tr 0.6 £0.05 1.6+£0.1 1.2+£0.1 16+£0.2 Tr
Sterol 3 Tr Tr 1.0+£0.2 Tr 14+£04 Tr Tr
Sterol 4 Tr Tr Tr Tr 1.0+£0.01 Tr Tr
Sterol 5 Tr Tr Tr Tr 42+0.1 Tr Tr
Sterol 6 Tr Tr Tr Tr 0.8 £0.02 Tr Tr
Sterol 7 Tr Tr Tr Tr 2.0+£0.04 Tr Tr
Total sterols 7.2+0.8 13.7+0.6 4.6 +0.69 13.8+1.2 106+14 17929 19+0.1
14,16 hentriacontanedione (Cs;) 148+34 195+29 Tr Tr Tr 20+0.2 Tr
16,18 triatriacontanedione (Cs3) 3.0 £0.3 23+04 Tr Tr Tr Tr Tr
Total p-diketones 178+37 218+33 Tr Tr Tr 20+£0.2 Tr
Nonacosan-15-one (Cy) Tr Tr Tr 5014 Tr Tr Tr
Total ketone Tr Tr Tr 50+1.4 Tr Tr Tr




Table 4.4 (continued)
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Total identified ‘ 384+68 69.2+109 55.0x49 75.3+58 426+63 532+78 357+26
& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1
Table 4.5: Quantification of hexane straw waxes (ugg™ of biomass)

dentification Hexane pugg™ of biomass (n > 2)

Wheat Barley Oat Oilseed Rape  Sunflower Miscanthus Bagasse
Tetradecanoic acid (Cy4) 41+£7.2 46 £2.3 42 +2.8 11+1.1 3+1.8 6+0.6 Tr
Hexadecanoic acid (Cy) 380 +57.6 194 +£10.8 422 +40.8 276 £ 145 128 £10.1 222 +29.8 94+16
Octadecadienoic acid (Cyg:») 84+24 48+1.9 71+7.1 25+6.7 5+35 Tr Tr
Octadecenoic acid (Cyg.1) Tr 115+ 105 30+1.5 15+0.4 Tr 25+1.7 Tr
Octadecanoic acid (Cygq) 54+1.1 46 + 4.6 78 +2.6 102 +14.6 26+0.7 28+1.8 24 +3.8
Eicosanoic acid (Cg) Tr Tr Tr Tr 44 +3.4 Tr Tr
Total free fatty acids 559 + 68.4 449 +29.9 643 +54.7 430 +35.8 207 £18.7 282 +33.8 117 £5.6
Heptacosane (C,7) 55+ 11 41+1 30+3 27 +£4.7 52+2.38 43 +13.2 44 +49
Nonsacosane (Cyg) 265 + 46.1 782 +21.1 1498*+409 1170+79.4 112 +6.8 81+9.7 49 +11.3
Hentriacontane (Cs;) 215%+ 33.9 153* + 32.8 192%+13.7 322+14.3 60 +3 59+2.6 270+ 17.3
Triatriacontane (Cs3) 113+2.3 108 +21.6 Tr Tr Tr 33+1.7 22+1.1
Total hydrocarbons 649% + 95 1084+ 755 1720°+57.3 1865+ 98.7 224 +£12.6 216 +£27.6 384%+35.3
Hexacosanol (Cy) Tr 1011% + 1937 + Tr Tr Tr 63%+2.1
Octacosanol (Cyg) 843% + 198% + 249% + Tr Tr 104 + 350%+10.1
Total fatty alcohols 843% + 1209% + 2186% + Tr Tr 104 + 4128 +12.2
Hexacosanal (Cy) 204 174+ 4.4 524 +21 990 +21.7 5+05 17+17 15+5
Octacosanal (C,g) 202+9.2 62+3.1 83+10.4 272 +£14.3 26 +£2.6 200 +42.6 288 +20.6
Triacontanal (Cz) Tr Tr Tr 157 +£2.1 Tr Tr 86+1
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Table 4.5 (continued)

Dotriacontanal (Cs,) Tr Tr Tr Tr Tr Tr 54 +3.9
Tetratriacontanal (Cs,) Tr Tr Tr Tr Tr Tr 62 +3.1
Hexatriacontanal (Csg) Tr Tr Tr Tr Tr Tr 101
Total aldehydes 222 +£12 236 7.9 607 £31.4 1419 +38.2 31+34 217 £ 44.4 515+ 34.7
Tetracosanyl hexadecanoate (C,,:Cis) 39 £ 26 110+ 11 58 +5.8 Tr Tr 6+0.3 Tr
Hexacosanyl hexadecanoate (Cy5:Cy6) 94 +24.7 326 + 358 145 + 435 Tr 25+2.9 25+3.2 18+6
Octacosanyl hexdecanoate (Cyg:Cyg) 366 +91.5 955+ 955 385+10.5 33+3.3 75+2.7 71+3 58 +4.2
Wax ester 3 and 4 Tr Tr Tr 88 £29.8 Tr Tr Tr
Octacosanyl octadecanoate (C,g:Cyg) 190 £23.8 811+44.2 248 £79.7 41+£6.2 95+27.1 51+1.4 31+47
Octacosanyl eicosanoate (Cag:Ca) 180 + 3.2 352 + 96 302 +£73.8 60 + 3 123 +41 51+0.6 31+3.1
Wax ester 5 Tr Tr Tr 26 £0.7 Tr Tr Tr
Octacosanyl dosanoate (Cys:C»,) 240+ 35.4 239 +£41.6 107 +30.8 36+14 116 + 30.7 371 26+0.5
Octacosanyl tetracosanoate (Cg:Co4) 80+9.1 70+ 30 248 + 11 37+2.2 85+20.4 16 £0.6 25+15
Octacosanyl hexacosanoate (C,g:Cog) 54 £9.7 68 £15.9 155+2.8 26 +5.2 52 £13.9 8x1 2121
Octacosany!l octacosanoate (Cog:Cog) 150+115 39+6.8 113 +£56.5 Tr 58+3.4 13+3.3 83+259
Total wax esters 1394 +163.5 2970+553.7 1761+303.1 346+54.8 627 + 139 277+£9.9 294 +41.1
Campesterol 138 + 35.7 312+9.7 119+4 Tr 711 118+7.9 Tr
Stigmasterol 160 + 26.3 297 £12.7 90 +10.3 252 +20.9 170+4.8 69 +3.3 Tr
B-sitosterol 112+9 649 + 28.7 122 +31.2 455 +31.8 102 +8.2 175+ 185 42+1.1
Sterol 1 83+24 Tr Tr Tr 108 +2.7 176 +59.7 Tr
A*-Sitosten-3-one 228 £ 16 200 £13.7 84 +14 173 +29.6 57+4 Tr 55+14
Sterol 2 105+3.5 Tr 76 +6.3 117 +£5.9 42+£4.6 52+7.2 Tr
Sterol 3 Tr Tr 139 +27.8 Tr 47 +13.8 Tr Tr
Sterol 4 Tr Tr Tr Tr 32+£0.3 Tr Tr
Sterol 5 Tr Tr Tr Tr 143+4.4 Tr Tr
Sterol 6 Tr Tr Tr Tr 28+£0.7 Tr Tr
Sterol 7 Tr Tr Tr Tr 67 +1.3 Tr Tr




Table 4.5 (continued)

Total sterols 827 £ 93 1457 + 64.9 631 +94.7 996 + 88.1 360 £ 45.8 591 + 95.6 97 +5.1
14,16 hentriacontanedione (Cs;) 1707 £392.1 1931 +287.2 Tr Tr Tr 68+7.8 Tr
16,18 triatriacontanedione (Cs3) 343 +35.4 228 +38.7 Tr Tr Tr Tr Tr
Total B-diketones 2051 +427.5 2160+ 325.9 Tr Tr Tr 68+7.8 Tr
Nonacosan-15-one (Cyg) Tr Tr Tr 363 +101.6 Tr Tr Tr
Total ketone Tr Tr Tr 363+ 101.6 Tr Tr Tr
Total identified 6544 +£1160.5 9565+ 1506.6 7547 +680 5419+4145 1449+212.6 1582+232.5 1820+ 132.5

|44

& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1

Table 4.6: Quantification of ethanol straw waxes (% in extract)

. Ethanol (% in extract) (n>2)
Identification
Wheat Barley Oat Oilseed Rape  Sunflower Miscanthus  Bagasse

Tetradecanoic acid (Cy4) 0.3+0.04 0.8%0.03 Tr Tr Tr 0.8+ 0.3+0.04
Hexadecanoic acid (Cys) 27%0.1 28+0.1 09x0.01 4.1+0.03 1.6 £0.03 1.3+ 0.6 £0.05
Octadecadienoic acid (Cyg:) 04+0.1 1.1+0.1 0.1+£0.03 35+0.2 Tr Tr Tr
Octadecenoic acid (Cyg:1) 1.0+£0.08 1.6+0.2 04+0.1 3.7+0.2 Tr 0.1+£0.01 0.1+0.01
Octadecanoic acid (Cg) 04+0.02 06+£0.07 0.2+0.06 1.3+£0.07 0.3+0.04 01+£002 0.1£0.02
Eicosanoic acid (C,) Tr Tr Tr Tr 0.4 +£0.07 Tr Tr
Total free fatty acids 48+04 6.8+059 16+022 126+055 23%014 24+017 11+0.12
Heptacosane (Cy7) 02+0.01 02+£0.02 23%0.1 Tr 04+0.03 02+003 0.1+£0.02
Nonacosane (Cag) 09+007 0.1°+0.03 11°+004 3.7°+0.2 0.7+0.02 06+001 0.1+0.03
Hentriacontane (Cs;) 27+0.04 06°+0.01 0.3+0.02 16°+0.06 03+001 02%001 1.4+0.09
Triatriacontane (Czs) 04+0.03 0.4+0.05 Tr Tr Tr Tr Tr
Total hydrocarbons 4.2+0.15 1.4+01 37x0.16 5.2+0.23 36+006 1.0+£005 17%0.14




(444

Table 4.6 (continued)

Hexacosanol (Cy) Tr 49°+02 14°%0.1 47%+0.1 Tr Tr Tr
Octacosanol (Cg) 35+02 08°+0.09 03+002 20°+0.09 Tr 0.4 £0.03 Tr
Total fatty alcohols 35+021 57°+032 1.7°+0.14 6.8%°+0.21 Tr 0.4 £0.03 Tr
Hexacosanal (Cy) Tr 0.1+£0.02 0.3+0.04 Tr Tr Tr 0.1 +£0.03
Octacosanal (Cys) Tr Tr Tr Tr 0.3+001 05+0.04 1.1+0.12
Triacontanal (Cz) Tr Tr Tr 0.3+0.03 Tr Tr 0.4 +0.09
Dotriacontanal (Cs,) Tr Tr Tr Tr Tr Tr 0.2+0.02
Tetratriacontanal (Cz,) Tr Tr Tr Tr Tr Tr 0.2+0.03
Total aldehydes Tr 0.1£0.02 03+0.04 0.3+£0.03 03+001 05+£004 1.9%0.29
Tetracosanyl hexadecanoate (Cy4:Cig) Tr 0.3+0.01 Tr Tr Tr Tr Tr
Hexacosanyl hexadecanoate (C»:C) | 0.3£0.04 1.0£0.02 0.2+0.03 0.4 +0.02 0.3+0.01 0.1+£0.02 Tr
Octacosanyl hexdecanoate (Cg:Cyg) 1.0+003 12+0.03 0.4+0.02 1.0 +0.03 0.3+0.02 0.3%0.04 Tr
Octacosanyl octadecanoate (C,5:Cyg) 08+0.01 09+0.02 0.2£0.02 Tr 0.4+£0.02 03x0.05 Tr
Octacosanyl eicosanoate (C,g:Cx) 05+0.02 08%+0.01 0.2+0.08 Tr 04+005 0.2+0.06 Tr
Octacosanyl dosanoate (Cy5:C»,) 0.7+0.03 03+0.09 0.1+0.01 Tr 0.3+0.06 0.1+0.08 Tr
Octacosany! tetracosanoate (C,g:Coy) 02+001 02%+0.08 0.1+0.04 Tr 0.2 +£0.08 Tr Tr
Octacosanyl hexacosanoate (C,g:Co) 0.2+0.01 Tr Tr Tr 0.2 +£0.09 Tr Tr
Octacosanyl octacosanoate (Cag:Cos) 0.4+£0.04 Tr Tr Tr 0.2+0.01 Tr Tr
Total wax esters 41+019 47+026 12102 1.4 £0.05 44+034 1.0+0.25 Tr
Campesterol 0.6 £0.04 1.3+£0.1 Tr 05+0.04 03+0.003 0.5+0.04 Tr
Stigmasterol 08+0.05 1.3%0.02 Tr 1.8+05 1.3+0.04 0.4+0.02 Tr
[-sitosterol 1.7 £0.09 39+03 04+£0.03 0.7+£0.01 08+0.02 1.0£003 05%0.02
Sterol 1 0.3+0.08 0.6+0.02 Tr Tr 0.8+0.02 0.8%0.09 Tr
A’-Sitosten-3-one 1.1+£0.02 Tr Tr Tr 0.6 £0.03 Tr 0.4£0.03
Sterol 2 0.5+0.01 Tr Tr 0.4+£0.01 03+0.1 Tr 0.3+£0.04
Sterol 3 Tr Tr Tr Tr 0.3+£0.1 Tr Tr
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Table 4.6 (continued)

Sterol 4 Tr Tr Tr Tr 0.2+0.1 Tr Tr

Sterol 5 Tr Tr Tr Tr 0.01+0.01 Tr Tr

Sterol 6 Tr Tr Tr Tr 0.2£0.1 Tr Tr

Sterol 7 Tr Tr Tr Tr 0.6x£0.2 Tr Tr

Total sterols 51+029 7.1+044 0.4+£0.03 3.4+0.55 53+0.71 27+0.18 1.2+0.09

14,16 hentriacontanedione (Cs,) 49+0.03 3.9+0.08 Tr Tr Tr 0.1 £0.02 Tr

16,18 triatriacontanedione (Cs3) 1.1+0.05 Tr Tr Tr Tr Tr Tr

Total p-diketones 6.1+0.08 3.9x0.08 Tr Tr Tr 0.1+0.02 Tr

Nonacosan-15-one (Cy) Tr Tr Tr 1.5+0.004 Tr Tr Tr

Total ketone Tr Tr Tr 1.5+0.004 Tr Tr Tr

Total identified 27.7+132 29.7+181 6.7+ 069 31.3+162 159+153 8.0+082 59+0.72

& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1
Table 4.7: Quantification of ethanol straw waxes (pgg™ of biomass)
Identification Ethanol (pgg™ of biomass) (n > 2)
Wheat Barley Oat Oilseed Rape  Sunflower Miscanthus Bagasse

Tetradecanoic acid (C14) 87 +11.6 159+ 6 Tr Tr Tr 221 +24.9 98 +13
Hexadecanoic acid (Cyg) 910 +40.4 565 + 24.2 753+8.4 742 +5.4 325+6.1 336 + 31 182 +15.2
Octadecadienoic acid (Cyg-) 145 +50.8 209 + 26.6 102 £6.1 645 + 38.7 Tr Tr Tr
Octadecenoic acid (Cyg:1) 325+ 26 314 +45.1 351+22.8 681 +44.2 Tr 37+3.1 33+3.3
Octadecanoic acid (Cyg.q) 135+6.8 113 +13.2 208 £ 62.4 240 £12.9 65+ 8.7 36+10.8 34+6.8
Eicosanoic acid (C,) Tr Tr Tr Tr 71+12.4 Tr Tr
Total free fatty acids 1602 +133.5 1359+ 117.9 1414+194.4 2308+100.7 461+28.1 630 + 65.6 346 £37.7
Heptacosane (Cy;) 72+3.6 48 +4.8 973+42.3 Tr 71+5.3 50+75 43+8.6
Nonsacosane (Cag) 311+24.2 29+ 8.7 292°+108.8 671 +30.8 140+ 4 152+25 44 £13.2
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Table 4.7 (continued)

Hentriacontane (Cs;) 904 +13.4 1177+ 117 Tr 288%+10.8 62+2.1 54 +2.7 418+94.1
Triatriacontane (Cs3) 119 +8.9 79+3 Tr Tr Tr Tr Tr
Total hydrocarbons 1407 £50.3 273*+215 1266%+54.3 959% + 16 710+11.8 256 +12.8 505 +41.6
Hexacosanol (Ce) Tr 984°+46.2 1256°+107.7 867°+22.1 Tr Tr Tr
Octacosanol (Cyg) 1169 +£70.1  152*+17.1 241 +£16.1 373*+16.8 Tr 937 Tr
Total fatty alcohols 1169 +70.1 1136°+63.8 1497°+123.3 1240+ 38.3 Tr 937 Tr
Hexacosanal (Cy) Tr 296 +59.2 180 + 24 Tr Tr Tr 16 +4.8
Octacosanal (Csg) Tr Tr Tr Tr 50+2 127 £10.2 327 £ 35.7
Triacontanal (Cz) Tr Tr Tr 52 +5.2 Tr Tr 107 £24.1
Dotriacontanal (Cs,) Tr Tr Tr Tr Tr Tr 48 +4.8
Tetratriacontanal (Cas) Tr Tr Tr Tr Tr Tr 60+9
Total aldehydes Tr 296 £ 59.2 180 +24 52+5.2 59+ 2 127 +10.2 559 + 8.5
Tetracosanyl hexadecanoate (Cy4:Cyg) Tr 57+1.9 Tr Tr Tr Tr Tr
Hexacosanyl hexadecanoate (Cos:C16) 103 +£13.7 207 £4.1 Tr 81+4.1 39+1.3 21+4.2 Tr
Octacosanyl hexdecanoate (Cg:C1g) 336 £ 10 243 +6.1 191 +28.7 183+5.5 58 + 3.9 79+105 Tr
Octacosanyl octadecanoate (C,g:C1g) 253 +3.2 177+£3.9 380+ 19 Tr 68+3.4 67 +11.2 Tr
Octacosanyl eicosanoate (C,g:Cop) 166 £ 6.6 150+£1.9 182 +£18.2 Tr 77+£9.6 62 £18.6 Tr
Octacosanyl dosanoate (C,5:C,)) 229+9.8 57+7.1 182 +18.2 Tr 71+14.2 32+25.6 Tr
Octacosanyl tetracosanoate (Cyg:C»s) 81+4.1 48 +£9.2 66 + 78.8 Tr 56 +22.4 Tr Tr
Octacosanyl hexacosanoate (Cag:Co) 51+2.6 Tr 101 +404 Tr 32+14.4 Tr Tr
Octacosanyl octacosanoate (Cog:Cog) 145 +14.5 Tr Tr Tr 36+5.1 Tr Tr
Total wax esters 1363 £ 63.2 938+49.9 1102 +183.7 264 £ 9.6 436 £57.5 261 + 65.3 Tr
Campesterol 213+14.2 256 £19.7 Tr 98+7.8 65+0.7 124 +9.9 Tr
Stigmasterol 282 +17.6 267 £4.1 Tr 335+93.1 260+ 8 100+5 Tr
B-sitosterol 557 +29.5 775 +59.6 321+24.1 119+1.7 153+ 3.8 261+7.8 146 +5.8
Sterol 1 114 +30.4 113+3.8 Tr Tr 157 £ 17.7 222 + 25 Tr
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A’-Sitosten-3-one 366 6.7 Tr Tr Tr 111 £5.6 Tr 128 £9.6
Sterol 2 165+ 3.3 Tr Tr 71+£1.8 61 +20.3 Tr 96 +12.8
Sterol 3 Tr Tr Tr Tr 57+9 Tr Tr
Sterol 4 Tr Tr Tr Tr 42 +21 Tr Tr
Sterol 5 Tr Tr Tr Tr 45+43 Tr Tr
Sterol 6 Tr Tr Tr Tr 112 £37.3 Tr Tr
Sterol 7 Tr Tr Tr Tr 45+ 15 Tr Tr
Total sterols 1697 £96.5 1412+87.5 321+24.1 623+102.6 1109+150.7 707 x47.1 371+28.2
14,16 hentriacontanedione (Cs;) 1763 £ 10.8 776 £15.9 Tr Tr Tr 34+6.8 Tr
16,18 triatriacontanedione (Czs) 406 +18.5 Tr Tr Tr Tr Tr Tr
Total B-diketones 2169 +28.4 776 £15.9 Tr Tr Tr 34+6.8 Tr
Nonacosan-15-one (Cy) Tr Tr Tr 280+ 0.8 Tr Tr Tr
Total ketone Tr Tr Tr 280+0.8 Tr Tr Tr
Total identified 9408 + 448.3 6191 +377.3 5779 +595.2 560 + 29 2775+ 267 2109+261.2 1780+ 217.2

& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1
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Production scale extraction of cereal straw waxes

43.1 Raw materials

Wheat (Triticum aestivum), barley (Hordeum vulgare) and oat (Avena sativa) were the three
cereal straws selected for the scale up trials from the preliminary straw wax screen. Air-dried
cereal straws were physically pre-treated by Sundown Products Limited as described in Section
6.2.2. The moisture levels of the straw pellets were confirmed to be less than 10% by following
the procedure described in Section 6.2.1 prior to extraction. It must be noted that the varieties
of the straws were mixed so there may be variation in any of the initial biomass screens,
organic solvent or CO, extraction data compared with that discussed in Chapter 2 and Chapter
3. As well as variation in varieties, the raw material is a natural product so other variations
such as regional and seasonal must be considered when comparing the results. Although much
effort was made to keep the materials the same in the extraction process itself, these
uncontrolled parameters could influence both positively and negatively the quality of the raw
materials, therefore indirectly affecting the quality of the wax products. Deswarte investigated
the wax content of wheat straw variety Sabre in 2003 and 2005, and highlighted the differences
in extraction yield for two different harvesting years and suggested it was due to environmental
factors. Environmental factors such as rainfall have shown to have a big influence on wax
production in plants.*” #* #* As shown in Section 4.2.2, straw of different varieties from the
same season and region can also have different wax content and this is due to the genetics of
the plants.* There are controllable factors that could also influence the wax content and
chemical composition and these include storage conditions and pre-treatment methods.*" #*
Deswarte showed that the particle size of wheat straw can affect the scCO, extraction efficiency
as small particle sizes can aid the diffusion of CO, through the straw and solubilise the wax
compounds.’® As many factors can influence the wax content, chemical composition and
extraction efficiency, the three different cereal straws used were all winter cereals grown in the
East Midlands in the UK and were harvested in summer 2009. To minimise any variables, the
straws all underwent the same physical pre-treatment and storage conditions described in
Section 6.2.2. The processed straw pellets were first investigated at laboratory scale to ensure
good extraction yield. It would be interesting to investigate the influence on straw waxes of
various environmental factors and pre-treatment methods. From the preliminary solvent and
CO, extraction study, it was concluded that supercritical CO, behaved very similarly to both

hexane and heptane. **



4.3.2  Laboratory extraction trials at York Green Chemistry Centre

Prior to the laboratory extractions, the moisture level of wheat, barley and oat straw pellets
were recorded as 9.5%, 8.4% and 9.4% respectively. The straw pellets were Soxhlet extracted
using heptane following the procedure described in Section 6.2.3. The wax compounds were
identified using GC-MS using the method described in Section 6.3.2 and the key wax
compounds were quantified using calibration data discussed in Section 2.5.1 using the GC
method described in Section 6.3.1. The percentage crude yield for wheat, oat and barley were
1.4%, 1.8% and 2.1% respectively. These yields were generally higher than the percentage
heptane yield presented in the biomass screen in Section 4.2. This could be due to a number of
reasons such as the variety of straw, particle size of straw pellets, and quality of straw. From
this initial heptane laboratory extraction trial, the percentage recovery of wax from the straw
showed promising results for supercritical CO, scale up trials. The chemical composition of the
straw waxes were found to be almost identical which was not expected as from the straw wax
screen, there were distinct differences between the three different cereal crops. The chemical
composition profile is highly comparable with Figure 2.43 shown for wheat straw (Viscount
09) and no new molecules were identified. To investigate this further, quantitative analysis was
carried out to calculate the percentage of individual wax compound in the extracts. Table 4.8
displays the normalised percentage wax compound in extract (100%) and as pg of wax
compound per g of cereal straw. The quantities for the different wax groups are very similar
with about 7 — 12% of free fatty acids, 7 — 9% of hydrocarbons, 2% of octacosanol, 1 — 2% of
aldehydes, 9 — 10% of wax esters, 5 — 8% of sterols and 3 — 14% of 14,16-hentriacontanedione
in the straw waxes. Barley straw showed the highest level of sterol content out of the three
cereal straws which are in agreement of a sterol study on the three identical mature cereal
straws.'®” However, the study showed that oat straw contains a higher sterol content compared
to wheat straw which is not the case with the raw materials used for the industrial scale trials.™’
It was also reported that cholesterol was also identified as one of the main wax components but
no cholesterol was found in any extracts from all seven biomasses.’®” The total identified
compounds varied between 38 — 47% and taken into the crude extraction yield, the percentage
of lipophilic fraction in wheat; oat and barley straw heptane extracts are 0.5%, 0.9% and 1%
respectively. This showed that oat and barley straw have higher wax content and can yield a
higher value product however, wheat straw is the most abundant and cheapest agricultural

cereal crop in the UK so offers the greatest potential source of renewable wax.?® All three
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straws were used for the supercritical CO, scale up trial with no pre-treatment modification

other than initial milling and pelleting.

Table 4.8: Quantification of laboratory scale heptane Soxhlet extraction wheat, barley and oat straw

wax components

Identification

% in extract (n > 2)

pgg™ of biomass (n > 2)

Wheat Barley Oat Wheat Oat Barley
Tetradecanoic acid (Cys) Od?ozi %E; %%; 66+2.6 126+36 184+4.1
Hexadecanoic acid (Css) 1(5?05 %i; %f 224+14 974+216 922 +147
Octadecadienoic acid (Cyg) 16.103i %zf 8.'§oi4 161+44 301+18  40+11
Octadecenoic acid (Cyg.) %%g %%;f %%;f 4fff 639458  274+6.8
Octadecanoic acid (Cya) %%f %%f 07400 | 87+15 154+68 139+4.6
Total free fatty acids %71;: 13:1211 gi; 92412 li Zig%i 1559 + 31.6
Heptacosane (Cy7) %%j %%; %%; 78452 100+33  136+5.3
Nonsacosane (C,g) %gf 5(.)9121: %%j 232+14 1057+6.3 840 +8.9
Hentriacontane (C,) a2+01 20% 241 1503190 355+18 50267
0.01 0.03
Triatriacontane (Cas) %%f %%f %%; 90+17 92+18 127451
Total hydrocarbons 2113 %glg 261; 92974 li 122?’; 1605 £ 23.5
Octacosanol (Css) 20+0.1 %‘%;-L %‘%j 21877 zi 440+128 428+88
Total fatty alcohol 20 Ay A0 | 2TF a0:128  428+88
Hexacosanal (Cy) %2011 %%g %%; 29+1.6 240 + 10 109+6.5
Octacosanal (Css) %g %%li %24* 191+44 162422 148487
Total aldehydes %‘%4* %%g %‘%71 219+6  401+122 257+152
(Tc‘f:f‘éi’sa”y' hexadecanoate %%; %%1* %zf 64+3 110418 151427
(Hcez’;f"é‘j:)a”y' hexadecanoate %‘%g %;—L %‘%j 184+7.1 250+54  309+8.9
Octacosmy hexcecanoste | 165 195 50101 | gpyigs amess @3+233
%::‘éolz)a”y' octadecanoate %%21 %)'.%11 %E; 104432 230422  366+6.9
Chomseme | 2e Me 1 e s
%::‘é’;)a”y' dosanoate %})31 %)'.%)11 %)'.%)21 287481 195+24  234+45
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Table 4.8 (continued)

Octacosanyl tetracosanoate 09+ 09+ 05=
(CpeCaa) 0.01 0.02 0.004 Tr 161+4.1 102 +0.9
Octacosanyl hexacosanoate 05+
(C25:Cac) Tr 0.002 Tr Tr 99+0.5 Tr
Octacosanyl octacosanoate 0.8+
Tr Tr Tr 153+6.5 Tr
(C28:Cas) 0.03
89+ 99+ 1247 + 1781 +
Total wax esters 017 0.15 9.0+0.3 415 273 1883 £ 66.7
10 £ 09+ 11+
Campesterol 0.03 0.02 0.01 142 +45 164+43 233+£28
. 1.0+ 0.7+ 1.0+
Stigmasterol 0.03 0.03 0.03 133+42 119+58 2057
B-sitosterol g'goi %‘%f %‘%g 416+06 388421 477+195
1.4+ 0.6+ 09+
Sterol 1 0.03 0.01 0.02 192 +4.7 113+2.4 181 +45
4 e 1.0+ 09+ 20+
A"-Sitosten-3-one 0.02 0.02 0.03 137+3.2 163+43 428 £ 6.6
Sterol 2 %%f Tr Tr 120 £ 1.6 Tr Tr
8.1+ 53+ 7.3+ 1140 +
Total sterols 0.12 0.09 018 18.8 947 £18.9 1525404
. . 58+ 143+ 459 + 1047 £
14,16 hentriacontanedione (Cs;) | 3.3+0.1 0.29 03 10.8 524 3005 + 66
. 33% 58+ 143+ 459 + 1047 £
Total p-diketones 0.14 0.29 03 19.8 524 3005 + 66
. - 378+ 46.8 + 489 + 5287 8415 + 10262 +
Total identified 0.93 0.95 12 £1515 1759 243.4

Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1

4.3.3 Production scale extraction trials at Evonik Industries

Previously, pilot scale scCO, extraction of wheat straw at 313 K and 30 MPa using 74 kg of
raw materials led to a recovery of 5 kg of wet wax products (containing 5.6% water).* In
collaboration with Botanix, the flow rate and extraction time were selected according to the
company’s recommendation which were 350 kgh™ and 3.5 hours respectively.”® This
production scale extraction of wheat, barley and oat straw was carried out in collaboration with
Evonik Industries using raw materials from Sundown Products Limited. The optimal operating
supercritical CO, conditions were determined to be 323 K and a minimum of 35 MPa. High
temperatures such as 373 K (Chapter 3) showed an increased co-extraction of non-wax
components so for this reason a temperature of 323 K was selected. The flow rate and

extraction time were adopted using Evonik’s recommendation. As the preliminary studies were
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carried out with four hour extraction time, it was suggested the production scale extraction
should be a similar extraction time. Table 4.9 summarises the extraction conditions for the
production scale scCO, extraction of three tonnes of straw waxes (one tonne wheat straw, one
tonne oat straw and one tonne barley straw) using 2 x 200 L extractors. As the maximum
operating pressure for the plant used is only 28 MPa, the operating extraction pressure for wax
extraction was dropped to 26 MPa. The bulk densities, hexane Soxhlet extraction yields and
moisture levels of the three straw waxes were completed by Evonik Industries prior to
production scale extraction as part of the standard operating procedure. The bulk density of the
straw pellets allows the estimation of number of batches required for total extraction therefore
predicting the total extraction time. Due to the size of the extractors used, the extractions must
be carried out in batches. Currently, all industrial extractions are carried out in batch processes.
An extraction of 200 L can accommodate a minimum of 90 kg of straw pellets with bulk
density of about 0.6 gcm™. Hexane Soxhlet extraction of the straw pellets was carried out to
check for percentage wax recovery as hexane and scCO, extraction yields are typically very
similar. Moisture level of the straw pellets was determined as scCO, can co-extract any water in
the raw material therefore if the level of moisture is too high the physical properties of the CO,
such as polarity can be modified. When the conditions from the production scale was compared
to the optimisation carried out as described in Chapter 3, the estimated yield was highly
comparable. This shows that the model in Chapter 3 is relatively accurate when predicting

extraction yields and would be useful for future scale up trials.

During the process, one significant problem was encountered as the wax product has a high
melting point which means the extract can solidify easily. After ten extractions without
emptying the separator, the wax had solidified after the depressurisation valve and in the
separator. The separator temperature was only set at 323 K so the wax was not molten. This
problem was not apparent in laboratory scale extractions as the quantity of wax in the separator
was not enough to block the pipes and also the separator was emptied after each extraction. To
overcome the blockage problem, Evonik Industries decided that a ratio of 0.7 — 1.5 parts of
rapeseed oil needed to be added as a carrier oil to clear the pipes as indicated in Table 4.10.
This was carried out by injecting the oil into the high pressure line between the extractor and
separator. This additional oil is not ideal as it leads to wheat straw wax diluted with rapeseed oil
which means separation is required prior to any analysis and further processing. A total of five

batches of wheat straw waxes (in addition to the 10 batches retrieved without oil) were diluted



with rapeseed oil and details for the weight of wheat straw and percentage yields for these
batches are shown below.

Table 4.9: Summary of production scale scCO, extraction conditions

Straw Wheat Oat Barley
Total weight of raw materials (kg) 895 1095 1080
Bulk density (gcm®) 0.61-0.64 0.63 0.63
Extraction temperature (K) 323-343 323-343 323-343
Extraction pressure (MPa) 26 26 26
Flow rate (kg of CO, per kg of straw pellets) 50 - 60 50 - 60 50 - 60
Extraction time (hours) 4 4 4
Number of batches 10 12 12
Extraction crude yields (%) 1.3 1.8 2.5

Table 4.10: Summary of carrier oil-containing wheat straw waxes

Straw Wheat Wheat Wheat Wheat
Total weight of raw materials (kg) 95 95 190 90
Extraction temperature (K) 323-343 323-343 323-343 323-343
Extraction pressure (MPa) 26 26 26 26
Flow rate (kg of CO, per kg of straw pellets) 50 - 60 50 - 60 50 - 60 50 - 60
Extraction time (hours) 4 4 4 4
Wax: rapeseed oil (carrier oil) ratio 1:1.5 1:1.2 1:0.7 Low
Percentage yields (including carrier oil) (%) 7.28 8.12 4.24 2.0

Due to blockage problems from solidifying waxes, the separator temperature had to be
increased to ensure the wax remains molten in the pipelines and separator so the wax can be
recovered easily. The majority of the wheat straw wax was fully melted at about 343 K so the
temperature of the separator for the remaining batches of straw was set to 343 K and this was
shown to be a good way to retrieve the wax. In this scale up trial, the extraction pressure had to
be lowered due to the limited capability of the plant and the separator temperature was
increased to enable easier handling of the extracted wax.
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The waxes collected from the scCO, production scale trials were different to those from scCO,
laboratory scale waxes as the volume of co-extracted water was larger. Wet waxes were also
recovered in the pilot scale extraction of wheat straw waxes.'® Water is not co-extracted during
solvent extractions so this is not a problem that needs to be dealt with when using traditional
non-polar organic solvents. The co-extraction of water is discussed in more detail in Section
5.2.1. Figure 4.16 shows the percentage crude yields for the laboratory solvent extractions
carried out both in York and in Evonik Industries. The graph also shows the supercritical CO,
wet and dry yield from production scale extractions. The supercritical CO, yields looked highly
comparable when the co-extracted water was included however, once the water is removed, the
percentage crude yield dropped to a range of only 0.8 — 1.5%. These yields were much lower
than expected as the solvent extraction trials were between 1.4 — 2.3%. One explanation for the
difference in percentage yield could be due to the lower pressure used for the scale up. A drop
in extraction pressure is equivalent to a decrease in CO, density and it was concluded in
Chapter 3 that the percentage crude yield is highly dependent on the density of CO,. The lower
efficiency of the extraction may also be due to the presence of water altering the solubility of
the different wax components in scCO,. It is possible to carry out a second scCO, extraction
using higher pressure in order to gain more understanding of the chemical composition of the
“missing” yield. As the preliminary trials were carried out using hexane/ heptane, the straw
residues after the production scale scCO, extraction were re-extracted using heptane Soxhlet

extraction.

The scCO, extracted straw residues appeared almost identical to the virgin cereal straw pellets.
However, the extracted straw residues were re-pelletised using the procedure described in
Section 4.2.2 by Sundown Products Limited for animal feed. Figure 4.17 shows a comparison
graph for the supercritical CO, and heptane re-extracted crude yields with heptane Soxhlet
crude vyields. The combined total yields for heptane re-extracted and supercritical CO, are
highly comparable with heptane Soxhlet yields which suggests that the straw residues still
contain unextracted waxes. This indicates that the CO, density used for the extraction was not
high enough to recover the full quantity of the lipophilic fraction. In order to improve the wax
recovery, the extraction pressure must be increased. Increasing the pressure will lead to an
increase in the cost of the process significantly so it must be considered carefully by carrying
out an economical assessment to investigate whether increase in yield is sufficient to justify the

increased extraction pressure.
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Figure 4.16: Laboratory heptane/ hexane Soxhlet and production scale supercritical CO, percentage
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Full identification and quantification of the straw waxes from the production scale supercritical
CO, and laboratory scale heptane re-extracted Soxhlet extracts were carried out. The
chromatograms for these extracts were identical to the heptane Soxhlet extracts which all
looked almost identical to Figure 2.43 in Chapter 2, reinforcing the point that the chemical
composition of the cereal straw extracts are highly comparable. The main differences between
the extracts that give their unique physical properties are the relative abundance of the wax
components. The calibration data for the quantification analysis used for these extracts are
described in Section 2.5.1.

Table 4.11 shows the percentage of wax components in the extracts from the production scale
scCO; extraction as well as the wax components in g per gram of biomass. The recovery of
barley straw wax from the scCO, extraction appeared to be above 100%. This could be due to
the extra percentage added to the total due to the co-elution of hentriacontane (Cs;) and
octacosanol (C,g). The recoveries for all three straw waxes are high which suggested that the
CO, conditions used were highly selective for the lipophilic components. The percentage yields
for each wax groups for the three different straw waxes are similar under scCO, conditions.
Generally as the percentage crude yield for barley straw is the highest, the high value wax
groups such as hydrocarbons, sterols, wax esters, fatty alcohols and hydrocarbons were present
at much higher levels in the straw. The quantity of wax esters found in the barley straw was 2.5
times higher than the wheat straw and, as discussed previously, wax esters are high value
products that have many applications such as in cosmetics and wax polishes. The same trend
can also be seen with hydrocarbons, fatty alcohols and B-diketones as barley straw contains
around 2.5 times more of these wax groups which again have lots of potential high value
applications. Based on the percentage crude yield and chemical composition, barley straw can
be concluded to be the cereal straw with the greatest scale up potential even though the volume
available is significantly less than wheat straw. As scCO, extraction requires high temperature
and pressure, it is very energy intensive, so it is important that the maximum percentage crude

yield is achieved from the process to make it more economically viable.

Table 4.12 shows the percentage of wax components in the extracts from heptane Soxhlet re-
extraction of the straw residues and the wax components in pg per gram of biomass. As
discussed earlier, there was a discrepancy between the heptane Soxhlet (laboratory scale) and
scCO; (industrial scale) yields so this was investigated further. Again the chemical composition

was identical so quantification analysis was carried out. Data showed that the wax components



remaining in the scCO, extracted straw residues were very rich in fatty acids. In the straw
waxes, a range of 16% — 33% of the free fatty acids were not extracted with the scCO,
conditions applied. Some wax esters, sterols and B-diketones were also present in the heptane
re-extracted waxes showing that there is more potential to increase the percentage wax yield by
manipulating the scCO, extraction conditions. Table 4.13 compares the wax components in g
per gram of biomass of heptane Soxhlet (laboratory scale) and the combined values of scCO,
and heptane re-extracted Soxhlet. Small variation in wax composition can be due to random
sampling, different ratios of straw leaf and stalk has been shown that by Deswarte that wheat
straw leaf contains of higher wax content compared to stalk, therefore it may not be surprising
to see different wax profiles.® Mazza compared the wax content of triticale straw extracted
from both supercritical CO, and hexane and showed that the abundance of the main
compounds were different.” It was suggested that this could be due to the intermolecular forces
between hexane and scCO, being different. Hexane is a non-polar solvent so no hydrogen
bonding can be formed whereas in scCO,, polar and hydrogen bonding can occur. As
demonstrated in Chapter 3, the relative abundance of main wax compounds can vary depending
on scCO, conditions so it is not surprising that there is not an exact match of heptane and
scCO, compositional profile. The combined scCO, and heptane yields were higher than heptane
and scCO, yields alone which also suggested that the two solvents can form potentially
different solute-solvent interactions. Mazza extracted flax straw using a combination of both
hexane and scCO, and the solvents individually and also showed that the combined percentage
hexane and scCO, crude yields were highest.® The p-diketones in the heptane Soxhlet extract
of wheat straw wax was almost three times less than the combined values for scCO, and
heptane re-extracted in which at least 98% was extracted by scCO,. It is important to note that
the total identified wax compounds were higher than heptane extracts which showed that
despite the higher heptane yield, scCO, is more selective in the extraction of waxes. Since there
was still a relatively high quantity of free fatty acids remaining in the straw residues as
discussed earlier, this shows another added benefit to using scCO, as the solvent. The lower
level of free fatty acids means less downstream processing is required to reduce the fatty acid

contents of the products.
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Table 4.11: Quantification of industrial scale scCO, extraction of cereal straw waxes

o % in extract Hgg™ of biomass

Identification

Wheat Oat Barley | Wheat Oat Barley
Tetradecanoic acid (C14) 0.5 0.4 0.2 276 54 33
Hexadecanoic acid (Cyg) 35 5.8 4.7 110 713 699
Octadecadienoic acid (Cyg:») 1.4 2.5 1.9 172 303 278
Octadecenoic acid (Cyg:1) 2.2 4.7 3.8 Tr 572 575
Octadecanoic acid (Cyg.q) 0.5 1.3 0.9 37 159 129
Total free fatty acids 8.1 6.0 115 634 731 1714
Heptacosane (Cy;) 0.7 1.0 1.2 58 118 183
Nonacosane (C,g) 2.4 8.6 11.6 187 1053 1726
Hentriacontane (Cs,) 6.8° 4.6° 6.6 531* 562*  981°
Triatriacontane (Css) Tr 0.4 Tr Tr Tr Tr
Total hydrocarbons 9.9* 14.6% 19.3* | 776* 1783* 2889°
Octacosanol (Cyg) 8.9° 11.9* 10.2* | 698* 1454* 1519°
Total fatty alcohol 8.9* 11.9* 10.2* | 698* 1454* 1519°
Hexacosanal (Cy) Tr 2.8 Tr Tr 343 Tr
Octacosanal (Csg) 0.3 1.8 2.2 39 222 327
Total aldehydes 0.3 4.6 2.2 39 565 327
Tetracosanyl hexadecanoate (Cy4:Cyg) 0.6 Tr Tr 45 Tr Tr
Hexacosanyl hexadecanoate (Cyg:C16) 1.0 1.4 0.8 80 168 127
Octacosanyl hexdecanoate (Cyg:C1g) 1.0 1.6 1.5 81 190 218
Octacosanyl octadecanoate (C,g:C1g) 0.7 4.0 3.8 53 488 560
Octacosanyl eicosanoate (Cog:Caq) 0.7 2.4 3.2 57 288 484
Octacosanyl dosanoate (Cyg:C,)) 0.6 2.4 2.8 45 288 417
Octacosanyl tetracosanoate (C,g:Cos) 1.4 1.3 2.3 111 159 344
Octacosanyl hexacosanoate (C,g:Cog) 6.0 1.1 1.3 473 136 191
Octacosanyl octacosanoate (Cog:Cog) 0.7 0.4 1.3 58 55 188
Total wax esters 128 145 169 1003 1771 2530
Campesterol 2.4 2.5 3.0 184 310 455
Stigmasterol 2.4 1.6 2.1 187 191 320
B-sitosterol 6.3 4.4 5.8 490 532 873
Sterol 1 1.9 Tr 1.6 152 Tr 238
A*-Sitosten-3-one 78 40 84 609 488 1252
Sterol 2 1.2 Tr 0.0 92 Tr Tr
Total sterols 219 125 210 1715 1521 3138
14,16 hentriacontanedione (Czy) 16.0 109 212 1257 1337 3164
16,18 triatriacontanedione (Cs3) Tr 0.6 Tr Tr 79 Tr
Total B-diketones 16.0 11.6 21.2 1257 1416 3164
Total identified 675 757 1023 | 5306 9240 15281

& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section
25.1
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Table 4.12: Quantification of laboratory scale re-heptane Soxhlet extraction of cereal straw waxes

o % in extract ngg™ of biomass
Identification
Wheat Oat Barley | Wheat Oat Barley

Tetradecanoic acid (Cy4) 0.4 0.5 0.4 21 29 29
Hexadecanoic acid (Cyg) 2.8 3.0 2.4 145 174 170
Octadecadienoic acid (Cyg:») 0.4 0.5 0.4 20 29 29
Octadecenoic acid (Cyg:1) 1.2 15 1.8 64 89 127
Octadecanoic acid (Cyg.g) 0.9 0.6 0.7 44 35 47
Total free fatty acids 5.7 6.1 5.7 295 356 401
Heptacosane (Cy;) 0.3 0.2 0.2 15 11 12
Nonacosane (C,g) 0.1 0.4 0.3 7 26 23
Hentriacontane (Csy) 04 05 03 19¢ 30 22°
Triatriacontane (Cs3) Tr Tr Tr Tr Tr Tr
Total hydrocarbons 08 11 08 40 67 58%
Octacosanol (Cyg) 06* 07 04° 23* 38 29°
Total fatty alcohol 06* 07 04° 23* 38 292
Hexacosanal (C,g) Tr 0.1 Tr Tr 5 Tr
Octacosanal (Cys) Tr 0.2 Tr Tr 12 Tr
Total aldehydes Tr 0.3 Tr Tr 16 Tr

Tetracosanyl hexadecanoate (Cy4:Cg) 0.4 0.6 0.7 Tr Tr 48
Hexacosanyl hexadecanoate (C:C1g) 0.4 0.6 0.8 22 34 55

Octacosanyl hexdecanoate (C,g:C1s) 0.3 0.5 0.8 23 35 57
Octacosanyl octadecanoate (C,3:Cyg) Tr 0.5 0.6 15 29 43
Octacosanyl eicosanoate (C,g:Cyp) Tr 0.6 0.7 Tr 32 48
Octacosanyl dosanoate (C,5:C,)) Tr 0.6 0.4 Tr 35 31
Octacosanyl tetracosanoate (Cyg:C>s) Tr Tr Tr Tr 33 Tr
Total wax esters 1.2 3.4 4.0 60 197 281
Campesterol 0.6 0.5 04 31 30 30
Stigmasterol 0.5 0.5 0.4 25 29 29
pB-sitosterol 1.5 2.0 14 79 118 102
Sterol 1 0.3 0.2 0.3 17 13 21
A*-Sitosten-3-one 05 03 03 25 16 21
Total sterols 3.5 3.5 2.8 178 206 202
14,16 hentriacontanedione (Cz;) 0.5 1.4 1.6 23 81 141
Total pB-diketones 0.5 1.4 1.6 23 81 141
Total identified 122 16.4 153 619 962 1112
& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section
25.1
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Table 4.13: Comparison of the chemical compositions from heptane Soxhlet, supercritical CO, and heptane re-extracted wax extracts

Identification

Heptane Soxhlet (n > 2)
ugg™ of biomass

Supercritical CO,

ugg ™ of biomass

Heptane re-extracted
Hgg™ of biomass

sxCO, and heptane re-

extracted

ugg ™ of biomass

Wheat Oat Barley Wheat Oat  Barley Wheat Oat  Barley | Wheat Oat Barley
Tetradecanoic acid (C1a) 6626 126+36 184+41 | 276 54 33 21 29 29 208 83 62
Hexadecanoic acid (Cy) 22144i 974+216 922+147 | 110 713 699 145 174 170 255 887 869
Octadecadienoic acid (Cys.) LY s01:18 40211 | 172 303 278 20 29 29 192 332 307
Octadecenoic acid (Cyz.) P e30x58 21468 | Tr 572 575 64 89 127 64 661 701
Octadecanoic acid (Cyg0) 87+15 154+68 139+46 | 37 159 129 44 35 47 81 194 176
Total free fatty acids SO Ploo® 1550%316 | 595 1802 1714 | 205 356 401 800 2157 2115
Heptacosane (Cy7) 78+52 100+33 136+53 | 58 118 183 15 11 12 73 129 195
Nonsacosane (Cag) 2:;24t 1057+6.3  840+8.9 187 1053 1726 7 26 23 194 1079 1749
Hentriacontane (Ca,) 5;)301 3BE5+18  502+67 | 531° 562°  981° 19° 30  22° 550°  591°  1003°
Triatriacontane (Css) 90+1.7 92+1.8 127 £5.1 Tr Tr Tr Tr Tr Tr Tr Tr Tr
Total hydrocarbons P 122551 16054235 | 7760 1783 ogg9r | 40° 67  58° | 816° 1849  2047°
Octacosanol (Cj) T an:x128 428:88 | 98" P 1mer | 23° 3 28 | 7220 1402 1847
Total fatty alcohol 21877 S 440:128 428488 | 698° 1454 15100 | 232 38 207 720 1492% 15472
Hexacosanal (Cy) 29+1.6 240 £ 10 109 +6.5 Tr 343 Tr Tr 5 Tr Tr 348 Tr
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Table 4.13 (continued)

191 +

Octacosanal (Cy) L, 162:x162 148%87 | 39 222 327 r 12 Tr 39 234 327

Total aldehydes 210+6 401+122 257+152 | 39 565 327 Tr 16 Tr 39 582 327

(Tg”f"‘éos)a”y' hexadecanoate 64+3 110+18 15127 45 Tr Tr r  Tr 48 45 Tr 48
24-~16

Hexacosanyl hexadecanoate 184+ o50+54  309+89 | 80 168 127 2 3 55 102 202 182

(C26:C1p) 7.1

Octacosanyl hexdecanoate 224t 339462 423+233 | 81 190 218 23 35 57 104 224 276

(C25:C1p) 4.8

Octacosanyl octadecanoate 1942 930122 36669 53 488 560 15 29 43 68 517 603

(CoiCri) 3.2

%t?‘éosg"“y' elcosanoate 165+  245+42 297+195 | 57 288 484 Tr 32 48 57 319 532
28-%~20

Octacosanyl dosanoate (C,5:Cy) | 287+  195+24  234+45 | 45 288 417 r 35 31 45 324 448

%::‘éij;"“y' tetracosanoate Tr 161+41 102409 | 111 159 344 r 33 Tr 111 192 344

%::‘éi;"“y' hexacosanoate Tr 99+05 Tr 473 136 191 Tr  Tr Tr 473 136 191

Octacosany! octacosanoate Tr 153+ 6.5 Tr 58 55 188 Tr  Tr Tr 58 55 188

(CZS-CZB)

Total wax esters 1247 + 123131 18834667 | 1003 1771 2530 60 197 281 1063 1968 2812

Campesterol 142+  164+43 233+28 | 184 310 455 31 30 30 215 340 485

Stigmasterol 133+ 119458 20547 187 191 320 25 29 29 212 220 348

B-sitosterol 416+  388+21 477+195 | 490 532 873 79 118 102 569 650 975

Sterol 1 192+  113+24 181+45 | 152  Tr 238 17 13 21 168 Tr 259

A%-Sitosten-3-one 137+  163+43  428+66 | 609 488 1252 25 16 21 635 503 1272

Sterol 2 120 + Tr Tr 92 Tr Tr Tr Tr Tr 270 Tr Tr
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Table 4.13 (continued)

Total sterols 1140+ 947+189 1525+40.4 | 1715 1521 3138 | 178 206 202 | 1738 1602 3278

14,16 hentriacontanedione (C)) | 459+ oo’ 3005466 | 1257 1337 3164 | 23 81 141 | 1281 1418 3305

16,18 triatriacontanedione (Cs3) Tr Tr Tr Tr Tr Tr Tr 79 Tr Tr 79 Tr

Total p-diketones 459  TooT*  3005+66 | 1257 1337 3164 | 23 161 141 | 1280 1498 3305
— 8415+ 10262+ 1023 102

Total identified 5287+ oo oot | eoss 1% asam | e10 D2 1112 | eses 10857 16004

& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in Section 2.5.1



4.4 Conclusion and future work

Previously, it was demonstrated that renewable and valuable waxes can be extracted using
scCO, successfully and was chosen as a greener alternative for the extraction of straw waxes.
Wheat straw wax had been shown to a provide valuable wax product but as there are a vast
amount of waste straw worldwide, it was important to explore other potential biomass. A
total of seven different straws were chosen for the biomass screen and the aim was to select
three of the straws for further scale up. The epicuticular wax of wheat, barley, oat, oilseed
rape, sunflower, miscanthus and bagasse were investigated. From the organic solvent study
discussed in Chapter 2, hexane and ethanol Soxhlet extractions were selected to use as a
quick screening method for the percentage crude yield and chemical composition. Due to the
similarities in the chemical composition profiles, quantitative analysis was required in order
to give a deeper insight into the epicuticular waxes of each biomass. It can be noted that as
with all natural products, many natural variations will play a role such as seasonal variation
therefore it was not necessary to identify all the wax compounds as it is most likely that the
different batches of straw would result in a range of wax products. The aim of the screen
was only to give an insight into the various waxes of the potential biomass. By considering
different aspects such as biomass availability, percentage crude yield and chemical
composition, wheat, barley and oat were selected for the scCO, scale up trials as laboratory
scale work showed promising valuable wax products which can be used in many different

markets.

Following successful laboratory study on the three selected cereal straws, the process was
scaled up in collaboration with Sundown Products Limited and Evonik Industries. A total of
three tonnes of wheat, barley and oat straw wax were extracted using scCO, in an industrial
scale plant. Process conditions (temperature and pressure) requested were the optimised
conditions investigated in Chapter 3 which were 323 K and 35 MPa. However, due to the
limitations of the scCO, equipment at Evonik Industries, the extraction pressure was
dropped to 28 MPa. The extraction temperature was between 333 K — 343K which was also
higher than optimised conditions which means the CO, density was lower than expected.
The extraction process was very successful except that blockage at the separator occurred
due to the high melting point of the waxes. Oilseed rape oil was used as a carrier oil to
lubricant the pipe work in order to retrieve the wax. Originally the temperature of the
seprator was set at 323 K but from the blockages, it was apparent that the temperature is

required to be higher than at laboratory scale so the latter extractions were carried using a
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higher sepator temperature of 343 K. The percentage crude yields were lower than expected
from the laboratory scale work but this was mainly due to the decrease in CO, density during
the extraction process. For this reason, the straw residues were re-extracted using heptane. It
was concluded that there was still a considerable amount of wax remaining in the straw
residues so therefore it is important to increase the CO, density to maximise the extraction
yield. Qualitative analysis was carried out on the straw waxes (both biomass screen and
production scale trials) which found that the wax compounds were highly similar so
therefore quantitative analysis was carried out so that extracts can be compared. A mixture
of fatty acids, n-alkanes, sterols, fatty alcohols, wax esters, aldehydes and B-diketones were
identified as straw wax extracts. As this is a complex mixture, the system could behave
differently as the properties of the CO, are prone to changes as an increasing amount of wax
compounds are dissolved into the supercritical fluid. The laboratory scale work
demonstrated that small scale extraction can successfully predict the yield and chemical
compoistion of scale up trials on larger scCO, extraction plants. The optimisation of scCO,
conditions proved to be useful when selecting extraction conditions for the production scale
trials but more work may be required for an optimised flow rate. Overall, the production
scale up trials of straw waxes were successful and post-processing steps on the 60 kg of wax

products are discussed in Chapter 5.
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Straw wax processing, physical properties
and economic considerations
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5. STRAW WAX PROCESSING, PHYSICAL
PROPERTIES AND ECONOMIC CONSIDERATIONS

5.1 Introduction

Wax extracts from the scCO, production scale extraction were firstly processed to remove
the co-extracted water from the biomass. Fractionation by CO, and GPC and saponification
were explored to create fractions containing different chemical compositions to aid future
wax blending and formulations. The benefit of using CO, as a fractionation technique is that
it can be incorporated with the scCO, extraction to make a one step process. Physical
properties such as melting point are paramount for potential applications. Wet analytical
methods such as acid value gives a greater understanding on the possible potential for
commercialisation and apply to relevant products formulations. The chemical compositional
profiles of the wax extracts are matched with the resulting physical properties to enable the
tuning of properties by fractionation or chemical modification of the straw waxes.

In Chapter 4, the extraction of scCO, extraction was successfully carried out in production
scale. The main advantage of using scCO, as the extraction solvent is its low environmental
impact however, as the extraction of waxes requires high pressure it is an expensive
technology which can raise many concerns industrially. For this reason, an economic
assessment was carried out for the extraction of wax from cereal straw as part of the

consideration of using scCO, extraction in future.

5.2 Straw wax processing

5.2.1 Co-extraction of water

Air-dried pelletised cereal straw contains residual water of less than 10% which is
frequently co-extracted with the wax components under scCO, conditions as
illustrated in Figure 5.1. The moisture content was calculated using Equation 6.1 and

the moisture level before and after the extraction are shown in Table 5.1.
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Table 5.1: Percentage moisture level of biomass before and after extraction

% Moisture level

Cereal
Before extraction After extraction
Wheat 9.9 4.2
Oat 9.5 3.8
Barley 7.9 3.3

% W / Straw waxes with 29% -

e’ ¥ S8 40% of water

5 A' \:COZ extraction
Cereal straw pellets with . A

7.9% - 9.9% of water

Cereal straw residues with
3.3% - 4.2% of water

Figure 5.1: Co-extraction of water in industrial scale supercritical CO, extraction (originally
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in colour)

When CO, is applied to the biomass that contains water, there is a tendency for the
CO, to form carbonic acid which can alter the solubility of different molecules in CO,
by acting as a “co-solvent”. In the laboratory trial, this is not so important as the
guantity of water is not high enough to change the behaviour. However, this is
especially crucial in terms of production scale extraction, as the presence of water can
act as a modifier during the extraction process which can manipulate the polarity of
the solvent and lead to a higher recovery of polar molecules.

Pilot scale extraction of rice bran oil also demonstrated the problems with the co-
extraction of water from the biomass and centrifugation was adopted as a means to
remove the water.®® The problems of co-extraction of water only become apparent
and problematic in scale ups when large quantities of water accumulated in the

separator.”® Evelein et al. studied the solubility of pure water in CO, and showed that



at 323 K and pressure from 20 — 60 MPa, the solubility of water in CO, is about
0.3%.2% The interesting point to note from the study is that the solubility is almost
independent of pressure when it is above 20 MPa.?*® This suggest that water is almost

completely soluble with scCO, conditions of 323 K and 20 MPa.

The water from the wax extracts was separated manually by melting the waxes using
the procedure described in Section 6.2.5 but, it would be advantageous if an additional
separator is added to separate the water from the wax extract. Figure 5.2 shows the
molten wax being separated from the coloured co-extracted water. All three co-
extracted waters were coloured. Wheat and barley water were both light yellow and
interestingly oat water was light pink as shown in Figure 5.3. The water retrieved
from the DCM and aqueous liquid-liquid extractions with the solvent extracted wheat
straw extracts discussed in Chapter 2 were also light yellow in colour. Any water
soluble compounds in the cereal straw can be co-extracted with the water present in
the biomass and this could include any pigments, phenolics, resin acids and
flavonoids that occur in the plants. Carotenoids such as xanthophylls and flavonoids
such as anthrocyanins known to produce colours have been identified in cereal crops
previously.®" #® The co-extracted water can be utilised by identifying any valuable
water soluble compounds. This would not only provide cleaner waste water but also
adds value to a potentially large waste stream. It would be interesting to identify and
quantify any commercially valuable compounds as it can also improve the economics
of the overall process. Figure 5.4 shows the overall percentage of co-extracted water
with the individual straw wax. Barley straw wax was the wettest as it contained

double the quantities of co-extracted water compared to the wheat and oat straw

i i

<—— Molten wax

waxes.

Coloured co-extracted
water

Figure 5.2: Co-extracted water separated from molten wheat straw wax (originally in

colour)
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Wheat Barlev Oat

Figure 5.3: Coloured co-extracted water from cereal straw waxes (originally in
colour)

2.6 1
2.4 -
2.2 A
2.0 1
1.8 -
1.6 -
1.4 A
1.2 -
1.0 ~
0.8 1
0.6 1
0.4 -
0.2 1

00 h T
Wheat Oat Barley
Cereal straw

= Water

mWax

% Crude Yield

Figure 5.4: Percentage of co-extracted water within the cereal straw waxes

(originally in colour)

5.2.2  Fractionation by supercritical carbon dioxide

From the qualitative and quantitative analysis of the three cereal straw waxes from the
large scale trials, wheat and barley straw waxes showed similar compositional
profiles. Wheat and oat straw waxes were selected to demonstrate that scCO, can be
used to successfully fractionate as well as extract these renewable and valuable waxes.
The use of scCO, to extract wheat straw waxes has been reported by Deswarte but this
is the first time that straw waxes have been fractionated using scCO,."® Reverchon et

al. successfully conducted extraction and fractionation of lavender oil and waxes



using CO, where a high alkane fraction of the wax was separated. The wheat and oat
straw waxes from the large scale trials were loaded onto glass beads and fractionated
using a laboratory scale CO, extractor as described in Section 6.2.6. As there were
only two separators, the conditions chosen for each of the separators were distinctly
different. The extractor was set at 323 K and 35 MPa which is higher than the
industrial extraction conditions in order to ensure that all the wax compounds are
highly soluble at the specific temperature and pressure for fractionation efficiency.
Separator 1 was set at 305 K and 7.5 MPa which is just above the critical point of CO,
so that any wax compounds that are insoluble at the critical point of CO, would
precipitate and remain in the separator. The second separator was at atmospheric
pressure so that all the remaining wax compounds not precipitated in separator 1 could
be captured. Figure 5.5 shows that the fractionated waxes were very different in
colour, the waxes removed from separator 1 was darker in colour compared to the
fraction retrieved from separator 2. The fractions separated at the critical point of CO,

are also appeared harder than the fractions recovered at atmospheric pressure.

Wheat fraction 1 Wheat fraction 2
(305K and 7.5 MPa) (323K and 0.1 MPa)

Oat fraction 1 QOat fraction 2
(305K and 7.5 MPa) (323K and 0.1 MPa)

Figure 5.5: Wheat and oat wax fractions separated from scCO, fractionation (originally in
colour)

249



250

Table 5.2 shows the percentage of waxes present in the extractor and the two
separators after four hours of fractionation. Wheat straw wax was fractionated first
and about 60 g of crude wheat straw wax was loaded into the 500 mL extractor and
fractionated for four hours and as shown in Figure 5.6, about 34% of the wax still
remained in the extractor which suggested that the quantities of wax loaded was too
large. For this reason, the second fractionation with oat straw wax was reduced to
about 50 g and also fractionated over a period of four hours and it was found that the
fractionation was almost completed with only 4% of the crude wax remaining in the
extractor. Fraction 1 for both of the waxes was the biggest which suggested almost
80% of the crude oat straw wax ended up in separator 1. This is expected as the
temperature and pressure change in separator 1 results in the CO, density being
reduced dramatically therefore many of the molecules will only be partially soluble or
insoluble at the critical point and precipitate from the supercritical fluid. The
fractionation can be improved by increasing the number of separators so that more
different scCO, conditions can be incorporated into the fractionation process. By
taking the advantage of the different solubilities of different wax compounds at
various temperatures and pressures, a series of fractions of different composition can
be achieved. The fractionation time and flow rate must also be optimised for any
further scale up. The aim of this study was to demonstrate that the straw waxes can be
extracted and fractionated in a single step process successfully. In a real extraction
model, the extractor would be filled with biomass rather than the wax product but for
the purpose of this demonstration, waxes were loaded into the extractor coated onto

glass beads.



90 ~

78.8 @ Wheat
80 -

= Oat

70

Percentage of wax

Extractor Separator 1 (305 K and Separator 2 (323 K and
7.5 MPa) 0.1 MPa)

Supercritical CO,

Figure 5.6: Percentage of wax present in each separator after scCO, fractionation (originally
in colour)

Qualitative and quantitative analysis were carried out on the two fractions retrieved
from separator 1 and 2 which is displayed as normalised percentage in the wax
fractions in Table 5.2. The calibration used for the quantitative analysis was presented
in Chapter 2. The wax compounds identified in each fraction were identical so it was
necessary to carry out quantification analysis to give further details of the chemical
composition of the extracts. It can be noted that the total identified is higher than
100% and this could be due to the co-elution of hentriacontane (Cs;) and octacosanol
(Cyg) as the values shown are the total of the two wax compounds. Fraction 2 showed
a higher proportion of B-diketones compared to fraction 1 for both straw waxes. In the
oat straw wax, a significantly higher proportion of n-alkanes were separated as
fraction 2 but strangely this was not the case with wheat straw wax. This may be
because a significant amount of wax remained in the extractor and the n-alkanes were
the hardest and last to extract. It would be interesting to repeat the fractionation of
wheat straw wax with less wax in the extractor so the fractionation can go to
completion. Nonetheless, this study does demonstrate that the use of scCO, can
extract and fractionate the straw waxes simultaneously but conditions need to be

optimised prior to any scale up trials.
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Table 5.2: Identification and quantification of wheat and oat straw fractions from scCO,

fractionation

% in extract
Identification Wheat Wheat Oat Oat
fraction 1 fraction 2 fraction1  fraction 2
Tetradecanoic acid (Cy4) 0.2 2.1 0.3 2.8
Hexadecanoic acid (Cyg) 5.2 8.4 55 11.5
Octadecadienoic acid (Cyg:») 2.2 3.1 2.5 4.4
Octadecenoic acid (Cyg:1) 45 5.9 4.7 7.6
Octadecanoic acid (Cyg.q) 1.0 14 1.2 0.4
Total free fatty acids 13.0 7.3 14.1 26.7
Heptacosane (Cy;) 1.2 0.5 0.9 1.7
Nonsacosane (C,g) 11.4 2.6 2.1 13.2
Hentriacontane (Cs,) 12.5% 0.9 9.8% 6.5%
Triatriacontane (Cs3) 0.5 Tr Tr Tr
Total hydrocarbons 25.6% 4.0 12.8% 21.4%
Octacosanol (Cyg) 6.8% 8.3% 12.6% 8.4°
Total fatty alcohol 6.8° 8.3% 12.6% 8.4%
Hexacosanal (Cy) 0.5 1.3 1.8 2.6
Octacosanal (Csg) 0.6 0.9 1.0 0.9
Total aldehydes 1.1 2.2 2.8 3.4
Tetracosanyl hexadecanoate (Cy4:Cyg) Tr Tr Tr 0.4
Hexacosanyl hexadecanoate (Cyg:C16) 2.1 0.7 1.0 0.9
Octacosanyl hexdecanoate (Cyg:C1g) 2.4 14 1.8 1.0
Octacosanyl octadecanoate (C,g:C1g) 3.9 1.6 5.4 1.3
Octacosanyl eicosanoate (C,g:Cyp) 6.3 0.8 2.8 0.4
Octacosanyl dosanoate (C,5:C,)) 4.3 0.2 1.9 Tr
Octacosanyl tetracosanoate (Cyg:C>s) 1.9 0.2 0.5 Tr
Octacosanyl hexacosanoate (Cg:Ca) 0.9 Tr Tr Tr
Octacosanyl octacosanoate (Cog:Cog) Tr Tr Tr Tr
Total wax esters 21.8 135 135 4.1
Campesterol 3.1 2.7 2.1 2.0
Stigmasterol 3.0 2.8 1.8 2.2
pB-sitosterol 7.9 6.7 5.0 55
Sterol 1 2.1 2.3 1.4 1.7
A*-Sitosten-3-one 12.2 10.5 5.0 5.2
Sterol 2 Tr Tr Tr Tr
Total sterols 28.2 25.1 15.3 16.7
14,16 hentriacontanedione (Czy) 26.4 40.9 7.6 17.9
16,18 triatriacontanedione (Czs) 0.4 0.6 0.6 1.2
Total B-diketones 26.8 41.5 8.1 19.1
Total identified 123.3 101.8 79.3 99.8
& = co-elution and values shown are the combined quantities, Tr = Trace levels < LOQ, LOQ shown in
Section 2.5.1
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5.2.3  Fractionation by gel permeation chromatography (GPC)

The GC method employed for the analysis of the straw waxes will only analyse
molecules of up to about Cg so any larger non-volatile molecules would not be
detected. Deswarte et al. managed to successfully separate the different wax groups in
wheat straw waxes using column chromatography using a polarity gradient of eluting
solvents and tracked the compounds using thin layer chromatography. High molecular
weight molecules such as di-esters have previously been reported in wool wax using a
short GC column and saponification however, the original structures are lost.2*
Initial work involved the use of an analytical scale GPC coupled with DAD and a
series of polystyrene standards as described in Section 6.3.6 where all the wavelengths
were being monitored. However, it is important to note that most of the wax
compounds do not exhibit a UV chromophore so therefore further work must be
carried out using another detector such as a light scattering detector for the complete
analysis. The aim of this initial work was to establish a rough estimate of the
molecular mass range for the waxes. Wool grease was used as a test sample for
analysis for high molecular weight molecules. Figure 5.8 shows an example of the
DAD signal from the GPC. As no high molecular weight esters are available
commercially, the retention times were compared with the polystyrene standards for
molecular mass range estimation. The polystyrene calibration was carried out using
the method outlined in Section 6.3.6. The natural logarithm (Ln) was applied to the
molecular weight of the polystyrene standards to create a linear plot with retention

time for calibration purposes and this is shown as Figure 5.7.

10

y =-0.89x + 12.93
R2=0.97

Retention Time (Minutes)
\‘

4 T T 7
4 5 6 7 8 9

Ln (molecular weight)

Figure 5.7: A plot of retention time against Ln (molecular weight) (originally in colour)
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8.8 — 10.0 minutes

6.5 — 7.8 minutes
1400 — 325 Da

105-25Da

o O EE S S e B D e e
| mm o e o o . . e S o o o o

<
> e

Figure 5.8: GPC trace showing DAD signal of wool grease (originally in colour)

Figure 5.8 provides promising results for the separation of complex mixtures such as
wool grease with an estimated molecular mass range of up to 1400 Da. It was noted
earlier that there may potentially be undetectable molecules due to the lack of
chromophore for the detector used; however, this does show that high molecular
weight molecules can be separated and fractionated. Based on the success of the

analytical scale GPC work, the fractionation of wax by size was scaled up.

The wool grease was fractionated using a GPC preparative column originally designed
for the separation of pesticides of wool wax described in Section 6.3.6. The three
straw waxes were also fractionated using the same method as a comparison to identify
high molecular weight molecules. Figure 5.9 shows the various fractions from wool
grease and wheat straw wax. In the wool grease fractions, collection of molecules
started at fraction 3 as a densely light brown solution and the colour decreases as the
molecules get smaller. Straw wax fractions were different to wool grease as collection
started at fraction 4 which indicated the wax contains lower molecular weight
molecules in comparison. Unlike wool grease where the coloured compounds are the
larger molecules within the complex mixture, in the straw waxes, the fractions were
all coloured but in different degrees of yellow. In all three cereal straw waxes, three

cloudy fractions (fractions 11, 12 and 13) were observed as shown in Figure 5.9 which



suggested that those molecules are not very soluble in DCM: hexane (1:1) solvent

mix.

Large molecules Small molecules

<€ >
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Figure 5.9: GPC separation of wool grease and wheat straw wax by size (originally

in colour)
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Figure 5.10: Mass balance for preparative GPC fractions (originally in colour)

255



256

It can be concluded that the fractionation of waxes was very successful as the
recovery for all the waxes was over 95%. Figure 5.10 shows the mass balance for the
various fractions of all four samples. It would be interesting to take all the fractions
and carry out further compositional analysis but the aim of this fractionation using
GPC is to separate any potential high molecular weight molecules for further analysis.
In this case, wheat and oat straw waxes showed the highest amount of high molecular
weight compounds as shown in figure 5.10. It can be observed that both of these
waxes have similar mass balance curves compared to wool grease suggesting that
there may possibly be di-esters in the waxes which would not have been seen by the
standard GC method. For this reason, all the wheat and oat straw wax fractions were
scanned using IR spectroscopy which is a quick technique to identify any high esters
containing fractions. All the IR spectra for the two straw waxes are comparable and
almost indistinguishable. Figure 5.11 shows the IR spectra for selected fractions in
order to identify the main functional groups in the fractions.
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The intense narrow peaks at around 2915 cm™ and 2850 cm™ can be assigned to the
anti-symmetric and symmetric stretching bands of CH, respectively.*® There is also a
higher frequency shoulder at 2955 cm™ which is due to the stretching of CHj
groups.®® These groups are highlighted due to the large number of molecules
containing long aliphatic carbon chains within the complex mixture. However, as the
molecular weight of the fractions changes, the intensity of these CH, and CH;
stretches also changes and probably due to the reduced aliphatic carbon chains to
other functional groups ratio. There is also a peak within the region of 1470 — 1430
cm'™* which represented CH, and CH; bends.** The peak at around 1378 cm™ could be
due to the C-H bend adjacent to a carbonyl group and the weak peak at 733 cm™ is
also due to CH, present in the aliphatic carbon chains.*** There are peaks around
1160cm™ and 1059 cm™ which could be due to the C-O stretch from any phenolic and
sugar molecules extracted.*** ** It is important to note that these bands are apparent in
all the fractions. From fraction 11 and higher, a broad peak at around 3380 cm™
started to appear which represents the presence of OH groups which are commonly
found in the regions of 3100 — 3500 cm™.**" ** This could indicate the presence of
fatty alcohol, sterols and fatty acids. In order to check for presence of fatty acids in the
fraction, the carbonyl stretch must be presented. Figure 5.12 shows the IR spectra
which highlights the carbonyl region as from the qualitative analysis, it was apparent
that there are many compounds that contain the carbonyl group (esters, aldehydes,
ketones, di-ketones and fatty acids). This region is particularly important as it helps to

identify not only the high fatty acid fractions but also the high esters fractions.

As shown in Figure 5.12, the carbonyl stretch shifts to a lower frequency as
fractionation proceeded i.e.: from large to small molecules. The carbonyl stretch at
around 1740 cm™ in fractions 5 and 8 could arise from both ester and aldehyde but it
is more likely that these are ester carbonyl stretch bands due to the high molecular
weight.*® In fractions 11 and 14, the carbonyl stretch occurs at much lower frequency
of 1734 cm™ which suggests the presence of aldehydes.*® There is also a weak
shoulder around 1720 cm™ which indicates the presence of ketones and carboxylic
acids.*® In fractions 14, 17 and 20, there is also a broad weak OH stretch as well as
carboxylic acids stretch that showed a high probability of fatty acids. Peaks at the

lower frequency of 1675 cm™ could be due to 1,3-diketones which have shown to be



in relative high proportions in wheat straw waxes which has shown to occur around
this region of the spectrum.?®* Similar IR spectra had been seen previously measured

on wheat straw waxes by Dodson.*’
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Figure 5.12: IR spectra (1800 — 1550 cm™) of selected wheat straw wax fractions

(originally in colour)

The ester-rich fractions (first six fractions) were selected for MALDI-TOF analysis
described in Section 6.3.7. This is a technique that has become increasingly popular in
the analysis of large compounds with low polarity such as neutral lipids but it has
been reported that there are difficulties in the analysis of compounds with long
hydrocarbon chains.*® In the case of straw waxes, a high proportion of the
compounds consist of long aliphatic hydrocarbon chains and this could potentially be
a problem. The most frequently used matrix for lipid molecules such as triglyceride is
DHB but in order to improve the ionisation, various metal cations were introduced.**
310,311 DHB was initially used as the matrix for this analysis however, no consistent
results were gathered. Different ratios of wax samples to DHB were also tested and

308

there was no improvement.”™ Cvacka et al. analysed natural wax esters and optimised
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the analysis using various DHB and DHB metal salts, different sample preparation
methods and different solvents. The optimised procedure was used and LiDHB was
synthesised using the method described in Section 6.3.7.5 The spectra quality was
improved but there were still problems with uneven crystallisation of wax esters on
the MALDI plate which resulted in “sweet spots” so therefore it was difficult to
analyse using an automated laser. Further method development work is needed to give
a high quality and reproducible analysis of wax esters and one area that has been
highlighted is that due to the quick evaporation of organic solvent, there is a possible
chance that not all the molecular ions are detected due to poor mixing of sample and

matrix.3%®

As LiDHB was used as the chosen matrix, the MALDI spectra showed molecular ions
with lithium [M + °Li]*. Hydrolysis of wax esters has been reported to occur by traces
of water of crystallisation from °LiDHB but this would not have been observed using
the chosen instrument unless the lithiated breakdown products were above that m/z
value as the lowest detected m/z value is 600. Figure 5.13 shows the highest
molecular weight fraction isolated from wool grease which indicated the biggest ester
in the mixture has a [M + °Li]* ion of 1771.5 meaning an ester of molecular weight
1764.6 Da if no hydrolysis has occurred. This is a breakthrough step in the analysis of
large wax esters as typically the wax esters are hydrolysed to their basic building
blocks prior to analysis. However, as there were no peaks observed above m/z of
1771.5, this suggested that no hydrolysis had occurred. As reported before, there are
problems with hydrolysis of aliphatic wax esters with the hydrolysis not going to
completion which means there will be wax esters as single compounds. The molecular
ions of [M + °Li]", lithiated fatty acid ions of [R2COOH + °Li]* and [R2COO°Li +
®Li]* and lithiated fatty alcohols [R1OH + °Li]* and [R20°Li + °Li]* would be
observed for aliphatic wax esters if any hydrolysis had occurred. It is concluded that

no hydrolysis had taken place and the ions observed would be solely [M + °Li]".

In wool grease, there is evidence of di-acids and hydroxy acids and there is a high
probability that the high molecular weight compounds identified are di-esters rather
than mono-esters. Interestingly, the series of peaks shown in Figure 5.13 have a mass
difference of 14 which indicated a difference in a CH, group between the various
esters. This regular mass difference also suggested that the ester fraction is

predominately aliphatic wax esters and not steryl esters. However, the MALDI



technique is classed as soft ionisation so no fragmentation would have been observed
and it would be interesting to further separate the mixture or hydrolyse the mixture

and carry out further MS analysis in order to assist in structure elucidation.

Figures 5.14 and 5.15 show the mass spectra for the biggest fractions in wheat and oat
straw waxes. The crucial information from this data is that there are high molecular
weight esters detected above molecular weight compounds of 800 Da. The biggest
peak in wheat and oat straw waxes showed m/z values of 9959 and 1498.1
respectively. As before these represent the molecular ions with lithium [M + °Li]*
which reflects a molecular weight of 989 and 1491.2 Da respectively. The initial
chemical composition of the straw waxes using GC-MS showed a range of aliphatic
wax esters range from C4 — Css with molecular weight of 592.6 — 816.9 Da so
therefore the [M + °Li]" ions should be observed using this technique. These wax
esters were observed and are highlighted in Figures 5.14 and 5.15. Table 5.3 shows a
list of ions found from m/z of 600 and higher, indicated in previous work using GC-
MS and their corresponding identification. Some of the wax esters can be identified
using MALDI and this is highlighted in the table. Due to the poor quality in the low
mass region of the spectra, the intensity of peaks was low and not reproducible. This
again could potentially be due to crystallisation problems of wax esters on the MALDI
plate for which further method development is needed. The unidentified large
molecules could potentially be glycerides or bigger wax esters and currently, at this
stage, with only limited [M + °Li]" ion data and without any fragmentation pattern, it
is difficult to deduce the exact structures of these compounds. The aim of the
investigation was to fractionate the waxes by size, which was achieved successfully.
However, it would be interesting to further separate and analyse the large molecules
possibly by hydrolysis of the esters. This work has proved that fractionation of waxes
by GPC is a good way of separating high molecular weight compounds and also
showed the potential of using MALDI TOF MS as a wax ester analytical technique

but further method optimisation is required.
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Figure 5.14: MALDI-TOF mass spectrum for wheat straw wax fraction 5 (originally in
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5.2.4  Saponification

Saponification is a common process that is used to produce soap from fats. In the case
of straw waxes, the glycerides and esters are both prone to saponification to form the
sodium salts, glycerol and fatty alcohols as shown as the reaction scheme in Figure
5.16. Wheat straw wax from the scale up trial was saponified into wheat alcohol and

acid fractions using the procedure shown in Section 6.2.7.

The aim of saponifying the crude wax into its fractions was to investigate the change
in physical properties such as melting point and to check for any new undetected wax
esters. During the saponification process, the yield is about 75% and within the
recovered fractions 63% was wheat alcohols and 37% was wheat acids. The properties
for the new fractions are discussed within the physical properties in Section 5.4. Due
to the improved water absorption from the fatty alcohol fraction, the saponification
process was scaled up in order to gain enough wheat alcohols for personal care

applications trials which will be carried out by the applications team at Croda. The
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two fractions varied not only in terms of physical properties, they also varied in colour
and texture. The fractions were much softer in comparison with the crude wax. The
Gardner colour of the wheat alcohol fraction was measured as 14 and the wheat acid
fraction was above 18 as can be seen in Figure 5.17. This demonstrated that a simple
chemical modification of crude wax can alter the wax and open opportunities for

different applications.

YO
H
(0]
O. 3NaOH / H,0
I I

Heat Na~ R H

v DN
OH

(0]
Trigly ceride
(0] / (0]
NaOH / H20
Rl\o/”\kz | L Ve
Heat Na' ©O
Wax ester

Figure 5.16: Saponification reaction scheme for triglycerides and wax esters
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Figure 5.17: Wheat alcohol and acid fractions of wheat straw wax (originally in colour)

264

The chemical composition of the fractions was analysed to check for successful

saponification as shown in Figure 5.18. Interestingly, in the wheat alcohol fraction,



two extra peaks were observed, as highlighted. The other compounds found in the
fractions have already been identified previously in Chapter 2 so these were expected
to be seen in the chromatogram and this is shown as a summary in Table 5.5.
However, hexacosanol (Cy) and hexacosanoic acid (C,) were expected to be
identified in the saponified fractions as hexacosanyl hexadecanoate (C4) and
octacosanyl hexacosanoate (Cs,) were previously identified in the crude wheat straw
wax in the scale up trial. As these compounds were present only at an extremely low
level, the saponified products would also be present at low concentrations and may
only show as very small peaks in the chromatogram. The two new peaks highlighted
in the alcohol fraction were identified to be ketones with the carbonyl group on the
second carbon which give a distinct fragmentation pattern as shown in Figure 5.18.
Figure 5.19 shows the EI spectra with the large m/z region magnified as the molecular
ion was lacking in the original trace. The identification was achieved by a
combination of the EI fragmentation pattern and Kl values. Table 5.4 shows the
fragments and their percentage base peak intensity along with the calculated Kl values
against literature values and it appears to be a good match. The ketones differ
structurally by only two carbon units and this is reflected in the 200 Kl values
difference between them. The pattern shown in Figure 5.19 has a base peak of m/z =
58 which is the result of a McLafferty rearrangement as shown in Figure 5.20. The ion
m/z = 196 can be observed in the EI fragmentation pattern for 2-heptadecanone which
is due to [M — 58]" ion as a result of the loss of the McLafferty rearrangement
fragment ion. When the higher m/z region was magnified, the molecular ion was
observed which confirmed the carbon chain length of the molecules. The regular
fragment ions of 43, 57, 71 and 85 arise from the aliphatic alkyl chain as described in
Table 2.7.

265



99¢

New compounds

Fatty alcohol

100- Sterol
Alkane B-Diketone
o 39.8040.5641.38
B NS

0" LN B 1 1 I I‘ I 1 1 I LN F I I I 1 1 I I 1 I | GLARLEH |
100-

%.

@ N 418
L el
0 - r Time

15.04

| P BRI R e BRI BASED |
3194 3394 35.94

2094

1704 1004

Figure 5.18: GC chromatograms of saponified wheat alcohol and acid fractions (originally in colour)

BT YY

e
41.94



96.2 M *

953972
7

127.3 254.6
111.2 124.3 239.5

85.2 138.3 196.4

T LARAALRARAI AASAN) mz
51 61 71 81 91 101 111 121 131 141 151 161 171 181 191 201 211 221 231 241 251

Figure 5.19: EI mass spectrum of 2-heptadecanone (magnified three times from m/z 90 —
260) (originally in colour)

yan -
R JH(0'+ ~o
(ol T
\

Figure 5.20: Formation of EI fragment ion of m/z = 58

Table 5.4: Identification of ketones presented in wheat alcohol fraction

Identification M*  EIl Fragmentation Calculated KI  Literature Kl
Ketones

2-Pentadecanone  226.4 58(100), 43(82), 59(52), 71(45), 57(26) 1708 1703%2
2-Heptadecanone 254.5 58(100), 43(60), 59(53), 71(43), 57(21) 1916 1901%

The two new ketones are products resulting from the saponification of the wheat straw
wax but ketones cannot be formed directly from a saponification process. The wax
esters present in the straw wax must contain secondary alcohols as one of its basic
components as secondary alcohols can be oxidised to ketones. In this case, the wax
sample was saponified into its alcohols namely octacosanol, pentadecan-2-ol and
heptadecan-2-ol but under the conditions used, the secondary alcohols have oxidised
to ketones. Oxidation might have occurred in the presence of atmospheric oxygen but

octacosanol was not oxidised as both octacosanal or octacosanoic acid were not
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observed. To minimise oxidation of compounds in future, the sample can be stored

under vacuum or an inert gas at all times.

This is the first time that secondary alcohols may have been identified and generally
in plants, secondary alcohols occur freely rather than esterified.?° Secondary alcohols
found in cuticular waxes are all typically odd-numbered as they are biosynthesised via
the alkane pathway.*” The most abundant free secondary alcohols identified are
usually from Cy; — Cs3 and predominantly C,9 and Cs; and the functional groups are
usually found in the middle of the carbon chain.® This group of compounds are not
often found in Gramineae species but a mixture of heptacosan-9-ol, nonacosan-10 and
-11-ols and hentriacontan-10, -11, -12 and -13-ols were identified in barley.”®® Shorter
alkan-2-ols with 17 and 19 carbon chain lengths are reported to occur as aliphatic
monomer that is covalently bound to the cutin and suberin polymer and has also been
reported in barley.** ** No alkan-2-ols were found in the barley straw wax from the
scale up trial. However, it would be interesting to saponify the wax to look for any
esterified alkan-2-ols and compare this with wheat straw wax. However, as the
secondary alcohols in wheat straw wax are bound with various fatty acids to form wax
esters, they appeared to have a shorter alkyl carbon chain. In Figure 2.26, the GC
analysis showed the presence of a series of unidentified odd-numbered wax esters
from C4; — Csp. As odd-numbered primary alcohols are not found in plant cuticular
waxes, there is a high probability that these are formed from the odd-numbered
secondary alcohols. Fatty acids are rarely present as odd-numbered because the
elongation step in the biosynthetic pathway extends the carbon chain with the addition
of C, moiety.® ® From this reaction, the alcohol moieties of these wax esters are
suggested to be either pentadecan-2-ol or heptadecan-2-ol. However, at this stage the
exact structures of the series of odd-numbered wax esters cannot be found without the
El fragmentation pattern of the compounds so as an example the proposed structures
for Cqwax esters are displayed as Figure 5.21. In order to acquire an accurate El
mass spectra of the odd esters, the concentration must be increased and the use of a

shorter column (e.g.: 15 m) will be necessary to gain better resolution.



Figure 5.21: Proposed structures for odd-numbered C4; wax ester in wheat straw wax

Table 5.5: Wax compounds presented in crude wheat straw wax, wheat alcohol and acid

fractions
Wax compounds Whe.at . ]
Crude Alcohol fraction  Acid fraction
Ketone 1 v v v
Tetradecanoic acid (Cy4) 4 x v
Hexadecanoic acid (Cyg) v x v
Octadecanoic acid (Cyg.q) 4 x v
Octadecenoic acid (Cyg:1) v x v
Octadecadienoic acid (Cyg.) v x v
Eicosanoic acid (Cy) x x v
Docosanoic acid (C,y) x x v
Tetracosanoic acid (C,y) x x v
Octacosanol (Cyg) 4 v x
Campesterol v v x
Stigmasterol v v x
B-sitosterol v v x
Sterol 1 v v x
jB-Sitosterone 4 v x
Sterol 2 v v x
14,16-Hentriacontanedione (Czy) 4 v x
Octacosanal 4 x x
Hexacosanyl hexadecanoate (Cyg:C16) v x x
Octacosanyl hexdecanoate (Cyg:C16) 4 x x
Octacosanyl octadecanoate (C,5:Cyg) 4 x x
Octacosanyl eicosanoate (C,g:Cyp) v x x
Octacosanyl docosanoate (C,5:C») v x x
Octacosanyl tetracosanoate (C,g:Cys) 4 x x
Octacosanyl hexacosanoate (C,g:Co) 4 x x
Glycerides v x x
2-Pentadecanone (Cys) x v x
2-Heptadecanone (Cy7) x v x
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Another explanation for the presence of these ketones is the breakdown products of
14, 16-hentriacontanedione via a Retro-Claisen reaction shown in Figure 5.22. The
nucleophile OH group from the NaOH in the saponification mixture can attack both
carbonyl groups which would give a total of four breakdown products. In the wheat
straw wax from the large scale trial, only the C3; B-diketone was present so therefore
if this reaction was to proceed, it would result in tetradecanoic acid (Ci4y),
hexadecanoic acid (Cis0), 2-pentadecanone (Cis) and 2-heptadecanone (C;;) which
were all identified. Interestingly, 14, 16-hentriaconatane was also found in the wheat
alcohol fraction which means that if this reaction did occur, the reaction had not gone
to completion. In order to conclude the origin of the 2-ketones, quantification would

suggest whether the Retro-Claisen reaction had occurred.
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Figure 5.22: An example of the Retro-Claisen reaction on -diketone
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5.3

Physical properties

53.1  Melting point

DSC was used as to investigate phase transitions in the straw waxes and one of the
most important physical properties of waxes is their melting point(s). The phase
transition of melting is endothermic and therefore shows a negative heat flow. The
decomposition temperature was first determined using STA by following the method
described in Section 6.4.1. STA is a combination of TGA and DSC but in this case,
the TGA thermogram was of interest. The decomposition temperature was determined
so that during DSC analysis, the maximum temperature does not exceed its
decomposition point. All the waxes were found to have a decomposition temperature
above 463 K so that a temperature of 393 K was set for the maximum DSC
temperature. Figure 5.23 shows an example of the STA thermogram of a wheat straw

wax.
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Figure 5.23: STA thermogram of wheat straw wax (originally in colour)

The samples analysed were initially heated and then cooled to remove any prior
thermal character so all the thermograms shown are from the second heating cycle of
the analysis. Lanolin, beeswax, candelilla wax and carnauba wax were analysed as
they are popular waxes with very distinct applications. The DSC thermogram for the
four commercial waxes is shown in Figure 5.24. These waxes are finished products

and have been refined so their melting range is fairly sharp. Lanolin is a soft wax and

271



272

has a melting temperature of 313 K which is body temperature. This makes the wax
especially good for skin care formulations. Beeswax, candelilla and carnauba waxes
are much harder waxes and have much higher melting ranges which make excellent
cosmetic ingredients for lip-sticks, mascara formulations and many others.'?> 31637 |
the case of beeswax and carnauba wax, there are multiple peaks which indicate
multiple groups of compounds going through thermal transition at different
temperatures. There is still an opportunity to replace some of these waxes that are not
UK-sourced which would be ideal in terms of reducing carbon footprint from
transportation. According to recent market trends, especially in the personal care
sector, there is a big consumer-driven trend for natural cosmetics products and the
removal of animal derived ingredients so this is an opportunity to develop the market
for new plant-derived waxes as the launching of such ingredients would be widely

accepted.

The melting range for the straw waxes was determined in an attempt to correlate the
composition and the melting range. As the chemical compositions of the extracts are
too complex and often with over 100 different compounds, it is impossible to identify
which single compound is corresponding to which particular thermal transition. Even
if this was possible, it would not give useful information as it has been shown that
different wax groups within complex mixtures interact and behave differently to
expectations. Patel et al. analysed the melting points of wax ester and alkane mixtures
and discovered that there are some packing disruptions when the two molecules are
forced into interactions which was reflected in a 3 — 5 °C decrease in the melting
points compared to expected.”™* Nemoto et al. carried out DSC on mixtures of ketones
and n-alkanes and also showed interactions between the two molecules and a mixture
of both physical properties depending on the ratio of the two.*'® However, it has been
reported by Bonsor et al. that if the chain lengths for n-alkanes do not differ
excessively, the mixtures would form mixed crystals and would exhibit straight
forward predictable physical properties.’®® Gibbs also analysed the influence of
melting points of two mixed n-alkanes and found that the melting point lies between
the melting points of the two individual n-alkanes therefore making prediction
possible.**® Similar work was also carried out in the same study on mixtures of
branched alkanes and n-alkanes and the co-crystallised molecules so making the

melting points possible to calculate.* Since there is more than one wax group in the



straw waxes interactions between each group would occur and the melting points
would be difficult to predict. However, despite these interactions between each wax
group, it is apparent that the melting points are similar to the pure single components

so Table 5.6 shows a list of wax components and their melting points.
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Figure 5.24: DSC thermograms of four commercial waxes (originally in colour)

If the DSC and GC analysis can be correlated then it would enable the physical
properties to be tuned more easily. If physical properties can be tailored from
extraction conditions by altering the conditions, specific unique wax products would
be obtained which could fit well in certain applications. To understand more on the
correlation, the DSC plots for the CO, and key solvent wheat straw extracts were
determined and are shown in Figure 5.25 from low to high wax yield. The thermal

transitions for the different scCO, extracts were also compared in order to gather extra
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information on links between composition and melting ranges. The DSC thermograms
are shown as Figure 5.26 in order of CO, density. It is important to note that the
thermogram displayed for scCO, B in both figures are the same sample. The
extraction conditions for Figures 5.25 and 5.26 can be found in Tables 3.3 and 3.6.The
relative abundance of each wax group in each extract is listed in Table 5.7 to allow for
easy comparison of chemical composition to DSC thermograms. It must be noted that
there was co-elution between hentriacontane (Cs;) and octacosanol (Cyg) in some
analyses and these numbers have been highlighted in the table.

Table 5.6: The melting points of wheat straw wax compounds

Wheat straw wax compounds Melting point (K)
Tetradecanoic acid (Cy4) 328
Hexdecanoic acid (Cy6.0° 336
Octadecadienoic acid (C5.)? 268
Octadecenoic acid (Cyg,1)* 286
Octadecanoic acid (Cyg,)* 343
Heptacosane (Cy)? 332
Nonsacosane (Cy)* 336
Hentriacontane (C3;)? 341
Triatriacontane (Cs3)? 345
Campesterol® 432
Stigmasterol® 445
B-sitosterol?® 405
14,16 Hentriacontanedione (Ca;)" 382
16,18 Triatriacontanedione (Ca3)" 388
Tetracosanyl hexadecanoate (C24:C16)'D 364
Hexacosanyl hexadecanoate (C26:C16)b 370
Octacosany! hexdecanoate (C,g:C1g)” 376
Octacosany! octadecanoate (Cpg:C1s)” 381
Octacosanyl eicosanoate (ngzczo)b 386
Octacosanyl docosanoate (ngzczz)b 391
Octacosanyl tetracosanoate (028:024)b 396
Octacosanyl hexacosanoate (Cyg:C)° 401
Octacosanyl octacosanoate (ng:ng)b 406
Octacosanol® 353
Octacosanal” 342

2 Data collected from MSDS in Sigma-Aldrich UK Limited ® Data
predicted from software ICAS 12 using Merrero and Gani method
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Figure 5.25: DSC thermograms of scCO, extracts compared with organic solvent extracts

(originally in colour)

A number of important similarities can be highlighted from Figures 5.25 and 5.26.
First, the ICO, and scCO, C extracts both exhibited a sharper endotherm and melted
over a smaller range compared to other extracts indicating a high percentage of a
single group of compounds within the extracts. Similarly, both have a melting point of
around 320 K and 330 K. which is most likely the 30% p-diketones, n-alkanes and
fatty acids as they appeared to be most predominant. The scCO, E extract consists of
roughly equal proportions of the different wax groups and this is apparent in the DSC
thermogram as it has a very broad melting range and five distinct melting points.
Another interesting point to note is the scCO, D and F extracts have almost identical
melting curves compared to Soxhlet heptane extract. The Soxhlet ethanol and scCO,
with ethanol extracts can be compared as both have a very broad melting range but do

have similar melting points which showed that even the addition of just 10% ethanol
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to the scCO, is enough to manipulate the solvent polarity and its extraction behaviour.
The scCO, extract extracted using the highest CO, density contain higher molecular
weight compounds that would be more soluble in the scCO, and this is reflected in the
high melting point of 352 K. The scCO, B was extracted using the identical pressure
but at higher temperature compared to scCO, A and exhibited a much lower melting
range compared to scCO, A. Tt can be explained by the lower CO, density (scCO, B)
used during extraction so higher molecular weight compounds may still be insoluble
in the scCO,. From low to high density CO,, the melting range increases which
showed that larger and higher melting compounds are being extracted as CO, density

increases.

Low CO, density
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High CO, density
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Figure 5.26: DSC thermograms of scCO, extracts under different temperature and pressure
(originally in colour)
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Table 5.7: Percentage of wax groups in crude extracts from CO, and organic solvent extractions

Extraction Percentage of wax group in crude extracts

conditions Fatty acids ~ Wax esters  Hydrocarbons ~ Sterols  p-Diketones  Fatty alcohol ~ Aldehyde  Ketones  Unknown
ICO, 7.2 0.7 6.0a 12.1 33.2 3.2 0.6 1.3 35.7
scCO, F 7.6 30.1 8.1 10.8 13.1 7.6 11 0.9 20.7
Heptane 5.9 13.0 4.1 4.1 7.4 3.5 0.9 0.7 60.3
CO, + Ethanol 3.6 26.0 5.6 3.5 5.0 3.1 0.7 0.5 52.1
scCO, B 5.6 17.6 8.8? 6.2 9.3 8.6 0.6 0.6 42.7
Ethanol 5.1 3.2 7.0° 5.6 3.0 6.3 0.0 0.4 69.6
scCO, A 11.7 26.6 9.6 12.4 18.7 45 1.3 1.2 14.0
scCO, B 5.6 17.6 8.8 6.2 9.3 8.6 0.6 0.6 42.7
scCO, C 12.5 14 13.6 10.2 34.5 6.4 1.2 1.2 18.9
scCO, D 16.0 184 3.7 0.5 0.5 1.8 0.7 0.2 58.2
scCO, E 11.7 16.1 15.6 11.7 15.0 13.8 2.2 0.9 13.1

Table 5.8: Percentage of wax group in the three cereal straw waxes

Percentage of wax group in crude extract

Straw Fatty acids ~ Wax esters Hydrocarbons  Sterols  B-Diketones Fatty alcohols Aldehydes  Ketones  Unknown
Wheat 8.1 2.4 9.9% 21.9 16.0 8.9% 0.3 0.0 41.1
Barley 11.5 16.9 19.3 21.0 21.2 10.2° 2.2 0.7 7.4
Oat 6.0 14.5 14.6° 12.5 11.6 11.9° 4.6 0.5 35.1

& Co-elution of hentriacontane (C3;) and octacosanol (C,g) giving the total percentage of hydrocarbons and fatty alcohols
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From the DSC thermograms, it can be concluded that physical properties like melting
ranges can be tuned by extraction conditions and many extracts can be refined to
match the melting ranges of commercial waxes e.g.: the scCO, A extract has a DSC
thermogram similar to carnauba wax. It would be beneficial to fractionate some of the
extracts to understand how the different wax groups interact with one another in order
to correlate chemical composition to melting ranges more easily. As can be observed
in Figures 5.24, 5.25 and 5.26, wheat straw waxes do have a real potential to replace

some of the existing commercial waxes.

The melting ranges can also be altered by a blend of different waxes or other natural
ingredients as well as further downstream processes such as flash chromatography.
Figure 5.27 shows the melting ranges of wheat, barley and oat straw waxes from the
scale up trial described in Chapter 4. Both wheat and oat straw waxes exhibit minor
endothermic events prior to the main melt for the wax which suggested that there are
some low melting compounds within the complex mixture. The wheat and barley
straw waxes are very similar as there are two main peaks at 315 K, 327 K and 333 K
suggesting that the chemical compositions for the two are comparable. Table 5.8
shows the breakdown of the different wax groups within the three straw waxes. As
previously, there are co-elution of hentriacontane (Cs;) and octacosanol (C,g) and this
has been highlighted in the table. The chemical composition for both wheat and barley
wax are similar but do differ in terms of hydrocarbon and wax ester content. Barley
straw wax has a much higher hydrocarbon and wax ester content compared to wheat
straw wax, both wax groups melt at temperatures between 360 K to 432 K. This
higher proportion of hydrocarbons and wax esters in the barley straw wax is reflected
in the DSC thermogram as the second melting peaks at 327 K and 334 K are much
higher than wheat straw wax which means more energy is needed to create the
endotherm indicating a bigger proportion of higher melting wax compounds. This also
suggested that the first peak at 315 K may be due to other wax groups such as fatty
acids. The thermogram for oat straw wax is distinctly different to the other two cereals
as it appears that the peak at 315 K has disappeared. However, it does exhibit the
same second broad peak at 334 K and with a shoulder at 327 K. The oat straw wax
does have the smallest proportion of free fatty acids in the extract which may lead to

the 315 K being extremely small blending into the second peak.



To investigate this further, fractionation of the wax into different wax groups would
assist in the correlation between chemical compositions and physical properties. It
would be interesting to analyse wax blends at different proportions to observe the
influence of chemical composition on thermal properties. As can be seen in Table 5.8,
not all the wax compounds in the extracts are identified and quantified so it is
important to be aware that there is still a proportion of the extracts that is unknown in
terms of chemical compositions which could be responsible for the thermal properties
observed. To enhance the arguments from before, it would be beneficial if all the wax
compounds were identified so the compounds responsible for certain endotherms can
be allocated which can make tuning of thermal properties for specific applications

easier.

The wheat straw wax from the scale up trial was saponified using the method
described in Section 6.2.7. From the discussion in Section 5.2.4, the saponification
proved to be successful as the fatty alcohol fraction does not contain any ester
molecules and the fatty acid fraction only consists of free fatty acids. The
identification of compounds within each fraction is discussed in Section 5.2.4. Figure
5.28 shows the DSC thermogram of how the saponifcation fractions compared with
the original crude wheat straw wax. Wheat straw wax consists of multiple endotherms
indicating various groups of compounds within the complex mixture melting. The
wheat alcohol and acid fractions together showed a rough representation of the DSC
thermogram of the crude wheat straw wax as the main peak shown at 315 K is clearly
due to the fatty acids within the mixture. The DSC thermogram of wheat alcohols
fraction is more complex as more endotherm peaks can be seen and this could be due
to two newly identified 2-ketones in the fraction. The peaks are more defined as at
least three lipid groups (fatty acids, wax esters and glycerides) have been removed.
The thermogram also highlighted that the peak present at 333 K in the crude wheat
straw wax is due to the fatty alcohols, sterols and p-diketones. The large peak at 327
K in the crude wheat straw wax has now been reduced to only a small shoulder in the
wheat alcohols fraction which suggests that this could be due to the saponifiable
compounds such as glycerides or wax esters. This work has clearly demonstrated that
simple saponification can assist in correlating the wax groups with their thermal
properties which is valuable information when tuning the physical properties of wax

for specific applications. It would be interesting to carry out some blending
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experiments with not only the crude waxes but also various fractions in order to create
various thermal profiles and generate many different wax products for many

applications.

Wheat straw wax
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Figure 5.27: DSC thermograms of wheat, barley and oat straw waxes from scale up trials

(originally in colour)
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Figure 5.28: DSC thermograms of wheat alcohols and acids fractions compared to wheat

straw wax (originally in colour)

From the DSC thermograms, it is apparent that thermal properties of waxes can be
manipulated easily by extraction conditions through compositional differences and

downstream processing can help to tune the specific thermal profiles.
5.3.2  Acid value, saponification value and drop point

Acid value, saponification value and drop point are simple tests that are commonly
performed on lipid samples prior to determining areas of application. On Croda’s
recommendations, the three cereal straw waxes were assessed with these tests prior to
formulation and any application tests. The results would also suggest any necessary

downstream processing required targeting specific applications.
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Acid value is a common wet technique used to determine the amount of carboxylic
acid groups in the sample. In the case of lipids, this would determine the amount of
fatty acids in a complex mixture or any di-acids if present. For the cereal straw waxes,
only fatty acids were identified and this is a useful and quick method to determine the
level of acids in the extracts and compare them with the existing commercial waxes.
The acid number was determined using the method described in Section 6.4.3 which
represents the mass of potassium hydroxide required to neutralise 1 g of straw wax.
Saponification value is another common wet technique used by lipid chemists to
determine the amount of potassium hydroxide required to saponify 1 g of wax. In the
case of triglycerides, glycerol is also formed in the saponification process as well as
the potassium salt. In straw waxes, both glycerides and wax esters are present which
will undergo saponification and the saponification number is calculated using the
method described in Section 6.4.4. No steryl esters or diesters were found using the
GC method which would analyse molecules up to about 6000 KI units. It is not clear
whether larger molecules such as di-esters would also undergo saponification. Di-
esters such as steryl di-esters, diol di-esters and hydroxyacid diesters have been
reported to be present in lanolin and these are very large molecules that cannot be
detected using a standard GC method.** Table 5.9 shows how the acid and
saponification values for the three cereal waxes from the scale up trial compared to
four existing commercial waxes. The acid value for commercial waxes tends to be
lower though the cereal straw waxes do have similar acid values to beeswax. The acid
value can be reduced depending on demand by fractionating the fatty acids out. In a
separate experiment described in Section 5.2.4, the wheat straw wax was saponified
into two different fractions: fatty alcohols and fatty acids. The fatty alcohol fraction
that contains no fatty acids has an acid value of just 1 and the acid value for the fatty
acids containing fraction is 165. From this experiment, it can be shown that
downstream processing such as saponification can reduce the acid levels. The
saponification values of the straw waxes fit well in the current commercial waxes and

no modification is required.



Table 5.9: Acid value and saponification value for commercial and cereal straw

WaxesllB, 116

mg of KOH per
Waxes (mg per g)

Acid value Saponification value

Lanolin 7-15 100 - 110
Beeswax 17 - 36 90 - 149
Candelilla wax 12 -22 43 - 65
Carnauba wax 29-9.7 79 -95
Wheat straw wax 30.8 89.3

Barley straw wax 28.1 95.4

Oat straw wax 34.5 97.2

The drop point of the straw waxes was also measured prior to lip-stick formulation
trials which will be carried out by Croda Europe Limited. The drop point of a wax is
the temperature at which the solid wax turns into a liquid and drips from the
experimental cup described in Section 6.4.5. The temperature suggests the change in
solid to liquid phase of a wax and this is especially critical in specific formulations
such as lip-sticks. According to Croda’s recommendation, for a lip-stick
formulation, the wax must have a drop point of around 343 - 358 K. A basic lip-
stick formulation typically consists of a combination of waxes for different
functionality. The harder waxes such as candelilla wax within the formulation can
offer the wax its structure and the softer waxes such as lanolin would give the lip-
stick its emollient and the body temperature melting point. Table 5.10 shows the
drop points for the cereal straw waxes as well as the fatty alcohols and fatty acids
from the wheat saponification. It was found that the drop points for the cereal straw
waxes were all at around 337 K. Candelilla and carnauba waxes are commonly used
as a structural ingredient in lip-sticks and showed the appropriate drop point for
formulation. The wheat alcohols fraction from the saponification showed a
promising drop point as the lower melting point acids have been removed. However,
other physical properties such as colour must be determined in order to proceed to

the formulation phase.
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Table 5.10: Drop point for commercial and cereal straw waxes

Waxes Drop point (K)
Wheat straw wax 337
Barley straw wax 338

Oat straw wax 337
Wheat alcohols fraction 353
Wheat acids fraction 319
Beeswax 334 - 338
Candelilla wax 343 - 348
Carnauba wax 356 - 361

5.3.3  Appearance and aroma

The appearance of the three cereal straw waxes was assessed on both colour and
smell. All the waxes exhibit a strong but pleasant grass odour. Typically, waxes such
as lanolin are de-odourised using a steam or vacuum de-odouriser.*?? *** The colour of
the straw waxes ranged from yellow to dark green depending on the cereal straw as
shown in Figure 5.29. It should be noted that the method of extraction and the
conditions used are also very important to the resulting colour as demonstrated in
Figure 4.2. In order to compare the colour of the straw waxes to commercial waxes,
the Gardner colour method was employed and this is a common method used for
measurement of lipid colour. The Gardner colour of the waxes was determined using
the method described in Section 6.4.7 and is shown in Table 5.11. The Gardner colour
scale is a range from 1 (white) to 18 (dark brown).

The cereal straw waxes appeared to be darker compared to the refined commercial
waxes. Wheat straw wax has a Gardner colour of 18 and the other two cereal straw
waxes exhibit a Gardner colour of above 18 which is a massive problem as in many
applications such as lip-sticks, colour is critical for its performance. However, the
unrefined wool grease has a Gardner colour of 16 and is capable of being decolourised
to a lighter colour using hydrogen peroxide and the super-refined grade lanolin
achieves almost complete decolourisation to Gardener colour 1 or 2 through flash
chromatography.®** Lipids such as waxes can be bleached using a number of methods

such as the use of hydrogen peroxide, bleaching clays, strong acids, strong alkalis and



activated carbon.3? 326327328 |t \would be interesting to test these bleaching methods

on the straw waxes and observe the decolourisation process.

Wheat straw wax

Oat straw wax
Barley straw wax

=

Figure 5.29: Production scale cereal straw waxes (originally in colour)

Table 5.11: Gardner colour for commercial and cereal straw waxes

Waxes Gardener colour
Lanolin 9
Beeswax 3
Candellila wax 9
Carnauba wax 9

Wheat straw wax 18
Barley straw wax >18

Oat straw wax >18

Hydrogen peroxide bleaching was carried out on the wheat straw wax using a Croda
in-house method (confidential) that is currently used in the decolourisation of
lanolin. Unfortunately, no decolourisation occurred and the colour of the wax
remained the same. Barley straw wax was super-refined by Croda Japan Limited
using the same flash chromatography method (confidential) being carried out on
lanolin commercially to produce super-refined lanolin for applications such as
nipple creams. Figure 5.30 shows a large improvement in the colour of the barley
straw wax as it changed from a Gardner colour of over 18 to 13 with 85% yield.
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Further work is needed in order to further improve the decolourisation but from this
initial result, it certainly appears to be a promising method of decolourisation for

straw waxes

-

=

Barley straw Super-refined barley straw

Figure 5.30: Barley straw wax and super-refined barley straw wax (originally in colour)
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5.3.4  Water absorption

The water absorption test is a very simple way to determine if the wax has any
emulsifying properties for personal care applications. Emulsions are usually formed
between two or more usually immiscible components, typically an aqueous and an
oily component. Wool wax alcohol is a self-emulsifier that can readily take more than
230% of its own mass in water which makes it a great wax ingredient for skin care
applications by forming a very stable water-in-oil emulsion.*”® Following Croda’s
recommendation, this test would determine whether the wax is suitable for skin care
formulations.*** For this reason, the three wheat straw waxes from the scale up trial
and the saponified wheat alcohol fraction were tested for water absorption ability and
its potential in this application area. It was found that both wheat straw wax and wheat
alcohol fraction are very water resistant as they only took up roughly 20% and 60% of
their own mass in water respectively. The low level of water uptake demonstrates that
both wheat straw as an unrefined material and the wheat alcohol fraction are not
suitable for skin care applications. The water absorption ability did improve when the
wheat straw wax was saponified into the alcohol fraction as hydrophobic molecules
such as wax esters are being saponified into more hydrophilic molecules such as fatty
alcohols. In order to further improve the water absorption ability, other compounds



5.4

such as n-alkanes present in the wheat straw wax that would have a water repelling
effect, need to be fractionated off so that the wax would be more hydrophilic. This
would not only improve its water absorbing property, it would also add value to the
wax by creating an alkane-rich fraction. The waxes will be tested for home care

applications such as furniture wax polishes instead.

Applications and costs

54.1 Potential applications

Cereal straw waxes contain a complex mixture of molecules which can be separated
and refined for potentially important applications. From the literature review of
existing commercial waxes, it was apparent that waxes are not a single group of
compounds but a blend of different wax groups at different concentrations. It is this
varied composition that give its unique physical properties that are especially
favourable for specific applications. For example one of the biggest wool wax
producers, Croda Europe Limited, refined wool grease to lanolin alcohols so it is high
in fatty alcohols and sterols to give it its extra emollient and emulsification properties
in cosmetics applications. After the identification of the crude cereal waxes, it can be
concluded that there are a mixture of both aliphatic and cyclic compounds with good
opportunities for many applications. However, it is important to consider both single
groups of compounds and a blend of compounds in order to achieve its functionality
to fit with existing applications. Table 5.12 summarises the potential applications for
the different wax groups identified in cereal straw waxes. The potential applications

were discussed in more details in Chapter 2.

One of the biggest global wax applications is candles with over 450,000 tonnes of

wax used solely for candle production in the USA.**

A sample of barley straw wax
from the scale up trial was tested for its potential in candles applications in
collaboration with Oakbank Products. The congealing point was 329 — 330 K which
was too low and unsuitable for use and casting solid pillar candles and in addition the
hardness of the wax was found to be unsuitable for casting.**® The congealing point
also showed that the wax has a melting point slightly too high to use in container

candles which means that the crude wax has properties in between that required for
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container wax and casting wax but from the testing, it was concluded that the barley
straw wax was more suited for container wax. The next stage of the trials would be to
input additives into the crude wax and carry out performance tests.*** However, in
order to keep the products as natural as possible, bio-derived ingredients would be
considered first. It would be interesting to incorporate some wheat alcohols and

observe the effects of melting point.

Table 5.12: Potential applications for different wax groups identified in cereal straw

waxes

Wax group Top compounds Potential applications
Hexadecanoic acid (Ci¢.), octadecadienoic acid  Soaps, detergents, lubricating

Fatty acids (Cag:0), octadecenoic acid (Cyg.1), octadecanoic grease/ oils, cleaning compounds/
acid (Cyg.) polishes!® 168

Hydrocarbons Nonacosane (C,g), hentriacontane (Cs;) Paraffine waxes, coatings®"

Fatty alcohols

167, 331

Octacosanol (Cyg) Surfactants, cosmetics

Aldehydes Octacosanal (Cyg) Food flavouring™®
Wax esters Octacosanyl hexadecanoate (Cy:Cg), Hard wax polishe_s, cozlalgzings,
octacosanyl octdecanoate (C,g:Cyg) cosmetics, plasticisers
Sterols [-Sitosterol, stigmasterol, campesterol Nutrient 5“3'2,5’ lements, cosmetics,
surfactants
B-Diketones 14, 16-hentriacontanedione (Ca,) Metal chelators®*?
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From the water absorption tests, the waxes were shown to have great water-proofing
properties so for this reason, the samples of wheat, barley and oat are currently
waiting to be tested by the home care applications team in Croda Europe Limited for
applications such as water-proofing furniture polishes and coatings.’* Also for the
same reason, the company has concluded that the crude cereal waxes are unsuitable
for skin care creams to substitute current commercial products such as lanolin

alcohols.***

54.2

Economic considerations

The use of CO, as an extraction method is well-known for its environmental benefits

but this green alternative technology does struggle to replace some of the existing



processes and one of the main reasons is due to its high capital and operating costs.
With scCO, systems running at high pressure, large energy consumption is inevitable
and is reflected in high energy costs. This is one of the biggest arguments against
using scCO, as a commercial process for extraction even though now almost all the
CO, extraction plants are designed to deliver optimum performance and reduced
energy consumption. One major concern with extraction of cereal straw waxes is that
the bulk density of the raw material is low so extra costs would be added to increase
the bulk density of the biomass so increasing the volume of feedstock per batch
extraction. However, if the raw materials are too dense, diffusion problems might
arise and CO, would struggle to penetrate through the cereal straw pellets resulting in
low extraction efficiency. The right balance between densification and extraction
efficiency must be achieved to result in the most economic extraction process. To
date, all the commercial extraction plants are run on batch processes even though
continuous extraction would offer a great energy saving so the high throughput batch
processes must be taken into account.®** Brunner showed that by switching batch to
continuous processes, the operation costs could be reduced by about 30%.%* As the
current commercial extractors are all batch processes, it is important to design the
plant to allow easy loading and unloading of the materials from possibly multiple
extractors. The operating costs of a supercritical CO, extraction plant are inversely
proportional to the size of the plant and these can be broken down to eight different
categories as indicated in Figure 5.31. Labour was shown to be the main operating

cost as skilled engineers are required to operate high pressure plants.

As well as the consideration of the process itself, a crucial point to be noted is that
even though cereal straw is an agricultural by-product and that there is excess quantity
with no current commercial uses, the raw materials are not free. Waste generated from
one process is essentially a new feedstock for another so fitting this idea into the
straw-based bio-refinery, the costs of the net raw materials would be lowered.
Extraction can be carried out using virgin cereal straw and any de-waxed straw

residues could potentially have a range of applications such as fuels.™
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Figure 5.31: The breakdown of operation costs for CO, extraction®" (originally in

colour)

An economic assessment for the extraction of cereal straw wax using scCO, at a
commercial scale using prices collected from personal communication in 2012 is
shown below. The raw materials and pelletisation costs are current values from
Sundown Products Limited and some of the operation costs are based on personal
communication with Evonik Industries. Table 3.13 shows the cost of the three cereal

straws as well as pelletisation costs carried out in the scale up trial described in this

chapter.
Table 5.13: Costs of raw materials and palletisation
Raw materials Costs per tonne Pelletisation Pelletised straw
(Cost/ tonne) Low (£) High (£) (£) Low (£) High (£)
Wheat straw 50 70 45 95 115
Barley Straw 100 100 45 145 145
Oat straw 100 100 45 145 145

Two different costs labelled as “low” and “high” are shown for the raw materials as

the costs are different seasonal depending on harvest results. The cost of barley and
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oat straw tends to be higher than wheat straw as more wheat is grown compared to
barley and oat in the UK. The pelletisation cost indicated is calculated by Equation 5.1
and the cost reflects a combination of both milling and pelletisation based on the scale

up trial but with no processing loss built in.

Pelletised straw per tonne (£) = Cost of straw (£) + Cost of pelletisation (£)

Equation 5.1: Cost of pelletised materials

If the straw residues were to be recovered and be used as combustion fuels in power
stations, the straw residues can be sold at a cost. Sundown Products Limited estimated
the cost of re-sale of extracted straw residues. It has been shown that the calorific
value of the extracted straw residues is similar to virgin cereal straw despite the
cuticle waxes having been removed. The removal of the cuticle wax does have a
negative effect in terms of combustion. During the scCO, extraction process, the co-
extraction of water in the straw occurs which is beneficial for combustion so for this
reason, the calorific value remains similar.’® Table 5.14 shows the estimated
readjusted costs for the raw materials and the net costs calculated using Equation 5.2.
The cheapest cost was calculated to be £20 per tonne for pelletised wheat straw and
this value is used for further calculations in estimation of product costs. However, the
percentage of the crude yield of wax as well as the cost of the raw materials must be
taken into account when calculating the most economical raw material to use for

extraction.
Net cost of pelletised straw per tonne (£)
= Initial cost of pelletised straw (£)

— Resale price of straw (£)

Equation 5.2: Calculation of net cost of pelletised straw
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Table 5.14: Estimated net costs for pelletised raw materials

Power station Low (£) High (£)

Costs of straw (£/t) include

repelletisation » 85

Pelletised straw Net cost of pelletised straw after

Raw materials (Cost/ tonne) re-sale

Low (£) High (£) Low (£) High (£)
Wheat 95 115 20 30
Barley 145 145 60 70
Oat 145 145 60 70

As discussed before there is a high operational cost when dealing with high pressure
extractors and the costs of extraction is scale dependent. Table 5.15 shows a summary
of the estimated costs for three different CO, scale with the less than 10 tonnes scale
values based on the scale up trial carried out in collaboration with Evonik Industries
including the costs of CO,. It is noted that the displayed currency is in Euros (€) as the
scale up trial was carried out in Germany. Typically, the cost of food grade CO, is
approximately £90 per tonne but CO, can be easily recompressed, recycled and reused
with only less than 0.03% of CO, being lost during the decompression stage.?*

Table 5.15: Costs for CO, extraction®®

. Crude yield (€/ kg of wax)
CO, scale Cost/kg of straw for extraction (€)
1% 2% 3%
< 10 tonnes (Scale up trial) 3 300 150 100
> 50 tonnes 1 100 50 33.33
10,000 tonnes (own plant) 0.4 40 20 13.33

Note: tonnes in CO, scale refer to volume of biomass

As shown previously the crude yield ranged from 0.8 to 1.5% in the scale up trial and
is dependent on the raw materials used so therefore, the costs based on a crude yield
of 1 to 3% were calculated. From the optimisation work shown in Chapter 4, it was
apparent that higher yields can be achieved compared to what were reported in this
chapter. The operating pressure was only 26 MPa so if this can be increased then there
would be an increase in crude yield. However, it is important to note that increased

pressure would lead to higher energy costs so it is important to find the right balance
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between cost and extraction conditions. Other expenditure such as de-watering
processing cost, plant maintenance cost, transportation costs etc. are not included in
the calculations. Results showed that wheat straw has the lowest wax yield but it is the
cheapest source of straw in the UK which suggests pushing wheat straw wax yield to
3% would be very challenging without any plant breeding. The best case scenario is
that cheap wheat straw was used as the feedstock with a high 3% crude wax yield in a
10,000 tonnes CO, plant, this would result in a production cost of just over £12 per kg
of wax. Currently, based on figures from Croda Europe Limited the production cost
for the finished product lanolin is about £4 per kg and the most expensive super
refined lanolin is about £11 - 12 per kg. There is a large difference in the two prices
with straw wax being at least three times more expensive than existing commercial
waxes. To make the prices more comparable and for the new straw wax to be able to
compete with the existing commercial waxes, the yield must be increased to about 8%
which would give an approximately £4 per kg of wax. From this economic
assessment, it can be concluded currently; the cost of extraction of wheat straw wax is
too high and must be reduced in order to gain more industrial interest as well as

further scale up trials.

There are a number of ways that the cost of production of straw wax can be reduced.
An obvious way is by increasing the current % crude yield and this may be achieved
by plant breeding of cereal crops and controlled growing conditions. As the cost of
scCO, extraction is inversely proportional with size of CO, plant, the size of plant
may need to be increased if possible. If the cost cannot be reduced then it is important
to find a unique high value application for the new product thought research and

development.

5.5 Conclusion and future work

As scCO, can co-extract the water molecules within the biomass, the first intial processing

step after the production scale extraction is the removal of co-extracted water. If a plant was

to be built specially for the extraction of waxes from biomass, the removal of water should

be incorporated into the plant design to increase the efficiency. The use of scCO, as part of a

extraction and fractionation as one step process have been demonstrated successfully but
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more work is needed to optimise the fractionation conditions to give a series of wax products

with different chemical compositions and physical properties for a variety of applications.

As shown repeatedly that there are still unidentified compounds in the extracts that are too
involatile to analyse by simply using GC. Wheat and oat straw waxes were also successfully
fractionated by GPC in order to seaprate the high molecular weight compounds for further
investigation. It was found that there were a significant number of compounds with high
molecular weight (iup to 1500 Da). The molecular weight of these large molecules, believed
to be esters from the IR analysis, were determined using MALDI-TOF MS. Further method
development is needed in order to accurately analyse these wax esters succesfully each time.
This demonstrated that there is an interesting high molecular weight wax fraction. These
wax compounds could lead to further new applications and raise the value of the products.
Further work is needed for the saponified wax extracts to be analysed on GC-MS for full
identification. Other molecules such as phenolics could also be presented in these extracts so
further work is needed to fully analyse the complete extracts.

The physical properties of the straw waxes from different scCO, conditions and scale up
trials were explored and this included appearance, melting point, acid value, saponification
value, water absortion, drop point and melting points. These physical properties were shown
to be highly influenced by the chemical compositions of the wax which are determined by
the extraction conditions. These properties were assessed and compared with some
commercial waxes in order to understand how these new renewable straw waxes can fit in
the current market. The chemical compositions were correlated with some of the physical
properties such as melting points to help understand how to tailor the wax properties by
extraction conditions. The straw waxes are strongly coloured hard waxes with high melting
points and no water absorption ability so therefore it is not ideal for cosmetics applications
in its crude form but due to high hydrophobicity, it could be ideal for coatings and polishes
applications. Further downstream processing steps e.g.: decolourisation are requried to tune
the wax products for specific applications. More work is needed on investigation of poetntial
applications of these valuable waxes by carrying out some downstream proceses and

formulations tests.

The use of supercritical CO, as the extraction method is an expensive technology due to its
high operating pressure so an economic assessment was carried out for the extraction of
straw waxes based on the scale up trials. The costs of the scCO, extraction decreases as the

size of the extractor increases so the absolute minimum costs was calculated for the use of a
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10,000 tonnes extractor. A range of extraction yields and biomass costs were used in order to
achieve the minimal cost and it was calculated to be about £12 per kg of straw wax. This
calculated value was based on a high yield (3%), the assumption of low biomass costs and
no further downstream processing and this was still signifcantly higher than exisiting costs
for commercial waxes such as lanolin which can be obtained for £4 per kg. In summary,
there is a huge potential in the extraction of straw to gain valuable waxes for the growing
wax market. Extraction of cereal straw waxes using scCO; in industrial scale were proved to
be a success but further work is needed on optimisation of conditions and the products
resulted showed promising physical properties which can lead to a wide range of industrial
applications. The extraction of straw presents an interesting alternaive wax and demonstrates
to fit well within the straw bio-refinery concept by adding value to these low cost, high
volume agricultural by-products. However, despite the success of the extraction trials and
potential applications, the costs of production of cereal straw waxes are significantly higher
than the existing commercial waxes and therefore it will be difficult to compete in the
current market. In order to commercialise these cereal straw waxes, the only solutions are to
minimise the costs further by increasing the extraction yields. As technology develops, the
cost of high pressure extractors will decrease and identify unique physical properties and

molecules that currently do not exist in the present wax market.

295



296



Chapter 6

Experimental Procedures






6. EXPERIMENTAL PROCEDURES

6.1 Materials and reagents

Wheat husk and straw (Claire 07, 08 and Viscount 09) (Triticum aestivum) were supplied by
Park Farm in Castle Howard. Park Farm is a part of the leading farming company, Velcourt
Limited. Wheat straw (Hereward 08, Oakley 08 and Charger 08), barley straw (variety:
Carat 08 and Optic 08) (Hordeum vulgare) and low erucic acid oilseed rape straw (Brassica
napus) were supplied by A & A Services, in Cliffe, Selby. Oat Services Limited supplied a
mixed variety of oat straw and oat husk. Sunflower husk, straw and capitulum (Helianthus
annuus) were provided by Auvergne Trituration. The high erucic acid oilseed rape straw
(Brassica napus) and miscanthus straw (Miscanthus giganteus) were supplied by Charles
Jackson & Co Limited. Wheat, barley and oat straw (mixed varieties 09) were supplied and
pelletised by Sundown Products Ltd.

Organic solvents dichloromethane, heptane, ethanol, diethyl ether, toluene, ethyl acetate,
acetone, 2-MeTHF, THF, chloroform and acetonitrile were all analytical grade > 99% and
were purchased from Fisher Scientific UK Limited. Pesticides grade hexane and
dichloromethane were obtained from Fisher Scientific UK Limited and used for the gel
permeation chromatography. The IMS was provided by Croda International Plc. Carbon
dioxide (> 99.99%), liquid nitrogen, helium, nitrogen and hydrogen were purchased from the
BOC Group. Octacosanol (> 99%), stearic acid (~ 95%), oleyl palmitate (~ 99%),
hentriacontane (> 99%), 4-nitroaniline ((> 99%) and ASTM® D5442 C,,-Cg, qualitative
retention time mix (containing docosane, dodecane, dotriacontane, eicosane, hexacontane,
hexacosane, hexadecane, hexatriacontane, octacosane, octadecane, pentacontane,
tetracontane, tetracosane, tetradecane, tetratetracontane and triacontane) were purchased
from Sigma-Aldrich UK Limited. Stigmasterol (~ 95%), concentrated nitric acid (67 - 70%),
1 M HCl and 1 M NaOH were obtained from Fisher Scientific UK Ltd. Trans- methyl--
styrene (~ 97%) was purchased from Acros Organics. Polystyrene calibration standards of
molecular weight 500 gmol™, 1000 gmol™, 2000 gmol™ and 3000 gmol™ were obtained from
Fluka Limited. Polystyrene calibration standard of molecular weight 2500 gmol™ was
purchased from Alfa Aesar. Wool grease, Corona 8® Medilan®, Medilan Superso JP®,
Medilan Ultra So®, Coronet®, Fluilan® and petroleum jelly were provided by Croda

Enterprises Limited. The 2 mm borosilicate glass beads, phenolphthalein indicator and
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activated carbon Norit® RO 0.8 pellets were purchased from Sigma-Aldrich UK Limited.

N,N-Diethyl-4-nitroaniline was obtained from Fluorochem UK.

The cellulose thimbles used for the Soxhlet extractions were bought from Fischer Scientific
UK Limited. The PTFE filters used for FexIKA® extraction have a pore volume of 65%,

pore size of 10-20 um and a membrane thickness of 0.2 mm, and were purchased from
IKA®. The Bio-Beads S-X3 (200-400 mesh) was purchased from Bio-Rad Laboratories. The
metal standards of 1000 ppm used for ICP-AES analysis were all obtained from SCP
Science. The MALDI MS grade 2,5-DHB and lithium carbonate (> 99%) were purchased
from Sigma-Aldrich UK Limited.

6.2 Pre-treatment, extraction and fractionation procedures

6.2.1  Moisture content of raw materials

Approximately 10 g of biomass was put inside small aluminium dishes and placed in
to a 383 K oven (Carbolite Ltd.). The biomass was weighed periodically until constant
weight was achieved. The biomass used for extractions all has a moisture level of less
than 10%. The moisture level was calculated using Equation 6.1.

Mass of original sample — Mass of dried sample
Moisture level (%) = ( f orig P ! ple) x 100

300

Mass of original sample
Equation 6.1: Calculation of moisture level

The moisture level of the saponified mixture described in Section 6.2.8 was
determined using Orion AF8 moisture balance. The instrument was programmed to
maintain a temperature of 378 K. The weight loss of the sample was continuously
monitored with the internal balance in the instrument until a constant weight was

achieved and the moisture level indicated.
6.2.2 Pre-treatment of raw materials

All untreated samples were milled using a Glen Creston Limited hammer mill to pass
through a 2.5 mm size screen. Unfortunately, the instrument is very old so the model
number cannot be retrieved. The biomass was stored in a cool, dry shed prior to

milling. Once the biomass is milled, it was stored in paper sacks in a cool, dry place.



The three cereal straws supplied by Sundown Products Limited were milled using an
industrial hammer mill with a screen size of 8 mm to fine particle size. It was then
conditioned by evenly adding approximately 2 - 5% water. This is to lubricate the
straw for pelletisation. The milled straw is then pelletised using a pellet press fitted
with a 6 mm ring die. All the milling and pelletisation were carried out using the
instruments Swiss Combi 44K and La Meccania 935. The straw pellets were cooled
and air-dried prior to packing. The miscanthus straw was densified as briquettes for
coal co-firing by Charles Jackson Limited but the details of the procedure were unable

to obtain.

Figure 6.1: Alternative pre-treatment processes: milled, chopped, pellets and briquettes

(originally in colour)

6.2.3 Soxhlet extraction

Prior to extraction, the raw materials were pre-treated as described in Section 6.2.2.
About 13 g of the processed biomass was extracted with 300 mL of selected solvent in
a standard Soxhlet extraction apparatus for five hours as shown in Figure 2.1. The
exact temperature for the Soxhlet extraction was monitored using a Radleys Discovery
Technologies 2006T thermocouple periodically and an average of at least three
readings were taken. The recovered extracts were immediately filtered using fluted
filter paper to remove any straw residues and concentrated to dryness in vacuo. In
order to eliminate moisture and traces of residual solvent, extracts were air-dried at
room temperature. The extracts were weighed periodically until constant weight was

achieved.

6.2.4  FexIKA® extraction

The FexIKA® Vario Control Series Extractor was the chosen extraction method for the

screening stage as shown in Figure 2.2. FexIKA® Vario Control Series Extractor is
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based on the fluidised bed extraction principle. About 20 g of sample was loaded onto
the extraction tube which is fitted with a hydrophobic PTFE filter. The filter was
slotted into the solvent resistant connection. The extracting solvent was filled in the
basic vessel that contains a magnetic stirrer bar. During a typical run, the solvent is
heated and stirred to the set temperature and speed as shown in Table 6.1. The heating
and cooling device is controlled by a computer using the software Labworldsoft.
Table 6.1 shows the extraction information for each of the extraction solvent used.
The recovered extracts were concentrated in vacuo. In order to eliminate moisture and
traces of residual solvent, extracts were air-dried at room temperature until constant

weight was achieved.

Table 6.1: Extraction information for ethanol and hexane

Extraction Solvent Ethanol Hexane
Number of cycles 10 10
1stcycle 2nd cycle and after  1stcycle 2nd cycle and after
Rated Temperature heated (K) 393 393 373 373
Boiling time (minute) 9 7 15 10
Rated Temperature Cooling (K) 313 313 313 313
Filtration Time (minute) 5 5 10 10
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6.2.5  Supercritical fluid extraction

Supercritical CO, extractions were carried out using a Thar SFE 500 system (Thar
technologies). Figure 6.2 shows the system that was used for the carbon dioxide
extraction study. Approximately 130 g of air-dried milled raw materials can be loaded
into the 500 mL extractor. The CO, supplied from a cylinder as a liquid and was
maintained in this state through cooling unit (273 K) to avoid cavitation in the high
pressure pump. The liquefied CO, was then sent to the pre-heater and converted into a
supercritical fluid prior to entering the extractor. If liquid carbon dioxide extraction
was to be performed, a second cooling unit must be adopted to cool the extractor in
order for the CO, to be maintained as liquid. Temperature (279 K — 373 K), pressure
(6.5 - 55 MPa) and flow rate of 40 mLmin * were selected according for the
experiment. The extracts were all collected at 323 K and at atmospheric pressure in
separator 1. Co-solvent ethanol was employed in some experiments. The co-solvent

flow rate was maintained at 4 mLmin™ (10% of CO, flow). The ethanol was released



in the first separator periodically to ensure there was not a build-up of solvent. The
extraction lasted four hours and once completed, the system was depressurised over a
period of one hour and the separators were washed with a minimal amount of
dichloromethane. The dichloromethane was removed in vacuo and extracts were air-

dried at room temperature until constant weight was achieved.

CO, cylinders

Back pressure regulators

Separator 2

Separator 1

Extractor

Inline heater

Co-solvent pump

CO, pump

Cooling unit

Figure 6.2: Thar SFE 500 system used for carbon dioxide extractions (originally in colour)

Production scale supercritical fluid carbon dioxide extraction was carried out in
collaboration with Evonik Industries. The extractions were carried out on an Evonik
Industries’ CIT plant in Trostberg, Germany. The CIT extraction plant was used for
the wax extraction. This plant has 2 x 200 L extractors and has an operating pressure
of up to 28 MPa. The wheat straw pellets were extracted without further milling at
323 K and 26 MPa. The separator was set at 323 K and 5.5 MPa. Approximately 50 -
60 kg of CO, was used per kg of straw pellets. The only significant problem
encountered during the wheat straw extraction was that the extract solidifies after the
depressurisation valve and in the separator. After a few batches the separator pipe
work was disassembled and extract was found to be coating the inside of the pipe
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work which severely restricted the flow. To overcome this problem, a ratio of 0.7- 1.5
parts of rapeseed oil was added as carrier oil. This was injected into the high pressure
line between the extractor and separator. As the addition of carrier oil is considered
undesirable, the temperature of the extractor and separator was raised to 343 K for

other batches so the wax would be melted when separated.

Pure wax extracts were melted using a large stainless steel pot on a hot plate. The wax
extracts were stirred using a stainless steel ladle periodically to increase heat transfer
and avoid burning. The temperature of melting wax was measured and recorded to be
about 348 K. The water from the melted wax was separated off leaving a water-free
wax extract. The wax extracts were stored in freezer to avoid oxidation and

degradation.

6.2.6 Purification and fractionation of wax extracts

Approximately 0.1 g of solvent extracts was dissolved in 20 mL of DCM and the
same volume of de-ionised water was added to the solution. The bi-phasic solutions
were inverted a few times and pressure was released periodically. The aqueous wash
was repeated two times (2 x 20mL) and the total aqueous solutions were combined
and washed with 2 x 20 mL of DCM. The DCM and aqueous washes were combined

and the DCM fractions dried in vacuo.

Supercritical CO, fractionations were carried out using a Thar SFE 500 system (Thar
technologies) as shown in Figure 6.4. The waxes from the production scale extraction
were loaded onto 2 mm borosilicate glass beads for the fractionation. The waxes were
first melted on a 348 K hot plate and were then diluted with an equal volume of
dichloromethane. The wax coated glass beads in solvent were evaporated to dryness in
vacuo. The sample was spinning continuously whilst evaporating the dichloromethane

in vacuo to ensure the wax was loaded on the glass beads evenly.

The 15 - 17% wax coated glass beads were loaded onto the extractor. The extractor
was set at 323 K and 35 MPa; separator 1 was at 308 K and 7.5 MPa and the separator
2 was 323 K and at atmospheric pressure. The CO, flow rate remained constant at 4

mLmin™ during the full whole four hours of fractionation time. The system was



depressurised and both of the separators were set to 348 K in order to melt and

retrieve the wax fractions.

6.2.7  Saponification

Full saponification of wheat straw wax was carried out using a Croda in-house method
QAP02/19. A solution of 340 g of IMS and 60 g of deionised water was added to
about 460 g of molten wheat straw wax in a 3-necked flask. A condenser,
thermocouple and overhead stirrer were attached to the flask. The solution was
warmed to 333 K and stirred gently whilst the 47% w/v of sodium hydroxide was
being added gradually. The amount of sodium hydroxide added to the mixture was
calculated using Equation 6.2.

Saponification value x 500 x 40 x 105

Amount of sodium hydroxide (mL) = 6100 x 47

Equation 6.2: Calculation for quantity of sodium hydroxide

After the addition, the mixture was continuously refluxed (about 353 K) and stirred
gently for approximately eight hours until the reaction was completed. In order to test
the reaction for completion, a base value was determined using method described in
Section 6.4.9. The base value must be in the range of 0.15 - 25% when completed. If
the free base is lower than 0.15%, a further addition of free base is required. The extra

sodium hydroxide needed was calculated using Equation 6.3.

(0.25 — free base value) X 500
47

Amount of sodium hydroxide (mL) =

Equation 6.3: Calculation of extra sodium hydroxide for low base value

The saponified mixture was extracted in batches of approximately 40 g. The moisture
level was determined using the method described in Section 6.2.1. A mixture of 50
mL IMS and 100 mL deionised water was added to the saponified mixture and
warmed to 328 K. The aqueous saponified mixture was extracted using 300 mL warm

hexane (about 323 K) in a separating funnel. The solution was swirled gently by hand
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and the contents were allowed to come to thermal equilibrium. The funnel was

stoppered and inverted gently and pressure was released frequently.

Chemical compositions analysis procedures

6.3.1  GC analysis

Approximately 25 mg of the extract was dissolved in 1 mL of solvent and was
analysed using a capillary column ZB-5HT, 30 m x 0.25 mm I. D. X 0.25 pm film
thickness, Phenomenex. A 2 mgmL™ tetradecane in dichloromethane was made and
used as an internal standard. This solution was used as the 1 mL solvent to make up
the wax samples for quantification analysis. Helium was used as the carrier gas with a
flow rate of 2.2 mLmin® in constant flow mode. The oven was temperature-
programmed from 323 K (1 minute hold) to 553 Kat 283 Kmin™ and from 553 K to
613 K (24 minutes) at 278 Kmin™. The injector and the FID were both set at 573 K.
All injections were done manually in splitless mode and 1 pL of sample was injected.
Capillary columns DB-5HT, 6 m x 0.53 mm L.D. x 0.1 pm film thickness (SGE) and
ZB-5 HT, 15 m x 0.25 mm L.D. x 0.25 pm film thickness (Phenomenex) were also
employed in the study. Helium was used as the carrier gas, and the flow rate was 2.2
mLmin™ in constant flow mode. However, there was a problem in controlling and
maintaining the gas flow with the 6 m column as the required head pressure was lower
than could be controlled accurately. The oven was temperature-programmed from 323
K (one minute hold) to 673 K at 283 Kmin™ and the samples were injected at 10:1
split mode manually. A HP 6890 gas chromatography was used for all GC analysis.

Quantification of the wax compounds were carried out using a series of authentic
standards. The standards were used as a representative of each wax group (e.g.: stearic
acid was used for all fatty acids quantification). The standards used were stigmasterol
for sterols, hentriacontane for alkanes, octacosanol for fatty alcohols, stearic acids for
fatty acids and stearyl palmitate for wax esters. As there is no authentic standard
available for R-diketones, the Effective Carbon Number (ECN) method was used to
quantify this group of compounds.”® Tetradecane at a concentration of about 2

cm®mg™ was used as an internal standard for the samples and standards.



6.3.2  GC-MS analysis

Approximately 30 mg of the extracts were dissolved in 1 mL of solvent
(dichloromethane or ethanol) and the samples analysed using a capillary column DB-
5HT, 30 m x 0.25 mm L.D. x 0.25 pm film thickness; Phenomenex. The oven was
temperature-programmed from 333 K (1 minute hold) to 633 K at 281 Kmin™ (10
minutes hold). Exactly 0.5 pl of the sample was injected using 10:1 split mode. The
temperature of the injector was 573 K. A Perkin Elmer Clarus 500 Gas chromatograph
with an auto sampler was coupled to a Perkin Elmer Clarus 560S mass spectrometer

for this analysis.

The mass spectrometer was operated in electron impact (EI) mode at 70 eV, a source
temperature of 573 K with the quadruple at 573 K and scanning a mass range of 30 -

1200 amu per second.

6.3.3  Derivatisation for GC analysis

Some wax samples were derivatised in order to increase volatility, improve peak
shape and help in identification. Trimethylsilylation was carried out using 200 pL 1%
bis-(trimethyl)-trifluoro-acetamide and trimethylchlorosilane and 1mL of toluene were
added to about 20 mg of wax sample. The reaction was completed by heating the
sample in a 348 K oven for 30 minutes. The sample was allowed to cool prior to GC
and GC-MS analysis.

6.3.4 FAME analysis

Fatty acid methyl esters (FAME) analysis was carried out by dissolving about 90 mg
of crude extracts in 3 mL of hexane (containing approximately 2 mgmL™ internal
standard tetradecane) and followed by the addition of 150 pL of 1 N methanolic
sodium hydroxide. The solution was stirred vigorously for 20 minutes and left at room
temperature until the organic and aqueous layers were separated. The organic layer
was analysed using the GC method as above and FAME was quantified using GCMS

and fatty acid as standard.
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6.3.5 IR analysis

IR spectra were obtained by analysing on a Bruker Vertex 70 fitted with a Specac
Golden Gate ATR. This was controlled by Opus software. The spectrum was scanned
from 4000 - 600 cm™. The number of background scans and sample scans were set at
32 and 16 respectively. The resolution was selected to be 2 cm™.

6.3.6  GPC analysis

A HP 1090 liquid chromatography with an auto- sampler coupled to a DAD detector
were used for the analysis. A Phenogel 5 p 100 A column (300 x 4.6 mm) with a
guard column (Phenogel 5 p linear/mixed 30 mm x 4.6 mm) was placed in an oven of
313 K and a detector set at 220 - 480 nm. The mobile phase used was THF. The flow
rate was maintained at 0.35 mLmin™ throughout the isoscratic method. This was
carried out with the help of Peter Hurst (PhD student). The injection volume was 25
pL. The total run time was 20 minutes. The fractions were collected using a
Pharmacia Biotech FRAC-100 sample carousel and programmed to collect the
fractions every 30 seconds. The fractions were reanalysed to clarify the peaks
collected. The fractions containing the same peaks were combined and analysed using
MALDI TOF MS.

The GPC analysis was scaled up using a modified Croda in-house method G17300
which was used as a clean-up method for pesticides analysis. This was carried out
under the guidance of Graham Atkinson of Croda International Plc. A Gilson HPLC
was used to carry out the wax fractionation. The system used consists of Gilson 306
pump, Gilson 402 syringe pump, Gilson 231 XL sample injector, Gilson 206 fraction
collector, Gilson 811C dynamic mixer, Gilson 806 monometric module and Gilson
151 UV-VIS detector. Approximately 5 g of wax was dissolved in 1:1 hexane:
dichloromethane and made to volume in a 50 mL volumetric flask. The wax was
loaded on via a 5 mL sample loop onto a Bio-Beads SX3 resin (300-400 mesh) which
was swollen in 1:1 hexane: dichloromethane then packed in-house into a 600 mm x 25
mm i.d. column.** The eluting solvent was 1:1 hexane: dichloromethane and was

mixed and pumped at 5 mLmin™. The wavelength for the UV-VIS detector was set at



254 nm with the eluting wax fractions being collected every minute from 10.5 to 20.5

minutes. The mass balance of the wax fractions were calculated.
6.3.7 MALDI-TOF MS analysis and synthesis of LIDHB matrix

A Bruker Solarix FTICR (Fourier Transform lon Cyclotron Resonance) 9.4T magnet
with a smart beam 2 Nd:YAG laser (wavelength 355 nm) was used for MALDI TOF
MS analysis under the guidance of Adam Dowle. Laser power used was 20% which
equated to 20 micro joules per shot and the laser focus was set to medium. Each data
file was an accumulation of 4000 laser shots. The matrix used was 2,5-DHB and
lithium DHB. The instrument was calibrated from 900 to 3150 Da using a standard
peptide mixture. The sample acquisition was ranged from 500 to 3000 Da vyielding a
target resolution at m/z 800 of 80,000.

The lithium DHB was synthesised using a method reported by Cvacka et al.*® The
matrix was synthesised by dissolving 0.5 g 2,5-DHB in 10 mL deionised water at
313 K. The mixture was gently stirred until complete dissolution then the
stoichiometric amount of lithium carbonate (0.12 g) was added. The pH was checked
and maintained pH 6 to prevent oxidation. Inert gas nitrogen was blown over the
mixture to reduce the solvent level to about 1 mL. The reduced mixture was
crystallised by putting it in a refrigerator of 279 K. White needle-like crystals were
formed, filtered and washed with 1 mL of CHCIls;. The sample was dried under
vacuum to remove the residue water. The matrix was prepared at approximately 10
mgmL™ with 50% acetonitrile, 40% deionised water and 10% of 1% TFA. The wax
samples were prepared at about 30 mgmL™ in DCM. About 0.5 pL of sample was
spotted on the MALDI plate then 0.5 pL of matrix was added on top of the sample
spot and mixed on plate. The plate was left at ambient temperature so that it was

completely dried prior to analysis.

The lanolin samples were analysed and the fractions were collected. The samples were
initially screened using IR described in Section 6.3.4. The samples which showed

ester groups were then analysed using MALDI-TOF MS.
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Physical properties of wax extracts

6.4.1  Decomposition by STA analysis

Simultaneous Thermal Analysis (STA) was carried out using Thermal Sciences STA
625 and the decomposition temperature was determined from the Thermogravimetric
Analysis (TGA) trace. Between 5 — 20 mg of sample was placed into the bottom of an
aluminium pan prior to analysis. The quantity used was dependent on the nature of the
sample. The sample in the aluminium pan was placed in the hanger along with an
empty aluminium pan as the reference. The furnace was then heated from room
temperature (approximately 298 K) to 898 K at 283 Kmin™ under a constant nitrogen

flow of 50 mLmin™.

6.4.2  Thermal transition temperatures by DSC analysis

A TA instruments Q2000 modulated DSC was used to determine the melting point of
the wax extracts. About 10 mg of sample was measured into an aluminium hermetic
pan and an aluminium hermetic lid was crimped on. A TA instruments refrigerated
cooling system 90 was used to cool the sample. The pan containing the sample and an
empty reference aluminium pan were both placed into the test cell automatically. A
typical sample would be equilibrated at 308 K and heated from 308 K up to 393 K at
283 Kmin™ and held for five minutes, then cooled down to 193 K at 278 Kmin™ and
again held for five minutes. After holding the cell at a negative temperature, it was
heated from 193 K to 393 K at 278 Kmin™ and held for five minutes.

6.4.3 Acid value

The acid value was calculated using the Croda in-house method G01102. Depending
on the predicted acid value of the sample, a range of 2 to 10 g of wax samples was
used for the determination. The solvent was prepared by heating equal volumes of
IMS and petroleum spirit (373 K — 393 K) to the boiling point and adding 0.5 mL of
phenolphthalein solution (1 % w/v in IMS). About 25 mL of the pre-made solvent was
used to dissolve the wax sample. This solution was then neutralised with 0.1 M

potassium hydroxide whilst keeping it warm to about 343 K. The contents were



titrated using a suitable molarity potassium hydroxide (0.1 M or 0.5 M) until there
was a colour change from colourless to pink. If there was precipitation during the
titration, this was then warmed on the hot plate. The acid value can then be calculated
using Equation 6.4, where T is the volume (mL) of potassium hydroxide required by
the sample, M is the molarity of the sodium hydroxide and W is the weight of the

sample.

. 561 X T x M
Acid value = W mg KOH per g

Equation 6.4: Calculation of acid value

6.4.4  Saponification value

The saponification value for the wax samples were calculated using the Croda in-
house method G01407. About 2 g of the wax sample was weighed into a conical flask
and exactly 25 mL of 0.5 M ethanolic potassium hydroxide solution is added. The
sample was refluxed for four hours on a sand bath. When the reflux had completed,
approximately 1 mL of phenolphthalein (1% w/v in IMS) was added and swirled
around for titration against 0.5 M HCI. The titration was carried out when the solution
was warm and the titre value was noted down when the end point colour change from
pink to colourless was achieved. For every batch of sample analysed, a blank is made
for result validation. The saponification value can be calculated using Equation 6.5
where B is the volume (ml) of HCI used for the blank, T is the volume (mL) of HCI
used for the wax sample, M is the molarity of the HCI used for the titrations and W is
the weight (g) of the sample.

561 x (B—T)x M
W

Saponification value (mg of KOH per g) =

Equation 6.5: Calculation of saponification number
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6.4.5  Drop point

Drop point was measured using a Croda in-house method G02805. The drop point is
the temperature at which the first drop of sample falls from the cup under the specified
temperature conditions. This was carried out using a Mettler FP90 thermosystem and
Mettler FP83 HT measurement cell. The wax sample was melted completely and was
poured into the metal cup in excess. The wax was left to fully set and a spatula was
used to scrape off the excess that was overfilling the cup. The wax containing cup was
left overnight at room temperature. The cup was loaded onto the instrument the next
day. The starting and end temperature were set at 308 K and 368 K respectively with a
ramp rate of 273.65 Kmin™. The drop point was noted and monitored by the

instrument automatically.

6.4.6  Slip point

The slip point was determined using a Croda in-house method G02900. The wax
sample was melted using a hot plate. Two capillary tubes were inserted into the
molten wax so that the columns of the sample are at least 1 cm long. The wax sample
was then solidified quickly by taking them out of the wax solution and leaving them at
room temperature overnight. The two capillary tubes containing the same wax sample
were attached to a thermometer. The thermometer and the capillary tubes were
clamped in a beaker of water. The water was at room temperature initially and was
heated up gradually at about 274 Kmin™ and decreased to 273.65 Kmin™ when close
to melting point. The water was stirred by a magnetic stirrer to ensure the water was
heated up efficiently. The temperature was noted down when the sample begun to slip

up the capillary tube.

6.4.7 Gardner colour

The Gardener colour is the number of the standard reference colour which compares
to the test sample when viewed through the Dr Lange 400 spectrometer using a Croda
in-house method G01701. The wax sample was melted and poured into a disposable
11 mm round cuvette to a depth of 2 cm. The outside glass of the cuvette was wiped

clean andit was important to ensure there were no air bubbles. The wax containing



cuvette was then inserted into the cuvette compartment and the instrument would take
a colour measurement ranging from 0 to 18 accurate to one decimal place. The
reading was taken as soon as the wax was molten so the reading temperature varied

according to the sample.

6.4.8  Water absorption

The water absorption test was carried out by adapting the Croda in-house method
G16101. About 0.5 g of wax sample was melted with 9.5 g of petroleum jelly and
weighed directly into a mortar. The total weight of the mortar, wax mixture and
polythene rod were noted. Deionised water was added dropwise whilst stirring
vigorously. More water was added when the wax had fully absorbed all the water. The
end point was determined when there was a visible water droplet remaining on top of
the wax mixture and cannot be incorporated into the wax mixture. Wool wax alcohol
(superhartolan®) would take more than 230% of its own mass in water. The
calculation of the percentage of water absorption can be calculated using Equation 6.5
where W is the weight (g) of wax sample, W, is the initial weight (g) of wax sample,
mortar and polythene rod and Wy is the final weight (g) of wax sample, mortar and
polythene rod.

W, W,

x 100
w

Water absorption (%) =

Equation 6.6: Calculation for water absorption

6.4.9 Base value

The base value was determined using a Croda in-house method G09701. About 20 g
of saponified wax sample was weighed out. The exact mass of the sample was
calculated by determining the moisture level using procedure described in Section
6.2.8. Approximately 75 mL of ethanol was heated to boil and 0.5 mL of
bromophenol blue indicator solution was added. The solvent was then neutralised with
0.1 M HCI whilst keeping the solution at 343 K and the colour change from green to
yellow was observed. The neutralised solvent mixture was added to the sample

solution and boiled. The solution was titrated with 0.1 M HCI until there was a
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definite colour change from green to yellow. The base value was calculated using
Equation 6.6, where T is the volume (mL) of HCI required for complete titration, M is

the molarity (gmoleL™) of HCI solution and W is the weight (g) of dried sample.

561 X T x M
w

Base value (mg KOH per g) =

Equation 6.7: Calculation for base value
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7. CONCLUSION AND FUTURE WORK

The objective of this research was to add value to a low cost, high volume renewable
resource through an integrated extraction step to produce potentially high value wax
products. Through literature review, the epicuticular waxes on the surface of plants were
identified as a source of new potential waxes. Straw is an agricultural by-product of
significant volume that is currently being under-utilised and was shown to consist of wax
compounds of high interest in many wax applications. Within the concept of a straw bio-
refinery, this would be a great opportunity to maximise the use of the biomass by extraction

of waxes prior to existing straw uses such as combustion for energy.

Wheat straw is the most abundant cereal crop grown in the UK and through literature
review, the chemical compositions of wheat straw wax appeared to have high potential to
replace some of the existing commercial waxes. In the first stage of this study, wheat straw
wax was extracted by a variety of traditional organic solvents using Soxhlet extraction in
order to determine the effect of solvent properties on extraction. This study demonstrated
that the extraction yields are highly dependent on the solvent used which suggested different
solvent-solute interactions were established during the extraction. A qualitative analysis was
carried out on the wheat straw wax from different solvent extractions using GC-MS and
showed identical chemical composition profiles. A range of long aliphatic molecules
including free fatty acids (Cy4 — Cyg), fatty alcohol (Cy,g), n-alkanes (C,; — Cs3), B-diketones
(Cs1 and Cgs), aldehydes (Cas), wax esters (Cyo — Csg) and cyclic sterols were identified. The
similar composition suggested that the solvent had very little selectivity on the different
groups of wax molecules and the differences between the extracts were the relative
abundance of the different compounds. A quantitative analysis was carried out using GC-
FID to gain a deeper understanding in the solvent properties with the different wax
compounds. Linear Solvation Energy Relationship (LSER) was used to model solvent
properties against the extraction of wheat straw wax for the first time. Correlations of crude
and various wax group yields with different solvent parameters were carried out. Both crude
and wax ester yields showed positive correlation with Kamlet- Taft parameter B (hydrogen
bond accepting ability) and molar volume. The model can predict the crude wax and wax
ester yields using solvent parameters successfully and this is vital in achieving high wax
yields. The waxes were purified using liquid-liquid extraction (agueous and DCM) and

showed that the lipophilic fraction yields were similar. LSER modelling was carried out and
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found no trend with the DCM soluble fractions but found a strong correlation of aqueous
soluble fractions with solvent parameters f and molar volume. It can be concluded that the
lipophilic fraction of the extracts can be extracted using solvents with a wide range of
polarities. This model showed the selectivity of the solvents and the model can be used to

identify the most selective solvents.

As an alternative to extraction using organic solvents a greener extraction technology using
supercritical CO, was employed for the extraction of wheat straw wax to give a truly
sustainable and environmentally friendly process and effect of temperature and pressure on
the extraction were extensively analysed. Both qualitative and quantitative analyses were
carried out for the extracts retrieved from different extraction conditions. The chemical
composition was identical to the solvent extracts and the change in temperature and pressure
of scCO, only affected the relative abundance of the wax compounds. The effect of
temperature and pressure on the crude and wax groups yield was analysed using first order
polynomial modelling. Strong correlations were shown with crude wax, wax esters and -
diketones which suggested there is a linear relationship between temperature and pressure.
Aldehydes showed the least correlation which indicated that there is no relationship between
temperature and pressure. Further work is required to investigate this non- linear relationship
and determine the parameters that dictate the aldehyde yields within the wheat straw wax.
The data was also modelled using a density-based Chrastil equation. Both crude and wax
esters yield obey the Chrastil equation with a strong correlation which indicated that the
extraction yields are strongly influenced by density. However, the B-diketones, which
showed a strong linear correlation with temperature and pressure do not correlate linearly
with CO, density, despite temperature and pressure dictating the CO, density. This can be
explained by the change in temperature and pressure also altering other CO, properties such
as polarity, viscosity and diffusivity. More work is needed to understand the relationship
between CO, properties and the different wax groups so predicted extraction conditions can
be calculated to produce tailored wax products for specific applications. Extraction
temperature and pressure were optimised using the 2° extraction model on both of these
parameters. Liquid CO, and supercritical CO, with a co-solvent (ethanol) were also
explored. Liquid CO, showed highly selective extraction but failed to extract any wax esters
whereas supercritical CO, with ethanol showed a high extraction yield but proved very
unselective. Whilst using liquid and supercritical CO, extraction for wheat straw will leave

both the straw residues and wax products completely solvent-free, the introduction of
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ethanol as a co-solvent did not add any extra benefit but would add extra solvent elimination

and wax purification steps.

Using neat supercritical CO, was shown to be a selective and environmentally friendly
method to extract straw waxes and was selected to be the technology used for scale up trials.
A total of seven different straws (wheat, barley, oat, oilseed rape, sunflower, miscanthus and
bagasse) were screened for yield and composition prior to selection of the biomass for scale
up trials. Hexane and ethanol Soxhlet extractions were carried out on the seven different
straws to give an insight into the polar and non-polar molecules present on the straw surface.
Qualitative and quantitative analyses were completed and new compounds were identified.
Considering the biomass availability, percentage crude yield and chemical composition
profile, wheat, barley and oat straw was shown to be the most promising biomass for the

extraction of renewable waxes.

In collaboration with Sundown Products Limited, a total of three tonnes of wheat, barley and
oat straw (1 tonne each) were obtained and laboratory scale heptane extraction was carried
out to assess the quality of the straws. In the biomass screen, it was apparent that there are
many factors such as natural variation that can alter the wax quality and yield so it was
important to check for wax quality and quantity by a simple heptane Soxhlet extraction.
Following successful laboratory scale heptane Soxhlet extraction and preliminary scCO,
extraction work, the process was scaled up to industrial scale using a 200 L extractor in
collaboration with Evonik Industries. Optimised conditions (323 K and 35 MPa) were
requested but due to the limitations of the extraction system, the operating pressure was 28
MPa which reduced the CO, density. Conditions of 323 — 343 K and 28 MPa were used for
all the scale up trials which successfully yielded approximately 60 kg of wax extract. Overall
the scale up was successful; there was a small problem with crystallisation of waxes in the
pipe work causing blockages. Carrier oil oilseed rape oil was used to flush and clear the
pipes to relief the problem and the separator temperature was raised to 343 K. To improve
the extraction efficiency, the CO, density must be increased for future extraction scale up
trials. Extraction times were not investigated in this study so it would be interesting to gather
data on percentage of wax extracted in specific extraction times. The wax products retrieved
from the extractions contained at least 0.5% co-extracted water so an extra de-watering step
had to be carried out. If any extraction plants were to be built solely for the extraction of

biomass such as straw, it would be ideal to incorporate a method to de-water the products as
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part of the plant design. The waxes were fractionated using laboratory scale scCO, extractor
to demonstrate the feasibility of combining the extraction and fractionation as a one step
process. More work is required to optimise the fractionation conditions but if a series of
separators were incorporated to give a wide range of separating temperature and pressure
into the extractor then the waxes could potentially be fractionated into different high value
fractions for a number of different markets including cosmetics, nutraceutical, home care,
personal care and agrochemical. From the quantitative analysis, it was apparent that there are
still components of the extracts that have not been identified. One reason for this is that the
molecular weight of the compounds was too large for GC analysis even using a high
temperature GC method. The waxes were separated according to molecular weight by
analytical scale GPC. Following the success of analytical scale GPC work, the fractionation
was scaled up to pilot scale to achieve enough material for MALDI-TOF MS analysis to
gain a deeper understanding of the molecular weight range. Ester molecules of up to 1500
Da were successfully separated and analysed. More work is needed on method development
as there were problems with uneven crystallisation of the waxes on the MALDI plate. As
only the molecular ion of the compounds were seen, MALDI-TOF MS provided no
structural data so further separation needs to be carried out and the wax esters saponified to

give greater structural details.

Physical properties (appearance, melting point, acid value, saponification value, drop point
and water absorption) were assayed and compared with existing commercial waxes. It was
found that the crude cereal waxes were most similar to beeswax. The straw waxes are hard,
deeply coloured, and highly hydrophobic and have a strong odour which is not ideal for
cosmetic applications in their crude form. Due to the high hydrophobic behaviour, it is
thought that they would fit into existing wax applications such as polishes and coatings.
Currently, the straw waxes are waiting to be tested for a variety of applications in
collaboration with Croda. Wheat straw wax was saponified to fatty alcohols and fatty acids
fractions with the aim of modifying its physical properties. As the chemical composition
alters, the physical properties such as colour, melting point and water absorption abilities all
changed. Further work is needed to link the chemical composition of the wax with its
physical properties so that the relevant modifications can be done to obtain tailored wax

products.
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The work in this thesis has demonstrated the successful use of a sustainable extraction
method to obtain high value chemicals from a lost cost, high volume and under-utilised
biomass. However, this will not break through to commercialisation without a full economic
assessment of the value of the products. The economics of the process to produce the high
value straw waxes were considered by incorporating the physical pre-treatment, biomass,
extraction and CO, costs and showed the extraction process is the most costly. The
extraction yields were incorporated into economics calculations which give the value of the
straw wax at about £12 per kg. When comparing with the existing commercial finished wax
products, the value is extremely high considering beeswax is about £6 per kg and lanolin is
about £4 per kg. With the current quoted cost of straw wax, it is impossible for the new
product to compete with existing waxes in the market, even though there is a big consumer
drive for 100% natural products, unless there are specific unique applications. In conclusion,
the extraction yields must be increased to be competitive and this can be achieved either
through the use of high pressure extractors or new cereal varieties developed to give higher
wax vields. Overall, the extraction of renewable straw waxes have shown to have great
potential to replace existing waxes but due to the current high production costs, it would be
difficult for the new wax products to move to commercialisation and compete with cheaper

waxes.
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