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Abstract

Plant matter contains waxes and lipids that can be extracted and used or sold as a value-
added product prior to conversion of the remaining plant material to biofuels. Wax and
lipid extraction of plant materials is currently performed using volatile, non-renewable
hydrocarbons, primarily hexane, which is produced from fossil fuels and can pose a
health and safety hazard. The purpose of this study is to compare the amount and
characteristics of waxes extracted by hexane with those extracted using organic solvents
that are less toxic and can be produced from renewable sources.

Sorghum samples were extracted separately with hexane, 2-methyltetrahydrofuran
(MeTHF), and diethoxymethane (DEM). Each solvent was used to conduct extractions at
25 °C, 40 °C, 60 °C, and 80 °C. The amount of wax extracted was determined and
samples analyzed using GC-MS. The extractions using MeTHF produced the most lipids,
followed by DEM, and then hexane. However, the lipids extracted using hexane
contained desired waxes that were not found in the extracts of the other solvents.
Therefore, hexane can be used to produce the highest quality waxes via extraction from
sorghum. None of the solvents produced pure waxes and would require further
purification.

Following extraction, the biomass was fractionated using a y-valerolactone (GVL)
pretreatment. The quantity of the lignin obtained as well as the quality of the sugars was
analyzed. The amounts of lignin collected varied based on the extraction solvent, with
biomass extracted using DEM producing the most, followed by MeTHF, and hexane.



1 Introduction and Background

1.1 Motivation

Today, the global population consumes more energy than ever before, and this is only
expected to grow as the population increases and as the world becomes further
industrialized . Fossil fuels combustion make up 86% of energy production currently,
and this demand will increase exponentially in the future 2. However, not only are fossil
fuels non-renewable, but their combustion and subsequent production of carbon dioxide
contribute to global warming and worldwide changes in climate >. It is estimated that
fossil fuels are the cause for 73% of global CO, emissions *. Therefore, the development
of sustainable alternatives to petroleum and other fossil fuels is an urgent challenge that
scientists are currently facing.

One alternative energy source is biomass, which can be converted into biofuels. The
biomass is produced from biological materials that have been freshly grown, often for the
specific purpose of making biofuels '. While there are several forms of biomass suitable
for conversion to biofuels, the cost to grow most kinds of biomass and produce the fuel is
significantly larger than that of petroleum fuels °. This cost disparity contributes to the
slow growth in the use of biofuels compared to fossil fuels.

Converting grain or sugar crops is easier and less costly than producing fuel from
lignocellulosic biomass. However, grains and sugar crops are also utilized in food
production, which can cause an economic competition between food and fuel, increasing
the cost of either food or bioethanol !. The use of these crops can also result in leftover
portions of the plants, including husks and stems, being burned in large quantities,
polluting the environment '°. However, the use of lignocellulosic biomass to produce
bioethanol can reduce these issues. Lignocellulosic biomass can be grown on marginal
land with minimal resources and does not have to compete with food production .
Lignocellulose is also the most sustainable and renewable biomass due to the potential to
produce large quantities and ease with which it can be grown !. Lignocellulose also
includes the excess husks, leaves, and stems from food production, and these materials
could be converted to fuels and reduce the amount of plant waste from crops such as corn

and sugarcane °.

While the production of bioethanol from lignocellulosic biomass is more costly, there are
additional methods to accomplish this goal while increasing the environmental and
economic sustainability of the process. These methods include obtaining additional
value-added intermediate products that can either be sold or further utilized in the
process, such as organic solvents, fuels, biochar, pharmaceuticals, waxes, and polymers ¢
8. Since sorghum contains waxes that are similar to those commonly used in many
consumer products, there is an opportunity to extract them using organic solvents °. The
waxes can then be sold as a separate product, increasing the economic sustainability of
the bioethanol production process. Hexane is commonly used for lipid extractions but is
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produced from petroleum and is therefore a non-renewable solvent !°. Because of this,

alternative, green solvents should be considered. In this study, 2-methyltetrahydrofuran
(MeTHF) and diethoxymethane (DEM) were considered as potential green solvents for
the extraction process. After the extraction, a y-valerolactone (GVL) pretreatment was
utilized to break down the plant matter. This has multiple benefits as GVL can be a
byproduct of lignocellulosic bioethanol production and can be used in a pretreatment
method that is more cost effective than others ®!!. It is possible that this combination of
extraction and GVL pretreatment will contribute to a more economically and
environmentally sustainable process. This may help to make the production of bioethanol
more favorable for industrial use and therefore reduce the required amount of fossil fuels.
It is for these reasons that biomass sorghum with a (GVL) pretreatment has been chosen
for these experiments.

1.2 Objective

The primary goal of this experiment was to determine the amount and composition of
lipids extracted from energy sorghum using green solvents and to verify if these
extractions can be used to obtain quality waxes, such as those typically removed from
sorghum using hexane. The second objective was to determine if the process impacts the
subsequent GVL pretreatment efficacy. This was achieved by performing a series of
extractions at varying temperatures with either hexane, 2-methyltetrahydrofuran, or
diethoxymethane. The waxes were collected, and the quality analyzed using GC-MS.
Following the extractions, GVL pretreatment was performed on the biomass. The
resulting lignin and sugars were analyzed to determine the quantity and the quality of the
product.

1.3 Sorghum Structure and Composition

Sorghum is a lignocellulosic crop that is traditionally grown in arid climates in Africa,
Asia, Australia, Central America, and the United States. In the United States, sorghum is
primarily grown and used for ethanol production °. There are several different forms of
sorghum including grain sorghum, sweet sorghum, and biomass sorghum '2. Sweet
sorghum contains more sugars in the stem that can be extracted and fermented while
biomass sorghum has more cellulosic fibers '2. However, sweet sorghum is often used for
human consumption and is considered a first-generation biofuel crop, like corn. Biomass
sorghum, an annual crop, is considered a second-generation biofuel crop as it is grown to
produce lignocellulosic biomass and cannot be used as a food '*!%. Biomass sorghum is
notable for its rapid growth rate, producing high biomass yields in 90-100 days, as well
as its resistance to drought . It also has a low lignin content and a high cellulose and
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hemicellulose content when compared to other lignocellulosic biomass feedstocks,
making it favorable for the generation of bioethanol '°.

1.3.1 Lignocellulosic Biomass Structure

Sorghum, like all lignocellulosic biomass is composed of three main cell wall polymers,
cellulose, hemicellulose, and lignin !. Biomass sorghum is 14% lignin, 29 % glucan, and
16% xylan, on average. The remainder of the plant consists of ash, protein, sucrose,
starch, and other extractable components !°. Cellulose forms the basic structure of the cell
wall. It is a homopolysaccharide consisting only of glucose molecules '. The number of
glucose units in the polymer vary greatly but is usually greater than 1000 '. These units
are linked together by B-(1,4)-glycosidic bonds in repeating units of 2 glucose molecules,
called cellobiose. The hydrogen bonding between the cellulose chains causes them to
form parallel chains (Figure 1.1) . These parallel chains can form dense regions that are
difficult to access during saccharification and must be more accessible to enzymes used
in the process'.

The hemicelluloses are a class of compounds that provide physical strength to cell walls
and can be composed of pentoses (xylose and arabinose), hexoses (glucose, mannose, and
galactose), uronic acids and acetyl side groups *'°. The content and amounts of the
different types of hemicellulose can vary greatly across species !. In grasses, such as
sorghum, the main hemicellulose is glucuronoarabinoxylan, which consist of a xylose
backbone with arabinan and glucuronic acid side-chains !. Like cellulose, the sugar
monomers are held together with -(1,4)-glycosidic bonds or with -(1,3)-glycosidic
bonds. However, unlike cellulose, hemicellulose can sometimes be a branched
heteropolymer and has a lower molecular weight '''>. The chain lengths are generally
shorter than cellulose, usually only 100-200 molecules long. These molecules are much
more amorphous than cellulose and not difficult to break down during hydrolysis
provided the correct enzymes are used, unlike the more rigid cellulose molecules.

Lignin, the third major polymer in lignocellulose, is a more complex molecule that
provides structural support and enables the plant to resist bending and compression . It is
an amorphous heteropolymer that contains many aromatic molecules. Coniferyl alcohol,
p-coumaryl alcohol, and sinapyl alcohol are the three main monomers that make up the
lignin polymer through alkyl or aryl-ether linkages When incorporated into the lignin
polymer, sinapyl and p-coumaryl alcohol are referred to as syingyl and p-hydroxyphenyl
units, respectively, and are found in many grasses "!°. Lignin is resistant to many
biological attacks and covers much of the cellulose, making it difficult for enzymes to
access the polysaccharides during enzymatic hydrolysis. Therefore, it is imperative that

the lignin be broken down so that it does not restrict access to cellulose or hemicellulose
1
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Figure 1.1. The sorghum cell wall consists mainly of cellulose, hemicellulose and lignin,
and the goal of pretreatment is to significantly disrupt the cell wall components to allow
enzyme access. Created with Biorender.

1.3.2 Sorghum Lipids

Sorghum kernels typically have the thickest wax layer, but similar waxes have been
found in the thin layers that cover the aboveground part of the plant !’ It has been found
that that grain sorghum kernels contain waxes with properties similar to those found in
carnauba wax *'®. Carnauba wax can be obtained from the leaves of Copernicia prunifera
tree that is grown exclusively in Brazil '. For most countries, this means that it must be
imported before it can be used in products including cosmetics, polishes, food products,
and as coatings in the paper industry °. Carnauba wax has a melting point of 82-85 °C
and is typically used to increase the melting points of other waxes '®.

Carnauba waxes are classified into three types, olho wax, fatty wax, and sandy wax. The
olho wax is the crude wax extracted from the plant is a yellow color and is the type that
will be compared to the waxes extracted from the sorghum 2. The waxes are composed
of approximately 80% esters and a combination of other compounds including free
alcohols, aliphatic acids, aromatic acids, ®-hydroxycarboxylic free acids, hydrocarbons
(paraffins) and triterpene diols 2°.

Table 1.1 Type 1 carnauba wax composition from two sources 2.
Constituent Amount (%) Amount (%)
Aliphatic Esters 40 3840

13



Diesters of 4- 21 20-23
hydroxycinnamic acid

Esters of ®w-hydroxycinnamic 13 12-14
acid

Free alcohols 12 10-12
Diesters of 4- 7 5-7

methoxycinnamic acid

Free aliphatic acids

Hydrocarbons (paraffins) 0.3-1

4
Free aromatic acids 1
1
0

Free o-hydroxycarboxylic
acids

Triterpene diols 0.5 0.4

Aromatic compounds and/or 4.4 —
resing

Free acids and other - 5-7
unknown constituents

Reference 21 22

Sorghum contains a large amount of waxes and lipids, making it the ideal biomass to
consider for an extraction in an integrated biorefinery, as discussed in Nigheim et a/ %.
Additionally, sorghum waxes have been observed to behave somewhat similarly to
carnauba waxes'®. However, the exact chemistry has been difficult to ascertain. There
have been multiple compositions of sorghum wax reported with the most common
composition reported in Table 1.2. However, other groups have reported fewer alcohols
and the existence of fatty acids, lipids, or aldehydes '8. The exact values have varied
between research groups '®. It has been theorized that if the amount of alcohols was
reduced, which can be done through elution, the properties could be closer to those of
carnauba waxes >,

Table 1.2 Comparison of carnauba and sorghum wax chemical composition '

Carnauba Sorghum
Wax and other Esters 85% 46-50%
Fatty Alcohols 2-3% 40-46%
Hydrocarbons 1.5-3% 4-5%
Free Fatty Acids 3-3.5% -

14



Lactides 2-3% -

Resins 4-6% -

Unknown Lipids - 0-8%

1.4 Green Organic Solvents for Lipid Extraction

Hexane is a commonly used solvent for the extraction of lipids due to its low boiling
point (69 °C), non-polarity, and chemical stability. While useful, hexane is produced
from petroleum, a non-renewable resource and is considered hazardous '°. It is regulated
under the Clean Air Act by the Environmental Protection Agency since it evaporates
easily and is only slightly soluble in water '°. Therefore, a greener alternative would be
favorable as opposed to hexane. Green chemistry is the implementation of chemical
products and processes that remove or reduce the use or generation of hazardous
substances . It should be noted that the use of the word hazardous here includes the
concepts of risk reduction and pollution prevention 2°. The use of environmentally
friendly solvents is important to consider since solvents are the largest source of waste in
chemical processes and should therefore be chosen with care 6. Since avoiding solvents
completely is not practical, “green solvents” that are also produced from renewable
sources are ideal.

An ideal green wax extraction solvent would have low flammability and toxicity, be
liquid at ambient and process conditions, and be easy to separate from the desired
product. Solvents with a high boiling point can be challenging to separate from the lipid
product via evaporation or distillation. Initially d-limonene was considered, but due its
high boiling point and corrosivity it was very difficult to extract and recover the lipids
and was removed as a solvent option. However, if solvents are gaseous at ambient
conditions, more complex and expensive equipment is necessary to perform the
extraction and product collection. Therefore, solvents with very low boiling points are
also unfavorable. These ideas were considered when choosing y-valerolactone (GVL) for
pretreatment, and 2-methyltetrahydrofuran (MeTHF) and diethoxymethane (DEM) as
green solvents for the lipid extractions or pretreatment process (Figure 1.2).

15
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Figure 1.2. Chemical structure of 1) hexane, 2) 2-methyltetrahydrofuran,
3) y-valerolactone, and 4) diethoxymethane.

1.4.1 y-Valerolactone

Gamma-valerolactone (GVL) is cyclic ester that consists of 4 carbon atoms and one
oxygen atom in the ring (Figure 1.2) [23]. GVL is liquid at standard conditions and has a
high boiling point of 207 °C. While GVL has low toxicity, it is still considered
flammable, though the low volatility of the liquid means that the risk at normal
conditions is low. However, because of its high boiling point, it is difficult to separate
from other organic materials, making it a poor choice for a lipid extraction solvent. GVL
can be produced from intermediate chemicals from both the cellulose and hemicellulose
fractions of lignocellulosic biomass 2® (Figure 1.3). The cellulose fraction can be
degraded to glucose and then to fructose with the use of an acid catalyst. This can then be
dehydrated to produce 5-hydroxymethylfurfural and rehydrated to produce levulinic acid
29 Levulinic acid can be selectively reduced using various catalytic systems to produce
GVL %,

To produce GVL from hemicellulose the hemicellulose must first be degraded to xylose
and then to furfural. Furfural is then converted to furfuryl alcohol via catalytic
hydrogenation. Once furfuryl alcohol is obtained, it can be hydrolyzed to produce
levulinic acid, which can be used as previously described 2. GVL has been shown to be
effective as pretreatment method, which is described in detail in a later section.
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Figure 1.3. GVL can be produced form cellulose and hemicellulose through a series of
reactions. Reproduced from 8

1.4.2 2-Methyltetrahydrofuran

2-Methyltetrahydrofuran (MeTHF) has a similar structure to GVL, but does not have the
double bonded oxygen on the carbon atom opposite the methyl group and has a boiling
point of 80 °C (Figure 1.2) . This boiling point is slightly higher than that of hexane but
is still low enough that it can be easily evaporated after use. It is very similar in structure
to tetrahydrofuran (THF), a non-renewable solvent that has also been used in lipid
extractions 3!,

There are multiple methods that can be used to produce MeTHF. Similar to GVL, it can
be produced from furfural and levulinic acid and can therefore be produced from
lignocellulosic biomass 22° (Figure 1.4). To produce MeTHF from furfural, a two-step
process is used. This consists of first forming 2-methylfuran and then hydrogenating the
2-methylyfuran into MeTHF 3. The process to convert levulinic acid to MeTHF begins
with the previously described process for producing GVL. GVL can be hydrogenated to
a cyclic hemiacetal that is in equilibrium with the open hydroxyaldehyde. The open form
can be hydrogenated to 1,4-pentanediol. Acid-catalyzed dehydration leads to cyclization
of the diol by etherification to give 2-MeTHF 2°.
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MeTHF is considered noncarcinogenic, noncorrosive, and is less environmentally
damaging than hexane 2. It has been tested as a substitute in the extraction of carotenoids
in place of hexane and had a higher yield, indicating that it has potential to replace
hexane in other solvent uses *2. One such example of this is in its use to extract lipids
from algae for conversion to biodiesel. It has been shown that MeTHF nearly three times
the lipids from dried algae than hexane in a single solvent extraction at room temperature
33 Because of this, it is an ideal green solvent to use in the extraction of waxes and lipids
from sorghum.
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Figure 1.4. Visual representation of MeTHF production through both furfural and GVL
pathways. Reproduced from 22,

1.4.3 Diethoxymethane

Diethoxymethane (DEM) consists of an acetal group framed by two ethyl groups and has
a boiling point of 88 °C, making it liquid at ambient conditions, but volatile enough to
evaporated with relative ease 4. It also has a different chemical structure than MeTHF,
allowing a wider variety of molecular formations to be tested. The simplest way to
produce DEM is by reaction of formaldehyde with ethanol over a catalyst **. There are
different ways to produce formaldehyde including chemical conversion of methane,
biomass burning, fossil fuel combustion, natural gas flaring, ethanol refining, and
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possibly in vegetation or agricultural activity *°. Though it is not always produced from a
renewable source, it can be, making DEM a potentially green and renewable solvent.
DEM is not water soluble, which makes its recovery simpler than other solvents and is
considered a non-hazardous air pollutant, resulting in it being considered safe for
industrial use ***°.

DEM has been used in the extraction of oils containing fatty acids from sunflower seeds
and compared to hexane and tetrahydrofuran, another nonrenewable solvent. It was found
that DEM extracted a 3% greater weight of oil and had a higher overall extraction rate
and a 28.6% free fatty acid content 3!. This finding demonstrates that it has similar
solvent behavior to hexane and tetrahydrofuran. Because of its ability to extract lipids at a
higher rate than both nonrenewable solvents and is a greener alternative, it has been
considered as a solvent for extracting waxes and lipids from sorghum.

1.5 Pretreatment Methods

The purpose of pretreatment methods is to break down the structure lignocellulose in
biomass so that the sugars can be accessed for conversion to bioethanol (Figure 1.1) 7,
There are three main goals of pretreatment, improving the formation of sugars, avoiding
the degradation of carbohydrates, and avoiding the formation of byproducts that will
inhibit later stages of the fermentation process *’. It is also desirable for the pretreatment
to have low capital cost, operational cost, and energy demand, especially since
pretreatment is one of the most expensive stages in the conversion of lignocellulosic
biomass into bioethanol 3%,

There are a few main categories of pretreatment methods that can be used individually or
in conjunction with one another. These categories are physical, physiochemical,
chemical, biological, or electrical *’. Physical methods include grinding, shredding,
milling, pyrolysis, and high-energy radiation *. These can be energy intensive and
operations like milling are usually combined with chemical pretreatment 3%,
Physiochemical pretreatment methods include steam explosion, liquid hot water
pretreatment, ammonia fiber expansion (AFEX), and carbon dioxide explosion *’.
Chemical pretreatment includes ozonolysis, acid treatment, alkali treatment, organosolv,
and others 3’. A summary of the limitations and benefits of various pretreatments can be
found in Table 1.3.

Table 1.3. Summary of various methods of pretreatment of lignocellulosic biomass.

Adapted from 378
Pretreatment Process Advantages Disadvantages
Mechanical comminution Reduces cellulose Large energy demand
crystallinity
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High-energy radiation

Disrupts cells at ambient
conditions

Needs more research and
requires another form of
pretreatment

Steam explosion

Limited chemicals;
degrades hemicellulose and
transforms lignin

Destroys portion of xylans,
and possible disruption of
fermentation; Incomplete
destruction of lignin

Liquid hot water Low cost; Few inhibitors Energy demanding, lower
concentration of products
compared to steam
explosion

AFEX Increase in surface area; Not efficient for high

removes a large portion of
lignin and hemicellulose;
no inhibitors

lignin content; cost and
environment concerns with
ammonia

Carbon dioxide explosion

Low cost; High solids
loading; no inhibitors

High pressures require
expensive equipment; does
not modify lignin or
hemicelluloses

Ozonolysis

Reduces lignin content; no
inhibitors

Expensive due to large
quantities of ozone

Acid treatment

Breaks down hemicellulose
and alters lignin structure

High cost; equipment must
resist corrosion

Alkaline treatment

Increases surface area;
removes hemicellulose and
lignin

Long residence time; salts
are difficult to recover
from biomass

Organosolv

Breaks down hemicellulose
and lignin

Solvents need to be
removed and collected;
high cost

1.5.1 GVL Pretreatment Method

GVL pretreatment is an organosolv method and utilizes a dilute acid catalyst, which has
several benefits over an aqueous acid pretreatment *°. While it is a newer pretreatment
method, it has been tested on several different biomass types including corn stover,
hardwoods, and softwoods and has proved to be an effective method of fractionation '!.
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The pretreatment process, which uses a solution of GVL, water, and sulfuric acid, can
completely depolymerize biomass so that all components are solubilized into the GVL
solution ¢. This is important because GVL prevents the lignin from precipitating onto the
cellulose fraction, which allows for greater accessibility of the cellulose fraction for
further depolymerization than when only water is used as the solvent . Since this process
can fractionate the lignocellulose, it allows for easier recovery and conversion of the
lignin, hemicellulose, and cellulose portions into separate value-added products °.
Furthermore, because GVL can be produced from biomass, a biorefinery using this
method has the potential to be self-sustaining 6.

GVL pretreatment typically consists of a solution with 70-90% GVL in water with a
small amount of sulfuric acid at 120 °C to extract lignin and continues to reach higher
temperatures between 180-226 °C to break down the cellulose (Figure 1.5) ®!1*°. The
temperature increases over the duration of the pretreatment to extract first the lignin and
hemicellulose fractions, and then the cellulose at the higher temperatures 6. After
pretreatment, either salts or carbon dioxide can be used to separate the sugar containing
aqueous phase and the GVL phase, which can be recycled ''.

Other variations have been investigated, including a more dilute concentration of GVL
with use in a more cellulose-rich biomass compared to lignocellulosic biomass **. Other
studies have considered the use of hydrochloric acid instead of sulfuric acid and have
found it to be more effective at lower temperatures *’. The GVL solution can also be
paired with an organic cosolvent, such as benzene or toluene, that does not negatively
affect the sugar formation, but does form two separate phases, an organic and aqueous
phase, at room temperature. The aqueous phase contains the sugars to be used for further
processing ®. This method also avoids the complications in downstream processing
caused by the salts acting as an inhibitor on microbial growth ©.
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Figure 1.5 GVL pretreatment is carried out between 120 °C and 226 °C. When mixed
with toluene for separation, the solution is bi-phasic at low temperatures and mono-
phasic at high temperatures. Based on °.

1.6 Previous Biorefinery Studies

The extraction of waxes from biological sources is not a new concept and has been
considered for integration into a biorefinery in other studies. Several of these studies
consider the use of supercritical carbon dioxide extractions on miscanthus, straw, and
maize stover biomasses *'™**. The supercritical extraction step was proposed to take place
prior to a combination of mechanical processing and other pretreatment methods, similar
to the solvent extractions in Nigheim et al 2. The supercritical carbon dioxide extractions
were found to increase sugar production from the pretreatment. Supercritical carbon
dioxide has a low impact on the environment, but does require significant energy and
expensive equipment *!.

A more recent study conducted by Scopel et al. considered the use of green solvents to

perform extractions prior to pretreatment methods *°. However, the solvents considered
were polar and used to obtain fatty acids, sterols, alcohols and phenolics from elephant

grass. After extraction, the biomass underwent enzymatic hydrolysis. It was found that

the extraction did not hinder the enzymes and that there was actually an increase in the

release of sugar during hydrolysis *°.

While these studies have avoided the use of hexane, a toxic and nonrenewable solvent,
they have not considered green organic solvents as replacements followed by a GVL
pretreatment in an integrated biorefinery. This approach would help to mitigate not only
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the use of hexane, but also does not require the biomass to be processed or altered
between the extraction and pretreatment. This is unlike the supercritical carbon dioxide
model, which requires a physical pretreatment prior to subsequent thermochemical or
biological processing . Furthermore, the use of more non-polar organic solvents should
target the extraction of the valuable waxes and lipids, unlike with the use of ethanol and
other more polar solvents *°.
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2 Methods and Materials

2.1 Sorghum Biomass and Solvents

The biomass used in these experiments was 2014 Sorghum grown at the DOE-Great
Lakes Bioenergy Research Center’s (GLBRC) Biofuel Cropping Systems Experiments
(BCSE) located at the Arlington Agricultural Research Station in southcentral Wisconsin,
USA (ARL 43 17 457 N, 8922’ 48” W, 315 m a.s.l. The annual temperature is 6.9 °C
and the precipitation is 869 mm “°. The soil type at this location is Plano silt loam. This
soil is fine-silty, mixed, super active, mesic Typic Argiudoll; well-drained. Mollisol
developed over glacial till and formed under tallgrass prairie. Sorghum was sourced from
ARLAUX TRIAL in 2014. The harvested plant materials were dried in a 60 °C oven,
milled to 5 mm using a Christy Turner mill (Christy Turner Ltd. Suffolk, UK) and stored
in sealed bags until use.

The solvents used were n-hexanes (>99%), 2-methyltetrahydrofuran (>99%), y-
valerolactone (>99%), and diethoxymethane (99.7%), all purchased from Millipore-
Sigma.

2.2 Reactor System

The reactor system was used for both the extractions and the pretreatment experiments
(Figure 2.1). It consisted of a custom pretreatment system consisting of three parallel,
42.1 mL tubular (20.32 cm length, 1.63 cm ID) reactors constructed from Hastelloy
(Figure 2.2). Solvents were added to the system using a Cole-Parmer Masterflex high-
flow dual piston pump, without dampener (PN: PR100SFX14CP). The liquids leaving the
reactor pass through a bath that can be filled with ice water to cool acidic liquids and
prevent corrosion of the stainless-steel collection vessels. Pressure in the system was
controlled by applying nitrogen gas and adjusting a back pressure regulator attached to
each reactor.
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Figure 2.1 Photograph of reactor system with key components labeled.
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Figure 2.2. Reactor system used for extractions. Solvent flows from the reservoir through
the desired reactors and into the appropriate collection and storage vessel. Backpressure
applied using the gas lines in blue.

2.3 Lipid Extraction

Extractions were performed with three different solvents (hexane, 2-
methyltetrahydrofuran, or diethoxymethane) at four different temperatures (25°C, 40°C,
60°C, or 80°C), in triplicate. Prior to performing an extraction, ~500 mL of solvent was
transferred to a glass media bottle and degassed in an ultrasonic bath for 1 hr to avoid any
volatilization of solvent in the high-pressure pump. Five grams of biomass were loaded
into each reactor between two pieces of glass wool (~0.5 g each). After the cells were
prepared, the pump was primed and set to run at 10 mL/min. Three extractions were run
in each vessel using the same solvent. The solvent was allowed to fill the cell for 5
minutes or until solvent was seen dripping into the collection bottle. This was to verify
that the cell was filled and there was no blockage in the piping. The valves from the
pump and to the collection vessel were closed and the reactor pressurized to 300 psi using
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nitrogen. After the S-minute ramp to the desired temperature, the extractor was held at
temperature for 30-minutes. It should be noted that the DEM trials were conducted at 350
psi. At the end of this time, the reactor was slowly depressurized to prevent flashing and
fresh solvent was pumped through the system for 6 minutes at 10 mL/minute to ensure
that all the extractable material was collected. The total volume of extract was recorded,
and it was stored in a glass bottle in a flammable freezer (-20 °C) until further use. The
biomass was unloaded and placed in a dryer box for several days until the solvent was
evaporated. It was then weighed, and the moisture content was analyzed by weighing
samples before and after being placed in a 105°C oven overnight. The entire pretreatment
system was flushed with fresh solvent prior to beginning extractions with that solvent.

2.4 Solvent Evaporation and Lipid Collection and Analysis

Following extraction, the solvents, hexane, MeTHF, and DEM, were evaporated from
collected extracts so that the solid lipids could be collected and analyzed. The solvents
were evaporated using a rotary evaporator (SpeedVac Savant SC201A). The flasks were
weighed before and after evaporation to determine the mass of solid that remained in the
flask. The SpeedVac was set to 40 °C for approximately 1.5 hours, and then extended if
sample was not yet dry. The dry lipids were then scraped and stored in microcentrifuge
tubes for shipping and further analysis.

The dry lipids were sent to Texas A&M and evaluated using GC-MS. Waxes were
transferred to autosampler vials for analysis by resuspension in hexane, then dried under
a nitrogen stream so that the hexane is evaporated. The transferred mass was then
verified on a Mettler Toledo MS104S with a resolution 0.1 mg before adding 300 uL of
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane
(TMCS) under a nitrogen stream before being incubated at 85 °C for 12 hours. After
incubation excess BSTFA was evaporated under nitrogen. Following this, 1 mL of
chloroform with 10 pg/mL tetracosane was added to each sample as an internal standard.
Samples were then analyzed on an Agilent 7890A/7693A/5975C XL GC-MS equipped
with a 0.25-mm DB-5MS column (0.25-mm film) using pulsed splitless injection. Helium
was used as the carrier gas at 105.75 mL/min. The oven was held at 70 °C for 1 min,
then ramped by 10 °C/min to 200 °C, then subsequently ramped by 4 °C/min to 295 °C
that was held for 20 min (total run time 57.75 minutes). The MS Source was held at 230
°C and the MS Quad at 150 °C. Scan range was 200 to 550 m/z. Injection volumes were
1-4 pL, depending on signal to noise ratio.

2.5 GVL Pretreatment

GVL pretreatment was only conducted on the most effective temperature extraction for
each solvent: 60 °C for hexane, and 80 °C for both DEM and MeTHF. For each trial, the
extractions were performed as described previously and the biomass was left inside the
cell following the extraction. The solvent was drained from the reactor system and ice
was added to the ice bath reservoir after the reaction cells to act as a heat exchanger.
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Then, a 500 mL solution of 80% GVL:20% water with 60 mmol sulfuric acid was
pumped into the cells until full, as previously described in the extraction procedure. To
begin Stage 1 the cells were pressurized to 300 psi, heated to 165 °C and then held at
temperature for 90 minutes. Once Stage 1 ended, pure GVL was pumped through the
pressurized cell as the temperature was ramped at a rate of 3.8 °C/min during Stage 2.
The collection valve was opened as necessary to collect the products of Stage 1 (Figure
2.3).

Once the internal temperature reached 220 °C, 500 mL of an 80% GVL:20% water

solution containing 1 mmol of sulfuric acid was substituted for the pure GVL and Stage 3

began. At this time, the collection of Stage 1 was completed and the temperature allowed

to continue ramping until reaching the final temperature set point of 280 °C. The increase

from 165°C to 280°C took 30 minutes. Once the final temperature was reached, Stage 2

collection was completed. The remaining extracted liquid was periodically collected until

the product became very pale in color. The system was then drained and allowed to cool
before removing the cells.

There was a small amount of biomass remaining in the reactor cell following
pretreatment, that was not broken down, likely due to it being slightly out of range of the

heated region of the reactor and did not reach the appropriate temperatures. Although this

mass was not able to be recorded for two of the samples, it is assumed that the amount
was similar for all samples of the same solvent.

GVL/H,0 with 60 GVL/H,0 with 1
mmol H;S0, Pure GV, mmol H;S0,

| | |

Lipid Extraction Pretreatment: Pretreatment:
Static Stage 1 Stage 3
Various Static Phase Continuous Flow
Temperatures 165 °C 220-280 °C

Stage 3 product
collected at 280
°C until yellow in

color

Stage 1 product
collected when
220 °Cis reached

Figure 2.3 GVL pretreatment following extraction consists of three stages with three
separate solvents used and three products collected.
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2.6 Lignin and Sugars Separation

To separate the lignin, distilled water was mixed with the lignin and hemicellulose
hydrolysate in a ratio of 9:1 (vol:vol) and allowed to settle for two days. A sample of the
liquid phase was taken for product analysis. The rest of the liquid was decanted and
filtered through an 11 pm filter so that only a small amount remained on top of the
precipitated lignin. The precipitate with residual liquid was centrifuged and decanted
until all the lignin was collected. The lignin precipitate was washed with 75 °C water.
The lignin precipitate and the lignin collected via filtration were allowed to dry in an
oven at 50 °C overnight, weighed, and the mass recorded. A portion of each liquid
product was washed with 1:1 (vol:vol) toluene four times and then filtered through a 0.2
um filter before being sent for quantification of sugars and other components. After
product analysis, the mass balance was completed. The overall sugar yield was completed
on a mass basis. The amount of formate produced from xylose and glucose respectively
was calculated using a mole balance where 1 mole of glucose produced 1 mole of
formate. It was assumed the remaining formate was a product of the xylose. The mass of
the formate was distrubeted accordingly and included in the overall mass balance and
yield calculations.
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3 Results and Discussion

3.1 Lipid Extraction

The mass of lipids extracted tends to increase as the temperature of the extraction
increases. It was found that on average DEM and MeTHF performed best at 80 °C.
However, hexane removed the most mass at 60 °C (Figure 3.1). The MeTHF extracted
more lipids at 80 °C than either of the solvents did at any temperature (Figure 3.2). DEM
extracted slightly more than hexane at all temperatures. The MeTHF extraction at 80 °C
was able to extract an average of 2 wt% of the biomass, compared to hexane at 60 °C and
DEM at 80 °C, which extracted 0.7 wt% and 1.1 wt% respectively. Sorghum is 0.2 wt%
wax and 3.6 wt% oil, indicating that none of the solvents extracted the full amount of
waxes and oils from the sorghum '8,

Based on this information, the extractions prior to pretreatment were performed at the
ideal temperature for each respective solvent. These temperatures were chosen since they
had the highest average lipid extraction and were similar to industrial extraction
conditions. Hexane extractions in industry are performed at 55 °C, which agrees with the
data that indicated the best temperature to be near 60 °C *’. The lipid yield from MeTHF
at 80 °C was significantly higher than at 25 °C and so the higher temperature was used.
While the average data was more scattered for DEM, the highest amount was extracted at
80 °C. The amount collected at the optimum was noticeably higher than at ambient, with
the values being 28.4%, 68.0%, and 25.1% greater for hexane at 60 °C, MeTHF at 80 °C,
and DEM at 80 °C, respectively.
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Figure 3.1 Quantity of sorghum extractives recovered using a) hexane, b) DEM, and c)
MeTHF with average values indicated for comparison.
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3.2 Lipid Contents

The lipids extracted using hexane were found to contain noticeable amounts of fatty acids
and alcohols including: palmitic acid, steric acid, octacosanol, and octacosanoic acid. The
majority of the peaks were identifiable using standards (Figure 3.2). Fatty alcohols and
some fatty acids, though the presence of fatty acids has been debated, are found in
sorghum waxes '®. Sorghum wax also contains significant proportions of wax esters %,
However, wax esters were not able to be detected using our method, and it is possible that
sample preparation hydrolyzed them into their fatty acid and alcohol components. Many
of the compounds detected in sorghum waxes by previous studies were also seen in the
hexane extractions 8. However, very few of these were seen in the MeTHF and DEM
extractions (Table 3.1).
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Figure 3.2 Representative chromatograms of lipids collected across all temperatures from

a) hexane, b) MeTHF, ¢) DEM extractions with wax region indication across all graphs.
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Table 3.1 Compounds detected in chromatograms for hexane, MeTHF, and DEM with
length of carbon chains and desired wax compounds bolded.

Compound Number of  Retention Retention Retention
Carbons in Time for Time for Time for
Chain Hexane MeTHF DEM
Palmitic Acid 16 20.34
Possible Fatty Acid 18 - 23.38 23.38
Steric Acid 18 23.86 or 23.87
Tetracosane 24 26.81
Possible Fatty Acid 20 27.5 - -
Possible Fatty Acid 22 31.09 - -
Heptacosane 27 32.2 - -
Possible Fatty Acid 24 34.56 - -
Nonacosane 29 35.65 - -
Possible Fatty Alcohol 26 36.33 - -
Hexacosanoic Acid 26 37.97 - -
Octacosanol 28 39.69 or 39.70
Octcosanoic Acid 28 41.63-41.92
Possible Triterpene/Steroid 30 42.30-43.76
Melyssil Alcohol 30 44.17 - 44.17
Melissic Acid 30 46.95 or 47.07
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50 55

Figure 3.3 Chromatogram heat map of lipids collected across all temperatures from a)
hexane, b) MeTHF, ¢) DEM extractions where red indicates most overlap between the
different chromatograms and violet the most unique peak regions.

The lipids collected from MeTHF extractions had the least baseline overlap compared to
hexane and DEM (Figure 3.3). This may indicate a lower quality of waxes, however
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there were a large number of unidentifiable components in the times ranging between
12.92 and 16.57 minutes. While MeTHF still extracted some of the same compounds as
hexane, several were not detected. This was similar to results found by S.S. de Jesus et
al., who found that MeTHF did have a higher total lipid extraction from microalgae, but
also had a higher selectivity toward certain fatty acids in the C14-C20 range, which is
lower than would be desirable for wax extraction **. This trend can be seen by the higher
peaks in the 20-26 minute range in Figure 3.2. Similarly, Sicaire et al. reported that
MeTHF extracted more carotenoids and volatile aroma compounds from carrots and
black currants, but when the composition was considered, it had extracted smaller
amounts of desired oxygenated and non-oxygenated compounds than hexane 2. This is
likely because MeTHF has oxygen atoms and can extract more polar compounds that are
not easily identified or desired #’.

The lipids extracted using DEM had several unknowns at similar times as the MeTHF
lipids between 12.92 and 16.57. Similarly to MeTHF, it extracted more of the smaller
carbon chain molecules. This was also demonstrated in Zeng et al., who found that DEM
was more effective than hexane at extracting fatty acids containing between 16 and 18
carbons *!. DEM also contains oxygen atoms, making it more likely than hexane to
extract polar molecules. However, there was more overlap with the baseline than
indicated in the MeTHF plots (Figure 3.3). This overlap may indicate that the waxes
extracted by DEM are a higher quality than those extracted by MeTHF since the baseline
contains more known and desired waxes. However, neither MeTHF nor DEM extracted a
comparable amount of quality waxes to hexane.

3.3 Lignin and Sugars

3.3.1 Sugars

The sugar concentrations were analyzed to determine if the lipid extraction would impact
the conversion to bioethanol. It was found the amount of glucose extraction was very
similar with the hexane samples producing 20.90 mg/g of dry biomass on average, the
MeTHF producing 17.80 mg/g dry biomass, and DEM 20.05 mg/g dry biomass (Figure
3.4). There was 16.0% difference between the amounts produced by the highest yield
samples and the lowest yield. While hexane produced slightly more glucose, it did not
produce the most xylose. DEM samples produced 27.23 mg/g dry biomass used, hexane
18.36 mg/g dry biomass, and MeTHF 17.23 mg/g dry biomass. This was a more
significant difference and indicated that the DEM extraction impacted the hydrolysis of
the hemicellulose, but not the glucose. This is further indicated by the larger amount of
xylose-derived formate found in the DEM samples compared to the other two solvents.
However, the monomeric sugar yield was much lower than found in other studies and the
LA yield much higher, regardless of solvent used!!. This is likely due to the higher
temperatures at which this experiment was conducted.
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Figure 3.4 GVL pretreatment sugar products yield of total starting sorghum sugar
content*® for each extraction solvent used

An additional finding related to products was the large amount of ethanol in the
pretreatment yields for the DEM samples. The pretreatment products from the hexane
samples contained an average of 4.7 + 2.1 mg ethanol per gram of dry biomass, the
MeTHF samples 2.1 = 0.4 mg/gram dry biomass, and the DEM samples 524.6 + 164.0
mg/gram dry biomass. The large amounts of ethanol could be due to acid-catalyzed
cleavage of the DEM. The ratio of concentration of ethanol to sugars, including xylose,
glucose, and cellobiose, in the sample is 0.0042, 0.0021, and 0.3756 for hexane, MeTHF,
and DEM samples respectively. This larger ratio in the DEM samples may be cause for
concern as excess ethanol can inhibit fermentation of the sugars.

3.3.2 Sugar Degradation Compounds

The samples were found to contain 5-hydroxymethylfurfural (5-HMF) as well as furfural,
two lignotoxins that may inhibit later conversion to bioethanol. These were both found in
the Phase 1 products. Furfural was also found in the Phase 2 products, but neither was
found in the Phase 3 pretreatment products. Since furfural is derived from xylose, which
should be collected in the earlier phases, this is expected. While hexane produced the
most furfural, the amount was much smaller compared to the amount of 5-HMF
produced by any of the samples. DEM and MeTHF produced more S-HMF than hexane
(Figure 3.4).
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The aqueous pretreatment product samples were also tested for remaining GVL and
toluene content that may be left after dilution and washing via liquid-liquid extraction.
The diluted hexane samples contained the most GVL, with an average of 14.2 £ 5.6 g/L
of the overall sample, followed by MeTHF with 12.6 + 5.2 g/L of sample, and DEM
with 12.9 £ 5.8 g/L of sample. On average, the hexane samples contained 49.5 + 12.7
mg/L toluene, the MeTHF samples 50.1 & 21.2 mg/L, and the DEM 2205 + 4558 mg/L.
The DEM results were scattered and included some incomplete data and are not
considered accurate. One sample had a large amount of residual toluene, while another
was partially unable to be processed, leading to a large variation in the amount of toluene.

Because the MeTHF and hexane samples contained nearly identical results and the DEM
data was inconclusive, it is likely that the lipid extraction solvent does not have a large
effect on the amounts of toluene or GVL present after washing.

3.3.3 Lignin Quantity

There was also a
difference in the

amounts of lignin 400

collected for each o D e

stage. The hexane % o WPhasel

and DEM samples o

both produced more =8>

lignin during Stage 8 8200

1, but the MeTHF 25 s

samples produced &

more lignin later, 5 10

during Stage 2. This E s

indicates that the 5

MeTHF may have an Hexane MeTHF DEM

impact on how the Figure 3.5 Quantity of lignin collected from Stage 1 and
pretreatment is able Stage 2 of GVL pretreatment preceded by each solvent
to breakdown the extraction. The error bars represent the standard deviation
lignocellulose. It is from three replicates.

also notable that both

the MeTHF and DEM samples had a larger precipitate yield overall than the hexane by
50 and 100 mg lignin/gram of biomass, respectively (Figure 3.5). The lignin collected
from the various solvents also behaved and appeared differently based on the solvent that
had been used for the lipid extraction (Table 3.2). The dried lignin also exhibited some
slight differences in coloring, though not as noticeable as during the separation process
(Figure 3.6). However, the precipitate may not include only lignin, but also any
remaining lipids and humins, which are difficult to distinguish from lignin without
further analysis *. The large amount of xylose-derived formate in the DEM samples
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indicates that a portion of the xylose was degraded, and likely produced a substantial
amount of humins, which would be present in the precipitate.

Table 3.2 Observed physical characteristics of the lignin obtained from pretreatment after
lipid extractions. Observations were made during the separation process.

Extraction Solvent Visible Characteristics of lignin

Hexane Dark brown with small chunks; easily
separated with very little dissolved in
solvent after settling

MeTHF Dark brown with larger chunks; somewhat
easily separated; more prone to
redissolving after settling than hexane

DEM Lighter brown, very fine precipitate; very
difficult to maintain a non-dissolved form

Figure 3.6 The dried lignin from a) hexane, b) MeTHF, ¢) DEM extracted biomass is
slightly different colored, even when dry. The colors are not as obvious as those observed
during separation.

3.3.4 System Mass Balance

A mass balance was performed on the primary products including the lipids, sugars,
sugar degradation products, lignin, and levulinic acid (Figure 3.7). In the example
shown, 80.7% of the input is accounted for. This is somewhat representative of the whole
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set of samples, which on average, were able to account for 89.9% of the starting material.
Any deviation may be explained by losses in biomass to ash, unaccounted for oligomers
sugars or organic acids, as well as other side products. Oligomers have previously been
found in GVL pretreatment products.!! This is likely the cause of the low overall values
in the hexane and DEM mass balances. Lignin precipitate and levulinic acid were
produced in the largest quantities from all processes (Table 3.3Error! Reference source
not found.). The precipitate was likely a combination of the lignin and a large amount of
the degraded xylose that could not be accounted for in yield calculations. Levulinic acid,
produced here in high amounts, can be used for the production of GVL, MeTHF and
other solvents which can sold or converted to fuels .

F— 16.15§g

Lipid I GVL
. : Unreacted
Biomass Extraction [——/|Pretreatment

Biomass
T ‘ |

§! U

1.68 g Lipids 62.84 grams Pretreatment Product
and waxes 33.06 g Lignin and Solids

1.86 g Glucose

2.59 g Xylose

0.07 g Cellobiose

0.69 g Sugar Degradation Products
18.86 g LA

5.71 g Organic Acids

Total Mass Balance: 80.67 g recovered

Figure 3.7 Example mass balance of primary products flow chart for DEM sample
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Table 3.3 Lipid extraction and pretreatment mass balance averages with standard
deviation for each extraction solvent. *Data unavailable; average based on two samples
instead of three. **Data unavailable for two of the samples?; assumed that all three
samples had the same unreacted biomass fraction.

Hexane MeTHF DEM

Lipids 076 + 024 286 = 1.11 153 + 047
Lignin 2162 + 824 3524 = 3.82 3876 + 1240
Glucose 209 + 131 1.78 = 0.41 200 + 0.39
Cellobiose 0.07 = 0.04 0.04 = 0.00 0.12 = 0.11
Xylose 1.84 + 142 172 £ 039 272 + 081
Furfural 0.13 = 0.04 0.0l + 0.0 0.03* = 0.02
5-HMF 0.14 + 0.12 0.61 + 047 0.73* + 0.11
LA 1725 + 841 2054 = 116 1859 + 2.69
Formate 234 + 087 147 £ 040 9.90 + 16.10
Lactate 0.44 = 020 040 + 026 099 = 0.16
Acetate 470 + 245 7.07 + 430 412 = 0095
Unreacted 1629 + 457  36.89%% = 0.00 1423 + 7.60
Biomass

67.67 1237 108.64 215 9372 12.25
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4 Conclusions and Recommendations

While MeTHF extracted the largest quantity of lipids, its quality was different than those
extracted using hexane. The hexane extracts had the greatest number of wax compounds
(C22-C30), with fewer compounds at lower carbon numbers. Therefore, it was
determined that hexane produced the highest quality of waxes followed by DEM and then
MeTHF. However, none of the solvents provided a pure wax, which would be a value-
added product. The lack of purity is likely because of the presence of intercellular
components exposed from grinding the material prior to extraction.

While the amounts of glucose were comparable between solvents, DEM produced 33%
more xylose than hexane and its samples contained a significant amount of ethanol, most
likely due to acid-catalyzed cleavage of residual DEM in the biomass during the GVL
pretreatment. It also produced 118% more 5-hydroxymethylfurfural compared to the
hexane samples. To determine the full effects of the DEM extraction, it would be helpful
to complete the fermentation step and compare the ethanol yield to hexane. MeTHF did
not significantly outperform hexane in sugar production and contained more 5-HMF.

This information is important to the scientific community because MeTHF and DEM are
not suitable for extracting high quality waxes to serve as a value-added product. While
the concept of a lipid extraction integration with a biorefinery may still be pursued,
further research may look for alternate methods or solvents. The experiments conducted
also demonstrated that the use of DEM in the reactor system may have an impact the
amount of sugars produced and the ability of those sugars to be fermented.

Other methods for collecting waxes should be considered if the use of a similar process is
still desired. It may be beneficial to explore extraction methods on whole portions of
biomass either by dipping or washing in solvent or using mechanical methods as are used
on carnauba plants !, Other methods used, such as for the candelilla plant, involved
boiling the plant matter in a mildly acidic solution and collecting the waxes that float to
the surface 2!. It may also be beneficial to conduct experiments with other green organic
solvents.

It is also recommended that the lignin be further analyzed due to the noticeable physical
difference in the lignin caused by the different pretreatment methods. There are
opportunities to understand how the solvent extractions affected the quantity, quality, and
pretreatment phase of the lignin extracted in this study.

Furthermore, a life cycle analysis should be conducted to determine if the green solvents
discussed here, as well as any others considered in future experiments, to verify that the
production and disposal of these green solvents are more sustainable than the use of
hexane. This is important to consider so that solvents are chosen based on their overall
environmental impact, and not only the production source. In addition to this, it is
recommended that a full technoeconomic assessment be performed to evaluate the
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feasibility of building a full scale biorefinery with a lipid extraction preceding GVL
pretreatment.
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