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Abstract

Lignocellulosic biomass such as Brewers’ Spent Grains (BSG) can be used to produce
fuel. Unlike other biomass resources grown specifically to produce fuel, BSG is
considered an agriculture waste, with low cost and high availability. Bio-oils or pyrolysis
oils produced from lignocellulosic biomass, such as BSG, are a promising carbon-neutral
energy source for replacing fossil fuels. Pyrolysis oils are made up of hundreds of small
molecules, including many oxygen-containing compounds. The main disadvantage of
pyrolysis oils, which renders them incompatible with current infrastructures, is their
acidity.

Analyses of pyrolysis oils are required, particularly the identification and quantification of
the acidic, oxygen-containing compounds. However, this is usually hindered due to the
complex nature of the mixtures. Nuclear Magnetic Resonance (NMR) is a versatile tool
widely used to analyse complex mixtures. However, '"H NMR analysis of pyrolysis oils is
limited due to the severe overlapping signals of the many species present. The main
challenge is simplifying the spectra without compromising chemical information.

First, carbonyl-containing compounds are reacted with fluorine-containing reagents and
the 'F gNMR analysis was translated from high-field to low-field, benchtop NMR.
Benchtop NMR offers a cheaper, simpler alternative to traditional NMR methods, making
NMR techniques more accessible to a wide range of audience. Second, alcohol groups
are reacted with phosphorus-containing reagents, followed by 3'P gNMR analysis.
However, these spectra are still challenging due to the overlapping signals. Third, 3'P
diffusion-ordered spectroscopy techniques reveal additional chemical information such
as molecular weights, easing the identification of compounds present in a sample.
Interpretation of diffusion coefficients using power law method is explored. An alternative
method for interpreting diffusion coefficient is the using the Stokes-Einstein Gierer-Writz
Estimation (SEGWE). The interpretation of protein diffusion coefficients and extending
the SEGWE to mixed aqueous solvents was explored. Finally, both novel NMR and
traditional techniques have been used in combination to characterise pyrolysis oils
produced from BSG.

Keywords: brewers’ spent grains, pyrolysis oil, lignin, nuclear magnetic resonance, low-
field NMR, diffusion-ordered spectroscopy, protein diffusion-ordered spectroscopy
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CHAPTER 1

1.1 Introduction to Biomass

Traditional fuels such as fossil fuels e.g coal, oil, and natural gas are limited." Renewable
energy is derived from natural processes that can be replenished constantly and replace
traditional fuels.?* Biomass is the term used to describe organic matter that comes from
plants and animals.®> Common biomass includes plant-based biomass from agriculture,
animal residues, sewage sludge and forest residues. & 7 Plants grow by utilising sunlight,
carbon dioxide and water to produce energy through a process known as
photosynthesis®, therefore, plant-based biomass can be considered a renewable

resource for energy production.®

o
.{{."i
I,'. (]
A ‘
CROPS ANIMAL RESIDUE SEWAGE  INDUSTRIAL RESIDUE FOREST RESIDUE

Figure 1.1.1 Schematic diagram of types of biomasses.

Plant-based biomass can act as a starting material for fuels.'® There are two main paths
to convert biomass into fuel: biological i.e bacterial decomposition and thermal i.e
combustion, gasification and pyrolysis.'™'* Biomass can be a substitute for coal in
generating electricity via combustion.' Organic waste can be decomposed by bacteria
to produce renewable fuel gases such as methane.'® Biomass can also undergo
gasification and pyrolysis processes producing gas and liquid fuels.'”- '8 In this body of

work, there will be a focus on liquid fuels generated using pyrolysis processes.

27
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 1

1.2 Lignocellulose Biomass

Plant-based biomass is also known as lignocellulose biomass (Figure 1.2.1) as it mainly
made up of biopolymers such as cellulose, hemicellulose, and lignin.'®2° These complex

polymers help strengthen the plant cell walls.?’

LIGNOCELLULOSE BIOMASS

LIGNIN

CELLULOSE

MACROFIBRIL

HEMI-CELLULOSE

Figure 1.2.1 Schematic diagram of the components of lignocellulose plant cell walls.

Cellulose is a homogenous polysaccharide containing B-1,4-linked D-glucose units.??
Hemicellulose, on the other hand, is a heterogeneous polysaccharide that contains
several different sugar units including, both six-carbon sugars, such as mannose,
galactose, glucose and 4-O-methyl-d-glucuronic acid, and five-carbon sugars, such as
xylose and arabinose.?® Moreover, hemicellulose itself can vary in terms of structure and
physicochemical properties.?* Lignin is made up of the monolignol units p-hydroxyphenyl
(H), syringyl (S) and guaiacyl (G).?% %6 Figure 1.2.2 shows the chemical structures of

cellulose, hemicellulose and Figure 1.2.3 shows a typical hardwood lignin.
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glucose xylose mannose
OH O HO HO
HO ta\p w m, el
0 O HO P OH HOH,C OH
HO 0 g |9
HOHZC arabinose
n 00C
4-0-methyl-d-glucuronic acid
Cellulose Hemicellulose

Figure 1.2.2 Chemical structure of a section of a cellulose and hemicellulose. The different
sugar units, glucose - grey, xylose - green, mannose - red, 4-O-methyl-d-glucuronic acid -brown
and arabinose - blue.

guaiacyl (G

Lignin

Figure 1.2.3 Chemical structure of a typical hardwood lignin, with monolignol units, p-
hydroxyphenyl (H) - green, syringyl (S) - blue and guaiacyl! (G) - red

Different types of biomass will have slightly different lignocellulose compositions. Table
1.2.1 shows the lignocellulosic composition of softwood, hardwood, and grasses. The
type of biomass also plays a role in the monolignol distributions, where softwood is
mostly guaiacyl units compared to hardwood and grasses. Grasses tend to have more

syringyl units compared to wood-based biomass.
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Table 1.2.1 Typical lignocellulose and monolignol compositions by weight for hardwood,
softwood and grasses.?’-?

Lignocellulose composition Monolignol distribution

(weight%) (%)

Cellulose Hemi-cellulose Lignin H G S
Softwood 46-50 19-22 21-29 <5 >95 0
Hardwood 40-46 17-23 18-25 0-8 25-50 45-75
Grasses 28-37 23-29 17-20  5-35 35-80 20-55

1.3 Brewers’ Spent Grains

Beer is one of the most consumed beverages, with an annual production of around 1.9
billion hectolitres worldwide.?° Beer is produced using four major ingredients: barley,
hops, yeast and water.3! The schematic diagram (Figure 1.2.1) shows a general process
for beer production. The brewing process begins with the milling of malt grains creating
a higher surface area.3? The grains are then transferred to the mash tun, into which water
is added and heated to make an “oatmeal”. The oatmeal enters the lauter tun where the
wort is separated and is transferred to the boil kettle. The Brewers’ Spent Grains are
removed from the laundering tun. Approximately 36.4 million tonnes of BSG of generated
globally per annum.33 As the wort is boiled, hops and other flavours are added.3* Once
the desired flavour is obtained, the mixture enters a whirlpool and heat exchanger. After
cooling, yeast and oxygen are added to begin the fermentation process.?® The beer
passes a centrifuge and is transferred into a brite tank where it is carbonated. Finally,

the final product is bottled or kegged.3®

& [ BSG J [ HOPS ]
MILLING @
HEAT
EXCHANGER
S Il

MASHING LAUTERING BOIL KETTLE WHIRLPOOL

OXYGEN

FERMENTATION
TANK

YEAST

DIOXIDE

4

BOTTLING

BSG = Brewers' Spent Grains

Figure 1.3.1 Schematic diagram of beer production process. Adapted from R. Willaert, The beer
brewing process: Wort production and beer, Vrije Universiteit Brussel, 2007.%*

30
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 1

The mashing process where water is added to the malted barley initiates the enzymatic
hydrolysis of starch and proteins to produce a sugar-rich solution.3” During the mashing
process the waste produced is known as Brewers’ Spent Grains (BSG).® This is one of
the major by-products of the brewing process making up ca. 85% of the brewing waste.3°
The composition of BSG will also vary based on factors such as harvest time, malting
and the process of mashing. BSG is made up of cellulose, hemicellulose, lignin and
proteins, summarised in Table 1.3.1 .4%-43 Typically the monolignol distribution of H, G
and S units are 24-31%, 56-57% and 18-20% respectively. The elemental analysis of
BSG can also vary, some data is shown in Table 1.3.2. Unlike other biomass’ resources,
grown specifically to produce fuel, BSG is mainly considered as agricultural waste
product which has a low cost and high availability.** BSG is rich in nutritive value and
the majority of BSG is used either as a food additive or livestock feed.*> 46 Other uses
for BSG include paper manufacturing*” and construction brick component.*® BSG can
also be used to produce added-value chemicals such as lactic acid*?, bioethanol®*® and
xylitol.5" Therefore, BSG is considered somewhat sustainable source of biomass without

impacting on the land space and storage.5?

Table 1.3.1 Summary of major chemical composition of Brewers’ Spent Grains (BSG).

Composition Meneses et Xiros et al. 4! Mussatto et Kanauchi et

(% dry al. 4 al. 4 al.
weight)
Cellulose 21.7 40.0 16.8 25.4
Hemicellulose 19.2 12.0 28.4 21.8
Lignin 194 11.5 27.8 11.9
Proteins 24.7 14.2 15.2 24.0
Ashes 4.2 3.3 4.6 2.4

Table 1.3.2 Elemental composition of Brewers’ Spent Grains (BSG)

C H N S o)
(%) (%) (%) (%) (%)
BSG * 46.6 6.85 3.54 0.74 42.26
BSG * 47.2 7.2 3.6 1.1 37.6

The major limitation hindering wider applications of BSG is storage. The rate of
deterioration of BSG is rather fast>® and it can spoil within a few days. This is due to the
high water and a high sugar content making it optimal for microbial growth.5¢ Several
solutions to storage and prolonging the life of BSG have been proposed. The most

effective method for preserving BSG has been factory drying.%” This is where breweries
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have a two-step processing plant where about 60% of the water content is reduced by
pressing, followed by drying, thereby reducing the overall moisture content to below
10 %.%8 Drying the BSG has the additional advantage of reducing the volume, resulting
in both a reduction in transport and storage cost.3® The difficulty with drying BSG is the

high energy cost associated with the process.>®

1.4 Pyrolysis

Pyrolysis is the process of thermal degradation of material at a high temperature without
the presence of oxygen.®® Generally, pyrolysis of biomass produces three main products.
61-63 |t produces char or biochar (solid), bio-oil or pyrolysis-oil (liquid) and syngas (gas).
The distribution of the products depends on the biomass properties, but mainly the

pyrolysis conditions.®4

Cellulose, hemicellulose and lignin are each pyrolysed or degraded at different rates and
by different mechanisms and pathways.%® Cellulose has a relatively simple structure that
depolymerises around 300 - 350 °C, producing cellulosic species.®® Cracking and
dehydration can also occur producing monosaccharides.®” When dehydration has
occurred, the cellulose is prone to crosslinking and ultimately forming char.®® The primary
products from depolymerisation are anhydrosugars such as levoglucosan.®® Cracking of
pyran rings convert the cellulose to light oxygenates such as furans, aldehydes, ketones
and acids.®® At temperatures above 300 °C the cellulose breaks down and produces
liquid products, where the maximum yield of liquid product is produced at ca. 500 °C.
Hemicellulose on the other hand is less thermally stable compared with cellulose and
typically degrades at around 220 - 315 °C.7° Xylose and pyranose can lead to biochar
formation through multistep dehydration.®® Lignin is much more thermally stable in
comparison to both cellulose and hemicellulose.”"- 72 Lignin structures are connected
through either ether i.e carbon-oxygen bonds or carbon-carbon bonds.”® 74 These bonds
are much harder to break than the glycosidic bonds in cellulose and hemicellulose.”
Temperatures around 400 - 600 °C are required for the thermal degradation to occur.”®
Cracking lignin typically breaks down into aromatic rich liquid.””-7® The active aromatic

species can also repolymerise and produce biochar.”®

The different pyrolysis methods based on the products desired and reactor residence

time. Slow pyrolysis, as the name suggests, is conducted on a relatively longer time
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frame. It is usually carried out at lower temperatures, less than 500°C, with heating rates
ranging from 0.1 to 2°C per second.® Slow pyrolysis is used to maximise the production
of solid products.8' On the other hand, fast pyrolysis, is typically carried out in a short
resident time of less than 2 seconds at higher temperatures (500°C) with heating rates
ranging from 10 to 200°C per second.? Fast pyrolysis is used to maximise the production
of liquid products (75-80 wt%).8'- 83

1.5 Brewers’ Spent Grain Pyrolysis QOil

BSG is a lignocellulosic biomass, therefore, it can be processed into bio-oil via
pyrolysis.52 8 Table 1.5.1 illustrates some of the resulting compounds identified from the
fast pyrolysis of BSG at various temperatures using pyrolysis-gas chromatography/gas

chromatography mass spectrometry or Py-GC/GCMS.

Table 1.5.1 Typical chemical compounds found in BSG pyrolysis oil produced at different
temperatures.®

Chemical Chemical % Area of Peak
formula 450°C 550°C 650°C 750°C

acetic anhydride C4HeO3 2.39 11.79 - -
2-methyl-furan CsHesO 2.18 - 4.44 4.93
2,3-butanedione C4HeO2 2.96 3.32 5.81 -
3-methyl-butanal CsH100 2.47 1.3 1.55 0.7
acetic acid C2H40- 19.22 13.7 15.82 9.02
1-hydroxy-2-propanone C3HeO2 3.57 1.68 1.79 -
toluene C7Hs 0.71 1.15 5.31 11.02
pyrrole C4HsN 2.31 2.32 2.06 3.34
3,3’-oxybis-propanenitrile CeHsN2O 2.1 1.36 1.66 -
1-methoxy-2-propyl acetate CesH1203 10.01 31.16 12.09 4.86
furfural CsH4O- 9.85 7.15 8.79 5.41
1-decene C1oH20 - - 0.83 1.95
2-furanmethanol CsHsO2 3.02 1.04 - -
1-(acetyloxy)-2-propyl acetate CsHsO3 3.46 1.5 1.01 -
limonene C1oH1s - 1.57 0.97 -
2-cyclopentene-1,4-dione CsHsO2 1.33 1.12 - -
6-oxa-bicyclo[3,1,0]hexan-3-one  CsHsO> 1.8 0.57 - -
5-methyl-2-furan carboxaldehyde CgHsO2 1.79 1.01 - 1.1
butyrolactone C4HeO2 0.54 0.49 - -
2(5H)-furanone CsH402 1.66 1.23 - -
hexanoic acid CsH1202 - 0.45 0.58 -
2-butoxiyethyl acetate CegH103  0.85 2.58 2.41 0.63
benzene acetaldehyde CoH100 0.8 0.36 0.67 -
1-dodecene C12H24 - - 0.67 1.3
phenol CsHeO - - 0.88 2.06
dodecanal C12H240 0.5 1.18 - --
2-methyloxy-4-vinylphenol CoH 1002 1.39 - - -
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Borel et al.8% show that the pyrolysis of BSG produces mixtures of compounds containing
oxygen.Physicochemical properties such as the thermal degradation of products from
pyrolysis of BSG have been studied. These showed that BSG had both high volatile
matter content and high heating value, therefore, it has potential to produce pyrolysis
0il.86 The pyrolysis of BSG to produce fuel products still has many challenges to
overcome to make the process cost-effective.?% 8 Like pyrolysis oil produced from other
biomass feedstock, BSG bio-oil poses similar issues with both a high content of oxygen-
containing compounds & and a high-water content.?® Pyrolysis oils typically have pH 2
to 3, which is very acidic when compared to bio-diesel (pH ~7).5® Therefore, corrosion

and related issues could still arise if used in current engines.®°

1.6 Pyrolysis Oil and Upgrading Challenges

Whether the pyrolysis oil is produced via fast or slow pyrolysis processes, when
lignocellulose biomass breaks down into smaller molecules, the product will mainly
contain carbon, hydrogen and oxygen. Therefore, when using bio-oils as fuels, the major
emissions are carbon dioxide (CO) and water (H20).°" An advantage of the using of
biomass-derived fuel is the ability to achieve a net zero emission of CO; gases, as the
CO2 released will be recycled via photosynthesis when the crops are
replenished/replanted.?3 %2 23 Biomass fuels also emit negligible amounts of sulfur oxide

(SOx) and nitrogen oxide (NOx) compared to fossil fuels.%

Even though it may seem that pyrolysis oils are a good replacement for fossil fuels, there
many challenges are still associated with the use of biofuels in current infrastructures.
Bio-oils can be used directly in boilers.®> Compared to petroleum fuel, bio-oils have some
undesired properties therefore it cannot be used directly as transport fuel.?® The main
differences between traditional fuels and pyrolysis oil are low volatility, high water
content, acidity, and high oxygen content.5* °7-98 Pyrolysis-oils typically contain a mixture
of organic compounds such as alkanes, alkenes, aromatic hydrocarbons, alcohols,
sugars, esters, ketones and aldehydes. The undesirable physiochemical properties

include:
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1. High water content - water content in bio-oil is around 15-30 wt% where the major
contribution is the moisture present in the feedstock and the products of
condensation during the pyrolysis reactions.®” The main issue with high water
content is that it decreases the heating value of the bio-oils. Therefore, the bio-

oil is incompatible with current infrastructures due to the low heating values.8> %8

2. Corrosive - bio-oil produced from pyrolysis has a mixture of oxygen-containing
compounds making up 35-40% of the composition.®® Oxygen-containing
compounds such as acetic acid, formic acid, syringic acid and phenol contribute
to the acidity of the bio-oil, which makes the bio-oil corrosive especially at

increasing temperatures.

3. Low heating value — the heating value of a fuel is the amount of heat is released
during combustion. Compared to the conventional heating value for heavy

petroleum (40 MJ/kg), pyrolysis oil has a heating value of 16-19 MJ/kg.100. 101

Upgrading bio-oil improves its properties to match existing fuel standards.?> 19 Some
of the common upgrading techniques used to produce higher-value products are

summarised in Table 1.6.1.
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Table 1.6.1 Various upgrading method used to upgrade bio-oil, and their advantages and
disadvantages.

Upgrading methods

Advantages

Disadvantages

Hydrotreating'04 105

This is where hydrogenation
takes place without
simultaneous cracking. This
process removes N, O, and
S. Hydrogenation adds H>

Hydrotreating process
is cheaper and
commercially available.

Poor quality of fuel is
obtained due to high
amounts of coke in
product. The large amount
of coke can result in
deactivation of catalyst
and block the reactor.

Cracking
(hydro-cracking and
catalytic cracking)'°6. 107

This is where large
hydrocarbons are broken
down into smaller alkanes
and alkenes. Hydrogenation
with simultaneous cracking.

The production of large
amounts of light
products.

Specialist equipment is
required that can
withstand high
temperature and
pressures. Expensive
catalysts are also needed
for the catalytic cracking
process.

Sub- or Super-critical fluid
108

Supercritical fluid is when the
temperature and pressure of
the sample exceed the fluids
critical point. Such fluids can
dissolve materials that are
not normally soluble in the
gas or liquid phase. This
promotes gasification and
liguefaction reactions.

It produces a higher oil
yield, lowering the
oxygen content and
viscosity.

This can be achieved with
a lower temperature
however, the organic
solvent required is not
economically feasible.

Chemical Extraction'% 110

This can be solvent
extraction, distillation, or
chemical modification

These techniques can
produce high value
chemicals such as
phenols and volatile
organic acids.

Other separation and
refining methods may also
be needed, thus adding to
the cost.

Emulsification'""

This combines diesel and
bio-oils with a surfactant.

Some improvements in
stability and storage
show promising ignition
characteristics.

It may also be a short-
term solution for the
use in diesel engines.

Even though the process
is relatively simple and
produces less corrosive
fuels, the pH is still raised,
and fuels can still be
corrosive.

Esterification?

This combines alcohols with
carboxylic acids in the
presence of a catalyst.

Reduces the number
organic acids which
improves the stability
and long-term storage
of the oil.

Reaction rates are slow
therefore catalysts must
be used. Esterification is a
reversible process,
therefore, esters can
break down when
exposed to water.
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1.7 Pyrolysis Oil Characterisation

Current characterisation methods include oximation followed by titration, elemental

analysis,

Fourier-Transform

Infrared

spectroscopy,

gas-chromatography/mass

spectrometry and nuclear magnetic resonance spectroscopy. A brief summary of the

advantages and disadvantage of each technique used to characterise pyrolysis-oils is

summarised in the table below.

Table 1.7.1 Summary of characterisation techniques for bio-oil analysis, with their advantages

and disadvantages."’ 114

Technique

Advantages

Disadvantages

Titrations'15-117

7

Simple and reliable
quantitative analysis.

Laborious and reactions
>24 hours.

No structural information.

Elemental Analysis''8120

C% N%
H% 0%

Simple and reliable.

Provides overall
information on elemental

No information on structure
or functional groups.

Fourier-Transform

components.
Identify functional It is mostly used for
groups. qualitative analysis.

Infrared Spectroscopy
(FT'R)121, 122

Gas Chromatography
Mass Spectrometry
(GC/MS)123-126

il

S—
_‘I,'.} IL\" L. '“

Direct compound
identification.

Large MS database for
ease of identification.

Not all compounds can be
identified due to the
volatility of the sample.

Some bio-oil compounds
are not in the library making
them difficult to identify.

Nuclear Magnetic
Resonance
Spectroscopy'?7-12°

Quantitative analysis is
relatively quick
compared to other
methods.

Functional groups can be

derivatised with
multinuclear containing
reagents.

Overlap in spectrum makes
it difficult to analyse.

Reagents can be
expensive.
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1.8 Summary

Biomass could be one route to renewable fuel. However, with the increasing demand on
land for food, there may be better option than growing crops for fuel. The brewing
industry produces waste in the form of Brewer’s Spent Grains (BSG) which is currently
used mainly as feed for livestock. This offers an opportunity to have a low cost and
readily available source of biomass. BSG can be thermally converted into bio-oil.
However, there are still many issues that must be tackled before BSG can be used as
commercial fuel. Major issues of pyrolysis oils include being too acidic as well as having
high-water content. The acidity of pyrolysis oil is the main cause of corrosion in engines
and storage. Typically, oxygen-containing functional group compounds (carbonyl,
carboxyl, hydroxyl, phenolic) give bio-oil its acidic properties. Therefore, a better
understanding of the chemical compositions of BSG pyrolysis oil is crucial for later

storage, ageing and upgrading.

There are various techniques that can provide useful information about the chemical
composition of pyrolysis oils. Oxygen/ oxygen-containing compounds in bio-oils can be
quantified using oximation followed by titration, elemental analysis, gas chromatography
and mass spectrometry. Chemical and structural information can be obtained using
Fourier Transform Infrared Spectroscopy and Nuclear Magnetic Resonance. However,
many of these techniques are laborious or multiple techniques are required to produce

complementary data.

Nuclear Magnetic Resonance spectroscopy is a non-invasive and relatively quick
approach to chemical characterisation. The ability to derivatise specifically oxygenated
compounds and NMR can be used to study these chemicals alone. Developments in the
field have enabled NMR to be applied to more complex systems, such as mixtures

including bio-oils. Chapter 2 will explore:

e The theory of NMR techniques used throughout this work.
e Applications of multinuclear and multidimensional NMR techniques to
characterise bio-oil.

e Followed by the research aims.
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2.1 Introduction

Nuclear Magnetic Resonance (NMR) allows the analysis of molecular structures by
observing and measuring the interaction of nuclear spins when placed into a magnetic
field. Originally NMR techniques were confined to the physics community. The first NMR
experiments in condensed matter were carried out by two groups of researchers Purcell
(paraffin, 1945)'° and Bloch (water, 1946)'3, for which they shared a Nobel Prize for
physics in 1952. NMR came to the attention of chemists when the first "TH NMR spectrum
of ethanol was recorded, the three signals detected corresponding to the three proton
environments in the molecule. This was the first demonstration of chemical shift.32134
Arnold et al. also observed that the intensities of the peaks were equal to the relative
number of protons.®2 Chemical shift information combined with integral information can

used to determine molecular structure.

2.2 Spin Physics

NMR is based on the fundamental idea that nuclei have intrinsic angular momentum,
also known as ‘spin’.'3% 136 For most chemical elements, at least one nuclide exhibits
nuclear spin, also known as an ‘NMR active’ nuclei. The atoms nuclei have nuclear spin

quantum number / with values:

1 3
=0, 5,1, 52 .. Equation 2.2.1

Table 2.2.1 shows the natural abundances of common nuclei that are NMR active, their
spin quantum number, magnetic moment, gyromagnetic ratio, and the typical chemical
shift range they display. Chemical shift dispersion varies based on the electronic and
chemical properties of the element, generally the heavier the nuclei, the larger the

dispersion.

Table 2.2.1 Summary of important properties of common NMR nuclei that may be used in further
chapters "%,

Isotope Natural % Spin  Magnetic Gyromagnetic Typical
Abundance (l) Moment Ratio, y Chemical Shift

(un) (108rad s™' T Range

(ppm)
H 999 1/2 2.7927 267.52218744 0-15
8C 1.1 1/2 0.7022 67.2828 0-220
70 0.04 5/2 -1.8930 -36.264 -100 - 1600
9F 100.00 1/2 2.6273 251.815 -500 - 500
3P 100.00 1/2 1.1305 108.291 -200 - 240
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A nucleus with spin has a magnetic moment defined by:

= % Equation 2.2.2

where u (JT™), the magnetic moment is proportional to y, the gyromagnetic ratio of a
given nuclei (rad s T™"), h, Planck’s constant and /, the nuclear spin quantum number.
When an external magnetic field By is applied, the precession of the spin occurs at a rate
dependent on the gyromagnetic ratio of the nuclei and the applied magnetic field strength.

This is defined by the Larmor equation:

wo = ¥By Equation 2.2.3

where wy is the intrinsic angular frequency (rad s™) and By is the strength of the applied

magnetic field (T). The frequency of precession in Hertz is given by the Larmor frequency:

vy = Vz_io Equation 2.2.4

Without a magnetic field applied, the energy level of spin-/ has the same energy. When
atoms are placed in an external magnetic field By the energy levels become non-

degenerate, with 2/ + 1 levels forming:

I, =mh Equation 2.2.5
m=1,1-1, -2, -1 Equation 2.2.6

Usually, the energy levels in a spin 7z nuclei are labelled as a (if it is parallel, meaning it
is aligned with the applied field) or B (if it is antiparallel to the field). However, the
assignment of alpha and beta state to parallel or antiparallel also depends on the sign
of the gyromagnetic ratio. In the case for all the nuclei studied in this thesis their
gyromagnetic ratio is positive. The energy of the transition is equal to the gap between
the energy levels. For example, a nucleus such as a proton, with spin quantum number
I = 2 will occupy one of two distinct energy levels as illustrated in the diagram Figure
2.21.
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Figure 2.2.1 The energy gap splitting of spins when a magnetic field Bo is applied.

The spins that are aligned with the applied magnetic field will have lower energy in
comparison to those that are antiparallel to the field. The transition energy between the
spin states is proportional to Planck’s constant multiplied by the frequency of radiation
associated with the transition. The difference between the two energy states, in J, is

given by the equation:

hyB .
AE = hv = )Z/HO Equation 2.2.7

and therefore, the ratio of the two spin states is given by the Boltzmann distribution:

nupper _ e_’iTET Equation 2.2.8

Nower
where nyper and niower represents the number of nuclei in each spin state, kg is the

Boltzmann constant (1.38 x 10722 J K™'), and T is the temperature (K). As the difference
between the energy levels are small, the population difference is also small. For a proton
nucleus in a 9.4 T field, at 300 K, this energy gap is 2.64 x 10725 J. The small excess
of nuclear spins can be represented as a collective, the bulk magnetisation vector My. In
a simple vector model, with a set of Cartesian coordinates, the static magnetic field is
applied along the z-axis. At equilibrium the bulk magnetisation My is the same as M. In
the absence of a secondary field, i.e a radiofrequency pulse or rf pulse, the bulk
magnetisation vector lies on the +z-axis as majority of the spins align with the magnetic
field. Applying the vector model to a spin-echo experiment (Figure 2.2.2) where the
chemical shift evolution is refocused and the signal detected is attenuated only by
transverse relaxation. In this sequence a 90, rf pulse is applied, and the bulk
magnetisation is transferred into the transverse plane for a delay time 1. A 1805 pulse is

then applied to refocus the chemical shift evolution. The net magnetisation will start to
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precess around the z-axis at the Larmor frequency. The rotating magnetisation can be

detected.

903 1805

S

002 1807
Pulse A Pulse A
— E— — JV —
A x

X v X ¥ x X ¥ x ¥ X
'«

Figure 2.2.2 Spin-echo sequence and vector model representation. The bulk magnetisation
vector (blue) aligns with the +z-axis in the direction of the magnetic field Bo. When a 90;, radio
frequency pulse is applied the bulk magnetisation is transferred to the transverse plane. A 180;
pulse is then applied to invert and refocus the chemical shift evolution.

NMR spectrometry is a spectroscopic technique based on that nuclei have spin, when
placed in a magnetic field the bulk magnetisation will align with the magnet. A small radio
frequency pulse can be applied to disturb the equilibrium. The voltage induced in the coll

by the precessing magnetisation is detected.

2.3 Instrument Design
In the modern-day, NMR has become a routine analytical technique used for structure

elucidation and quantification. Original electromagnet spectrometers had a maximum
field strength of 2.35 T, or equivalent to 100 MHz resonant frequency for protons, which
is insufficient for the structural analysis of more complex molecules. NMR is an inherently
insensitive technique due to the small energy gap, which results a small population
difference. The development has largely been focused on improving the sensitivity of the
NMR spectrometers.’® One way to improve the sensitivity is to increase strength of the
magnetic field, this increases the energy gap between the level and the population
difference. The advancements in magnet technology and the ability to make super
conducting electromagnets has enabled spectrometers to operate at high fields.'3® 140
Figure 2.3.1 is a schematic representation of a modern-day high-field NMR spectrometer.
The superconducting materials are cooled using cryogens such as liquid helium.
However, the use of cryogens is expensive and cryogenic cooling requires technical
maintenance. Overall, NMR is not considered a low-cost analysis due to the high capital
and maintenance cost. In particular, the cost of liquid helium has increased significantly
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in the last decade due to a global helium shortage.'' 142 High-field NMR spectrometers
require a considerable investment and can cost over £10 million as a result, limiting the

usage of NMR to larger and well-funded research facilities.

LIQUID NITROGEN
VACCUM

LIQUID HELIUM BORE
NMR SAMPLE AND
SPINNER

SUPERCONDUCTING
MAGNET

SHIM COILS

RF AND GRADIENT
COILS
PROBE

DETECTER

ANALOG

TO
DIGITAL

Figure 2.3.1 Schematic diagram of a modern-day spectrometer.

Moreover, a large amount of space is also required to house the spectrometer. This is
especially true for material verification, such as quality control in an industrial setting or
smaller academic institutes. In 2009, the first commercial benchtop NMR was launched.
Benchtop NMR spectrometers typically utilise permanent magnets that generate a static
magnetic field up to 2T or 80 MHz."*3 Permanent magnets do not require cryogenic
cooling thus, reducing the technical maintenance and maintenance cost.’#* Using
protiated solvents as the solvent system for analysis is made easier and possible as
most benchtop spectrometers have an external locking system. The use of protiated
solvents also reduces the cost of operations, for example DMSO costs ca. £35.70 (per
100 mL) and DMSO-ds costs ca. £307.00 (per 100 g). Typically, benchtop NMR
spectrometer prices range from £30,000.00 to £150,000.00, providing a less expensive
alternative to the high-field spectrometer which can cost up to £10 million.'° Even

though low-field NMR suffers from low sensitivity on account of the low field strengths
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applied, it is not crucial to have the multiplicity resolution when analysing mixtures such
as pyrolysis oils containing a vast number of compounds. Table 2.3.1 summaries the

advantages and disadvantages of using high-field NMR and low-field NMR.

Table 2.3.1 Advantages and disadvantages of high-field NMR spectrometer and low-field NMR
spectrometer.

High-Field NMR Low-Field NMR

Higher Sensitivity v©  x Lower Sensitivity
High Capital Cost ¥ v Low Capital Cost

Uses Cryogens ¥ v No Cryogens
Technical Maintenance ¥ v Less Maintenance
Deuteriated Solvents ¥ v Protiated Solvents I

Central Facility * v" Benchtop Instrument

The following section gives an overview of how NMR techniques are currently applied to

the analysis and characterisation of bio-oils.

2.4 Nuclear Magnetic Resonance Applications to Bio-oils

2.4.1 'TH NMR Spectroscopy

Proton nuclei or 'H have a 2 spin making it NMR active. The receptivity of a given nuclide
depends on its natural abundance and gyromagnetic ratio. With a natural abundance of
99.9% and a large gyromagnetic ratio, protons are said to have a high receptivity. The
chemical shift range is typically between 0 to 15 ppm. In principle, protons in different
chemical environments produce a unique chemical shift. Protons exhibit J-coupling, also
known as spin-spin or indirect dipole-dipole coupling. This arises from the indirect
interaction of two nuclear spins, mediated through chemical bonds. 'H-'H coupling is
responsible for the multiplicity or the complex splitting of resonance in NMR
spectroscopy. Multiplicity patterns are useful for structure elucidation, based on n+1 rule,
for example, a singlet peak has zero neighbouring protons, a doublet peak has one
neighbouring proton, and a triplet peak has two neighbouring protons etc. However, this

can lead to a highly crowded and complex spectra.

Pyrolysis oils are composed of hundreds of molecules, this results in a crowded

spectrum making structural elucidation difficult. However, '"H NMR can still provide
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chemical information based on chemical shift values providing information on pyrolysis
oil composition. Proton NMR has been one of the most versatile tools to characterise
bio-refinery products. Figure 2.4.1 shows a stacked plot of '"H NMR spectra of pyrolysis
oils produced from six different feedstocks ((A) switch grass, (B) corn stover, (C) alfalfa
stem, (D) guayule whole, (E) guayule bagasse, (F) chicken litter). Chemical shift values
based on 400+ model compounds found in pyrolysis oils and plant-based natural
products has been reported by various research groups producing a chemical shift
library (Table 2.4.2).745147 TH NMR is commonly used as a complementary technique
alongside FTIR for functional group analysis of pyrolysis oil products where results

revealed by the '"H NMR analysis were similar to the FTIR.50. 148
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Figure 2.4.1 "H NMR spectra of bio-oil (A) switch grass, (B) corn stover, (C) alfalfa stem, (D)
guayule whole, (E) guayule bagasse, (F) chicken litter. 147
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Table 2.4.1 Comparison of "H chemical shift integration regions of bio-oil samples in DMSO-de.

Joseph et al. 146 Ingram et al. '*>  Mullen et al. "%’
Functional Group Chemical Shift (ppm)
aliphatic 0-2 0.0-1.6 0.5-3.0
Aliphatic alcohol 2-3 1.6-2.2 -
ether, methoxy 3-4.2 2.2-3.0 3.0-6.0
Aliphatic OH, -C=C-, 42-6 3.0-4.2 9.6-10.0
Ar-CH»,-O-
Aromatic, conjugated 6 -8.25 42-6.4 6.0-8.2
-C=C-
CHO, ArOH 8.25- 11 6.4-8.0 -
carboxylic acids 11-12.5 8.0-10.0 9.6 -10.0

Aside from identifying the types of compounds in pyrolysis oils it is also important to
understand how much of a certain species is present. '"H NMR techniques are inherently
quantitative as the integrals equal the amount of protons in a sample. Mullen et al.’#’
studied 6 bio-oil samples produced from wood-based, legume, and grass-based
biomass. '"H NMR was used to calculate the amount of compounds in the pyrolysis oils
and upgraded pyrolysis oils based on the % of hydrogen.'#%-15" Table 2.4.2 show how
the % hydrogen content differs from different feedstock. However, the major overlapping
region in the spectra makes it difficult to quantify specific compounds accurately. '"H NMR
has also been used alongside mass spectrometry techniques to show a decrease in
oxygen-containing compounds and an increase of aromatic compounds when catalytic
pyrolysis was used to produce pyrolysis oils.'®? Aside from the organic components of
the pyrolysis oil, the water content of an oil is also important, as it affects the heating
value of the pyrolysis oils. '"H NMR has also been used to look at the water content of
pyrolysis oils via the water addition method where results were compared with Karl

Fischer techniques.%3. 154

Table 2.4.2 Percentage of hydrogen based on the "TH NMR analysis of Bio-oil produced from
various feedstock.’’

Functional Chemical Percentage of Hydrogen (%)

group Shift switch  corn alfalfa  guayule guayule
(ppm) grass stover  stem whole bagasse

alkanes 05-1.5 9.8 11.8 20.9 29.4 28.7

aliphatic 1.5-3.0 24.3 18.3 54.0 42.0 34.5

alcohol 3.0-44 21.3 20.5 7.2 10.4 12.5

methoxy/ 44-6.0 25.7 30.3 2.3 6.8 9.7

carbohydrates

aromatics 6.0-8.5 17.5 15.1 15.1 11.2 15.6

aldehydes 95-101 1.3 1.7 - 0.2 0.5
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The elucidation of pyrolysis-oil composition is essential for assigning the best application
and upgrading process required. The major advantage of using NMR techniques is that
bio-oils can be dissolved in various solvents dependent on solubility. '"H NMR gives a
good insight into both the chemical structures and functional groups present in bio-oil. It
also allows some quantitative information such as hydrogen content, aromatic content,
and water content. However, it does not yield chemical information, such as the types of
hydroxyl groups within the sample, nor does it yield information on other functional
groups that do not contain proton such as carbonyls. Overall, '"H NMR has a narrow
chemical shift range and bio-oils contain hundreds of hydrogen-containing compounds
both of which result in a highly crowded spectrum. The overlap makes it very difficult to
interpret and reduced the amount of information available. There are other NMR active

nuclei such as 3C which can be used to analyse pyrolysis oils.

2.4.2 *C NMR Spectroscopy

Carbon nuclei or '*C, also have 2 spin making it NMR active. However, '*C NMR has a
lower receptivity compared to "H NMR. This is due to low natural abundance, ca. 1%,
and a lower gyromagnetic ratio (Table 2.2.1). 3C NMR has a larger chemical shift range,
0 to 200 ppm, this spreads the signals out making the spectrum less crowded. Carbons
exhibit coupling with neighbouring protons making the spectrum more complex and
difficult to interpret, as a result, 3*C NMR is often acquired with proton decoupling. The
nomenclature of the decoupled spectrum is commonly shown as "*C {'H} for a proton
decoupled carbon spectrum. Decoupling removes any unwanted J-coupling in the
spectrum. As a result, multiplet structures are reduced to singlets. An additional
advantage to decoupling is the increase in the signal-to-noise. The signal intensity
present across a multiplet is now collected in a single, more intense, peak. Decoupling
is typically classified as either homonuclear i.e where the decoupled and observed
nuclides are the same, or heteronuclear i.e where the decoupled and observed nuclides
are different. A simple way to describe spin decoupling is two spin- %2 nuclei, A and X
share a mutual coupling of J Hz. A rf field is applied at the frequency of A spins. This
induces a continuous and rapid transition between the a and B states. If the reorientation
is really fast relative to the coupling constant, the X spin multiplet structure will collapse
into a singlet as the lifetimes of the a and B states are no longer distinguishable.
Therefore, if A spins are irradiated with a sufficiently strong pulse and the X spins display

no coupling to A, it is said the spins are decoupled.
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Scalar spin-spin decoupling is either used for a) selective decoupling of a single
resonance to identify any coupling partners or b) non-selective decoupling, which is also
known as broadband decoupling typically used to simplify the spectrum by decoupling
one nuclide. Broadband heteronuclear decoupling has some practical issues such as
decoupling species with larger coupling constants. To ensure decoupling is uniform
across the spectrum a rf pulse that is effective over a larger frequency window is applied.
A greater decoupling bandwidth can be achieved by increasing the decoupling power.
However, increasing the power can ruin both the sample and probe due to increased

temperature produced by the rf coil.

To achieve a larger bandwidth for decoupling composite pulse decoupling (CPD) have
been introduced. The simplest CPD consists of a series of 90° or 180° pulses. Aside
from reducing heating, CPD(s) have other practical uses such as it reduces
imperfections in the original rf pulse. Table 2.4.3 shows common composite decoupling
pulses. MLEV (Malcolm Levitt) utilises (90x°, 180°y, 90°),."% The WALTZ (wideband,
alternating-phase, low-power for residual splitting) uses (904°, 180°, 270°)n."%¢ GARP
(Globally Optimized Alternating Phase Rectangular Pulse) is a series of pulses that is

computer-optimised.'%”

Table 2.4.3 Composite pulse sequences for broadband decoupling.’33

Sequence Bandwidth (yB2)
Hz
Continuous Wave <0.1
MLEV-16 1.5
WALTZ-16 2.0
GARP 4.8

The simplest decoupling method (Figure 2.4.2 (a)) is where the decoupler is on
throughout both the delay and acquisition. This method will allow decoupling of the one
nuclide therefore, simplifying the spectrum and improving the signal-to-noise ratio. This
method also produces a spectrum with some nuclear Overhauser effect (NOE)
enhancement. NOE is the transfer of nuclear spin polarization from one population of
spin active nuclei to another nuclei. This brings changes in resonance intensities

resulting in a non-quantitative NMR spectrum.
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The gated decoupling (Figure 2.4.2 (b)) experiment is when the decoupler is gated off
before acquisition. Therefore, NOE developed during the delay will enhance the
spectrum. The signal to noise enhancement will not be the same for all the nuclei, thus
quantitative data will be lost. This results in a coupled spectrum as the decoupler is gated

off, with NOE enhancement.

The inverse gated decoupling (Figure 2.4.2 (c)) experiment is designed for quantitative
analysis.'8 It achieves this by minimising the signal-to-noise enhancement by NOE. The
NOE develops and affects the longitudinal magnetisation, but it does not affect the
transverse signals that are detected as the acquisition has already begun. This results
in a decoupled spectrum without NOE. As the NOE enhancement is minimised,

quantitative information can be yielded from integrating peaks.

6 (a)

CPD

'H

CPD

(c)

CPD

'H

Figure 2.4.2 Heteronuclear decoupling pulse sequences that utilise composite pulse decoupling
(a) 100% duty cycle (b) gated-decoupling sequence decoupling sequence (c) inverse-gated
decoupling sequence.

Figure 2.4.3 shows the spectra of pyrolysis oil produced from different biomasses.
Carbon NMR has a wider chemical shift range compared to '"H NMR however, the '3C
NMR spectrum can still be quite crowded. Chemical shifts can provide information on
the types of carbon containing compounds present. The chemical shifts for different
carbon environments in bio-oils have been proposed by two main studies, these values

50
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 2

are summarised in the Table 2.4.4.145 146 However, the two studies reported slightly
different chemical shifts for the methyoxy/hydroxyl groups and carbohydrates. Carbon
NMR is useful when it comes to the analysis of functional groups that are not present in
'H NMR, for example, carbonyl-containing compounds which play a major role in the
acidity of pyrolysis oils. '3*C NMR has been used to identify carbonyl groups present in
different fast pyrolysis products.'%-6" However, there is major overlaps in the carbonyl
region of 163 to 215 ppm making it hard to distinguish between aldehydes, ketones, and

carboxylic acids.
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Figure 2.4.3 3C NMR spectra of bio-oil (A) switch grass, (B) corn stover, (C) alfalfa stem, (D)
guayule whole, (E) guayule bagasse, (F) chicken litter #7.

Table 2.4.4 Summary of *C chemical shift integration regions of bio-oil samples

Ingram et al. '%° Joseph et al.'#6
Functional Group Chemical Shift Range Chemical Shift Range
(ppm) (ppm)
Alkyl 0-54 0-54
Methoxy/ Hydroxyl 54 - 84 54 -70
Carbohydrates 84 - 110 70-103
Aromatics/Alkenes 110 - 163 103 - 163
Carbonyls 163 - 215 163 - 215
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Even though '*C NMR spectra should be sparser due to the larger chemical shift range,
bio-oil model compounds studied showed extensive overlap between the primary,
secondary, and tertiary carbons in the region of 0 - 60 ppm making it difficult to
distinguished between the different types of alkyl groups.’8 Distortionless Enhancement
by Polarization Transfer (DEPT) are a library of experiments that can provide information
of specific types of carbon atoms.'2 163 |n DEPT experiments, the proton pulse can be
set at 45°, 90° or 135° resulting in experiments named DEPT-45, DEPT-90 and DEPT-
135. DEPT-45 detects all protonated carbons, i.e. CH, CH, and CHs, with the same
phase. DEPT-90 gives only CH peaks. DEPT-135 detect all protonated carbons, but CH
and CHs; signals are positive while the CH. signals are negative. Figure 2.4.4 is a

schematic representation of the DEPT experiments.

C CH CH, CH,

A A I
| |

DEPT-45

DEPT-90

DEPT-135

Figure 2.4.4 Schematic representation of "*C NMR spectrum where all carbon peaks are present,
DEPT-45 NMR spectrum all protonated carbons peaks are present, DEPT-90 NMR spectrum
where only CH peaks, DEPT-135 NMR spectrum where CH and CH3 signals are positive while
the CH: signals are negative.

DEPT experiments have been used to investigate further the different types of carbon
atoms in bio-oil. A combination of '*C NMR, DEPT-45, DEPT-90 and DEPT-135 was
used to analyse bio-oil produced from switchgrass, followed by mathematical
manipulations to generate DEPT (Figure 2.4.5.) subspectra for CH, CH, and CHs."47 164
The DEPT analysis more easily distinguishes between signals that are overlapped
especially the ethers and methoxy groups.'” A combination of DEPT-90 and DEPT-135
was proven able to identify methyl-aromatics and levoglucosan in bio-oil produced from
oakwood and cottonwood.'®® DEPT has also been used in combination with standard
13C NMR to estimate the ratio of non-oxygen-adjacent aliphatic carbons. It was found
that the pyrolysis oils derivatised from rye grass had smaller protions of CHs compared

to pyrolysis oils produced from oak, eel grass and barely straw.'®® Even though DEPT
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can simplify the spectrum and reveal more structural information, the structural analysis

of pyrolysis products remain highly challenging.

o

A A A S e N A A A O APA D b SIS b i it B Al e, i T —

Figure 2.4.5 DEPT spectra of switchgrass bio-oil: (bottom) all protonated C, (second from bottom)
CH, (third) CH2 and top (CH3).

Traditional one-dimensional NMR (1D NMR) techniques suffer from overlapping
resonances making them difficult to interpret. NMR techniques are not limited to one-
dimension, there are also two-dimensional NMR (2D NMR) experiments, and beyond
which can provide more structural information. 2D NMR techniques have been used for
the analysis of cellulose'®’, lignin'67-18% and biomass'®. An example of a 2D NMR
experiment is the Heteronuclear Single Quantum Correlation (HSQC) spectroscopy.
HSQC NMR is used to determine single bond correlations, often between proton and
carbon, can be applied to other heteronuclei. HSQC has been used to characterise the

pyrolytic sugars in three bio-oils.'”"

Figure 2.4.6 shows the 2D 'H-3C HSQC spectra of the fractions of bio-oil based on the
different solubilities. The HSQC data provided chemical shift information of 27 different
types of C-H bonds, more importantly it showed two different types of methoxyl groups
present in the pyrolysis oils, which suggested rearrangements during the thermal

treatment.'72 173
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Figure 2.4.6 2D "H-"3C HSQC spectra of bio-oil B (produced from pine wood pyrolysis) and its
fractions. (a) bio-oil B; (b) water-insoluble fraction of bio-oil B; (c) water-insoluble and CH2Cl»-
soluble fraction of bio-oil B; and (d) water-insoluble and CH2Clz-insoluble fraction of bio-oil B.""’

13C NMR techniques can reveal important structural information and quantification is also
important, not all *C experiments are quantitative dependent on how the decoupling is
achieved as described earlier. 1D 3C NMR can be made more quantitative by using
inverse gated decoupling experiment. Quantitative NMR experiments can also be
denoted as gNMR. However, due to the inherently low signal-to-noise ratio of carbon-13
nuclei, to achieve a spectrum of good quality, usually a relatively long experimental time
is required, for example for lignin sample ca. 72 hours is required."”* The experimental
time can be reduced by using relaxation agents such as chromium (lll) acetylacetonate
also known as Cr(acac)s. Typically for absolute concentration determination, a known
amount of standard compound is added to the sample, this is known as the internal
standard or IS. The internal standard should contain the nucleus of interest and ideally
the signal should not overlap with signals of interest. It is also beneficial for the IS to be
chemically inert and produce a relatively simple spectrum for example a singlet peak.
13C gNMR has been used to quantify different carbon containing compounds in both
woody biomass pyrolysis oils and water-soluble fractions.'” For carbonyl compounds it
is relatively easy to quantify as there is little overlap in the '*C spectrum.'®® However,
Stankovikj et al. found that '*C NMR techniques underestimated the number of carbonyl
groups when compared to titration methods.'” 76 Lju et al. used '3C qNMR techniques
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to compare the carbonyl content in raw and upgraded pyrolysis oils produced from rice
husk. 77 It was found by NMR that the upgraded pyrolysis oil contained 68.4% less
carbonyl compounds.'”” Alternatively, specific functional groups can be tagged by
reacting it with a compound containing a different nucleus that is NMR active. For
example, hydroxyl groups can undergo acetylation reaction with an alcohol and an acid
catalyst followed by *C NMR analysis.'”®'8 The carbon of the methyl and carboxyl
groups after acetylation produce signal at 20.8 ppm and ~170 ppm respectively.' This
region is integrated and compared to a known amount of internal standard (IS) such as

trioxane.180. 181

Overall, the major advantages of *C NMR are the wider chemical shift range, resulting
in a sparser spectrum and the ability to characterise functional groups, such as carbonyl
groups that are not present in 'TH NMR. 3C NMR is not limited to one dimension, and 2D
techniques like 'H-3C HSQC offers more structural information such as the molecule
connectivity compared to 1D "*C NMR alone. It was able to resolve some overlapped
peaks and thus confirming species present. However, 2D NMR techniques also suffer
from overlapping, where the overlapping signals spread into two dimensions. In complex
mixtures such as pyrolysis oils, the poor resolution due to overlapping can still make
HSQC difficult to analyse. Quantification of compound is important, however, not all 1*C
NMR experiments are suitable for quantification and thus, the choice of decoupling
methods must be considered. For quantification, due to the low gyromagnetic ratio and
natural abundance, toe achieve good signal-to-noise this typically experiments will take

longer.

Pyrolysis oils are acidic due to the oxygen-containing compounds present, in an ideal
world, the identification and quantification of these compounds by NMR could be
detected using 7O NMR. However, due to the low natural abundance of 7O and
negative gyromagnetic ratio, the receptivity would be too low. More importantly, 7O
nuclide has a spin quantum number / of 5/2 and is therefore quadrupolar, this results in
broad signals. Any data collected would not be suitable for quantification. Alternatively,
functional groups can be selectively reacted with reagents that contain NMR active
nuclei such as 3'P and '9F. Therefore, only specific functional groups of interest will be
present in the NMR spectrum, this greatly reduces the number of signals and thus the
complexity of the spectrum. The following section explores how derivatisation can be
used to tag specific groups follow by NMR analysis.
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2.4.3 "F NMR Spectroscopy

Like '"H and '3C nuclei, fluorine nuclei or '°F, also has a nuclear spin of %2 making it NMR
active. '°F NMR has similar receptivity as '"H NMR, this is due to the 100% natural
abundance and high gyromagnetic ratio (Table 2.2.1). "°F NMR also has a very large
chemical shift range —500 to 500 ppm making the spectrum less crowded. One of the
major limitations of '"H NMR and "*C NMR is the overlapping of signals resulting in a
crowded spectrum. Spectra can also be simplified by looking at certain functional groups
only, in this case the understanding the oxygen-containing compounds is crucial for
ageing and upgrading of pyrolysis oils. Pyrolysis-oils naturally contain no fluorinated
compounds; therefore, fluorine-containing agents can be used to derivatise compounds
of interest, and the resulting '°F NMR spectrum will directly correlate with the fluorine
derivatives. Different derivatisation methods have been developed for the ease of
identifying and quantifying of oxygen-containing compounds. This section will explore
the different derivation methods as well as how '"F NMR is applied to the

characterisation of pyrolysis oils.

F NMR has been explored to analyse the types of hydroxyl groups in biomass, lignin
and pyrolysis oils.'?”- 182 The hydroxyl groups are reacted with a derivatisation agent
followed by the '°F qNMR analysis of the derived products. Barrelle et al. developed
methods to quantity the phenolic and aliphatic hydroxyl groups. The hydroxyl groups
would undergo fluorobenzylation producing fluorobenzyl ethers and fluorobenzoic acids
respectively.'® The internal standard 2-fluorobenzoic acid was used to quantify these
products using '"°F gNMR. However, this method was rather cumbersome and significant
overlap between the derivatisation agent and phenolic groups were observed.'8
Trifluoroacetic anhydride has been introduced as an alternative derivatisation reagent
due the ease of use.'? '8 The general reaction scheme is shown in Figure 2.4.7.
2-pentanol was used as the internal standard for 'F gqNMR analysis because it does not
overlap any signals of interest.’”” One major advantage of this method is the
trifluoroacetic anhydride has three equivalent fluorine nuclei in the compounds.'?7- 18
This results in a higher sensitivity, and thus it can determine hydroxyl groups of minor
species in a sample. However, the chemical shift range for the derivatised products
spanned only ca. 2 ppm, making the spectrum highly crowded.'8 Kenny et al. proposes
an alternative derivatisation agent, pentafluoropyridine can be used to tag hydroxyl
groups in lignin.'86. 187 The internal standard 4,4-difluorobenzophenone was used for °F

gNMR analysis. This derivatisation process was found to be safer due to low toxicity.53
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R—OH +  (CF,C0),0 —> >—-CF3 +  CF3COOH

R—O

Figure 2.4.7 Reaction scheme of organic compound with -OH functional group reacting with
trifluoroacetic anhydride to form the fluorine derivatised alcohol compound. The R group are
residues of phenols, alcohols, aldehydes, sugars, or carboxylic acids.

Aside from '9F derivatisation of hydroxyl groups in pyrolysis oils, fluorine-containing
agents such as pentafluorophenyl hydrazine has been used to derivatise carbonyl
groups in lignin.8 189 |t was found that the derivatisation compound produced a rather
complex spectrum.® This was because the phenyl ring contains non-equivalent fluorine
atoms. Fluorophenyl hydrazine exhibits similar structural properties to pentafluorophenyl
hydrazine but produces a simpler "°F NMR spectrum.’® The single peak produced by
fluorophenyl hydrazine makes it simpler to quantify the carbonyl groups in the lignin by
comparing the integrals to an internal standard.’®! Trifluoro compounds such as 4-
(trifluoromethyl)phenyl hydrazine have a threefold increase NMR sensitivity without the
loss of resolution compared to monofluoro compounds. 83
(a) (b) (c)

HoN HoN HoN
~ SN SNH

Fa

Figure 2.4.8 (a) pentafluorophenyl hydrazine (b) fluorophenyl hydrazine (c) 4-
(trifluoromethyl)phenyl hydrazine

Huang et al.'®? used 4-trifluoromethylphenylhydrazine derivatisation methods (Figure
2.4.9) to characterise carbonyl groups pyrolysis oils followed by 'F NMR spectroscopy.
The derivatisation was conducted using 4-(trifluoromethyl)phenyl hydrazine over 24
hours in the dark. For the '"®F NMR method the bio-oil was dissolved in 500 uL of
dimethylformamide (DMF), followed by 1 mL of a 50:50 (v/v) DMF-water. Constant et al.
193 optimised the method of the derivatisation of carbonyl groups using 4-
(trifluoromethyl)phenyl hydrazine. In this study the derivatisation was conducted directly

in the NMR tube, to avoid potential loss and other inaccuracies. Hydrazine reacts with
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the carbonyl group to form a hydrazone with both E and Z isomer; the reaction scheme
is shown Figure 2.4.9. The E isomer was usually found to be more stable hence being
the major isomer present. Model compounds, industrial humin and kraft lignin samples
were used in the study. Hexafluorobenzene was used as an external standard for
chemical shift calibration. The chemical shifts (Figure 2.4.10) for non-conjugated
carbonyls can be differentiated from the conjugated carbonyls. The conjugated
carbonyls are found more downfield. Aliphatic carbonyls are observed between —59.3
and -59.5 ppm. The conjugated carbonyls are observed between —-59.4 and -59.8 ppm.
There are some overlap between the two regions, mainly the Z-hydrazone formation

which can be seen in Figure 2.4.11(b).

CF, CF,
HoN

\NH

Ry

cC—0 —_— g H,0

R2
HN NH

N N
CF,

C

c
R,/ \R2 R1/ \Rz

Figure 2.4.9 Reaction scheme of organic compound with carbonyl (C=0) functional group
reacting with 4-(trifluoromethyl)phenylhydrazine to form the fluorine derivatised carbonyl
compounds also known as hydrazone. Where the R group are residues of phenols, alcohols,
aldehydes, sugars or carboxylic acids. For asymmetrical ketones, both E and Z isomers are
typically observed. %3

Ketone
= Aldehyde

Aliphatic

Conjugated
'

-59.5 -59.6 -59.7 -59.8 -59.9
&F (ppm)

Figure 2.4.10 "°F chemical shifts of the E,Z-hydrazones obtained after the reaction of a library of
carbonyl-containing compounds with 4-(trifluoromethyl)phenyl hydrazine. The short lines
represent the Z-hydrazones and the longer ones represent the E-hydrazones.
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Figure 2.4.11 (a) '"H NMR spectrum (8 to 12 ppm) of reaction mixture of 5-methylfuran-2-
carbaldehyde and 4-(trifluoromethyl)phenyl hydrazine stacked on top of the spectrum of 5-
methylfuran-2-carbaldehyde. (b) °F NMR spectrum of the reaction of 5-methylfuran-2-
carbaldehyde and 4-(trifluoromethyl)phenyl hydrazine after derivatisation. %3

Typically, the quantification of carbonyl groups in pyrolysis oils has been carried out
using methods such as oximation followed by titration. The reaction is carried out for 48
hours, the hydroxylamine hydrochloride reacts with the carbonyl groups to form an oxime
and HCI. Pyridine is added to mop up the HCL. The pyridine hydrochloride is titrated with
NaOH, where the endpoint is around pH 4.7.'% For the '"°F gNMR analysis of carbonyl
groups, a "®F NMR with a 90° pulse without proton decoupling is used. A large number
of scans, typically >256 scans, and a long relaxation time ca. 25 s are typically required
to achieve good signal-to-noise ratio and full relaxation of fluorine nuclei. To reduce the
acquisition time, a relaxation agent such as chromium (lll) acetylacetonate is added, this
reduces the T; relaxation time of the fluorine nuclei about 10-fold. Different internal
standards have been suggested, such as, 3-trifluoromethoxybenzioc acid and 1-methyl-
4-(triflouromethyl)benzene. 1-methyl-4-(triflouromethyl)benzene was preferred as it was
found to be more inert.’®2 ®F NMR methods have been compared with standard
oximation followed by titrations. Results from both methods are summarised in the Table
2.4.5. The table shows that both methods produced comparable data for the total
carbonyl content. But the advantage of using 'F NMR methods compared to the
traditional laborious method is the reduction of reaction time from 48 hours to 24 hours.
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F NMR techniques can also distinguish between different types of carbonyl groups

such as aldehydes, ketones and quinones.

Table 2.4.5 Summary of results from Huang et al. for the comparison of determination of carbony!
content using "°F NMR and oximation methods."%?

Sample F NMR determination of Oximation
carbonyl group content determination of
(mmol g™ carbonyl group
Ketone/  Quinone Total  content
Aldehyde (mmol g™)

Kraft lignin pyrolysis oil 1.04 0.34 1.38 1.32

Kraft lignin + ZSM-5 pyrolysis oil 0.90 0.37 1.27 1.20

Loblolly pine pyrolysis oil 4.21 0.53 4.74 4.68

Loblolly pine + ZSM-5 pyrolysis 3.29 0.88 417 4.05

oil

Loblolly pine residue pyrolysis 3.27 0.53 3.80 3.71

oil

Loblolly pine residue + ZSM-5 3.31 0.58 3.89 3.77

pyrolysis oil

P-1 3.27 0.47 3.74 3.70

(hardwood pilot-plant pyrolysis

oil)

P-2 3.53 0.62 415 3.99

(hardwood pilot-plant pyrolysis

oil)

P-3 3.96 0.68 4.54 4.50

(pine pilot-plant pyrolysis oil)

Overall, different '°F-containing agents have been explored to derivatise hydroxyl groups
and carbonyl groups. The major advantage of these methods is isolating specific
functional groups which result in a sparser spectrum. The derivatisation methods have
shorter experimental time compared to titration methods. '°F NMR analysis also has its
advantages of a large chemical shift range making it easier to analyse as well as the

higher signal-to-noise ratio making it suitable for quantification.

Hydroxyl groups are oxygen-containing compounds that contribute to the acidity of bio-
oils, therefore, understanding what type of hydroxyl groups are present and how much
is in a sample is vital. However, hydroxyl groups are difficult to analyse using standard
H NMR. Hydroxyl protons are either labile protons, which exchange in aqueous solvents
or otherwise highly overlapped with other signals. '®F NMR methods have also been
explored for the characterisation of hydroxyl groups. The process can be fairly long ca.

24 hours for the derivatisation alone, moreover, the overlap in the NMR spectrum makes
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it difficult to analyse. In the next section the use of 3'P derivatisation agents and 3'P NMR

is explored.

2.4.4 3'P NMR Spectrocopy

Phosphorus nuclei or 3'P have a spin % making it NMR active. 3'P nuclei is 100 %
naturally abundant, although the receptivity ratio is around 15% of the '"H NMR due to its
lower gyromagnetic ratio. 3'P NMR exhibits a large chemical shift range —200 to 240
ppm (Table 2.2.1). Phosphorus-containing compounds are not often found in bio-oils but
can be added in a controlled manner. The relationships between the chemical shifts and
structures, including the stereochemistry of organophosphorus compounds can be
identified '%5.1n this section, the use of 3'P-containing compounds as tagging agents and

thus the 3'P NMR analysis of hydroxyl groups will be explored.

The application of phosphorus-31 nuclear magnetic resonance (3'P NMR) has been
used as a tool to quantify hydroxyl groups in coal'%, lignin and biodiesel'®’, and more
recently it has been applied to pyrolysis oil.'?2 There are suitable 3'P-containing
derivatising agent which can react with the hydroxyl group under mild conditions such
as room temperature with an organic base. Model organic compounds, including
aliphatic alcohols, aromatic acids, aliphatic acids, phenols, amines, and thiols have been
derivatised by five different trivalent 3'P agents. All 3'P agents were synthesised from
the reaction of diols and PCI3'%: 19 with a general reaction scheme shown in Figure
2.4.12. The 5 chlorophospholanes synthesised for derivatisation applications shown in
Figure 2.4.13 suitable derivatisation agents, and the derivatives were successfully
characterised using *'P NMR. However, the derivatised phenol and alcohol chemical
shift overlapped, especially in the acid derivatives using the reagents Figure 2.4.13

structures (b) and (e).

1

B o 3
HO —— =R, Y R.
+  PCh —> Cc—FR +  2HC
HO —— =R, \o ~r
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4
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Figure 2.4.12 Reaction scheme of a generic diol reacting with phosphorus trichloride to produce
possible phosphorus-containing derivatisation agents.
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Figure 2.4.13 Five chlorophospholanes produced by reaction of diol and phosphorus trichloride
as shown in reaction scheme (Figure 2.4.12) (a) 2-chloro-1,3,2-dioxaphospholane, (b) 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, (c) 2-chloro-4-methyl-1,3,2-dioxaphospholane, (d)
2-chloro-4,5-dimethyl-1,3, 2-dioxaphospholane and (e)2-chloro-4,4,5,5-tetraethyl-1,3,2-
dioxaphospholane.

Similar techniques were then applied in wood chemistry to characterise hydroxyl groups
in lignin'%®, where a collection of papers2°0-205 ytilised 2-chloro-1,3,2-dioxaphospholane
(Figure 2.4.13 (a)) (CDP) as the phosphorus agent. This is shown in the reaction scheme
Figure 2.4.14. This method aimed the characterise different hydroxyl groups using 3'P
NMR of model compounds containing guaiacyl, syringyl, phenols, and carboxylic acids.
The reaction was carried out in a pyridine and deuteriated chloroform solution. Pyridine
is used as the organic base for the reaction. The role of the organic base is to mop-up
the hydrogen chloride formed, driving the reaction to completion. The role of the
deuteriated chloroform is to facilitate solubility, preventing the pyridine-HCI salt from
precipitating?®® and acting as an NMR locking agent.??? Various solvent systems can be
chosen depending on the solubility of the substrate being analysed. Studies where
lignins are less soluble in pyridine and chloroform mixtures utilise N,N-
dimethylformamide (DMF) to facilitate solubility.?°” The main disadvantage of using CDP
as the derivatisation agent was that the 3'P signal of e.g. derivatised phenolic, syringyl

and primary hydroxyl would overlap.2%®
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Figure 2.4.14 Reaction scheme of an organic compound with -OH functional group reacting with
2-chloro-1,3,2-dioxapholane (CDP) to form the phosphorus derivatised alcohol compound and
hydrogen chloride. R group are residues of phenols, alcohols, aldehydes, sugars, or carboxylic
acids.

A solution to the overlap in the 3P NMR spectrum was replacing the CDP with a different
phosphorus reagent 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP).20°
TMDP can react with various hydroxyl functional groups, and a generic reaction scheme
is shown in Figure 2.4.15. Nowadays TMDP has been widely used in the biorefinery
research to characterise and quantify the hydroxyl groups present.'?® 219 Protocols have
been developed to analyse hydroxyl content of both lignin and tannin.?%® Lignin/tannin
samples were prepared in a solvent mixture of deuteriated chloroform and pyridine with
a volume ratio of 1.6:1. An excess of TMDP was added to ensure that all hydroxyl groups
were completely phosphitylated. After a homogenous mixture has formed, it should be
analysed straight away by 3'P NMR. TMDP has been used for other applications other
than analysing lignin structure. More recently, it has been used to analyse biodiesel

glycerol 7, biofuel precursors?%, and pyrolysis oil.128

0 0
CDCl3
R—OH 4 Cl—P, —  » R—O—FP } HCI
pyridine \
0 o}

Figure 2.4.15 Reaction scheme of organic compound with -OH functional group reacting with 2-
chloro-4,4,5,5-tetrmethyl-1,3,2-dioxapholane (TMDP) to form the phosphorus derivatised alcohol
compound and hydrogen chloride. Where the R group consists of residues of phenols, alcohols,
aldehydes, sugars, or carboxylic acids.

A known amount of internal standard can be added to the sample for absolute
quantification. The internal standard must demonstrate stability and satisfactory
resolution from the regions of interest in a 3'P NMR spectrum. Benzoic acid, cholesterol
and cyclohexanol can all be derivatised. The derivatised products have all been
previously used as an internal standards in 3'P NMR analysis of lignin. 2°7:2°° However,
in some cases these internal standards overlapped with the peaks of interest. As a result,

there is an underestimation of hydroxyl groups in samples. To address this issue,
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Ragauskas et al.?'" introduce endo-N-hydroxy-5-norbornene-2,3-dicarboximide (NHND)
as an alternative internal standard. NHND was introduced so the baseline could be fully
resolved from the lignin-derived resonances which allows for better quantitative analysis.
Triphenylphosphine oxide (TPPO) has also been used as an internal standard for
quantification in 3'P NMR.2'?2 Results also showed that the NHND was unstable after 12
hours of in-situ monitoring. Overall, studies found that the choice of phosphitylation agent
and internal standard are key factors when looking at the qNMR of hydroxyl groups in

bio-oil.

As mentioned in Section 2.4.2 not all pulse sequences are suitable for the acquisition of
quantitative data. Typically, an inverse gated decoupling pulse sequence is used for
gNMR. Firstly, decoupling allows multiplet structures to be simplified, improving the
signal to noise ratio. Secondly, an inverse gated sequence is used to eliminate the
nuclear Overhauser effects for quantitative purposes.’3® Extensive studies have been
carried out to understand the spin-lattice relaxation times of 3'P.213.214 A commonly used
relaxation agent in the study of lignin is chromium(lll) acetylacetonate?'3-2'5, This typically
reduces the relaxation delay from about 5 times 30 s to 210 s, which is required to ensure
complete spin relaxation before applying other rf pulses. Some recommended
parameters have been suggested in the 3'P protocol which are shown Table 2.4.6.2%°
Typical chemical shift range of different -OH groups are shown in the Table 2.4.7. The
derivatised product of TMDP reacted and water was shown to tautomerize. One of the
products can be further reacted with TMDP resulting in a di-dervatised water as shown
in Figure 2.4.16.

Table 2.4.6 Recommended 3P NMR parameter conditions.?%°

Spectrometer Type Bruker (this is noted as nomenclature below is
manufacture specific)

Pulse program Inverse gated decoupling pulse (zgig)

Nucleus 1P

Spectral width (SW) 100 ppm

Relaxation delay (D1) 210s
Number of scans (NS) 64 or more
Centre of the spectrum 140 ppm
(O1P)
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Table 2.4.7 Typical chemical shift range for different -OH functional groups, with examples
structures derived with TMDP.

Hydroxyl Chemical Shift Range Examples of derived structures with TMDP
Type (ppm)
Aliphatic 150.0 -145.5
Shs
R O 5 _acH,
N/
\O :: CHj
TH,
Phenolic 144.7 - 137 .4
St
O _aCH,
e/
\O :: CHj3
TH,
Carboxylic  136.6 - 133.6 0 CH,
acid R—< o. § CH,
e
TH,
TMDP 132.2 e c
: 0 o_ &
HyC \P/O\P/ et CH
H;C \\S O/ \O ™ CH,
H S “en
Water 16.0 CHs
o : CH
(12
\o : CH,
-;CHS
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Figure 2.4.16 (a) Reaction of water with TMDP (b) tautomerization of the water derivatised TMDP
and (c) the reaction of the water derived TMDP with TMDP.

TMDP derivatisation techniques have been successfully applied to bio-oils produced
using loblolly pine as a feedstock.'?® Figure 2.4.17 shows the *'P NMR spectrum of bio-
oil produced from loblolly pine with cyclohexanol as an internal standard. This shows a
larger chemical shift range compared to '°F derivatised hydroxyl groups making it
sparser and easier to analyse. More recently, this technique has been translated to low-

field NMR for the quantitative analysis of alcohol groups in lignin.2'

~——Reference

Aliphatic Condensed phenolic Guaiacyl’Lhenolio Total carboxylic

N

e R e a o e o e
140 148 147 146 145 144 143 142 141 140 139 138 137 136 135 134
5 (ppm)

Figure 2.4.17 3'P NMR spectrum of bio-oil from loblolly pine derivatised using TMDP.
Cyclohexanol was used as the internal standard/ reference at 145 ppm'?® (blue background
present in the original paper).

The major advantage of using 3'P NMR is the focus on types of hydroxyl groups present
in pyrolysis oil samples. 3'P NMR has a larger chemical shift range reducing the
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crowdedness of the spectrum and making it easier to analyse. It has a high signal-to-
noise ratio which makes it suitable for quantification. The derivatisation of hydroxyl
groups is quick (15 mins) compared to '°F methods discussed in Section 2.4.3 (1 hour+).
Nonetheless, every technique has its limitations. The major limitation is that the TMDP
is not always commercially available, and the prohibitive cost is currently around
£57.00/g or ca. £5.70 per sample in the United Kingdom. Therefore, this limits its uses
in an industrial setting for ‘screening’ purposes. It is also very hydroscopic meaning that
it is ideally handled in an inert environment. Another problem is that the derivatised
samples are unstable after a long period (>12 hours), meaning that 3'P NMR analysis is
required almost instantly after derivatization. Overall, the derivatisation of hydroxyl
groups using phosphorus agents and using *'P NMR as a technique to quantify various
hydroxyl groups has been successful. However, spectral overlap can still be a problem
when it comes to the analysis of pyrolysis oils. Aside from multinuclear NMR, there are
also multidimensional NMR tools, in which Section 2.4.2 introduced a 2D technique
known as HSQC. The following section explores multidimensional NMR tools and how

they are used to characterise pyrolysis oils.

2.4.5 Diffusion-Ordered Spectroscopy

All molecules in liquid exhibit Brownian motion which is the random motion of particles
suspended in a liquid. The random motion of particles is driven by the thermal energy of
the system. This motion depends on physical parameters such as the size and shape of
the molecule, such that larger the molecule the slower it moves, and small the molecule
the quicker it moves. How far the molecules travel in the liquid in a given time will depend
on its diffusion coefficient. The diffusion coefficient can be estimated by the Stokes-

Einstein equation?'’:

— kT Equation 2.4.1
6mnTYy
The equation predicts the diffusion coefficient, D, of a hard spherical particle with the

radius, ry, at infinite dilution in a continuum fluid with viscosity, n, at a given temperature.
T. The thermal energy of the system, k,T, this is balanced by the friction acting on the
particle, 6mnry. The original Stokes-Einstein equation are based on two assumptions:

first, the solvent is a continuum, and second, that all solutes are spherical.
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Pulsed-field gradient NMR (PFG-NMR) can be used to acquire self-diffusion data of
different species. When magnetic field gradient, g, is applied along the z-axis, it adds a

gradient term to the B in the Larmor Equation 2.2.3 to give the equation:

w=—y(B+zg,) Equation 2.4.2

The gradient is applied for a duration, 9, this introduces an additional evolution of the
phase of signals. The spins revert to the original precession frequency when the
gradients are switched off. The positions of the spins are labelled based on the Larmor
frequency and the phase angles that depend linearly on their height in the sample tube.
The most basic pulse sequence used in diffusion NMR experiments is the pulse field
gradient spin echo (PFGSE) shown in Figure 2.4.18. Without the gradients, the
experiment is simply a spin-echo experiment where the chemical shift evolution is
refocused and the signal detected is attenuated only by transverse relaxation. In this
sequence, a 90° pulse is applied, followed by the first gradient that winds in a helix of
phase into the sample. A 180° pulse is then applied to invert and refocus the chemical
shift evolution. The second gradient pulse that has the same magnitude and duration as
the first which unwinds the helix. If the spins remain in the same place as when the first
gradient was applied, the signals completely refocus. The time between the two

gradients is the diffusion delay period (4).

90° 180°

< T > [€ T >
lH ,
< >
) 4}
A A
’ G]_ GZ

Figure 2.4.18 Pulse field gradient spin echo sequence.

Diffusion-ordered spectroscopy experiments are useful for the analysis of mixtures.
There are some practical considerations. Diffusion is sensitive to both sample
temperature and solvent viscosity; therefore, these must be kept constant during the
experiment. The longer the diffusion delay period, the more time the molecule has, to
travel through the NMR tube. As a result, long delays can lead to an increase in signal

attenuation. However, increasing the diffusion delay, A, will induce attenuation from T>
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relaxation loss therefore, it is common to increase the diffusion gradient strengths while
not altering the diffusion delay period. The signal attenuation (S) can be quantified using

the Stejskal-Tanner equation?'8:
S = SpePr*g*star Equation 2.4.3

The factors that control signal attenuation are the diffusion coefficient, D, the
gyromagnetic ratio of the observed nuclide, y, the strength of the applied gradient pulse,
g, the length of the gradient pulse, &, and the effective diffusion delay (A’) which allows
for the effects of diffusion during the gradient pulse. The diffusion coefficient D can be
calculated by linear plot of In(S/Sy) vs gradient strength squared where the gradient of
the straight line yields the diffusion data. In the spin-echo sequence, the key
disadvantage is phase evolution during the diffusion delay period. When the 90° pulse
is applied, the magnetisation is in the transverse plane which leads to the distortion of
the signal. Therefore, the pulse field gradient stimulated spin echo sequence (PFGSTE)
was introduced to overcome the issue. In this sequence (Figure 2.4.19) the 180° pulse
is replaced by two 90° pulses. The magnetisation is only in the transverse plane for a
duration of the first gradient pulse that is relatively short. It is flipped by the second 90°
pulse, as a result, for the remainder of the diffusion period A the bulk magnetisation is in
the longitudinal plane. The signal loss now depends on the T; relaxations and does not

phase-evolve.

90° 9Q° 90°
T
PAIEN «—>

'H

< . >

& o)
G, .\ L

G, G,

Figure 2.4.19 Pulse field gradient stimulated echo (PFGSTE) sequence. Each gradient pulse has

o

the strength “g” and has a duration of . The diffusion delay time is A and 1 is the variable diffusion
delay parameter.

Diffusion NMR data are often presented in two-dimensional spectrum this is known as
diffusion-ordered spectroscopy (DOSY).2'® One way to present the diffusion coefficient
data is a pseudo-2D contour representation in which one axis presents the chemical shift

and the other corresponds to the diffusion coefficients as shown in Figure 2.4.20. This
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has been termed diffusion-ordered spectroscopy or DOSY. The data collected is a
collection of 1D spectra recorded with increased gradient amplitudes. To extract the
diffusion coefficient, the data-fitting process for individual peals involves the measure of

decay of signal intensity as a function of applied gradient strength.

'l' IJ‘H i

D010 m2 s

5

Figure 2.4.20 Example of 2D DOSY spetrum. The spectrum shows the separation of resonance
from a mixture of L-amino acids, alanine (A) 7.73 x 10719 m?s™, valine (V) 6.25 x 107" m?s~1 and
phenylalanine (F) 5.67 x 1071 m?s™" in aqueous solution at 298 K according to their diffusion
coefficients’®.

Diffusion-ordered spectroscopy has been applied to the analysis of pyrolysis oils and
extract additional information such as approximate molecular weights of species present.
Mullen et al. 229 studied switchgrass pyrolysis oil produced at three temperatures (500°C,
600°C and 700°C). The diffusivity values were used to estimate the molecular weights
of species using the Stokes-Einstein-Gierer-Wirtz-Estimation (SEGWE) approach.??- 222
The study also showed that diffusion NMR techniques provide more information than
typical pyrolysis oil characterisation protocols, including elemental analysis, GC/MS,
GPC, and other standard NMR experiments (H and '*C NMR). Figure 2.4.21 shows 'H
DOSY plot of the bio-oil produced at 500°C, 600°C and 700°C. However, due to the
severely overlapping signal in the 'H spectrum like shown in Figure 2.4.21, the diffusion

coefficients could be misleading and should not be overinterpreted.
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Figure 2.4.21 "H DOSY plot of the switchgrass bio-oil produced at 500°C (a), 600°C (b) and 700°C
(c)

2.4.6 Coupled NMR Experiments

NMR experiments suffer from two general drawbacks. First, NMR spectroscopy is
inherently insensitive, as discussed in Section 2.3. Second, spectra rapidly become
crowded as peaks fill a limited chemical shift space and the fine structure introduced by
couplings only further reduces resolution. There is a general solution. If different
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functional groups can be selectively reacted, or derivatised, with reagents containing
NMR-active nuclei other than 'H, resolution can be greatly improved. First, '°F and 3'P,
for example, are more sensitive nuclei than *C. Second, only a sub-set of components
of the mixture are represented in the final spectrum, with one peak per distinct species.
In recent years, it has become of interest to couple various NMR experiments to solve

overlapping peaks and improve the resolution of the NMR spectrum.

2-Dimensional Total Correlated Spectroscopy or TOCSY shows all coupling between
nuclei connected in the spin system. 1D selective TOCSY means you can selectively
choose the nuclei of interest and show which other protons it is connected to within the
spin system. Lyu et al???® analysed model bio-oils representative of
hydrogenation/hydrogenolysis reactions using DOSY plus 1D selective TOCSY. The

four bio-oil models represented:

Products from 5-HMF hydrogenation/hydrogenolysis
Products from furfural hydrogenation/hydrogenolysis

Products from phenol hydrogenation

N =

Products from ester groups hydrogenation

This review will use the results from the model oil produced by 5-HMF
hydrogenation/hydrogenolysis (Figure 2.4.22) to demonstrate the advantages of
coupling DOSY and 1D selective TOSCY together. Lyu et al. show that using '"H DOSY
(Figure 2.4.23) can help separate signals of model bio-oils based on their diffusion
coefficient. However, the molecules (see scheme below) 2,5-dimethylfuran, DMF (Dpwme
= 5.685 x 107" m? s7"), and 2,5-bis-hydroxymethyl tetra-hydrofuran DMTHF (Dowmrthe
5.571 x 107" m? s7") have similar diffusion coefficients. In that case, signals in the DOSY
spectrum (Figure 2.4.23) cannot be distinguished clearly, however the 1D selective
TOCSY (Figure 2.4.24) of both DMTHF and DMF in the mixture were obtained where
the peaks at 1.12 ppm and 2.20 ppm were selected respectively. The excited signals of
both 1D selective TOCSY spectra was compared with '"H NMR spectra (Figure 2.4.24)
of both compounds, confirming the presence of DMTHF and DMF. This study suggests
that DOSY is a suitable method for analysing mixtures without additional purification
steps. However, when there is signal overlap in the diffusion dimension, the additional

use of the 1D selective gradient TOCSY is beneficial for further identification of
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compounds. 2% Limitations to this would be if the 1D spectrum were too crowded or not

well resolved the selectivity of overlapping nuclei would be considerably harder.

OH OH

DHMF DHMFTHF

O -0 -

5-MFA DMTHF

high temperature —b.

low temperature -------- }

Figure 2.4.22 Products from 5HMF hydrogenation/hydrogenolysis reaction routes.
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Figure 2.4.23 "H DOSY spectra of 5-HMF hydrogenation by two routes (Figure 2.6.15).
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Figure 2.4.24 Stacked plot showing the 1D "H spectrum of the 5-HMF reaction (1-top), the 1D 'H
spectrum of DMTHF (2), 1D selective TOCSY of the sub-spectrum of the DMTHF which confirms
the presence of DMTHF (3), the 1D "H spectrum of DMF (4), 1D selective TOCSY of the sub-
spectrum of the DMF which confirms the presence of DMF (5-bottom).

Another major influence on resolution is the extensive multiplet structure that arises from
scalar coupling which contributes to the overlap in spectra. Homonuclear and
heteronuclear coupling can both produce multiplet structures. Earlier in the chapter,
heteronuclear decoupling of the proton nuclei from the phosphorus nuclei was discussed.
Pure shift methods (broadband homodecoupling) aims to improve spectral resolution by
supressing the effects of homonuclear coupling interactions.??> As a result of the
broadband homodecoupling the multiplet signals are collapsed into singlets reducing the

overlap.

Gresley et al.??8 reported the use of PSYCHE and PSYCHE-iDOSY experiments to verify
signals for components in pyrolysis oil for the first time. The 1D '"H NMR (Figure 2.4.25
(a)) of a crude bio-oil sample and four refined bio-oil samples were analysed, but the
mixture’s complexity made it difficult to quantify. Therefore, DOSY was used to help in
the virtual separation of the overlapped peaks. Results suggested that DOSY is a good
pseudo-separation technique for carboxylic acid and aldehyde proton signals in crude
oil. However, some smaller peaks could not be seen due to the highly overlapped areas.
PSYCHE-IDOSY reduced the chemical shift dimension error by reducing the multiplet
structure to singlets however, this introduces large uncertainties in the diffusion domain
due to the lower signal-to-noise ratio. Figure 2.4.26 shows a comparison of the DOSY
plot and PSYCHE-iDOSY. The identification of five oxygen-containing compounds was

assigned by Chenomx™. The identification of compounds was limited due to Chenomx™
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being mainly a metabolite identifier. Even though, PSYCHE-iDOSY has potential to
simplify and analyse complex mixtures, error in the diffusion domain compared to the

DOSY spectra has increased and thus, reduced the resolution in the diffusion domain.

1 | bl l._.:-;m_"_.__J_,LJh,s.»..LI \\L.. .______ﬂ__,.;.ntsﬁ_ R TSR L d
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Figure 2.4.25 "H NMR spectra of (a) crude pyrolysis oil (b) upgrade 1: APO™ (c) upgrade 2:
APO™ + hydrodeoxygenation (d) upgrade 3: volume reduction (e) upgrade 4: volume reduction
+ hydrodeoxygenation.?2¢

Applying the pure shift dimension
to the DOSY spectrum

L=

Figure 2.4.26 Comparison of the DOSY plot (top) and the PSYCHE-iDOSY plot (bottom) of the
crude pyrolysis oil.?%

More recently, PSYCHE and 1D-selective TOCSY-PSYCHE has also been used to
analyse mixtures derived from hydrogenation and hydrogenolysis of biomass.??” Four
model mixtures and one real sample were analysed. The four model mixtures and the

real sample contained different chemicals and represented different systems:
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1. Sorbitol, ethylene glycol and 1,2 propylene glycol to represent the catalytic
reaction system of sorbitol.

2. a-D-glycose, sorbitol and mannitol to represent the product mixture of glucose
conversion.

3. Levulinic acid, y-valerolactone, and 2-methyltetrahydrofuran to represent the
hydrogenation of levulinic acid.

4. Tetrahydrofurfuryl alcohol, 1,2-pentanediol and 1,5-pentanediol to represent the
most efficient catalytic hydrogenolysis of furfural derivative.

5. Real system reaction of levulinic acid hydrogenation conducted with Ru/TiO»

All samples were dissolved in DMSO-ds and were analysed by standard 'H NMR. For
sample 2 the proton NMR spectrum was difficult to analyse due to the significant overlap
in both the hydroxyl hydrogen region at 4.30 - 4.55 ppm and the alkyl region at 2.95 -
3.74 ppm. 1D PSYCHE was used to remove all homonuclear proton coupling simplifying
the proton spectrum. This enabled analysis of nearly all of the hydroxyl protons. However,
there were still some overlap of signals between 3.42 and 3.46 ppm. 1D selective
TOCSY was then used to extract each component from the mixture, however could not
resolve the overlapped signals. As a result of this, a combination of the two, TOCSY-
PSYCHE technique was used. This led to a completely resolved spectrum, where the
PSCHYE simplified the signals and using TOCSY separated the signals from individual
spin systems. TOCSY-PSYCHE techniques were shown to be useful when combined in
resolving overlapped signals. The technique was then employed to analyse real reaction

system.

2.5 Summary

This chapter explores the theory, instrument design and applications of various nuclear
magnetic resonance techniques. Each technique has many advantages and
disadvantages and may be best to use as complementary techniques. The elucidation
of pyrolysis-oil composition is essential for assigning the best application and upgrading
process required. '"H NMR offers a good insight into the chemical structure and some
functional groups present in bio-oil. It also allows some quantitative information on the
pyrolysis. However, it does not yield chemical information such as the types of hydroxyl
groups within the sample. Nor does it yield information on other functional groups that
do not contain proton such as carbonyls. '"H NMR has a narrow chemical shift range and

bio-oils contain hundreds of hydrogen-containing compounds both of which result in a
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highly crowded spectrum. The overlap makes it very difficult to interpret and reduced the

amount of information available.

13C NMR produces a wider chemical shift range, resulting in a sparser spectrum and the
ability to characterise functional groups such as carbonyl groups. '*C NMR is not limited
to one dimension, and 2D techniques like 'H-'3C HSQC offers more structural
information such as the molecule connectivity. It was able to resolve some overlapped
peaks and thus confirming species present. In complex mixtures such as pyrolysis oils,
the poor resolution due to overlapping can still make HSQC difficult to analyse. For
quantification, due to the low gyromagnetic ratio and natural abundance, to achieve good
signal-to-noise this typically experiments will take longer. Oxygen-containing

compounds present in bio-oils are still challenging to analyse with '"H and '*C NMR alone.

The ability to tag specific functional groups with multinuclear-containing reagents
followed by multinuclear NMR analysis was also explored. In particular the use of fluorine
and phosphorus-containing compounds. Different '9F-containing agents have been
explored to derivatise hydroxyl groups and carbonyl groups. The major advantage of
these methods is isolating specific functional groups which result in a sparser spectrum.
The derivatisation methods have shorter experimental time compared to titration
methods. '°F NMR analysis also has its advantages of a large chemical shift range
making it easier to analyse as well as the higher signal-to-noise ratio making it suitable

for quantification. However, derivatisation methods can still take a long period of time.

Phosphitylation reactions were relatively quick in comparison to '°F derivatisation
methods. 3'P NMR offers an insight into the hydroxyl chemistry in bio-oil after
derivatisation. It has a larger chemical range like makes the spectrum less crowded and
easier to analyse. It has a high signal-to-noise ratio makes it suitable for quantification.
Nowadays, it is the preferred method to analyse hydroxyl groups in bio-refinery products.
The major limitation of this techniques is that the derivatisation agent can be expensive

and not always available.
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One-dimensional NMR technique explored in this section all share a limitation which is
overlapping signals in the spectrum. More advanced NMR techniques such as DOSY,

PSYCHE and TOCSY have also been useful in characterising structures in bio-oil.

2.6 Research Aims
Biomass could be a potential source of renewable energy. Brewers’ Spent Grains are

waste produced by the brewing industry. BSG can be turned into potential fuel
replacements as fuels or added-value chemicals through process such as pyrolysis
processes. Pyrolysis oils are often not suitable for direct use as fuel, mainly due to their
acidic nature. The acidity of pyrolysis oils is mostly due to oxygen-containing
compounds. An improved knowledge and understanding of the chemical compositions
of BSG pyrolysis oil is critical for future storage, ageing and upgrading. However,
pyrolysis oils are complex mixtures and difficult to analyse using current techniques.
NMR spectroscopy offers an attractive method which can provide both structural
analysis and quantitative analysis. Majority of analysis of pyrolysis oils in literature is
either proton NMR or one-dimensional. However, more advanced NMR techniques are

not widely used by the pyrolysis oil community.

The overall aim of this thesis is to develop multinuclear and multidimensional NMR tools
to characterise pyrolysis oils produced from Brewers’ Spent Grains. There is an
opportunity for NMR tools to enable a better understanding of the chemical composition
of pyrolysis oils. NMR methods are chemically specific and can be quantitative.
However, there are still challenges in simplifying the spectra acquired and improving the
spectral resolution. The rest of the thesis will explore and note that each chapter will be

in paper format:

Chapter 3: Experimental Calibration

A new spectrometer was installed in the department and the performance of the
spectrometer must be assessed prior to developing new NMR tools. The temperature
stability and gradient strengths are very important for the acquisition of reliable and
robust NMR data. This is especially true for diffusion coefficients measurements using
pulsed field gradient NMR. Therefore, this chapter aims to evaluate and calibrate
essential experimental parameters such as the temperature and gradient calibration

constant.
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Chapter 4: Quantitative Analysis of Carbonyl Groups in Fast Pyrolysis Oils Using
Low-field "°F NMR

Oxygen-containing compounds such as carbonyl groups contribute to the acidity of
pyrolysis oils. It is vital to understand the types of carbonyl groups and quantify the
amount of carbonyl groups in pyrolysis oils. Current methods of analysis have limitations
as outlined in Chapter 1. Traditional titration methods are laborious and '°F high-field
NMR techniques can be costly. This limits techniques to larger institutions and research
facilities. This chapter aims to improve current '°F derivatisation methods and translate

high-field NMR methods to cheaper benchtop NMR spectrometers.

Chapter 5: Quantitative Analysis of Hydroxyl Groups Using *'P NMR

Oxygen-containing compounds such as hydroxyl groups are also a main contributor to
pyrolysis oil acidity. Like all 1D NMR methods, the main limitation is in the available
chemical shift range and highly crowded spectra. This chapter aims to improving current
techniques and build the foundation for the developments of multinuclear and

multidimensional techniques.

Chapter 6: Development of 3'P Diffusion-Ordered Spectroscopy

Diffusion NMR experiments separate signals in the diffusion domain improving spectral
resolution. Diffusion coefficients provide information on the molecules’ size, shape, and
environment. There is a general correlation between molecular mass and the speed at
which a molecule travels in solution, i.e the larger the molecule, the slower it moves
through solution. This chapter aims to develop 3'P DOSY techniques. Combining the
chemical shift information from 1D NMR spectrum and molecular weight information from

DOSY could enable the easier identification of alcohols present in pyrolysis oils.

Chapter 7: Characterisation of Pyrolysis Oil Produced from Brewers’ Spent

Grains

Characterisation of pyrolysis oils have mostly been challenging due to the complexity of
the samples. Due to limitations of current analytical techniques such as FTIR, EA,
GCMS, and current NMR methodologies outlined in Chapter 1. Generally, the analysis
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of the pyrolysis oils, especially the measurement, quantification and identification of
oxygen-containing compounds, can still be very challenging. This chapter aims to brings
together both current and newly-developed NMR? methodologies to better understand

the composition of oxygen-containing species in both fast and slow BSG pyrolysis oils.

Chapter 8: Quantitative Interpretation of the protein Diffusion Coefficients in

Mixed Protitated-Deuteriated Aqueous Solvent

The computational research was carried as part of a contingency plan due to COVID-19
lockdown. Diffusion coefficients of molecules can be interpreted quantitatively. Many
chemical processes are carried out in mixed solvents. The diffusion of molecules in a
mixed solution is still poorly understood. Current methods such as power laws or the
Stokes-Einstein-Gierer-Wirtz-Estimation (SEGWE) equation have not been used to
handle mixed solvent systems. The aims of this chapter are to extend current SEGWE
methods to mixed solvents enabling the quantitative interpretation of protein diffusion

coefficients.
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3.1 Introduction

The NMR spectrometer used in the study was newly installed. The spectrometer can be
equipped with different probes such as a Bruker iProbe or a Bruker diffusion probe
(Figure 3.1.1). Before conducting this work, the spectrometer had not been used to
conduct NMR experiments. Sample and instrument preparation are equally important to
achieve accurate and precise NMR data. Therefore, preliminary studies on the
performance of the spectrometer and subsequent calibration are needed to assure the
users that subsequent measurements are suitably accurate. Many factors can affect the
signal to noise or line shape and peak width of a sample, such as physical parameters

(sample temperature, vibrations, NMR tube used) and experimental parameters.

Figure 3.1.1 (a) Bruker iProbe SmartProbe™ (b) Bruker Diffusion Probe (DiffBB probe).

Diffusion NMR experiments in particular, are susceptible to a range of experimental and
instrumental parameters. For example, diffusion coefficients are highly dependent on the
sample temperature. Sample temperature affects both the thermal energy of the system
and the viscosity of the solvent. All modern spectrometers are equipped to monitor and
regulate the temperature inside the probe. A schematic diagram of a probe with
temperature regulation is shown in Figure 3.1.2. The temperature of the NMR probe is
adjusted by passing heated or cooled compressed air across the sample. The variable
temperature (VT) unit uses a thermocouple wire at the bottom of the probe to measure

the temperature of the sample. The thermocouple is not in direct contact with the sample
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but rather measures the temperature of the compressed air passing over it. Although the
precision of the nominal temperature on the thermostat is typically £0.1 K, the difference
between the set temperature and the true sample temperature can be up to several
Kelvin. To confirm the exact temperature of the sample, a chemically-inert liquid with a
known temperature-dependent chemical shift can be used as an NMR thermometer. The
method described in Findeisen et al. 2 was used, where deuteriated methanol was used
to establish the relationship between the temperature stated by the spectrometer's VT

unit and the actual temperature of the sample.

NMR Sample

NMR Spinner

—Gradient Coil
—Outer Coil

Inner Coil

—_—

|
Regulated Air Flow - I
Thermocouple

VT Unit
(Chiller)

Figure 3.1.2 Schematic diagram of NMR probe with thermocouple.

The self-diffusion of molecules is measured using pulse-field gradient NMR or PFG-NMR.
The gradient is produced by sending a current through the gradient coil in the probe.
This generates a secondary magnetic field, which perturbs the main field. The resonance
frequency of the protons will differ depending on position, encoding a spatial
dependence in the signal. The size of the secondary field depends on the current passed
through the coils. The percentage of current is converted to gradient strengths with the
gradient calibration constant. The iProbe has a preset gradient calibration constant of
5.35 G mm™'. The diffusion probe has a much larger gradient calibration constant of
170.1 G mm™. It is essential to evaluate the value of the gradient calibration constant

using common solvents with well-known diffusion coefficients.
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3.2 Experimental

3.2.1 Temperature Calibration
Bruker iProbe SmartProbe™ and Bruker Diffusion Probe (DiffBB probe)

Deuteriated methanol (Sigma-Aldrich,99.9%) was used without further purification. The
deuteriated methanol was sealed in a thick wall NMR tube under atmospheric pressure.
Proton spectra consisting of 4 scans, with a total experimental duration of 7 seconds,

were obtained at various temperatures (293 - 305 K).

3.2.2 Calibration Gradients

Bruker iProbe SmartProbe™

Three liquids with well-known diffusion coefficients were used for the gradient calibration.
1% H20 in D.0??°, DMSO?3° and cyclohexane?3® were all obtained from Sigma-Aldrich.
All chemicals were used without further purification. Using the 'H convection
compensated sequence, the diffusion of each liquid was measured using the pre-set

gradient calibration constant 5.35 G mm™".

Bruker Diffusion Probe (DiffBB probe)

Three liquids with well-known diffusion coefficients were used for the gradient calibration.
DMSO02%0, cyclohexane®, 1-pentanol and squalane were all obtained from Sigma-
Aldrich. All chemicals were used without further purification. All solvents were sealed
under atmospheric pressure in a thick wall NMR tube. Using a '*C DEPT45 SE sequence,
the diffusion of each liquid was measured using the pre-set gradient calibration constant
170.1 G mm™.

3.3 Results and Discussion

3.3.1 Temperature Calibration

The 1D 'H NMR spectrum of deuteriated methanol contains two peaks (Figure 3.3.1).
The first peak is a pentet at 3.33 ppm corresponding to the proton present in the CHD,OD,
with a splitting pattern 1:2:3:2:1, this is due to the deuterium having a spin of 1 therefore
following the 2/n+1rule. The second peak is a singlet further downfield, is the hydroxyl

proton on the methanol. Because of hydrogen bonding in methanol, the chemical shift
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of the singlet is temperature-dependent.??® The relationship between the chemical shift

and the temperature is given by the quadratic equation:

T = (—16.7467 X (A6)2) — (52.5130 x AS) + 419.1381 Equation 3.3.1

Where Ad is the difference in chemical shift of the two peaks.

A

T T T T T T T T T T T T T T T T

5.0 45 4.0 3.5 [ppm]
CHEMICAL SHIFT (PPM)

Figure 3.3.1 1D "H spectrum of deuteriated methanol, where Ad is the difference between the
chemical shifts of the singlet and the pentet peaks.

The temperature range measured was close to ambient temperature, reflecting the
temperature range of expected future experiments. The chemical shift differences
measured at each temperature were converted into sample temperature using Equation
3.3.1. The data is presented in Figure 3.3.2. The nominal temperature stated by the
thermostat and the actual temperature differed by ~0.3 K. It is very important to know
the actual sample temperature when conducting temperature sensitive experiments.
This is especially true when conducting diffusion experiments, where the temperature
will affect the thermal energy of the system and the solvent viscosity, and thus affecting
the diffusion coefficient of the sample. An NMR thermometer should always be used to
check the temperature, and the sample must be left to equilibrate to ensure it has

reached the desired temperature.
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Figure 3.3.2 The relationship between the stated temperature of the spectrometer and the actual
temperature of the NMR thermometer (methanol-da).

For the sample to reach the desired temperature after the temperature is changed, it
may take longer to change than stated by the spectrometer. Therefore, the time required
for the sample to reach thermal equilibrium must also be considered. The sample was
left to equilibrate for 10 minutes throughout the temperature calibration before acquiring
NMR data. If insufficient time is left before acquiring a spectrum, the sample temperature
may be inhomogeneous or, worse, incorrect. This can be seen in, for example, the signal
line shape or acquired diffusion coefficients. Figure 3.3.3 compares the nominal and
actual temperature of the sample over 13 minutes. The temperature of the sample
(methanol-ds) was changed from 293 K to 304 K, and the time taken for this change was
observed on the NMR thermostat. It clearly shows that the change in the temperature
from the NMR thermostat reading quickly stabilised. The temperature change observed
from the NMR thermometer was also relatively rapid (ca. 2 minutes). Note that the
temperature was not fully stable, with minor fluctuations observed for ca. 3 minutes after
the target temperature was reached; therefore, equilibration time must be considered

when conducting any temperature measurements.
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Figure 3.3.3 The nominal temperature was changed from 293 to 303 K. The time taken for stability
of temperature after the initial change in nominal temperature of the NMR thermometer
(methanol-da).

Same as the iProbe, the diffusion probe also requires a temperature calibration. A
sample of methanol-d in a thick-walled tube was used to calibrate the temperature
diffusion probe. The temperature range measured was close to ambient temperature,
reflecting the temperature range intended for experiments. The chemical shift
differences measured at each temperature were converted into sample temperature
using Equation 3.3.1. and the data is presented in Figure 3.3.4. The nominal temperature
stated by the thermostat and the actual temperature were different. Therefore, an NMR
thermometer should always be used to check the temperature prior to any diffusion
experiments, and the sample must be left to equilibrate to ensure it has reached the

desired temperature.
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Figure 3.3.4 The relationship between the stated temperature of the spectrometer and the
actual temperature of the NMR thermometer (methanol-da).

3.3.2 Attempted Gradient Calibration (teething problems)

The spectrometer had not been used for diffusion measurements since installation.
Therefore, the diffusion coefficient of common solvents must be measured to correct the
calibration constant as required. The initial 1D '"H NMR spectrum of 1% H2O in D20,
which shows a sharp singlet at 4.70 ppm, is shown in Figure 3.3.5. The original peak

width was 3.589 Hz prior to the diffusion experiment.

T T T T T T T T T T T T T T T T T T
5.0 4.8 4.6 4.4 [Ppm]
CHEMICAL SHIFT (PPM)

Figure 3.3.5 1D "H NMR spectrum of 1% H20 in D20 (peak at 4.70 ppm).
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The double-stimulated echo bipolar pulse gradient pair (convection-compensated) pulse
sequence (Figure 3.3.6 (a)) was used to measure the diffusion coefficient of 1% H20 in
D,0O. The sequence has 3 spoiler gradients to remove the unwanted coherences in the
transverse plane. The diffusion of the 1% H2O in DO was measured using the pre-set
gradient calibration constant. However, when comparing the 1D spectrum from the first
and last gradient, the peak at 4.70 ppm was no longer a sharp singlet, as shown in Figure
3.3.7. The peak width after the diffusion experiment had increased to 6.043 Hz.

(a)

90° 180° 90° 90° 90° 90° 180 90° 90°

180°
I&)| I . I | | I T+T1_T2 I | I
H A2 /2
T

A A _AA A A A
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Figure 3.3.6 (a) Double stimulated echo bipolar pulse gradient pair pulse sequence (dstebpgp3s)
(convection compensated sequence). The diffusion delay time (4) is split into two parts. The two
adjacent sets of bipolar pulse pairs in the centre of the pulse sequence ensure that only the 180°
pulse is required to refocus the signal. There are 3 spoiler gradients (gradients denoted with S)
are used to remove any unwanted signals in the transverse plane. Each gradient pulse has the
strength g and has a duration of 8. 11 and 12 are intergradient delays in the bipolar gradient pulse.
T is the variable diffusion delay time parameter. (b) dstebpgp3s (same as Figure 3.3.2.2 (a)) with
a balancing gradient denoted with B which balances out the three spoiler gradients.
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Figure 3.3.7 Stacked plot of the 1D spectrum of first (blue) and last (red) gradient using the
double-stimulated-echo-bipolar-pulse-gradient-pair pulse sequence (peak 4.70 ppm, 1% H20 in
D20).

To ensure the changes in lineshape was not due to the choice of the pulse sequence,
another convection compensated pulse sequence (Figure 3.3.6(b)) was used to
measure the diffusion coefficient. The difference between this sequence and the last is
that this sequence contains a balancing gradient to balance the spoiler gradients.
However, similar results in the attenuation when looking at the stacked spectrum were
obtained, with a slightly better line shape. However, the peak width (8.537 Hz) was
broader than that of the initial proton, which had a peak width of 3.589 Hz (Figure 3.3.8).

AN
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5.0 4.8 4.6 4.4 [ppm]

CHEMICAL SHIFT (PPM)

Figure 3.3.8 Stacked plot of the 1D spectrum of first (blue) and last (red) gradient using the
double-stimulated-echo-bipolar-pulse-gradient-pair pulse sequence with the balancing gradient
(peak 4.70 ppm, 1% H20 in D20).
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Another diffusion experiment was used to check if the pulse sequence choice affected
the lineshape. A Oneshot diffusion experiment®' (Figure 3.3.9) was carried out. Figure
3.3.10 illustrates the spectra acquired with the first, highest in blue and last, lowest in

red gradients. Similar results were obtained where the line shape was not a sharp singlet.

90° 180° 90° 90° 180°

S Nl B B

T

N Al-

> I T AW

Figure 3.3.9 One-shot pulse sequence for measuring diffusion coefficient. The gradient pulse has
a duration of 6. The gradient strength is changed by an imbalance factor (a). Any magnetisation
not refocused by 180° pulse will be de-phased by the intensity factor 1+ a and 1- a and the two
other gradients by the intensity 2a. The diffusion delay A and 1 is an intergradient within the bipolar
gradient pulse.

N
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Figure 3.3.10 Stacked plot of the 1D spectrum of first (blue) and last (red) gradient using the One-
shot pulse sequence (peak 4.70 ppm, 1% H20 in D20).

After this, a standard 1D "H NMR spectrum was acquired to check the lineshape of the
peak. Figure 3.3.11 illustrates a clear change in peak width from 3.589 Hz to 6.100 Hz;
it is much broader than the peak at the start of the experiment. The sample was ejected
from the spectrometer, and bubbles had formed in the sample. The formation of bubbles
will have a major impact on how homogenous the sample is. The cause of the bubbles
forming was unknown. However, there were possible proposals: the sample had been
heated or rotated. Rotation of the sample is unlikely as the spectrum was acquired

without rotation. The bubbles were removed, the sample was re-shimmed, and the same
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one-shot diffusion experiment was acquired (Figure 3.3.12). There was an improvement

in the peak width.

After

Before

—
5.0 48 46 44 [opm]
CHEMICAL SHIFT (PPM)

Figure 3.3.11 Plots of 1D "H NMR spectrum of 1% H-0 in D20 (peak at 4.70 ppm) before (same
spectrum as Figure 3.3.1) and after the series of diffusion experiments.

A
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Figure 3.3.12 Stacked plot of the 1D spectrum of first (blue) and last (red) gradient using the One-
shot pulse sequence (peak 4.70 ppm, 1% H20 in D20), repeated experiment after the removal of
bubbles and re-shimmed sample.

A series of proton experiments were acquired straight after to see if there were changes
in the line shape over time. After each proton experiment, the sample was ejected to be
examined for bubbles or other issues with the sample itself. No further bubbles were
further observed. However, the line shape of the sample deteriorated with time, as

shown in Figure 3.3.13.
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Figure 3.3.13 Stacked plot of 1D 'H NMR spectrum of 1% H20 in D20 (peak at 4.70 ppm),
showing the change in line shape over time.

To further investigate, experiments were carried out to eliminate possible causes of the
change in line shape and peak width. Wear and tear from the usage of an NMR tube is
common. Even small scratches in the tubes can cause sample inhomogeneity. Therefore,
a series of 1D proton spectra of 1% H20 in DO were measured in three thin-walled
tubes. While 1D 'H spectra of each sample were taken every minute, to simplify the
results presented here, spectra from every 5 minutes for 15 minutes are shown in Figure
3.3.14. This figure compares the stacked plots of 1D 'H spectra of 3 different samples
of 1% H20 in D20 in thin-walled NMR tubes (where Figure 3.3.14 (a) is the same sample
used to carry out previous experiments). The results from this set of experiments were
conclusive with each other, and all samples were measured over 15 minutes. This was
repeated with a thick-walled tube shown in Figure 3.3.14 (d). Overall, there is little to no
line shape and peak width change. Therefore, this eliminated the possibility of the NMR

tubes causing the inhomogeneity.
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Figure 3.3.14 Stacked plot of 1D 'H spectrum of 1% H20 in D20 (a) thin-wall tube sample 1 at 0
min peak width = 0.682 Hz and at 15 mins peak width = 0.658 Hz, (b) thin-wall tube sample 2 at
0 min peak width = 0.717 Hz and at 15 mins peak width = 0.848 Hz, (c) thin-wall tube sample 3
at 0 min peak width = 0.957 Hz and at 15 mins peak width = 0.957 Hz (d) thick-wall tube sample
at 0 min peak width = 0.989 Hz and at 15 mins peak width = 0.982 Hz.

T T
4.75

Changes in sample temperature may also change the line shape. The stability studies
carried out previously were only for ~15 mins. Methanol-ds in a thick-walled NMR tube
was chosen because it can act as both an NMR thermometer and an indicator of any
instability of the shims. The temperature stability of the spectrometer was studied for 60
minutes to ensure the temperature was stable for longer experiments. 1D 'H spectrum
was measured every minute to monitor the temperature stability for 60 minutes. Figure
3.3.15 compares the 1D 'H of methanol-ds spectra acquired immediately after the
sample was inserted (0 minutes) and 60 minutes later. There were no changes in
chemical shift, which indicates that there had been no changes in temperature. There
were minor changes in line shape between 0 minutes and 60 minutes, which can be

seen in Figure 3.3.16.
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Figure 3.3.15 Stack plot of 1D "H NMR of methanol-ds at 0 minutes and at 60 minutes. After 60
minutes, there has been no change in chemical shift of the temperature-dependent singlet at ~4.9
ppm.
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Figure 3.3.16 Stacked plot of 1D "H NMR of methanol-ds4 at 0 minutes and 60 minutes (a) singlet
at 4.87 ppm at 0 mins peak width = 0.873 Hz and 60 mins peak width = 1.119 Hz (b) pentet at
3.33 ppm.

The cause of the change in line shape and width is unlikely due to the change in
temperature or NMR tube used. It is unknown what caused bubble production in the very
earliest experiments, as this was not reproduced in the other experiments at later dates.
The change in line widths may have been caused by vibrations from road works outside
the laboratory.

To understand the stability of the line width and line shape of the sample, further

investigations were carried out where the sample containing deuteriated methanol in a
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thick wall tube was monitored for 1 hour in-situ at a regulated temperature of 298 K with
the airflow rate of 400 litres per hour (Iph). The deuteriated methanol NMR spectrum
contains a sharp singlet which can monitor changes in line shape. The 1D 'H experiment
was repeated 3 times on the same day with the same sample and conditions. Figure
3.3.17 shows the change in peak width compared with the original peak width. Repeat
1 (dark blue) showed an overall increase in peak width with cycles in the fluctuations of
~ 15 mins. However, this pattern was not reproducible in later experiments. In Repeat 2
(blue), the changes in peak width were more gradual, with none of the previous
fluctuations observed. However, towards the end of the measurement, there was a steep
increase in the peak width. This coincided with a large group of people entering the lab
with clipboards. The overall change in peak width for repeats 1 and 2 was similar (change
of 0.246 Hz and 0.228 Hz respectively). Repeat 3 (light blue) showed the least changes

overall (0.06 Hz); there were still some fluctuations in peak width.
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Figure 3.3.17 The change in peak width (Hz) from when the sample was first shimmed over time
at 298 K at a constant air flow rate of 400 Iph.

It was still not conclusive in what caused the fluctuation and changes in peak width. To
ensure it was not any factors caused by the temperature regulation and to eliminate any
other possibilities, this was repeated at two other air flow rates (350 Iph and 450 Iph).
Figure 3.3.18 shows the results from the 3 different flow rates where the data set for 400
Iph is repeated from earlier experiments in Figure 3.3.17. Results showed the most
fluctuation at a higher flow rate (450 Iph), whereas at lower flow rates (300 Iph) there

was a more gradual increase in peak width, which is expected as more air passes the
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sample tube in the probe, the sample homogeneity can change. The overall change in

peak width was similar across all three flow rates.
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Figure 3.3.18 The change in peak width (Hz) from when the sample was first shimmed over time
at 298 K at various air flow rates.

As the change in line shape was less than 0.10 Hz over the typical duration of a diffusion

NMR experiment, the gradient calibration was repeated, where the double-stimulated-

echo bipolar-pulse-gradient-pair pulse sequence with the balancing gradient was used
to measure the diffusion coefficient of 1% H.O in D,O. Figure 3.3.19 shows the 1D 'H

NMR spectrum 1% H20 in D>O used to perform this gradient calibration. The peak at

4.70 ppm is a sharp singlet from the water. Figure 3.3.20 shows the initial diffusion

experiment containing two gradients (where blue is the first, highest gradient and red is

the last, lowest gradient) used to check parameters before a longer experiment was

acquired. The peaks are sharp singlets, and the attenuation is around 90%.
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Figure 3.3.19 1D "H NMR spectrum of 1% H20 in D20 (peak at 4.70 ppm).
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Figure 3.3.20 Stacked plot of the 1D spectrum of first (blue) and last (red) gradient using the
double-stimulated-echo-bipolar-pulse-gradient-pair pulse sequence with the balancing gradient
(peak 4.70 ppm, 1% H20 in D20). Full diffusion experiment with 2 gradients.

Therefore, a full diffusion experiment with 16 gradient increments was acquired with the
same timing parameter. Figure 3.3.21 shows the full diffusion experiment containing the
first and highest gradient (blue) and the last and lowest gradient (red). While the peak
width did not change over the duration of the experiment, there were distortions in the
line shape observed. Figure 3.3.22 compares 1D 'H spectrum before and after the

diffusion experiment, where there is a clear change in lineshape.
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Figure 3.3.21 Stacked plot of the 1D spectrum of first (blue) and last (red) gradient using the
double-stimulated-echo-bipolar-pulse-gradient-pair pulse sequence with the balancing gradient
(peak 4.70 ppm, 1% H20 in D20). Full diffusion experiment with 16 gradients.

After
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Figure 3.3.22 Plots of 1D "H NMR spectrum of 1% H-0 in D20 (peak at 4.70 ppm) before (same
spectrum as Figure 3.3.1) and after the diffusion experiments.

The change in line shape in the diffusion experiments could be because the
spectrometer was new, and no diffusion experiments had yet been performed. As
diffusion experiments require currents to be put through the gradient coils, on initial
attempts at the gradient calibration, some heating may have been produced as currents
were applied for the first time, resulting in distortions in the lineshape of the sample. Itis
common for the shims to drift in new magnets, and around 6 months of settle time is

required. Stability tests were performed monthly after the magnet installation, where a
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"H NMR spectrum was acquired every minute for 60 minutes and only the first acquisition

was shimmed. Figure 3.3.23 shows the changes of peak width over 60 minutes for each

month from December 2020 to June 2021 and overall, after February the magnet stability

improved and less fluctuations in peak width was observed. In December 2020, there

were fluctuations up to ca. 0.2 Hz change in peak width compared to June 2021 with

minor fluctuation where overall changes after one hour were less than 0.02 Hz. The chart

(Figure 3.3.24) shows the change in linewidth at the end of each hour for each month

this procedure was completed also indicating the shims became more stable. Once the

magnet had stabilised, more advanced experiments could be run.
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Figure 3.3.23 Changes in peak width (Hz) as a function of time at 298 K from December 2020 to

June 2021.
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Figure 3.3.24 Bar chart of the change in peak width after 60 minutes from the initial acquisition

from December 2020 to June 2021.
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3.3.3 Gradient Calibration
The nominal gradient strength (SmartProbe iProbe) provided by the z-gradient probe

installed on the spectrometer is 53.5 G cm-'. The diffusion coefficients of three solvents,
1% H20 in D20, DMSO, and cyclohexane, were acquired and compared with literature
data at 298 K. The three solvents were chosen as they span a range of diffusion
coefficients, and their diffusion coefficients have been widely reported. Figure 3.3.25
summarises the different gradient strengths required to achieve a 10% and 90% for a
proton diffusion experiment where A=0.2s, 5 =0.001 s and y = 267522187 rad s™' T~.
These values were calculated using the Stejskal-Tanner Equation. The initial diffusion

coefficients and literature values are recorded in Table 3.3.1.

Gradient Strength (G cm™)
0 20 40 60 80 100

10f

—————————— . DMSO

15f cyclohexane

Diffusion Coefficient (x 107" m?s™)

20

Figure 3.3.25 Estimated gradient strength required to achieve a 10% to 90% attenuation for a
proton diffusion experiment using the Stesjkal-Tanner Equation where A = 0.2 s 6 = 0.001 s and
y = 267522187 rad s™' T-'. DMSO (green), cyclohexane (grey) and D20 (blue), where the iProbe
maximum gradient strength is ca. 53.5 G cm™" shown by the dashed grey line.

Table 3.3.1 Comparison of literature and measured diffusion coefficients for DMSO, cyclohexane
and 1% H20 in D-O with the original gradient calibration constant of 53.5 G cm™.

Solvent Diit Dexp

X 10-10 mzs—1 X 10—10 mzs—1
DMSO 7.3230 6.4 (£0.1)
Cyclohexane 14.2 230 12.7 (£ 0.1)
1% H,0 in D,0 19.1 229 17.1 (£ 0.1)

The difference in the experimental data and literature values shows a systematic error
in the gradient calibration, larger than the experimental error due to the fitting of the

Stejskal-Tanner Equation (Equation 2.4.3). The measured diffusion coefficients were all
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smaller than expected. Figure 3.3.26 illustrates the relationship between the literature
and measured values. The gradient contribution to signal attenuation is a squared term
in the equation. To compensate for this error, a factor of v0.8922 was applied to the

initial calibration, producing the new gradient calibration constant of 50.5 G cm™.
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Figure 3.3.26 The relationship between the expected and measured diffusion coefficients for
DMSO, cyclohexane, and 1% H-0 in D20 pre gradient calibration.

The diffusion coefficients of the solvents were measured again using the new gradient
calibration value. The results are shown in Table 3.3.2, and Figure 3.3.27 illustrates the
corrected relationship between the experimental and literature diffusion coefficients. The
DOSY plot of deuteriated water before and after the gradient correction is also shown in
Figure 3.3.28.

Table 3.3.2 Comparison of literature and measured diffusion coefficients for DMSO, cyclohexane
and 1% H:0 in D20 with the new gradient calibration constant of 50.5 G cm™.

Solvent Dt Dexp

X 10-10 mzs—1 x 10—10 m25—1
DMSO 7.3 230 7.3 (£ 0.1)
Cyclohexane 14.2 230 14.2 (£ 0.1)
1% H,0 in D,0 19.1 22 19.1 (+ 0.1)
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Figure 3.3.27 The relationship between the expected and measured diffusion coefficients for
DMSO, cyclohexane, and 1% H20 in D20 after gradient calibration.
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Figure 3.3.28 DOSY spectrum of 1% H:20 in D20 before and after gradient calibration.

The diffusion probe has larger gradient coils that can produce a larger nominal gradient
strength of 1700 G cm™. Figure 3.3.29 summarises different compounds with a range of
diffusion coefficients with the estimated gradient strength required to achieve a 10% and
90% attenuation (for a proton diffusion experiment where A =0.1s,6=0.001 sand y =
267522187 rad s™' T-"). The estimated gradients required for a 90% attenuation for the
slowest moving species (Dsquaiane = 0.290 x 1071 m? s7") is 333.1 G cm™’, only utilising
about ~20% of the maximum gradient. Therefore, the choice of solvents and a proton

diffusion experiment will not prove suitable for this probe.
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Gradient Strength (G cm™)
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Figure 3.3.29 Estimated gradient strength required to achieve a 10% to 90% attenuation for a
proton diffusion experiment using the Stejskal-Tanner Equation where A = 0.1 s 6 = 0.001 s and
y = 267522187 rad s™' T-'. Squalane (red), 1-pentanol (yellow), DMSO (green), cyclohexane
(grey) and D20 (blue) where the iProbe maximum gradient strength is ca. 53.5 G cm™' shown by
the dashed grey line.

An alternative method must be chosen to utilise the full range of gradient strengths as
the liquids in Figure 3.3.29 only use ~20% of the maximum gradient strength. There are
two methods: finding an even more viscous and slow-moving liquid or choosing a
diffusion experiment with different nuclei. Carbon-13 has a fourfold lower y = 67282800
rad s™' T-', compared to the proton y = 267522187 rad s™' T-'; therefore, to achieve the
same amount of attenuation, the gradient pulse area approximately 16 times larger is
required. Calculated using the Stesjkal-Tanner equation, a summary of the gradient
strengths required to achieve a 10% and 90% for a carbon diffusion experiment where
A=0.1s0=0.001sandy=67282800rad s™" T-'is summarised in Figure 3.3.30. The
estimated gradients required for a 90% attenuation of the slowest moving species
(Dsquatane = 0.290 x 107" m? s7") is 1323.1 G cm™'. Therefore, using a carbon experiment

a larger range of gradients can be utilised.
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Figure 3.3.30 Estimated gradient strength required to achieve a 10% to 90% attenuation for a
carbon diffusion experiment using the Stejskal-Tanner Equation where A = 0.1 s 6 = 0.001 s and
y = 267522187 rad s™' T-'. Squalane (red), 1-pentanol (yellow), DMSO (green) and cyclohexane
(grey) where the iProbe maximum gradient strength is ca. 53.5 G cm™" shown by the dashed grey
line and diffusion probe maximum gradient is 1700 G cm™' shown by the black dashed line.

Acquiring '3C diffusion NMR data requires a different experimental NMR strategy. The
combination of DEPT with spin echo to produce a DEPTSE pulse sequence is illustrated
in Figure 3.3.31. A spin echo sequence was chosen over a stimulated echo as there is
negligible problem with J modulation when diffusion encoding using '*C and, this turn,
this avoids throwing away 50% of the signal in a stimulated-echo (STE). However, as
this pulse sequence is not convection compensated, thick-walled tubes were used to

minimise effects due to convection.
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Figure 3.3.31 Distortionless Enhancement by Polarisation Transfer (DEPT) with a pulse field
gradient spin echo sequence, diffusive delay time A, the gradient pulse has gradient strength g
with a duration 6.
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The diffusion coefficients of the solvents were measured with the original calibration
constant for the diffusion probe. The diffusion coefficients and literature values are
recorded in Table 3.3.3. The results are shown in Figure 3.3.32, which illustrates the
linear relationship between the experimental and literature diffusion coefficients. This
suggests that the original calibration constant was correct. Therefore, no further action

was required to obtain accurate diffusion coefficient data using a diffusion probe.

Table 3.3.3 Comparison of literature and measured diffusion coefficients for squalane, 1-pentanol,
DMSO and cyclohexane with the gradient calibration constant of 17701 G cm™.

Solvent Diit Dexp
X 10—10 mZS—1 X 10—10 mZS—1
Squalane 0.29 0.29 (£ 0.03)
1-Pentanol 29 2.97 (£ 0.02)
DMSO 7.32%0 7.20 (£ 0.02)
Cyclohexane 14,2 230 14.3 (£ 0.10)
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Figure 3.3.32 The relationship between the expected and measured diffusion coefficients for
DMSO, cyclohexane, and 1% H20 in D20 after gradient calibration.

3.4 Conclusions

In this chapter, the essential experimental parameters, particularly the accuracy of the
spectrometer temperature and the gradient calibration constant, have been evaluated
for both regular probe (iProbe) and diffusion probe (DiffBB) on the 500 MHz magnet.
Understanding and correcting these parameters ensures that all diffusion NMR data

collected for further experiments are as precise and accurate as possible. From the study
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of sample temperature, it was expected that the nominal temperature stated by the
spectrometer was not the actual temperature within the sample tube. A linear conversion
was obtained between the actual temperature (using the standard NMR thermometer)
and the nominal temperature. The time taken for the temperature to change was also
analysed, and in conclusion, the sample was stable after 6 minutes. However, 10
minutes of waiting time would be more suitable. It is very important to know the actual
sample temperature, especially when conducting diffusion experiments, where the
temperature will affect the thermal energy of the system and the solvent viscosity, and
thus affecting the diffusion coefficient of the sample. An NMR thermometer should
always be used to check the temperature, and the sample must be left to equilibrate to

ensure it has reached the desired temperature.

In the course of this work, some worrying issues emerged particularly in the early stages
of running the magnet. The stability of the shims was also evaluated, and the line shape
of the samples and peak width improved over time. This is likely due to the newly
installed magnet. It is common for the shims to drift in new magnets, and around 6
months of settle time is required. Stability tests were performed monthly after the magnet

installation, over 7 months the magnet stability improved.

Once stabilised, gradient calibrations could be performed. The strength of the pulsed
field gradient of the iProbe was also calibrated using three common solvents whose
diffusion coefficients are well-known and described in the literature. The diffusion
coefficients of DMSO, cyclohexane and 1% H20 in D-O were measured at 298 K and
compared with literature data. It was found that there was a systematic error in the
diffusion coefficient across all species. The gradient calibration constant was changed
and repeats of the experiments were carried out. The diffusion coefficients within the

expected values were obtained.

The 500 MHz magnet was supplied with a diffusion probe (DiffBB probe), containing
much larger gradients powered by a larger amplifier. It was found that proton diffusion
experiments were not suitable for calibrating diffusion probes, due to these much larger
gradients. Alternatively, a carbon DOSY experiment was chosen. Due to the lower
gyromagnetic ratio of carbon, larger gradients are required to achieve the same diffusion

attenuation of signal. The diffusion coefficients of squalene, 1-pentanol, DMSO, and
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cyclohexane were compared to literature data. It was found that the diffusion coefficients
were in the expected range, and the diffusion probe did not need further correction of

the calibration constant.

108
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 4 : QUANTITATIVE ANALYSIS OF
CARBONYL GROUPS IN FAST PYROLYSIS
OIL USING "°F LOW-FIELD NMR
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4.1 Introduction

Oxygen-containing compounds are the main contributor to the acidity of the pyrolysis
oils. These compounds typically being aldehydes, ketones, quinones, hydroxyl,
carboxylic and phenolic groups. Such carbonyl-containing compounds have a negative
effect on the stability of the pyrolysis oil. Acidity of the pyrolysis oil causes corrosion in
storage and usage.® 100101 These oils can be enhanced either physically or chemically.
The identification and quantification of the oxygen-containing compounds is crucial for
characterisation and upgrading processes. However, the identification and quantification
of carbonyl groups in pyrolysis oil is difficult. Current semi-quantitative/quantitative
techniques including Fourier Transform Infrared Spectroscopy (FTIR), oximation by
titration, and derivatisation using 4-(trifluoromethyl)phenyl hydrazine followed by '°F
NMR methods. FTIR is generally a semi-quantitative technique that primarily looks at
functional groups where the spectra band ratios are compared.'”® %2 Oximation
reactions tend to be laborious, the carbonyl groups are reacted with hydroxylamine
hydrochloride for >30 hr, followed by a titration with hydrogen chloride.'%? 232 During the
oximation reaction the hydroxylamine hydrogen chloride reacts with carbonyl containing
compounds such as aldehydes and ketones present in the pyrolysis oil. The reaction
yields an oxime and hydrochloric acid as shown in reaction Scheme 4.1. The reaction is
an equilibrium where pyridine is added to ‘mop-up’ the excess HCI which drives the
reaction to completion. The pyridine and HCI form pyridine hydrochloride salt. This is

titrated against NaOH with an end-point around pH 4.7.

R R
>:O + NH,OHsHCI —_— >:NOH + H,0 + HCI
R R
R AN R AN
>:o +  NH,OHeHCI + | _— %NOH +  HO o+ | +HCI
R' = R Ny =

N

\ \
‘ HCI  +  NaOH - | +  NaOH + H0
= =
N

N

Scheme 4.1 Reaction scheme of carbonyl-containing compound with hydroxylamine
hydrochloride producing oxime and HCI. The reaction is shifted towards the oxime in the presence
of pyridine. Pyridine hydrochloride is titrated with sodium hydroxide.
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Quantification of total carbonyl content is then calculated using the equation:

Volumey oy X Nyaon Equation 4.1.1
Dry Weight of the 0il (g)

mol of —o per gram of oil =

Derivatisation methods add a tagging agent to isolate molecules with certain functional
groups of interest for analysis. The different methods of the derivatisation of carbonyl
groups using 4-(trifluoromethyl)phenyl hydrazine followed by NMR analysis were
explored in Chapter 2. The derivatisation method in this chapter will be based on general
reaction scheme is shown in Figure 4.1.1(reproduced from Figure 2.4.9). A summary of
the derivatisation methods are as follow, the Sevillano et al. method dissolves the lignin
in DMF:H,O solution followed by the 100 mg derivatisation agent. This solution was left
to react for 1 day in the dark.’®' The derivatised mixture was precipitated using 100 mL
of water with 3 drops of phosphoric acid. The sample was filtered using a sintered glass
crucible and dried at 40°C. Huang et al. also follows a similar procedure, 60 mg bio-oil
sample is dissolved in 500 yL of DMF."®? 1 mL of the 50:50 DMF-water (v/v) mixture
containing 110 mg of 4-(trifluoromethyl)phenyl hydrazine was added. The mixture was
left in the dark to react at room temperature for 24 hours. The sample is then precipitated
using pH HCI solution, followed by freezing, thawing and drying. Constant et al. dissolves
ca. 150 mg of sample and 10 mg of 1-methyl-4-(trifluoromethyl)benzene the internal
standard (IS) in DMSO-ds."%® 0.8 mmol of 4-(trifluoromethyl)phenyl hydrazine was
dissolved in 300 mL DMSO-ds. The derivatisation agent was added dropwise to the
sample. The solution is transferred to a standard NMR tube and left to react in a pre-
heated oven at 40°C for 16 hours. In all these cases, 4-(trifluoromethyl)phenyl hydrazine
is reacted to form hydrazones. Following the derivatisation process '"F NMR analysis

has always been typically carried out using high-field NMR spectrometers.

H,N
“NNH

CF CF

DMF 3 3
R1 H,0

2:0 + '
—_—

RT

F H H

NN N~

l )l\
Rl)\RZ R1 R2

Figure 4.1.1 Reaction scheme of carbonyl-containing compound derivatised by 4-(trifluoro
methyl)phenyl hydrazine.
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Quantification of carbonyl content was calculated using the equation'®? where IR is the

integration ratio:

IR X N (IS in NMR sample) (mOI) Equation 41.2
Dry Weight of the 0il (g)

mol of c—o per gram of oil =

In Chapter 2, Section 2.3 the advantages and disadvantages of high-field NMR
spectrometers and low-field NMR spectrometers were compared. Overall, high-field
NMR required a large capital cost and technical maintenance which limits the usage of
NMR to larger research facilities. The cost and maintenance of NMR spectrometers is
also limiting factor for material verification such as quality control in an industrial
setting.?3® However, there has been an increased use for low-field NMR in the analysis
of mixtures such as over-counter drugs?**, edible 0ils?*® and crude oil-water biphasic
mixtures?%. Even though low-field NMR suffers from sensitivity, it is not crucial to have
the multiplicity resolution when analysing mixtures containing a vast number of
compounds. Recently, low-field benchtop NMR has been used for quantitative 3'P NMR
analysis of alcohol groups in lignin.23” This chapter will focus on developing low-field '°F

NMR methods to identification and quantification of carbonyl containing species.

4.2 Experimental

4.2.1 Materials

All reagents used as model compounds were obtained commercially, the origin and
purity of these compounds used in this study are reported in the Appendix 2 (Table A2.1).
4-(trifluoromethyl)phenyl hydrazine and dimethylformamide was purchased from Sigma-
Aldrich and Fisher Scientific respectively. All chemicals were used without any further
purification. All pyrolysis oil was provided by the Energy and Bioproducts Research
Institute (EBRI). Pyrolysis oil produced from oak, willow, Virginia mallow and miscanthus
was all produced from fast pyrolysis in a 300 g h™' continuous bubbling fluidised bed

reactor.

4.2.2 Elemental Analysis
Elemental Analysis of all oils was varied out on a Flash 2000 elemental analyser. Carbon,
hydrogen, nitrogen and sulphur (CHNS) content were analysed in triplicate, and the

average values were taken. The oxygen content of the oils was found by difference.
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4.2.3 Oximation Followed by Titration

The oximation of pyrolysis oil was carried out using the following procedure:
Hydroxylamine hydrochloride solution was prepared by dissolving 17.50 g of
hydroxylamine hydrochloride in 80.00 g of deionised water, the solution was transferred
to a 500 mL volumetric flask, the volumetric flask was filled to the mark with anhydrous
ethanol. Pyridine solution was prepared by adding 10 mL of pyridine into a 500 mL
volumetric flask, the volumetric flask was filled with anhydrous ethanol. For the oximation
reaction ca. 0.40 g of pyrolysis oil reacted with 10.00 mL of hydroxylamine solution and
20 mL of pyridine solution were combined in a sealed flask. The reaction was left stirring
for 48 hours at room temperature. The reaction mixture was transferred to a 100.00 mL
volumetric flask and filled with anhydrous ethanol. Aliquots of 25.00 mL were taken and
titrated with 0.5 M sodium hydroxide solution. The titration endpoint (pH = ~4.5) was

measured using a micro pH electrode probe.

4.2.4 °F NMR Analysis

The derivatisation of pyrolysis oil was carried out using the following procedure: 110 mg
of 4-(trifluoro methyl)phenyl hydrazine was dissolved in 1 mL of 50:50 DMF and water
(v/v). This solution was added to a solution of pyrolysis oil (ca. 30 mg) dissolved in 500
pL dimethylformamide (DMF) in a 20 mL vial. The mixture was stirred in the dark for
24 hours at room temperature. The derivatised pyrolysis oil was purified by adding 20
mL of pH 2.0 water, where the pH 2.0 water was prepared by diluting 5N HCI with
deionised water. The sample was placed in a freezer to allow precipitation to occur. The
frozen sample was melted to room temperature. The aqueous layer was carefully
discarded, and the product was washed multiple times with pH 2.0 water to remove
excess 4-(trifluoromethyl)phenyl hydrazine. The precipitant was then air dried for
24 hours. The dried sample was then dissolved in protiated DMSO for NMR analysis,
where 3-(trifluoromethoxy) benzoic acid was used as an internal standard (IS). Figure
4.2.1 shows hexafluorobenzene (CsFs) was used as an external standard (ES) for the
chemical shift calibration at -164.9 ppm. All low-field NMR was carried out using a
Magritek Spinsolve 43 MHz benchtop NMR. All high-field NMR was carried out using
Bruker AVANCE NEO 500 MHz. All data was processed using MestReNova 10 software.
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Figure 4.2.1 "F NMR spectrum of hexafluorobenzene used as the external standard (-164.9
ppm) at 43 MHz.

4.3 Results and Discussion

4.3.1 Method Development of '°F Low-Field NMR Technique

4.3.1.1 Qualitative Analysis of Carbonyl Groups Using Low-field NMR

One of the advantages of using the benchtop NMR is that data can be acquired using
protiated solvents which are cheaper than their deuteriated counterpart. As a proof of
concept that low-field °F NMR can be used to distinguish between different fluorine
environments in derivatised pyrolysis oil, simple mixtures model carbonyl-containing
compounds were studied. Starting with the simplest ketone, acetone was derivatised
using the procedure described in Section 4.2.4. The derivatised product was dissolved
in protiated DMSO and analysed using low-field NMR. Model compound had the same
chemical shift regardless of the choice of protiated solvent or deuteriated solvent. In the
Appendix 2, Figure A2.1 shows stacked spectra of different fluorine-containing

compounds in DMSO-ds and protiated DMSO. The chemical shifts are tabulated below:
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Table 4.3.1 Summary of the chemical shift for standard fluorine-containing compounds in DMSO
and DMSO-ds. The spectra can be found in Appendix 2, Figure A2.1.

Figure A2.1 Chemical and Solvent Chemical Shift
(a) 3-(trifluoromethoxy) benzoic acid, -59.3
3-(trifluoromethyl) benzoic acid and -63.8
CsFs in DMSO-ds -164.0
(b) 3-(trifluoromethoxy) benzoic acid in DMSO-ds -59.3
(c) 3-(trifluoromethoxy) benzoic acid in DMSO -59.3
(d) 3-(trifluoromethyl) benzoic acid in DMSO-ds -63.8
(e) 3-(trifluoromethyl) benzoic acid in DMSO -63.8
(f) CsFs DMSO-ds -164.9
_(9) CsFs in DMSO -164.9

The reaction was proven successful via 'F NMR analysis using a low-field spectrometer
shown in Figure 4.3.1. The product and the internal standard should show two species
present in the spectrum this can be seen in Figure 4.3.1(a). However, to confirm the
signal at -61.63 ppm belonged to the derivatised acetone and not unreacted
derivatisation agent, the sample was spiked with a small amount of 4-(trifluoro)phenyl
hydrazine this can be seen in Figure 4.3.1 (b), where three signals are present. As a
final assessment, the '°F spectrum of the internal standard and derivatisation agent was
acquired Figure 4.3.1 (c) as well as the '9F spectrum of the internal standard only was
acquired Figure 4.3.1 (d) confirms the peak at —-61.63 ppm belongs to the derivatised
acetone. This also proves low-field NMR can provide chemical information of simple
mixtures displaying singlet peaks produced by the different fluorine environments which

are resolved enough to be assigned to different compounds.
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(d) IS: 3-tri{fluoromethoxy) benzoic acid

{c) IS: 3-tri(fluoromethoxy) benzoic acid +1°F Reagent: 4-(trifluoromethyl)phenyl hydrazine

A

{b) *°F derivatised acetone + IS: 3-tri(fluocromethoxy) benzoic acid spiked with 4-(trifluoromethyl)phenyl hydrazine

4-(trifluoromethyl)phenyl hydrazine

IS—‘A\‘

(a) *°F derivatised acetone + IS: 3-tri{fluoromethoxy) benzoic acid

— "F derivatised acetone

A
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Figure 4.3.1 (a) F NMR spectrum of derivatised acetone and internal standard (IS) 3-
(trifluoromethoxy) benzoic acid (b) "°F NMR spectrum of derivatised acetone, internal standard
(IS) 3-(trifluoromethoxy) benzoic acid and 4-(trifluoromethyl)phenyl hydrazine. (c) "°F NMR
spectrum of derivatised acetone and 4-(trifluoromethyl)phenyl hydrazine (d) internal standard (IS)
3-(trifluoromethoxy) benzoic acid. All data acquired on the benchtop NMR spectrometer at
43 MHz.

4.3.1.2 Generation of '°F Chemical Shift Map of Derivatisation Compounds

Having shown the reaction works, the next step is to develop a comprehensive chemical
shift map. Derivatisation of model compounds followed by analysis using the low-field
NMR spectrometer was used to produce a chemical shift map which will then be used
for integration. Figure 4.3.2 shows the stacked plot of the derivatised model compounds.
A summary of the chemical shift can be found in Appendix 2 (Table A2.2) where all
chemical shifts were referenced using hexafluoro benzene (-164.9 ppm). The chemical
shift for the 4-(trifluoromethyl)phenyl hydrazine derivatised ketone is ca. -61.0 to — 61.7
(red), 4-(trifluoromethyl)phenyl hydrazine derivatised aldehyde is ca. -61.7 to —61.9
(blue) and 4-(trifluoromethyl)phenyl hydrazine derivatised quinone —61.9 to —64.0 (black).
A summary of the chemical shift area for ketones, aldehyde and quinones is represented

in a schematic diagram (Figure 4.3.3).
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(p) derivatised 1,4-napthoguinone + IS
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{0} derivatised 2-hydroxy-1,4-napthoquinone +1S

(n) derivatised benzoguinone + IS

{m) derivatised antraquinone + IS

(1) derivatised cinnamaldehyde + 1S

{k) derivatised benzaldehyde + 1S

(j) derivatised furfural + 15

{i) derivatised octanal + IS

(h) derivatised hexanal + 1S

(g) derivatised valeraldehyde + IS

(f) derivatised butryaldehyde + IS

{e) derivatised 3-pentanone + IS

{d) derivatised 2-pentanone + IS

{c) derivatised 2-butanone + IS

(b) derivatised 3-methyl-1,2-butanone + IS

{a) derivatised acetone + IS
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Figure 4.3.2 "F NMR stack plot of derivatised model compounds containing carbonyl groups at
43 MHz, where the aldehydes are shown in red, ketones are in blue and quinones are in black
with the internal standard 3-(trifluoromethoxy) benzoic acid at -59.8 ppm.

aldehydes
ketones

quinones
I ] ] ] ] I 1 I | ] 1
-60 -61 -62 -63 -64 -65
Chemical Shift (ppm)

Figure 4.3.3 Schematic representation of F NMR chemical shift regions for carbonyl!
compounds derivatised using 4-(trifluoro)phenyl hydrazine.

4.3.1.3 Selection of Internal Standard

Unlike other quantification techniques, NMR methods do not require a calibration curve.
The key factor to quantification is successfully determining the peak integral in an NMR
spectrum. This has been predominantly calculated using integration where the computer
calculates the sum of the data points within the spectral region. The integrals of the peak

of interests are compared to the integral of the internal standard. The selection of internal
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standard is crucial for quantitative analysis. Avoiding overlap between the peaks of
interest and the internal standard is vital to get accurate integrals. There are a number
of internal standards that are mentioned fit for quantification purposes in literature such
as 3-tri(fluoromethoxy)benzoic acid'?, 1-methyl-4-(trifluoromethyl)benzene'’®® and 2-
fluoroguaiacyl benzoate.’®? However, there was ambiguity in the primary literature as to
which internal standards have actually been used. Theoretically any fluorine-containing
compound that demonstrates stability and satisfactory resolution from the peaks of
interest can be used as an internal standard. Two different fluorinated compounds
(Figure 4.3.4) were originally chosen as potential candidates for quantification, these
being 3-(trifluoromethoxy)benzoic acid and 3-(trifluoromethyl)benzoic acid. First, both
compounds were mentioned in literature and second, trifluoromethyl groups increase the

sensitivity by three-fold compared to monofluorinated agents.

(a) 0 OH (b)

CF;0
OH

Figure 4.3.4 (a) 3-(trifluoromethyl)benzoic acid (b) 3-(trifluoromethoxy)benzoic acid.

Figure 4.3.5, and Figure A2.2 in the Appendix 2, show that the different internals
standards, 3-(trifluoromethoxy)benzoic acid and 3-(trifluoromethyl)benzoic acid
respectively, are located away from the derivatised acetone peak. However, as oils
contain more than one carbonyl-containing compound it is important to test this with a
real sample. In this study pyrolysis oil produced from spruce was used to determine a
suitable internal standard for quantification. Figure 4.3.5 shows the two internal
standards with the spruce pyrolysis oil (a) 3-(trifluoromethoxy)benzoic acid (ca. —59.3
ppm) and (b) 3-(trifluoromethyl)benzoic acid (ca. —-63.8 ppm). It was found that 3-
(trifluoromethyl)benzoic acid as the internal standard would overlap with the peaks of
interest around —64 ppm, therefore for future studies the internal standard 3-

tri(fluoromethoxy)benzoic acid was used.
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(b} °F derivatised pyrolysis oil produced from spruce + 1S: 3-tri{flucromethyl) benzoic acid
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(a) '°F derivatised pyrolysis oil produced from spruce + IS: 3-tri{fluoromethoxy) benzoic acid
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Figure 4.3.5 (a) "F NMR derivatised pyrolysis oil produced from spruce and internal
standard 3-(trifluoromethoxy) benzoic acid at -59.8 ppm (b) ®F NMR derivatised
pyrolysis oil produced from spruce and internal standard 3-(trifluoromethyl) benzoic acid
at -63.8 ppm.

4.3.1.4 Quantitative 'F NMR Analysis

Model bio-oils were produced to show that low-field NMR can be used to get accurate
integrals for quantification analysis. The model oils were generated by combining
different amounts of aldehyde, ketone and quinone model compounds. Table 4.3.2

shows the mole composition of each model oil.

Table 4.3.2 Summary of the mole composition of the model carbonyl-containing compounds in
each model oil.

Compound Model Oil 1 Model Oil 2 Model Oil 3 Model Oil 4
(x10* mol) (x10* mol) (x10* mol) (x10* mol)
acetone 2 4 2 2
octanal 1 1 2 1
furfural 1.8 1.8 1.8 3.6
1,4-benzoquinone 0.3 0.3 0.3 0.3

The model oils were derivatised using the procedure outlined in Section 4.2.4. 1D 'F
NMR data was acquired on the benchtop NMR. Figure A2.3 shows the integrated NMR
spectrum, with all the data used to calculate the amount of carbonyl groups summaries

in the Appendix 2, Tables A2.2(a) and (b). Figure 4.3.6 shows a graph summarising the
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theoretical amount of ketones, aldehydes and quinones in the model oils compared with
the quantification via NMR spectroscopy. There are some overlaps in the quinone
regions with the ketones and aldehydes. This technique is limited due to the overlap and
relatively small chemical shift range for the derivatised compound. NMR proves able to
provide chemical information on the compounds compared to other traditional
techniques where elemental analysis only give the percentage of oxygen and oximation

followed by titration can only give a total amount of carbonyl groups.

W ketone aldehyde quinone
0.0010

model oil 1 | model 0il 2 | model 0il 3 | model oil 4

0.0008

0.0006

0.0004 |

Carbonyl Content (mol g?)

0.0002 |

0.0000

Known Amount
43 MHz NMR
Known Amount
43 MHz NMR
Known Amount
43 MHz NMR
Known Amount
43 MHz NMR

Method for Analysis

Figure 4.3.6 Graph comparing the theoretical amount of ketones, aldehydes and quinones with
the quantification carried out using 19F NMR spectroscopy technique.

4.3.1.5 Optimisation of Derivatisation Process and '°F NMR Analysis

The derivatisation methods described by Sevillano et al., Huang et al. and Constant et
al. all use the derivatisation agent 4-(trifluoromethyl)phenyl hydrazine, as outlined in the
introduction (Section 4.1).7°"-19 The original method by Sevillano et al. was developed
to analyse carbonyl content in lignin.’! Huang et al. used a similar method, where the
main difference was in the methods used for purification of the product.’®? The revised
experimental methods by Constant et al. method results in a shorter experimental time
16 hours compared to 24 hours.'% By carrying out the reaction in the NMR tube, there
are no losses due to sample transfer. However, the lack of any purification step results
in a significant peak at ca. =59 ppm in the final '®F NMR spectrum in Reference 188 due
to left-over derivatisation agent. The derivatisation agent peak could overlap with peaks
of interest leading to an over estimation of carbonyl groups. Overall, Huang et al. method

was more favoured for the study of pyrolysis oil, as the method was originally applied to
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similar samples and the purification step is important to remove the excess derivatisation
agent is important for accurate quantification of carbonyl groups.’®? Following Huang et
al. method, it was found that 60 mg for bio-oils were found to be not reproducible for
these specific types of bio-oils.'®? For example, the derivatisation of the bio-oil produced
from willow was repeated in triplicate, however as shown in Figure 4.3.7 the expected
peaks between —61 ppm and -61.7 ppm which belong to derivatised aldehydes were
missing. This can also be visually seen in the derivation process, when the samples are
precipitated with the pH2 water, the water would be colourless, suggesting that all the
derivatisation agent was used. It is important to have an excess of the derivatisation
agent for all carbonyl-containing compounds to be derivatised. The amount of bio-oil was
reduced to 30 mg per reaction. This was found to be more reproduceable. Figure A2.4
shows the '"9F NMR spectrum of derivatised bio-oil in triplicate, where the NMR all look

identical as well as the integrals being similar to each other.

(c)

V.

(b)

R N

(@)
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Figure 4.3.7 Stacked "°F NMR of derivatised pyrolysis oil produced from willow in triplicate. The
highlighted are between —61 and —61.7 ppm which belongs to the derivatised aldehydes were
missing.
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4.3.2 Analysis of Pyrolysis Oil

4.3.2.1 Elemental Analysis

All pyrolysis oil were provided by the Energy and Bioproducts Research Institute (EBRI).
Pyrolysis oil produced from oak, willow, Virginia mallow and miscanthus were all
produced from fast pyrolysis in a 300 g h™' continuous bubbling fluidised bed reactor.
The pyrolysis oils were characterised previously by Banks et al..?® There was some time
difference between the initial analysis and this study. The elemental analysis giving the
CHNS composition of the oils were re-acquired, checking the oil composition. Table
4.3.3 shows a summary of the original data?3® and the re-acquired data for the elemental
composition of the oils, where the oxygen content was calculated by a difference. All the
data was within the instrument error of 5% and concordant to values reported in the
original paper.2®® However, elemental analysis only provides the full oxygen content as
a weight percentage but cannot give information such as structure or functional groups
which are crucial to identify the oxygen-containing compounds pyrolysis oils for
upgrading. Other analytical techniques are needed to identify and quantify the oxygen-

containing compounds.

Table 4.3.3 Elemental analysis results for pyrolysis oil produced from various feedstocks (oak,
willow, Virginia mallow and miscanthus).

Pyrolysis Run C (%) H (%) N (%) S (%) 0 (%)
sample
Oak Paper 28 49.77 5.88 0.31 0.00 44.04
Average 46.97 6.07 0.30 0.00 46.66
Willow Paper?®® 48.63 5.78 0.77 0.00 44.82
Average 45.01 6.83 0.85 0.00 47.31
Virginia Paper?® 48.40 5.91 0.42 0.00 45.27
Mallow
Average 47.17 6.73 0.42 0.00 45.68
Miscanthus Paper®® 47.02 5.54 0.47 0.00 46.97
Average 49.00 7.04 0.28 0.00 43.68

4.3.2.2 Oximation Reaction Followed by Titration
As described in the introduction the carbonyl content can be determined using oximation
reactions followed by titration. The reactions were carried out as described in Section

4.2.3. These reactions also as part of the quality control. Each reaction was done in
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triplicate and an average was taken. The total carbonyl content was calculated using

Equation 4.1.1. The results are summarised in Table 4.3 .4.

Table 4.3.4 Summary of the total carbonyl groups of the different pyrolysis oils analysed using
oximation reaction followed by titration.

Pyrolysis sample Total Carbonyl Content (mol g1)
Oak 0.00599
Willow 0.00461
Virginia Mallow 0.00558
Miscanthus 0.00492

4.3.2.3 Quantitative "F NMR Analysis

The carbonyl content of four fast-pyrolysis oils produced from different feedstocks (oak,
willow, Virginia mallow and miscanthus) were derivatised and analysed using '°F NMR
methods outlined in Section 4.2.4. Figure 4.3.8 depicts spectra acquired on both high-
field NMR and low-field NMR spectrum. All the data for the other pyrolysis oils are
located in the Appendix 2, Figures A2.4-6.

(d) Oak (500 MHz)

N S

{c) Oak (43 MHz) 3 1.00 056 058 0.93
JU\\’\.,‘ P
—
(b) Oak (43 MHz) 2 1.00 0.82 081 1.15
F 1 I 1
(a) Oak (43 MHz) 1 1.00 079 0.77 1.33

)\ Mo~

1.00 0.59 0.55 091

-56.0 -57.0 -58.0 -59.0 -60.0 -61.0 -62.0 -63.0 -64.0 -65.0 -66.0
CHEMICAL SHIFT (ppm)

Figure 4.3.8 Stacked Plot of "°F NMR spectra of derivatised pyrolysis oil produced from oak at 43
MHz in triplicate (a-c) and ""F NMR spectrum of derivatised pyrolysis oil produced from oak at
500 MHz.
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The estimate of the total carbonyl group content from both low-field (43 MHz) and high-
field (500 MHz) 'F NMR analysis (ketone, aldehydes and quinones) was comparable to
the total carbonyl content values determined by the oximation method (OT), as shown
in Figure 4.3.9. '°F NMR methods are more efficient compared to traditional methods as
they require less time, less sample and simpler procedures. Overall, it was found that
wood-based biomass i.e. oak and willow tend to have more aldehyde and ketones
whereas grass-based biomass i.e Virginia Mallow and miscanthus tended to produce
more quinones. Quinones are known to form from the oxidation of phenolic compounds.
For example 1,4-benzoquinone can be formed from the oxidation of p-hydroxyphenyl
compounds.?®® Grass-based feedstocks typically contain between 5-35% p-
hydroxyphenyl units compared to 0-8% in wood-based feedstocks. This suggests that
grass-based feedstocks could produce pyrolysis oil that contains more quinones

compared to hardwood feedstocks.

M ketone aldehyde quinone carbonyl
0.008
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Figure 4.3.9 Graph comparing the quantification of ketones, aldehydes and quinones in pyrolysis
produced from oak, willow, Virginia Mallow and Miscanthus using different methodologies,
oximation followed by titration (OT), High-field NMR spectroscopy (500 MHz) and low-field NMR
spectroscopy (43 MHz).

Elemental analysis gives a total percentage of oxygen present in the sample but cannot
give any quantitative information about certain types of oxygen-containing compounds.
Traditional methods such as oximation followed by a titration provide an estimate of total
carbonyl content. However, titration methods do not provide information on the types of
carbonyl groups present, which is an important factor when deciding on the route of

upgrading. NMR also has an advantage over titration methods as it is able to provide
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additional chemical information such as the type of carbonyl group. Even-though low-
field NMR compared high-field NMR is less sensitive, the technique offers similar
information to high-field NMR. Benchtop spectrometers are compact requiring minimal
space, it does not require a large investment or technical maintenance making NMR

techniques more accessible in places such as industry and smaller research institutions.

4.4 Conclusion

Low-field NMR proves able to distinguish between different fluorine environments.
Derivatised model compounds containing carbonyl groups were used to build a chemical
shift map. For the first time low-field NMR was used to quantify the amount of carbonyl
groups in four pyrolysis oil produced from different feedstock. The results showed that
the total carbonyl content provided by NMR spectroscopy was comparable to estimation
provided by titrations methods. More importantly the results from the low-field NMR
provide a detailed description of the different carbonyl environments comparable to
quantification using high-field NMR analysis. Low-field benchtop NMR is an attractive
option for routine quality control as the resolution and multiplicity of signals are not crucial

for '9F NMR analysis of pyrolysis oil.

4.5 Further Work

Current methods using sum integration is known to be sensitive to any phase or baseline
distortions, but assuming these can be corrected using software. The main problem with
this technique, it suffers from significant overlap of peaks. Especially in this case where
the derivatisation produces compounds that lie in a tight range of chemical shifts. One
way to overcome this issue is using other methods such as Global Spectral
Deconvolution (GSD) for the estimation of integrals.?*® GSD provide advantages over
sum integration even though it requires a spectrum to be correctly phased it is relatively
insensitive to baseline distortions. More importantly it efficiently deals with overlapping
peaks by modelling the experimental lineshape using a generalised Lorentzian
function.?*' However, GSD was designed for automatic spectral analysis and can over

interpret as it was not intended for accurate quantitative analysis.

°F-containing derivatisation agents can be used to selectively isolate different functional
groups for example pentafluoropyridine can be used to selectively isolate hydroxyl
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groups. The analysis has only been carried out using high-field NMR. An alternative
route could be exploring the chemistry of derivatisation agents not limited to fluorine
nuclei further separate the signals in the chemical shift domain. Reducing the overlap of
signals will improve the resolution of the spectrum, thus, easing the identification and

quantification of carbonyl containing compounds.
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5.1 Introduction

Pyrolysis oils are typically acidic resulting in both storage and commercial usage issues.
Understanding the chemical composition of the oils and what contributes to the acidic
nature of bio-oils is an important starting point. Typically, oxygen-containing compounds
such as phenol and carboxylic acids contribute to the acidity of pyrolysis oils. There are
various techniques that can be used to quantify hydroxyl content such as redox titration,
FTIR and GC/MS. These techniques are useful, providing important information but have
limitations. Redox titration is a laborious procedure that can only quantify hydroxyl
content but cannot distinguish between different chemical species containing those
functional groups. FTIR can be used to distinguish between different functional groups,
however it is usually used purely qualitatively due to the broad peak in the -OH region.
GC/MS can be used for quantification of various chemicals, however due to instrument

limitations, not all components of bio-oil can be detected as outlined in Chapter 1.

NMR offers a non-invasive and non-destructive alternative approach to bio-oil
characterisation. Proton NMR analysis can be carried out in various solvent systems.
The functional groups of interest are hydroxyl groups which are labile protons and often
absent from proton spectrum. Due to the complexity of bio-oil, coupled with the narrow
chemical shift range of 'H NMR, typical proton NMR spectra are highly crowded and
may not yield information such as the identification of specific compounds. This is
demonstrated in Figure 5.1.1, the 1D 'H spectrum of a derivatised bio-oil in mixed

pyridine/CDClIs solution.

Aldeyhydes, carboxylic acids * Pyridine

K—R Aromatics
*
Ethers, alcohols and polar groups

- Y

9 8 7 6 5 4 3 2 1 0 4 ppm
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Figure 5.1.1 "H NMR of bio-oil produced from spruce feedstock in a CDCls:pyridine solution
where the * belong to pyridine peaks. The ether, alcohol and polar groups region was enlarged
due to the low signal intensities.

One way to simplify the spectrum and target specific functional groups is using
derivatisation methods. Hydroxyl groups can be derivatised by phosphorus-containing
compounds such as 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). This
effectively tags the hydroxyl group with a phosphorus containing compound which can
then be analysed using 3'P NMR. NMR can also be used for quantitative analysis when
an internal standard is used. A common internal standard that can be used for gNMR of
bio-oils is endo-N-hydroxy-5-norbornene-2,3-dicarboximide (NHND). In this chapter, the
refining of current methodologies will be explored. Pyrolysis oils contain hundreds of
small alcohols and are very complicated samples. Therefore, hand sanitisers were used
for this study as an intermediate complex sample. The active ingredients in hand
sanitiser are ethanol, isopropyl alcohol, and n-propanol. Glycerol is a tri-alcohol, and this
is added to hand sanitisers to prevent skin dryness. The effectiveness of the hand
sanitisers is closely related to the amount of alcohol present. Typically, the higher the
alcohol content, the more effective the hand sanitiser is. Alcohol content should range
between 60-95% alcohol to be most effective. 242 243 The refined methodology was also

applied to a real pyrolysis oil produced from Spruce.

5.1.1 Materials

All reagents used as model compounds were obtained commercially, the origin and
purity of these compounds used in this study are reported in Appendix 3 (Table A3.1).
Tetramethyl silane, 99.9 %, chloroform-d (CDCls), 99.8% and pyridine, 99.5%, extra dry
over molecular sieve was purchased from Acros organics. Chromium(lll) 2,4-
pentanedionate,97% was purchased from Fischer Scientific. Trimethylphosphate 299%,
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), 95%, endo-N-hydroxy-5-
norbornene-2,3-dicarboximide (NHND), 97%, guaiacol, 298%, phenol, 99%, and furfural,
99% was purchased from Sigma-Aldrich, UK.

The hand sanitisers used were off the shelf and were used without any further processing.
The bio-oil used was produced at Aston University using a Norwegian Spruce feedstock

in a 1 kg h™' fast pyrolysis rig. All chemicals were used without any further purification.
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Figure 5.1.2 shows the four different hand sanitisers that were used in this study with the

respective ethanol content given in percentage by weight or % (w/w).

£ — \
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62.4% 70.0% 57.6% 70.0%

Ethanol % (w/w)

Figure 5.1.2 Hand sanitisers (a) Garnier PureActive hand sanitiser gel (b) Carex
moisture hand sanitiser gel (c) Cuticura original hand sanitiser gel (d) Bondloc hand
sanitiser gel

5.1.2 3'P Derivatisation Reaction of Hydroxyl Groups

This section describes the preparation of solvents, internal standards required for the

derivatisation reaction, and NMR analysis.

Solvent A

A stock solvent solution of 1:1.6 volume ratio of CDCI; and anhydrous pyridine was

prepared and dried over molecular sieves.

Internal Standard:

0.1M internal standard was prepared by adding NHND (0.018 g) to solution A (1 mL). A
relaxation agent, chromium (lll) 2,4-pentadienoate (5 mg) was dissolved in the solution.
The weight of the entire solution was recorded. The internal standard was stored over

molecular sieves.

Derivatisation reaction:

130
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 5

IS solution (0.1 mL) was transferred into a glass vial equipped with a PTFE-lines silicone
septum. The weight of the 0.1 mL IS solution was recorded. Bio-oil (30 mg) was weighed
into the same vial. The actual weight of the sample was recorded. Solvent A (0.7 mL)
was added using a gastight syringe into the same vial and was left stirring until mixture
was homogenous. For the derivatisation reaction an excess of TMDP (ca. 0.2 mL) was
added using a gastight syringe. The reaction was left for 10 minutes to stir. The solution
was then transferred to a 5 mm NMR tube with a Pasteur pipette and analysed
immediately. The reason being the phosphitylation derivative of NHND was not stable

over a long period of time.

NMR Analysis:

NMR acquisitions were acquired using a Bruker NEO 500 MHz spectrometer equipped
with a RT-DR-BF/'H-5mm-Z SP iProbe unless specified. All hand sanitiser data was
acquired using a Bruker AVANCE 300 MHz equipped with a 5mm PABBO BB-1H Z-
GRD probe. All 3'P data was acquired with 10 seconds pulse delay and 64 scans at

298.15 K. All NMR data was processed using Topspin.

5.1.3 Alcohol Content by Dichromate Oxidation followed by Redox

Titration
This section describes the preparation of solutions, reaction and titration method.

Acid dichromate solution:

125 mL of DI water was added to 70 mL of concentrated sulfuric acid in a 500 mL conical
flask. The flask was swirled under cold tap water. 0.75 g of potassium dichromate was
added to the solution. The solution was then made up to 250 mL in a volumetric flask

with DI water.

Sodium thiosulfate solution:

A solution of 0.03 M of sodium thiosulfate was prepared by dissolving 3.72 g of sodium

thiosulfate in 500 mL distilled water in a volumetric flask.
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Potassium iodide solution:

A solution of 1.2 M of potassium iodide was prepared by dissolving 5 g of solid potassium

iodide in 25 mL of distilled water in a volumetric flask.

Preparation of sample:

0.4 g of sample of interest was dissolved in 100 mL of distilled water.

Blank titration:

A blank titration was carried by pipetting 10 mL of the dichromate solution into a 250 mL
conical flask. 100 mL of distilled water and 1 mL of iodine solution was added to the flask.
The titration was carried out by titrating the blank with the sodium thiosulfate solution.
When the colour changes from brown to yellow, a small quantity of starch was added to
the conical flask resulting in the solution changing to a dark blue. Sodium thiosulfate was
added until the solution was colourless. The volume was recorded and repeated for

concordant results.

Oxidation reaction:

1 mL of sample and 10 mL of dichromate solution was pipetted into a 250 mL conical
flask. The flask was sealed with a rubber bung and left to stir overnight. The titration
procedure was the same as the titration procedure used for the blank titration. The
titrations are governed by the following three reactions, with the end-point indicated by

the change of colour from blue to colourless.

(a) Oxidation of ethanol to ethanoic acid.

2Cr,07%” +16H* + 3C2Hs0H — 4Cr3* + 11H,0 + 3CH3COOH

(b) Determination for unreacted dichromate by adding potassium iodide solution.
Cr2072" + 14H* + 61 — 2Cr®* + 3l2 + 7H20

(c) Titration of iodine with sodium thiosulfate.

25,052 + |, — S4062 + 2I°
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5.2 Results and Discussion

5.2.1 Initial Qualitative Analysis of Hydroxyl Group Using *'P NMR

As a proof of concept that 3'P NMR can be used to distinguish between various hydroxyl
groups simple mixtures containing hydroxyl groups and model oils were studied. Both
3P and 3'P{'H} have been chosen to characterise hydroxyl groups. While 3'P{'H}
simplifies the spectrum and with a suitable pulse sequence can be used for quantification
purposes, 3'P also plays a role in the characterisation as it generates information such
as connectivity, which helps with identification of compounds. The derivatisation of
cyclohexanol with TMDP was carried out using the procedure described in Section 5.1.2
where 0.1mL of 0.1M trimethyl phosphate was added as a chemical shift standard. The
1D 3'P spectrum was used to confirm the derivatisation. The full analysis is shown in
Table 5.2.1. Figure 5.2.1 shows the stacked plot of the full spectrum of 3'P NMR and the
31P{"H} NMR of derivatised cyclohexanol. The peak at 145.19 ppm is the derivatised
cyclohexanol. Note that with 3'P NMR experiments the excitation bandwidth can cause
artefacts in peaks far from the centre of the spectrum. This was not observed in these
experiments. However, the presence of off resonance effects can be easily observed in

a series of experiments with different transmitter centres.

" (b)

3lpripy (a)

derivatised

cyclohexanol

cyclohexanol
tautomer

tautomer

TMDP 1

T T T | T T I T T T T | T T T T |
150 100 50 [ppm]
CHEMICAL SHIFT (PPM)

Figure 5.2.1 Stacked plot of the full spectrum 0-200 ppm of derivertised cyclohexanol (a) 3'P{'H}
NMR and (b) 3'P NMR. The enlarge spectrum between -5 and 30 ppm (Figure 5.2.2)
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Enlarging the spectrum between -5 and 30 ppm (Figure 5.2.2) reveals additional peaks
which could be due to the tautomerisation of TMDP (16.10 ppm) - the mechanism is
shown in Figure 2.4.16, water (15.77 ppm) and cyclohexanol (11.44 ppm). Identification
can be made based on the multiplicity pattern in the 3'P spectrum. There are also small
peak motifs in the baseline that are present in the 1D 3'"P{'H} spectrum but not the 1D
3P spectrum (Figure 5.2.2). These artefacts are known as cyclic sidebands, they are
caused by peaks with larger coupling constants (J values) of the phosphorus and proton
in the TMDP tautomer.

. (b)
A U - |
*IP{*H} (a)
TMDP tautomer
cyclohexanol tautomer
water
trimethyl phosphate unkngwn
d P O | " J L by P k " J
I | Y hd
T T | T T T U | T T T T I U T T I T T T T | T T | T T T T
25 20 15 10 5 0 [ppm]

CHEMICAL SHIFT (PPM)

Figure 5.2.2 Stacked plot of derivertised cyclohexanol between -5-30 ppm (a) 3'P{'H} NMR and
(b) 3'P NMR.
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Table 5.2.1 3'P NMR peak assignments for derivatisation of cyclohexanol using TMDP (Figure
5.2.1 is the full spectrum).

Chemical Shift (ppm) 3'PP'P Decoupled Compound
Multiplicity

-0.46 s/s Unknown

2.20 oct/s Trimethyl phosphate
(reference)

11.44 d/s Cyclohexanol/TMDP tautomer

15.77 s/s Mono-derivatised water

16.10 d/s TMDP tautomer

132.20 s/s Di-derivatised water

145.19 d/s Derivatised cyclohexanol

174.90 s/s Unreacted TMDP

5.2.2 Optimisation of CPD decoupling sequence to Reduce Cyclic
Sidebands

The cyclic sidebands of the TMDP tautomer can be reduced, a way to reduce these
artefacts would be using a higher power decoupler. But using a higher power can cause
both convection in the sample and damage to the probe. Other ways to improve the
decoupling without using a large power output is by using different decoupling
sequences. The role of the composite pulse decoupling (CPD) is to decouple the proton
from the phosphorus. CPD typically require less power and sample heating can be kept
to a minimum. Common CPDs were chosen and compared. The signal to noise ratio of
the cyclic sideband was measured and summarised in Table 5.2.2. The typical CPD
used for 3'P{'H} spectrum was the WALTZ-16.2°° The signal-to-noise ratio of the cyclic
sideband at ca. 18.45 ppm was found to be 6.19. The WALTZ-16 CPD was compared
to the related sequences, GARP (10.6), WALTZ-64 (6.08) and BI-WALTZ-16 (1.98). The
cyclic side bands in the GARP spectrum are visible even without any enlargements,
whereas they are not viable in the BI-WALTZ spectrum. Overall, it was found that the bi-
level WALTZ-16 composite decoupling pulse most effectively reduced artefacts (Figure
5.2.3).
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Figure 5.2.3 Stacked plot of 3'P{'H} spectrum from -5-30 ppm aquired using different CPD(s).

Table 5.2.2 Summary of the different CPD used and the signal to noise ratio of the cyclic
sideband at ca. 18.45 ppm.

CPD SIGNAL TO NOISE RATIO (18.45ppm)
BI-WALTZ-16 1.98
WALTZ-64 6.08
GARP 10.6
WALTZ-16 6.19

5.2.3 Optimisation of Power Levels for Bi-level WALTZ-16 CPD

Bi-level decoupling utilises a low power radiofrequency irradiation during the relaxation
delay, followed by a higher power during the acquisition in order to decouple over a wide
bandwidth.?*4 Many instrument manufacturers do not express the output power in Watts.
For example, this work is carried out on Bruker instruments, where the output power, P,

is typically express in decibels (dB). The unit is defined as

dB = -10 x log1o(P) Equation 5.2.1
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therefore, the larger the number, the lower the power. For the probe being used for most
of the work, the pre-set power levels were 5.69 dB and 8.67 dB. The first step for
optimising the power level was to understand the power required to fully decouple the
proton from the phosphorus. The aim was to decouple the peak 15.1 ppm. Figure 5.2.4
shows a stacked plot of each spectrum at the various power levels and Table 4.3.3 is a
summary of power levels used as well as the signal to noise of the cyclic side bands.
The two power levels were both set to the lowest power at 8.67 dB and incremented in
steps. It was found that at least 7 dB was required to fully decouple the proton from the
phosphorus. The second step for optimising the power level was to reduce the cyclic
sidebands around the TMDP tautomer peak at 15.10 ppm. From 7 dB the power was
incremented up to 5.69 dB which was the highest pre-set power level. The power level
was not exceeded past the pre-sets for the probe as having high currents flowing through
the coil can damage and break the probe. It was found that 5.69 dB was optimal. At 5.69
dB the cyclic sideband was the smallest with a signal to noise ratio of 2.01 compared

with at 7 dB the signal to noise ratio was 6.71.
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Figure 5.2.4 St Stacked plot of 3'P{'H} spectrum from —-5-30 ppm aquired with the bi-level
WALTZ-16 CPD at power levels between 8.67 dB and 5.69 dB.
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5.2.4 Qualitative Analysis of Different Hydroxyl Groups using 3'P
NMR and Generation of Chemical Shift Map

The choice of a bi-level CPD and power levels are now optimised with a power level of
5.69 dB. 3'P {"H} NMR can be used to identify and quantify hydroxyl groups that have
been derivatised using TMDP. As a simple test, to understand how *'P NMR can be
used in a qualitative manner looking at different hydroxyl groups, three sample were
prepared. First sample contained one alcohol, cyclohexanol. Second sample contained
two alcohols, cyclohexanol and ethanol. Third sample contained three alcohols,
cyclohexanol, ethanol and methanol. All samples were derivatised using the procedure
in Section 5.1.2. Figure 5.2.5 shows a stacked plot of the 3'P and 3'P{"H} NMR spectrum
top and bottom respectively, where each sample is colour coded cyclohexanol (black),
cyclohexanol and ethanol (blue), cyclohexanol, ethanol and methanol (red). In spectra
(a) and (b) there is a peak at 174.90 ppm and 132.20 ppm that is not present in the other
spectrum this is the unreacted TMDP and di-derivatised water respectively. Figure 5.2.6
shows the same stacked plot from 140-150 ppm. In all spectra at 145.19 ppm there is
a singlet and doublet respectively. The doublet corresponds to the derivatised
cyclohexanol following the n+1 rule, where the phosphorus is coupled to a proton. In
spectrum (c) and (d) as well as (e) and (f) at 146.73 ppm there is a singlet and triplet
respectively. The triplet corresponds to the derivatised ethanol where the phosphorus is
coupled to two protons. In spectrum (e) and (f) at 148.03 ppm there is a singlet and
quartet respectively. The triplet corresponds to the derivatised methanol where the
phosphorus is coupled to three protons. These peak motifs are also repeated more
shielded (see Figure 5.2.7), doublet (11.44 ppm), triplet (12.42 ppm), and quartet (13.35
ppm). These could be tautomers of the derivatised alcohols. There is also a singlet and
singlet at 15.77 ppm in spectrum (a) and (b) as well as (c) and (d), this corresponds to
the mono-derivatised water tautomer. At 16.10 ppm there is a doublet in the 3'P spectrum
and a singlet in the 3'P{'H} this corresponds to the TMDP tautomer. Overall using 3'P

NMR can be used to distinguish between different hydroxyl groups.
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Figure 5.2.5 Stacked plot of full spectrum from 0-200 ppm (a) 1D 3'P{'H} spectrum of derivatised
cyclohexanol (b) 1D 3'P spectrum of derivatised cyclohexanol (c) 1D °'P{'H} spectrum of
derivatised cyclohexanol and ethanol (d) 3'P spectrum of derivatised cyclohexanol and ethanol
(e) 1D 3'P{'H} spectrum of derivatised cyclohexanol, ethanol and methanol (f) 1D 3'P spectrum
of derivatised cyclohexanol, ethanol and methanol. From 140-150 ppm in orange is expanded in
Figure 4.3.6, and 10-20 ppm in green is expanded in Figure 4.3.7.
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Figure 5.2.6 Stacked plot of spectrum from 140-150 ppm (a) 1D 3'P{'H} spectrum of derivatised
cyclohexanol (b) 1D 3'P spectrum of derivatised cyclohexanol (c) 1D 3'P{'H} spectrum of
derivatised cyclohexanol and ethanol (d) 3'P spectrum of derivatised cyclohexanol and ethanol
(e) 1D 3'P{'H} spectrum of derivatised cyclohexanol, ethanol and methanol (f) 1D 3'P spectrum
of derivatised cyclohexanol, ethanol and methanol.
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Figure 5.2.7 Stacked plot of spectrum from 10-20 ppm (a) 1D 3'P{'H} spectrum of derivatised
cyclohexanol (b) 1D 3'P spectrum of derivatised cyclohexanol (c) 1D 3'P{'H} spectrum of
derivatised cyclohexanol and ethanol (d) 3'P spectrum of derivatised cyclohexanol and ethanol
(e) 1D 3'P{'H} spectrum of derivatised cyclohexanol, ethanol and methanol (f) 1D 3'P spectrum
of derivatised cyclohexanol, ethanol and methanol.

Having shown that 3'P NMR can be used to distinguish between different derivatised
alcohols, the next step is to develop a comprehensive chemical shift map using known
literature data and 10 other model compounds containing alcohol groups. The
derivatisation of model compounds followed by 3'P NMR analysis was used to produce
a chemical shift map which will later be used for identification and integration. Figure
5.2.8 shows the stacked plot of the derivatised model compounds. A summary of the
chemical shifts can be found in Appendix 3 where all chemical shifts were referenced
using the di-derivatised water signal (-132.2 ppm). The chemical shifts for the TMDP
derivatised primary alcohol are ca. 146.1 to 148.0 ppm, TMDP derivatised secondary
alcohol is ca.144 to 146.0 ppm, TMDP derivatised tertiary and aromatic alcohols
(phenols) is ca. 137.7 to 142.2 ppm and TMDP derivatised carboxylic acids is ca. 134.3
to 136 ppm. A summary of the chemical shift from this study and chemical shifts reported

in Li et al > (Appendix 3) are represented in a schematic diagram (Figure 5.2.9).
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Figure 5.2.8 Stacked plot of 1D 3'P NMR and 3'P {TH} NMR spectra of derivatised ten model
compounds containing alcohol groups with chemical shift reference di-derivatised water (-132.2
ppm). *The di-derivatised water used for chemical shift referencing.
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Figure 5.2.9 Schematic representation of 3'P NMR chemical shift regions for alcohol containing
compounds derivatised using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP)

5.2.5 3P Inverse Gated Decoupling for gNMR

3P NMR can be used to distinguish various hydroxyl groups as shown in Section 5.2.4.
More importantly quantifying these oxygen-containing compounds will help understand
the acidity of the oils. Cyclohexanol was derivatised using the methods outlined in
Section 5.1.2, with NHND as an internal standard for quantification. For quantification
purposes 3'P inverse gated decoupling sequence was used to reduce any signal induced
by NOE. Figure 5.2.10 (a) shows the derivatised cyclohexanol, however none of the
other species present was derivatised. More TMDP was added and left to react for
another 10 minutes. Figure 5.2.10 (b) shows the fully derivatised sample. For
quantitative purposes it is important for the excess TMDP peak to be present at ca.

174.93 ppm to ensure that all species have been fully derivatised.
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Figure 5.2.10 Stacked plot of the full 3'P{'"H} NMR spectrum 0-200 ppm of derivatised
cyclohexanol (a) partial dervatisated (not enough TMDP was added) (b) fully derivatisated
(excess TMDP was added)

Unlike other techniques such as gas chromatography where a calibration curve is
required to enable quantification, NMR integrals in gNMR techniques are quantitative.
To understand how accurate the quantification technique is, a calibration curve should
be produced for a range of concentrations. Concentrations up to 1 M of cyclohexanol
was prepared in a pyridine and CDCIs mixture. The samples were derivatised using the
methods outlined in Section 5.1.2. The integrals of the peak of interest were compared
with the integral of the internal standard. Different approaches have been discussed in
literature used to determine the amount of internal standard that should be used but
none have a definitive answer.?*6 One way to determine the amount of internal standard
is through an experimental design in order to determine the optimal concentration
needed. 247- 248 Some studies suggests that to improve the accuracy a large amount of
the internal standard should be added.?*® However, Haefelfinger et al. suggests that the
internal standard peak height should be similar to that of the analyte of interest.? In this
study, the internal standard signal should be similar to the peaks of interest because if a
large amount of internal standard was used the signals of the analyte would be lower,

resulting in inaccuracies.
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The actual moles are calculated using the following equations:

M (9)
(NHND)
N(NHND in solution) (mm‘)l) = 179.17 (g/mol) X 97% x 1000 Equation 5.2.2

N(NHND in NMR sample) (mmol) = Equation 5.2.3
n(NHND in solution) (mmoD
M(IS solution) (g)

X M(O.l mL of IS solution) (g)

R = Ion Equation 5.2.4
Inunp
mmol of OH per gram of sample = Equation 5.2.5

R X N(NHND in NMR sample) (mmOl)
Dry weight of Sample (g)

The calibration curve was created using a larger range of concentrations to gauge how
accurate the technique can be, especially at lower concentrations. The lower
concentrations are chosen to reflect typical ranges for bio-oils reported in literature'?.
Figure 5.2.11 shows the calibration curve between 0 moles and 9.84 x 1074 moles. The
calibration curve had a R?=0.99 and all the points lay inside the orange shaded region
which shows the 95% confidence. There are deviations in the calculated moles
compared to the theoretical moles, which is summarised in Table 5.2.3. Overall, 3'P NMR
can accurately predict the hydroxyl content in a sample however, limitations of the
technique must be considerations when the hydroxyl content are at very low

concentrations.
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Table 5.2.3 Theoretical and calculated moles based on the intgral ratio of -OH and NHND for a
range of concentration from 0.01 — 1 M.

Concentration  Theoretical Integration Calculated Percentage
(M) moles (mol)  Ratio low/lvuno moles (mol) difference
compared to
theoretical
(%)
1.00** 0.000984 248.9696 0.001020 3.66
0.75 0.000738 174.7620 0.000723 -2.04
0.50 0.000492 130.0000 0.000541 9.95
0.25 0.000246 62.2294 0.000261 5.88
0.10 0.000098 18.9771 0.000081 -18.05
0.075 0.000074 17.9000 0.000075 2.18
0.05 0.000049 10.5329 0.000044 -10.46
0.025 0.000025 6.2329 0.000026 6.43
0.00 0 0.0000 0 0
0.0010
0.0008
g 0.0006 |
& 0.0004 |
0.0002 |
0.0000 kf

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

Measured moles

Figure 5.2.11 Calibration curve of 3'P gNMR. The predicted moles vs the measured moles
calculated from the integral ratios between the derivatised cyclohexanol and NHND.

5.2.6 Qualitative 3'P NMR analysis of a model pyrolysis oil

Qualitative analysis of singular and simple alcohol mixtures using 3'P NMR techniques
were proven successful in Section 5.2.4. Mixtures of model organic compounds were
prepared to simulate dewatered bio-oil. Various oxygenated compounds were chosen
based on bio-oil composition reported in the literature.?®' Two different model oils with

different compositions were prepared. The components of the two model oils are
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summarised in Table 5.2.4. Model bio-oil 1 was composed of furfural, acetic acid, phenol
and ethanol. Model oil 2 was made up of acetic acid, guaiacol, methanol, cyclohexanol,
and furfural. Heptane was added to represent the non-oxygenated compounds in bio-oil.
Figure 5.2.12 shows the full 3'P spectrum for both oils, the area of interest from 130-160
ppm in orange is expanded in Figure 5.2.13, and from —-5-30 ppm in green is expanded
in Figure 5.2.14. The qualitative analysis is summarised in Table 5.2.5. Similar to Section
5.2.4 the compounds produced main peaks between 130 — 180 ppm where chemical
shifts were compared to chemical shift map produced earlier.?*> Similar patterns were
repeated in the more shielded region between 0 — 20 ppm. However, in this case it was
harder to identify the individual peaks in the shielded region. Firstly, data was typically
acquired between 120 ppm to 200 ppm in literature, therefore there are no chemical shift
reports between 0 — 30 ppm. Secondly, as the phosphorus is not coupled to hydrogen,
only singlet peaks were produced in both 3'P and the 3'"P{'H}, this results in an increase

in difficulty in peak assignments.

Table 5.2.4 Composition of Model Oil 1 and Model Oil 2.

Model Oil 1 Composition Model Oil 2 Composition
Acetic acid Acetic acid
Phenol Guaiacol
Ethanol Methanol
Furfural Cyclohexanol
Heptane Furfural
Heptane
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Figure 5.2.12 Stacked plot of full spectrum from -20-200 ppm (a) 1D 3'P{'H} spectrum of
derivatised model oil 1 (b) 1D 3'P spectrum of derivatised model oil 1. From 130-160 ppm in

orange is expanded in Figure 4.3.11, and —5-30 ppm in green is expanded in Figure 4.3.12.
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Figure 5.2.13 Stacked plot of spectrum from 130-160 ppm (a) 1D 3'P{'H} spectrum of derivatised

model oil 1 (b) 1D 3'P spectrum of derivatised model oil 1.
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Figure 5.2.14 Stacked plot of spectrum from —5-30 ppm (a) 1D 3'P{'H} spectrum of derivatised
model oil 1 (b) 1D 3'P spectrum of derivatised model oil 1. *unknown peaks
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Table 5.2.5 3'P NMR assignment of model oil 1.

31p/ 31p Decoupled 31p/ 31p Decoupled Multiplicity Compound
Chemical Shift (ppm)
-0.39 singlet/singlet Unknown
3.07 singlet/singlet Unknown or acetic
acid/TMDP tautomer
6.73 singlet/singlet Unknown or
phenol/TMDP tautomer
7.56 singlet/singlet Unknown or
furfural/TMDP tautomer
12.43 triplet/singlet Ethanol/TMDP tautomer
15.82 singlet/singlet Mono-derivatized water
16.12 doublet/ singlet TMDP tautomer
132.20 singlet/singlet Di-derivatised water
134.62 singlet/singlet Derivatised acetic acid
138.05 singlet/singlet Derivatised phenol
146.66 triplet/singlet Derivatised ethanol
146.97 singlet/singlet Derivatised furfural
150.00 doublet of doublet/doublet Derivatised furfural
151.84 singlet/singlet NHND internal standard
174.93 singlet/singlet Unreacted TMDP

Model bio-oil 2 was composed of furfural, acetic acid, guaiacol, cyclohexanol and
methanol. Figure 5.2.15 shows the full 3'P spectrum for both oils, the areas of interest
from 130-160 ppm in orange are expanded in Figure 5.2.16, and those from —5-30 ppm
in green are expanded in Figure 5.2.17. The qualitative analysis is summarised in Table
5.2.6. Similar to model bio-oil 1, the compounds in model bio-oil 2 produced significant
peaks between 130 — 10 ppm where chemical shifts were compared to Li et al.?*> Similar
patterns were repeated more shielded between -5 - 30 ppm. Again, it was hard to assign
the singlets found at the low chemical shift. In order to assign them, each compound will
need to be analysed separately to deduce accurate chemical shift values for compounds
shielded.
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Figure 5.2.15 Stacked plot of full spectrum from -20-200 ppm (a) 1D 3'P{'H} spectrum of
derivatised model oil 2 (b) 1D 3'P spectrum of derivatised model oil 2. From 130-160 ppm in

orange is expanded in Figure 4.3.15, and —5-30 ppm in green is expanded in Figure 4.3.15.
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Figure 5.2.16 Stacked plot of spectrum from 130-160 ppm (a) 1D 3'P{'H} spectrum of

derivatised model oil 2 (b) 1D 3'P spectrum of derivatised model oil 2.
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Figure 5.2.17 Stacked plot of spectrum from —5-30 ppm (a) 1D 3'P{'H} spectrum of derivatised
model oil 2 (b) 1D 3'P spectrum of derivatised model oil 2. *unknown peaks.
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Table 5.2.6 3'P NMR assignment of Model oil 2.

31p/ 31p Decoupled 31p/ 31p pecoupled Compound

Chemical Shift (ppm) Multiplicity

-0.39 singlet/singlet Unknown

3.14 singlet/singlet Unknown or acetic acid/TMDP
tautomer

6.73 singlet/singlet Unknown or guaiacol /TMDP
tautomer

13.56 Quartet/singlet Methanol/TMDP tautomer

15.82 singlet/singlet Mono-derivatized water

16.12 doublet/ singlet TMDP tautomer

132.20 singlet/singlet Di-derivatized water

134.62 singlet/singlet Derivatized acetic acid

139.75 singlet/singlet Derivatized guaiacol

145.13 doublet/singlet Derivatized cyclohexanol

146.97 singlet/singlet Derivatized furfural

148.99 quartet/singlet Derivatized methanol

150.00 doublet of Derivatized furfural

doublet/doublet
151.84 singlet/singlet NHND internal standard
174.93 singlet/singlet Unreacted TMDP

Overall, 3'P NMR techniques were able to distinguish between different derivatised
alcohol containing compounds in simple mixtures, providing structural information about
the alcohol themselves. 3'P gNMR was also able to provide accurate qualitative data on
the amount of hydroxyl content, however, there is a limitation to detection, as a result,

data should not be over interpreted especially at lower concentrations.

5.2.7 Analysis of Hand Sanitisers

Pyrolysis oils contain hundreds of small alcohols and are very complicated samples.
Therefore, hand sanitisers were used for this study as an intermediate complex sample.
The active ingredients in hand sanitiser are ethanol, isopropyl alcohol, and n-propanol.

Glycerol is a tri-alcohol, and this is added to hand sanitisers to prevent skin dryness.
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One analytical technique that could be used to analyse the alcohol content of the hand
sanitisers is NMR. However, 'TH NMR alone can be difficult to interpret when it comes to
mixtures. In addition, the ethanol peaks are so large, they can crowd out and overlap
with peaks from less concentrated species present. Figure 5.2.9 shows a '"H NMR of a
hand sanitiser, where the peats at 1.19 ppm and 3.63 ppm belongs to the ethanol. There
are some overlaps between the regions of 3.5 — 4 ppm, where the species are less
concentrated making them difficult to identify and quantify. Quantitative analysis of
alcohol content can also be determine using redox titration methods, however, these
methods tend to be laborious. Therefore, 3'P derivatisation methods followed by NMR
analysis could be a quicker alternative to identify and quantify alcohols present in hand

sanitizers.

T 1 1 T T \
6 5 4 3 2 1 0

CHEMICAL SHIFT {ppm)

Figure 5.2.18 "TH NMR spectrum of hand sanitiser (Garnier) with TMS as chemical shift
reference (0 ppm).

5.2.7.1 Redox Titration
As described in the introduction, the alcohol content can be determined using redox

titration methods. The reactions were carried out as described in Section 5.1.3. Each
reaction was completed in triplicate and an average was taken. An example of how the %
(w/w) of alcohol content was calculated is shown below and the results are summarised
in Table 5.2.7. All data can be found in Appendix 3 (Section A3.4), where the error is the

total apparatus error.

Sample (hand sanitiser) mass: 0.406g in 100 mL - 0.00406g in 1 mL

Initial amount of Cr.O72":
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10 .
n=CV=0.01Mx 1000 = 1 x 10~% moles Equation 5.2.6

Titre: 12.4 cm?® of 0.03 M thiosulfate need for titration for Garnier sample

Moles of thiosulfate:

12.4 .
n=CV =0.03M x 1000~ 3.72 x 10~* moles Equation 5.2.7

6 moles of S;03%" reacts with 1 mole of Cr.07%>~, Cr0;?~ remaining:

3.72x107*
- .

Equation 5.2.8
= 6.2 X 107° moles

Moles of Cr.O72~ reacted with alcohol:

1x107% - 6.2x 1075 = 3.8 X 1075 moles Equation 5.2.9

Moles of ethanol in the hand sanitiser: 2:3 ratio

3.8%x 107> x 1.5 = 5.7 x 10~° moles Equation 5.2.10

Mass of ethanol in hand sanitiser: (MWeihano = 46.07 gmol")

m=57X%X10"> X 46.07 = 2.626 X 1073g Equation 5.2.11

Ethanol (%w/w):

2.626 x 1073 |
2406 x10-3 * 100 = 64.4 Equation 5.2.12

Table 5.2.7 Summary of the alcohol content of different hand sanitisers determined by redox
titration.

Hand sanitiser Average of the amount alcohol using
titration
Yo (W/w)
Garnier 64.4 + 3.27
Carex 69.5 £ 3.52
Cuticura 56.3 £ 2.86
BondLoc 71.1 £ 3.61

5.2.7.2 Qualitative 3'P NMR Analysis
All four different hand sanitisers were derivatised and analysed using 3'P NMR methods

outlined in Section 5.1.2. Figure 5.2.19 shows the *'P {"H} NMR spectra for each hand

sanitiser, (a) Garnier, (b) Carex, (c) Cuticura and (d) Bondloc. Chemical shift for all
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spectra were referenced using the di-derivatised water peak at 132.2 ppm. Each sample
contains an internal standard derivatised NHND at 151.8 ppm, this is later used for
quantification. The derivatised ethanol peak can be found at 146.6 ppm in all samples.
The peaks at 147.4 ppm and 146.3 ppm belong to the derivatised glycerol. In the
Cuticura sample, shown in Figure 5.2.19 (c¢), has an additional peak at 145.6 ppm. Both
the chemical shift and 3'"P NMR spectrum (Figure A3.7 (b)), where the singlet peak splits
into a doublet, suggest it is a secondary alcohol. However, it is inconclusive whether this
peak belongs to 2-propanol, typically at 145.2 ppm, or 2-butanol, typically found at 145.8
ppm. The Bondloc sample shown in Figure 5.2.19 (d) also contains an additional peak
at 145.1 ppm where the singlet peak splits into a doublet in the 3'P NMR spectrum
(Figure A3.7 (d)). Based on that information, it is likely that the peak at 145.1 ppm

belongs to 2-propanol.

(a) **P {"H} NMR Spectrum of derivatised Hand Sanitiser {Garnier) () 3P {*H} NMR Spectrum of derivatised Hand Sanitiser (Carex)
Derviatised ethanol Derviatised ethanol
Di-derivatised
water
atisad el | . . Derivatised glycerol
Derivatised glycerol o lederlvzi[‘msed Derivatised glycerol
U[’envahsed glycerol water Derivatised NHND J
Derivatised NHND J |
i il \
160 155 150 15 190 135 130 160 155 150 145 140 135 130
CHEMICAL SHIFT (ppm) CHEMICAL SHIFT (ppm)
{c) *'P {"H} NMR Spectrum of defivatised Hand Sanitiser {Cuticura} (d) P {*H} NMR Spectrum of derivatised Hand Sanitiser (Bondloc)
Derviatised sthanol Derviatised ethanol
Di-derivatised Di-derivatised
water water
Derivatised glycerol Derivatised glycerol -
Derivatised glycerol B Derivatised glycerol
Derivatised NHND unknown
‘_Jl l‘mknown Derivatised NHND JL | J
| - i i -
16¢ 155 150 15 140 135 130 160 155 15¢ 145 120 15 130
CHEMICAL SHIFT (ppm) CHEMICAL SHIFT {ppm)

Figure 5.2.19 3'P {1H} spectrum of hand sanitisers derivatised with TMDP (a) Garnier (b) Carex
(c) Cuticura (d) Bondloc.

5.2.7.3 Quantitative 3'P NMR Analysis
The ethanol content of four hand sanitisers i.e Garnier, Carex, Cuticura and Bondloc can

be found using 3'P gNMR methods. Figure 5.2.20 shows a 3'P {'"H} NMR spectrum of
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derivatised Garnier hand sanitiser. The derivatised NHND peak and derivatised ethanol
peak were integrated, where the integration ratio is 37.8. All data for the other hand
sanitisers are located in Appendix 3. The estimation of ethanol is based on the

integration ratio internal standard (ca. 151 ppm) used and ethanol peak.

31p (IH} NMR Spectrum

Derivatised Hand Sanitiser (Garnier)

—

=4.0000
577918 S

\ \ T T T 1
180 170 160 150 140 130

CHEMICAL SHIFT (ppm)

Figure 5.2.20 3'P {TH} NMR spectrum of hand sanitiser (Garnier) derivatised with TMDP, where
the intergrated peak at 151.8 ppm is the derivatised NHND, the intergal set to 1.000 and the
intgrated peak at 146.6 ppm, integral calculated as 37.79 is the derivatised ethanol.

An example of how the %(w/w) of ethanol was calculated using the integration is
shown below.

Internal Standard:

m
= —X ity X 1000 =
TINHND = 2 2 PUTILY Equation 5.2.13

0.0388 X 97% x 1000 = 0.21 1
179.17 0 - Yol mmo

Quantity of IS in NMR tube:

Nygnp X M(O.l mlL of IS solution) _

NNHND in NMR tube =

Equation 5.2.14

MIS solution
0.21 x 0.1125

5513 = 0.00940 mmol
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Integration ratio:

R= 37.8 (integration from NMR) Equation 5.2.15

Moles of ethanol (mmol):

n _ R X TLNHND in NMR tube _ 37.8 X 0.00940 Equatlon 5216
on Mpanasanitser 0.0263
= 13.5156 mmol g~*
Convert mmol/g to %(w/w) by multiplying by the molecular mass:

13.5156
1000

= 0.0135156 mol g1 Equation 5.2.17

0.0135156 mol g=t x 46.07 gmol™! x 100 = 64.4 % Equation 5.2.18

Using redox titration method (Section 5.1.3), the Garnier branded hand sanitiser was
determined to contain 64.4 + 3.3 %(w/w) alcohol content. From 3'P {TH} NMR spectrum
it was found that the hand sanitiser contains ethanol and glycerol and the ethanol content
determined from was found to be 63.3 + 1.9 % (w/w). Both methods were comparable
to the label stating that the hand sanitiser should contain 62.4 % (w/w) ethanol. Similarly,
using titration methods, the Carex branded hand sanitiser was determined to contain
69.5 £ 3.5 % (w/w) alcohol content. From 3'P {"TH} NMR spectrum it was found that the
hand sanitiser contains ethanol and glycerol and the ethanol content determined from
was found to be 70.8 £ 2.2% (w/w). Both methods were comparable to the label stating
that the hand sanitiser should contain 70 % (w/w) ethanol. Using titration methods, the
Cuticura branded hand sanitiser was determined to contain 56.3 + 2.9 % (w/w) alcohol
content. From NMR methods it was found that the hand sanitiser contains derivatised
ethanol, glycerol peak and additional alcohol peak. The ethanol content determined was
found to be 55.9 + 1.8 % (w/w) and additional alcohol was found to be 0.4 £ 1.8 % (w/w),
therefore a total of 56.3 % (w/w). Both methods estimated the same amount of alcohol
content in then hand sanitiser, it was also similar to the label stating that the hand
sanitiser should contain 57.5% (w/w) ethanol. Using titration methods, the Bondloc
branded hand sanitiser was determined to contain 71.1 £ 3.6 % (w/w) alcohol content.
From NMR methods it was found that the hand sanitiser contains derivatised ethanol,
glycerol peak and additional alcohol peak. The ethanol content determined was found to

be 70.3 £ 2.1 % (w/w) and unknown alcohol was found to be 2.6+ 2.1 % (w/w), therefore
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a total of 72.9 % (w/w). Both methods estimated the same amount of alcohol content in
then hand sanitiser, it was also similar to the label stating that the hand sanitiser should
contain 70%(w/w) ethanol. *'P derivatisation reactions typically take ca. 15 minutes
compared to oxidation of alcohol followed by titration where the reaction typically takes
over ca. 12 hours. Overall, the ethanol content determined using 3'P NMR techniques
were comparable to the redox titration methods. These were also compared to the label
on the hand sanitiser and both methods agree with the label. This is summarised in
Figure 5.2.21, note that the bars representing the alcohol content obtained from 3'P NMR
for the Cuticura and Bondloc are shown in turquoise and grey representing the two
different alcohols present. The advantage of NMR techniques compared to titration
methods is the ability to distinguish between different types of alcohol groups and thus

quantifying them individually.

W Label = *PNMR Redox titration
100

8

3

=3 ES
@ ==

=

o

O

©°

~
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Garnier Carex Cuticura Bondloc

Hand Sanitiser

Figure 5.2.21 Graph comparing the quantification of ethanol in different brands of hand
sanitisers using 3'P NMR methods and redox titration methods.

5.2.8 3'P NMR Analysis of Pyrolysis Oil

3P NMR techniques were applied to a bio-oil produced from a spruce feedstock. The
samples were derivatised using the method in Section 5.1.2. Figure 5.2.22 shows the
stacked plot of the 3'P NMR and 3'P {"H} NMR spectrum of derivatised bio-oil produced
from spruce. The decoupled spectrum shows a sparser, simplified, spectrum. The
hydroxyl groups are assigned based on chemical shift values reported in literature and
chemical shift map produced in Section 5.2.42%, |t is difficult to identify and distinguish

individual compounds when a spectrum is crowded. This is one of the main reasons 'H
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NMR struggles to identify compounds mixtures like bio-oil. For 3'P gNMR analysis, the
spruce oil was found to contain 0.00315 mol g™ of primary alcohol, 0.00038 mol g™
secondary alcohol, 0.00126 mol g~' of tertiary/aromatics alcohols and 0.00029 mol g~*
of carboxylic acids. These were calculated based on the integration regions shown in
Figure A3.11.

Carboxylic 4cid (b)

31P
Phenol
Derivertised h\

MWM dWALWLLm._Ju

31P{1H} Carboxylic acjd (a)

Phenol ’—“—\

Derivertised Aliphatic
NHND ‘\

L

150 145 140 135 [ppm]
CHEMICAL SHIFT (PPM)

Figure 5.2.22 Stacked plot of spectrum from 130-160 ppm (a) 1D 3'P{'H} spectrum of derivatised
bio-oil produced from spruce feedstock (b) 1D 3'P spectrum of derivatised bio-oil produced from
spruce feedstock.

5.3 Conclusion
This chapter introduces and improves current 3'P NMR methodologies for the

characterisation of bio-oil. '"H NMR struggles to distinguish between various hydroxyl
groups in the sample. Derivatisation of only the hydroxyl groups using *'P-contianing
agents result in a single peak for each hydroxyl group in the sample. To further reduce
the crowding of the spectrum, 3'P{'H} NMR was employed. An inverse gated sequence
can be used to acquire quantitative data. The 3'P and 3'P{'H} experiments were
optimised, and the bi-level WALTZ-16 composite decoupling pulse was used to minimise
spectral artefacts that arise from compounds with larger coupling constants. When
model oils were studied, additional peaks were observed at low chemical shifts, which

could be due to either rearrangement or tautomerisation of the derivatised compound.
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Overall, 3'P NMR enabled the qualitative analysis of alcohol containing samples in both
hand sanitisers and pyrolysis oils. For real-world samples such as hand sanitiser, 3'P
gNMR techniques were used to detect alcohol level accurately. These findings were also
compared to label on the sample and more traditional methods such as oxidation

followed by redox titration.

When it came to the identification of peaks in real hand sanitisers, the major limitation is
that the chemical shift range of secondary alcohols are close together and all secondary
alcohols would exhibit the same splitting pattern. For example, the Bondloc sample
contains an extra peak at 145.1 ppm. Based on purely 1D 3'P NMR data, chemical shift,
and splitting pattern, it is determined likely to belong to 2-propanol. However, other
possibilities remain. This chapter introduces the foundations for further development of
methodologies such as 3'P DOSY. By developing diffusion-based techniques, such as
3P DOSY, it will enable the estimations of molecular weights of compounds, and thus,
confirming species present in bio-oil. By coupling chemical shift values as well as
molecular weight information, this should enable ease of identification of oxygenated

species present. Development of these methods will be explored in the next chapter.
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6.1 Introduction

Chapter 5 explored the use of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) to selectively derivatise hydroxyl groups followed by 3'P {"H} NMR. 3'P NMR
has a larger chemical shift range than '"H NMR, which increases the chemical shift
dispersion. Using *'P {TH} NMR experiments, decoupling significantly simplifies the
spectrum easing the analysis. The resulting spectrum with fewer peaks, decoupling to
remove multiple signals and larger chemical shift ranges all combine to produce a
sparser spectrum. The selection of only the hydroxyl groups also simplified the spectrum
and allows the identification of different alcohols. However, as shown in previous
chapter, based on chemical shift, and coupling information alone, there remains some

ambiguity in identifying the all the alcohols present in the hand sanitisers samples.

Molecular self-diffusion in a liquid originates from the random movement of the
molecules present. Encoding spatial information using gradients in diffusion-based
experiments enable the separation of signals in a second, diffusion, dimension resulting
in further simplification and improved resolution. Diffusion coefficients provide
information on the molecules’ size, shape, and environment. There is a general
correlation between molecular mass and the speed at which a molecule travels in
solution, i.e the larger the molecule, the slower it moves and the small the molecule, the
fast it moves through solution. This, in turn, infers chemical information, such as the
molecular weight. In this chapter, the developments of 3'P DOSY experiments and the
use of internal calibration are explored to estimate molecular weights of unknown

species.

6.2 Experimental

6.2.1 Materials

All reagents used as model compounds were obtained commercially, the origin and
purity of these compounds used in this study are reported in the Appendix 3 (Table A3.1).
Acros organics supplied Tetramethyl silane, 99.9 %, chloroform-d (CDCls), 99.8% and
pyridine, 99.5%, extra dry over molecular sieve. Chromium(lll) 2,4-pentanedionate,97%
was purchased from Fischer Scientific. Trimethylphosphate 299%, 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (TMDP), 95%, endo-N-hydroxy-5-norbornene-2,3-

dicarboximide (NHND) was purchased from Sigma-Aldrich.
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6.2.2 Methods

The following procedure for derivatisation is the same as Section 5.2.2

Solvent A

A stock solvent solution of 1:1.6 volume ratio of CDCIs and anhydrous pyridine was

prepared and dried over molecular sieves.

Internal Standard:

0.1M internal standard was prepared by adding NHND (0.018 g) to solution A (1 mL). A
relaxation agent, chromium (lll) 2,4-pentadienoate (5 mg) was dissolved in the solution.
The weight of the entire solution was recorded. The internal standard was stored over

molecular sieves.

Derivatisation reaction:

IS solution (0.1 mL) was transferred into a glass vial equipped with a PTFE-lined silicone
septum. The weight of the 0.1 mL IS solution was recorded. Bio-oil (30 mg) was weighed
into the same vial. The actual weight of the sample was recorded. Solvent A (0.7 mL)
was added using a gastight syringe into the same vial and was left stirring until the
mixture was homogenous. For the derivatisation reaction an excess of TMDP (ca. 0.2
mL) was added using a gastight syringe. The reaction was left for 10 minutes to stir. The
solution was then transferred to a 5 mm NMR tube using a Pasteur pipette and analysed
immediately because the phosphitylation derivative of NHND is not stable over a long

period of time.

NMR Analysis:

All NMR acquisition were acquired using Bruker AVANCE 300 MHz equipped with a
5mm PABBO BB-1H Z-GRD probe. The z-gradient coil producing a calibrated maximum
gradient of 55.7 G cm™".252 Data was acquired using 10 increments, equally spaced in
gradient squared. All data was measured at 298 K. For all data acquired using Oneshot

sequences, gradient ranged from 20% to 80% of the maximum. For all data acquired
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using convection compensated sequences, gradient ranged from 10% to 90%. The error
in width of peak is calculated based on the fit of the data to the Stejskal-Tanner (Equation
2.4.3). All diffusion data was processed using DOSYToolBox 253, where 5 Hz of line

broadening was used.

6.3 Results and Discussion

6.3.1 Development of 3'P DOSY pulse sequence

6.3.1.1 3P Oneshot Sequence
Trimethyl phosphate (TMP) was chosen as the test compound for the development of

the 3'P DOSY sequence as it is an inert, simple molecule that contains both hydrogen
and phosphorus atoms. As it is single compound, regardless of nuclei chosen, the
measured diffusion coefficient of both nuclei should be the same. The 3'P Oneshot
diffusion sequence is based on the 'H Oneshot sequence.?®' The observed nuclei added,
were changed from proton to phosphorus with the proton decoupled using an inverse
gated decoupling pulse sequence. The decoupler was optimised in Chapter 5. The full

pulse sequence for BRUKER instruments can be found in Appendix 4.

90° 180° 90° 90° 180°

N N [

WALTZ-32

A AL

SRV Vi

Figure 6.3.1 Oneshot pulse sequence for measuring diffusion coefficient with a WALTZ-32
decoupling sequence. The gradient pulse has a duration of 6. The gradient strength is changed
by an imbalance factor (a). Any magnetisation not refocused by 180° pulse will be de-phased by
the intensity factor 1+ a and 1- a and the two other gradients by the intensity 2a. The diffusion
delay A and 1 is an intergradient within the bipolar gradient pulse.

The diffusion coefficient of trimethyl phosphate in DO was measured at 298 K using the
'H Oneshot diffusion sequence. The doublet peak at 3.7 ppm belongs to the trimethyl
phosphate and the diffusion coefficient was found to be 7.70 £ 0.01 x 107" m?s~". The
diffusion coefficient was then measured using the 3'P Oneshot sequence. The singlet

peak at 2.23 ppm belongs to the trimethyl phosphate, where the diffusion coefficient was
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found to be 7.62 £ 0.02 x 1071 m2s~1. Therefore, it was found that the diffusion coefficient

of trimethyl phosphate in DO for both 'H and 3'P diffusion experiments were concordant.

'H Oneshot DOSY 31p Oneshot DOSY
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Figure 6.3.2 "H DOSY spectrum of trimethyl phosphate in D20 acquired using Oneshot sequence

(left hand side) and 3'P DOSY spectrum of trimethyl phosphate in D20 acquired using Oneshot
sequence (right hand side).

However, the derivatisation reaction in Chapter 5 is not carried out in DO, but a mixture
of CDCI3 and pyridine. Therefore, to test the robustness of the sequence, the diffusion
coefficient of trimethyl phosphate dissolved in pyridine-ds and CDCl; was measured. It
was found that the diffusion coefficients of trimethyl phosphate in pyridine-ds for 'H and
3P Oneshot diffusion experiments were 12.9 £ 0.03 x 107"° m?s™" and 24.9 + 0.22 x
107" m?s™1, respectively. The diffusion coefficient of trimethyl phosphate in CDCI; for 'H
and *'P Oneshot diffusion experiments were 24.5 £ 0.14 x 107" m?s~'and 28.3 £ 0.48
x 1079 m2 s~ respectively. For both solvents, diffusion coefficient increased in the 3'P
Oneshot DOSY experiment compared to the 'H Oneshot DOSY.
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'H Oneshot DOSY 31p Oneshot DOSY
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Figure 6.3.3 '"H DOSY spectrum of trimethyl phosphate in pyridine-ds acquired using Oneshot
sequence (left-hand side) and 3'P DOSY spectrum of trimethyl phosphate in pyridine-ds acquired
using Oneshot sequence (right-hand side).
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Figure 6.3.4 "H DOSY spectrum of trimethyl phosphate in CDCls acquired using Oneshot
sequence (left-hand side) and 3'P DOSY spectrum of trimethyl phosphate in CDClI3 acquired
using Oneshot sequence (right-hand side).

Usually, a larger diffusion coefficient suggests that the solute is moving quicker. This
could be due to different reasons, such as the size of the solute, viscosity of the solvent
or temperature of the sample. The size of the solute can be ruled out because the H and
P nuclei are from the same species. A composite pulse decoupling (CPD) is used to
decouple the proton from the phosphorus simplifying the spectrum. The decoupler
requires a small amount of power, potentially heating the sample. As a result, there may
be a greater chance of convection causing the molecules to diffuse faster than

expected.'33
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6.3.1.2 Convection
Liquid state NMR experiments are susceptible to temperature variation in the sample.

This is especially true for experiments that uses pulsed field gradients such as diffusion
NMR experiments, even though the temperature of the NMR experiments can be
controlled using the variable temperature unit, the flow of gas enters at the base of the
probe which can result in the base of the sample being cooler than the top. Any
temperature gradient in the sample will lead to a convective liquid. Resulting in problems

such as signal loss and an overestimation of diffusion coefficients.

The most well-known form of convection is known as Rayleigh-Bénard convection, which
arises when the sample at the bottom of the tube is warmer than the top. The warmer

liquid then rises to the top and the cooler liquid sinks. The resulting temperature gradient
Z—Zwill lead to convection when it reaches a critical value. The Rayleigh number, Ra,

describes the relationship between the buoyancy and viscosity of a fluid.?®* This is

described by the equation:
dT
gﬁpchR‘*E Equation 6.3.1

nK
where g is the acceleration due to gravity (m s2), 8 (K™') is the volumetric thermal

Ra

expansion coefficient, p (kg m=3) is the density of a liquid at a given temperature, ¢, (J
kg™ K™') the specific heat capacity, R is the cylinder internal radius, Z—Z is the vertical

temperature gradient (K m™'), n (Pa s) is the viscosity of the liquid at a given temperature
and k is the thermal conductivity (W m™' K='). As noted earlier, Rayleigh-Bernard
convection only occurs when the temperature gradient exceeds a critical value. However,
in literature in the case of chloroform in a thin-walled tube, a vertical gradient less than
0.3 K cm™" was enough for sample to be convective. This demonstrates that in typical
NMR experiments, there are also horizontal temperature gradient. Convection driven by
horizontal temperature gradient does not exhibit critical behaviour. The maximum
convection velocity depends on the solvent used. For a horizontal temperature gradient

in a conducting tube, it can be estimated by:

= RigBpdl _ py R%g dT Equation 6.3.2
108 dx /108 dx
The quantity x (K™ m2) measures of the ease in which a given liquid convects under a

horizontal temperature gradient. This can be calculated using the equation:

_ ﬁ_P Equation 6.3.3
n
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The thermal volumetric expansion, density and viscosity are temperature-dependant.
Figure 6.3.5 shows a schematic diagram of how each parameter varies with temperature.
The viscosity (Figure 6.3.5 (a)) of a liquid generally decreases as temperature increases,
as molecules have more kinetic energy and move more quickly and interact for a shorter
time. Density (Figure 6.3.5 (b)) decreases due to molecules having more kinetic energy,
therefore the particles move quickly and spreading further apart, thus, occupying a larger
volume and decreasing the density. The volumetric expansion coefficient, (Figure 6.3.5
(c)) increases with temperature. As a result, the ease of convection is also temperature

dependant, where y increases as the temperature increases.

(@) {b) {c)

Viscosity
Density

{d)

T —_—

Figure 6.3.5 Schematic diagram of how temperature effects (a) viscosity, (b)density, (c)
volumetric expansion coefficient and (d) ease of convection.

Section 6.2.2 described a reaction that uses a mixed solvent system of CDCIz and
pyridine. To determine how convective a solvent is, values of x must be evaluated.
However, obtaining data for yx in literature can be difficult, particularly for deuteriated
solvents. Values of 8, p and n for chloroform, H.O and D,O can be found in Table 6.3.1,

hence X can be calculated for these solvents.
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Table 6.3.1 Physical parameters for determining the rate of convection driven by a horizontal
temperature gradient for protiated and deuteriated forms of common solvents at 298 K.

Solvent B P n X

/1073 K™ /103 kg m™3 /102 Pas /K™ m™2
Chloroform 1.27 1.479 0.542 3.4655
H.O 0.257 0.997 0.89 0.2876
D.O 0.172 1.044 1.095 0.1639

The parameters above must be obtained from literature or calculated to estimate the
likelihood of convection. The literature readily provides the densities of a solvent at
different temperatures.2%%-25" Equation 6.3.5 where m is the mass (kg) p is the density

(kg m=3), and V, is the molar volume (m? mol™").

p= m Equation 6.3.4
%4
m
w V= m Equation 6.3.5
p
B can be found by:
= i(%) Equation 6.3.6
V,, \ 0T

The volumetric thermal expansion can be obtained by plotting molar volume as a

function of T. The volume data can be fitted to a quadratic equation:

Vip = a+ bT + cT? Equation 6.3.7

g = (a+ bT +cT?)’ Equation 6.3.8
"~ a+bT +cT?

A= % Equation 6.3.9
a+bT +cT

Alternatively, the volume data can also be interpolated; however, this less effective with
smaller data sets. For pyridine, a different macro was used, as small number of values
for B could be found, while no consistent density data was identified. 2% This required a
different approach, were § at 298 K was extrapolated. Table 6.3.2 shows the volumetric
thermal expansion, density, viscosity, and ease of convection for solvents of interest.
Where the macro in Appendix 4 was used to calculate 8. For example, for H>O, the
density data at various temperature was found in literature.?®> The volume of water is
found by multiplying the molecular mass of water (18.015 g mol~') by the density of water

at a temperature. The volume is plotted against temperature this is shown by the blue
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dots in Figure 6.3.6. The data is fitted to a quadratic equation which is shown by the red

dashed line in Figure 6.3.6.
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Figure 6.3.6 Plot of temperature vs volume calculated using Equation 6.3.5 (blue dot)
and the fitting of the quadratic equation (red dashed line)

Where the quadratic equation was found to be:

Vn=24.5311- 0.047736 T + 0.0000874 T2

Therefore, at 298.15 K:

—0.047736 + 0.000174817 x 298.15

= 24.5311 — 0.047736 x 298.15 4+ 0.0000871 x 298.152

= 0.000243 K™ !

Using this method, the thermal expansion coefficient at 298.15 K for H,O was found to

be 0.243 K this is concordant to data found in literature 8 =0.25 K='.25° Qverall, it was

found that from least convective to most convective solvents of interest are as follows
D20 (x=0.164 K=' m=2), pyridine (x=1.201 K-' m=2) and chloroform-d (x=3.664 K™' m2).

B.Tang, PhD Thesis, Aston University, 2024.
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Table 6.3.2 Physical parameter determining the rate of convection driven by a horizontal
temperature gradient for protiated and deuteriated forms of common solvents at 298 K *estimated
values using macros written in this thesis.

Solvent B P n X
/1073 K™ /103 kg m3 102 Pas /K" m2

Chloroform 1.27 1.479 0.542 3.465
Chloroform-d 1.29* 1.500 0.528 3.664
H.0 0.257 0.997 0.890 0.288
DO 0.172 1.044 1.095 0.164
Pyridine 1.08* 0.982 0.879 1.201
Pyridine-ds 1.03* 1.050 0.945 1.144

There are two types of strategies commonly used to deal with convection, either adapt
experimental conditions e.g sample geometry, to reduce the rate of convection or use
pulse sequences that are designed to compensate for the effects of convection. Methods
that reduce the rate of convection include using thinner diameter NMR tube for example
thick-walled NMR tubes. Convection-compensated pulses are designed to refocus the
effects of constant velocity flow along the field gradient direction. However, at extreme
temperatures neither would be sufficient by itself. Thick-walled tubes are easily obtained,

experiments using thick-walled NMR tube was the step taken to address convection.

The diffusion coefficient of TMP in D20 in a thick-walled NMR tube was measured using
the 'H and 3'P Oneshot sequence. The diffusion coefficients were found to be 7.67 +
0.01 x 107" m?2s™" and 7.86 + 0.40 x 107" m? s~ respectively, and these results were
comparable to those in the thin-walled tube. Earlier calculations showed that pyridine-ds
and CDCI; are more susceptible to convective flow than D2O. Therefore, the diffusion
coefficient of TMP was also measured in pyridine-ds and CDClIs. The diffusion coefficient
of TMP in pyridine-ds was measured using the 'H and 3'P Oneshot sequence where the
diffusion coefficients were found to be 11.06 = 0.02 x 107" m?s™' and 11.96 £+ 0.59 x
107" m? s~ suggesting that the thick-walled tube was sufficient to suppress most of the
effects of convection. However, when the diffusion coefficient of TMP in CDClI; in a thick-
walled NMR tube was measured using the 'H and *'P Oneshot sequence, the diffusion
coefficients were found to be 15.45 £ 0.04 x 107" m?s~" and 18.95 + 0.67 x 107" m?s™"
respectively. These results were less comparable, suggesting that for very convective
solvents like CDCIls, a think-walled tube is not enough to suppress the effects of

convection.
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Figure 6.3.7 "H DOSY spectrum of trimethyl phosphate in D20 acquired using Oneshot sequence
in a thick-walled tube (left-hand side) and *'P DOSY spectrum of trimethyl phosphate in D20
acquired using Oneshot sequence in a thick-walled tube (right-hand side).
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Figure 6.3.8 'H DOSY spectrum of trimethyl phosphate in pyridine-ds acquired using Oneshot
sequence in a thick-walled tube (left-hand side) and 3'P DOSY spectrum of trimethyl phosphate
in pyridine-ds acquired using Oneshot sequence in a thick-walled tube (right-hand side).
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Figure 6.3.9 '"H DOSY spectrum of trimethyl phosphate in CDCls acquired using Oneshot
sequence in a thick-walled tube (left-hand side) and 3'P DOSY spectrum of trimethyl phosphate
in CDClz acquired using Oneshot sequence in a thick-walled tube (right-hand side).
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6.3.1.3 3'P Convection Compensated Squenece
Similar to the 3'"P Oneshot diffusion sequence, the convection compensated 3'P DOSY

sequences were based on the double stimulated echo using bipolar gradient pulse, 3
spoiler pulsers and a balancing pulse at the start. The combined with an inverse gated
proton decoupling sequence. The full pulse sequence for BRUKER instruments can be

found in Appendix 4.

90°  180°  90° 90° 180° 90° 90°  180°  90° 90°

0 (1 A1
<— &—>
P 8/2 A2

WALTZ-32

— AA A AA A A A
Z v gi‘:‘v’ v

Figure 6.3.10 Double stimulated echo bipolar pulse gradient pair pulse sequence with a WALTZ-
32 decoupling sequence (dstebpgp3s) (convection compensated sequence). The diffusion delay
time (4) is split into two parts. The two adjacent sets of bipolar pulse pairs in the centre of the
pulse sequence ensure that only the 180° pulse is required to refocus the signal. There are 3
spoiler gradients denoted with S are used to remove any unwanted signals in the transverse
plane. Each gradient pulse has the strength, g and has a duration of 6. 11 and 12 are intergradient
delays in the bipolar gradient pulse. T is the variable diffusion delay time parameter with a
balancing gradient denoted with B which balances out the three spoiler gradients.

The 3'P convection compensated sequence was tested with the three different samples.
To ensure the convection compensated sequence was adequate enough to compensate
for the amount of convection, the diffusion coefficients of TMP in different solvents were

measured in both thick-walled and standard NMR tubes.
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Figure 6.3.11 'H DOSY spectrum of trimethyl phosphate in D20 acquired using convection
compensated sequence in a thin-walled tube (top left-hand side), 3'P DOSY spectrum of trimethy!
phosphate in D20 acquired convection compensated sequence in a thin-walled tube (top right-
hand side), '"H DOSY spectrum of trimethyl phosphate in D20 acquired using convection
compensated sequence in a thick-walled tube (bottom left-hand side) and 3'P DOSY spectrum of
trimethyl phosphate in D20 acquired convection compensated sequence in a thick-walled tube
(bottom right-hand side).
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Thin-walled Tube
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Figure 6.3.12 'H DOSY spectrum of trimethyl phosphate in pyridine-ds acquired using convection
compensated sequence in a thin-walled tube (top left-hand side), 3'P DOSY spectrum of trimethy!
phosphate in pyridine-ds acquired convection compensated sequence in a thin-walled tube (top
right-hand side), '"H DOSY spectrum of trimethyl phosphate in pyridine-ds acquired using
convection compensated sequence in a thick-walled tube (bottom left-hand side) and 3'P DOSY

spectrum of trimethyl phosphate in pyridine-ds acquired convection compensated sequence in a
thick-walled tube (bottom right-hand side).
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Thin-walled Tube
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Figure 6.3.13 'H DOSY spectrum of trimethyl phosphate in CDCls acquired using convection
compensated sequence in a thin-walled tube (top left-hand side), 3'P DOSY spectrum of trimethy!
phosphate in CDCI3 acquired convection compensated sequence in a thin-walled tube (top right-
hand side), "H DOSY spectrum of trimethyl phosphate in CDCIs acquired using convection
compensated sequence in a thick-walled tube (bottom left-hand side) and 3'P DOSY spectrum of
trimethyl phosphate in CDCIs acquired convection compensated sequence in a thick-walled tube
(bottom right-hand side).

In Section 6.3.1.2 it was estimated that D,O was the least susceptible to convective flow,
and chloroform-d was the most susceptible to convective flow. This phenomenon can be
seen in the experimental data collected so far, where the diffusion coefficients of TMP in
the different solvents are summarised in Figure 6.3.14. In D.O, where convection is
unlikely to have an effect on the diffusion coefficients, the diffusion coefficients measured
using both 'H and 3'P and both Oneshot sequences and convection compensated
sequences were comparable in both standard and thick-walled NMR tubes. With
solvents that are more likely to convect such as pyridine-ds, the effects of convection can

be seen in the difference of diffusion coefficient of TMP measured using the 'H Oneshot
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sequence (12.9 £ 0.03 x 107" m?s™") and 3'P Oneshot sequence (24.7 + 0.22 x 1071°
m?s~"). Using a thick-walled NMR tube does reduce the ease of convection. However,
the diffusion coefficient of TMP measured using the 3'P Oneshot sequence was still
slightly higher than expected (11.9 + 0.59 x 107" m2 s™"). The diffusion coefficients
measured using the convection compensated sequences were all concordant. With
solvents that easily convects, such as chloroform-d, the thick-walled tube alone was not
sufficient to reduce the rate of convection in the *'P Oneshot experiment where the
diffusion coefficient of TMP was found to be 18.9 £ 0.67 x 107'® m?s~'" compared with 'H
Oneshot, where the diffusion coefficient was found to be 15.4 + 0.04 x 107'° m2 s,
Overall, the diffusion coefficients measured for TMP in D20, pyridine-ds and chloroform-
d solvent using a convection compensated sequence were all in agreement. Therefore,
all 3P DOSY for the rest of this chapter will be acquired using the convection

compensated sequence.

40
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Figure 6.3.14 Summary of diffusion coefficients of TMP measured in D20, pyridine-ds, CDCl3
using both 'H and 3'P one shot and convection compensated pulse sequences in a thin-walled
tube compared to those measured in the thick-walled tube.

The derivatisation reaction was carried out in a mixed solution, it was important to

understand how mixed solvents could affect the diffusion of molecules. Therefore, as a
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final test, trimethyl phosphate dissolved in CDCls:pyridine (1:1.6 v/v) mixture in a thin-
walled tube was used to test the robustness of the 3'P convection compensated
sequence. The diffusion coefficient of trimethyl phosphate dissolved in CDCls:pyridine
was measured using the proton convection compensated sequence and phosphorus
convection compensated sequence (Figure 6.3.15). The diffusion coefficient of trimethyl
phosphate was found to be 12.1 £ 0.1 x 107" m?s~" for the 'H convection compensated

sequence and 11.63 £ 0.2 x 1071 m2s™" for the 3'P convection compensated sequence.
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Figure 6.3.15 'H DOSY spectrum of trimethyl phosphate in CDCls:pyridine acquired using
convection compensated sequence (left-hand side) and 3'P DOSY spectrum of trimethyl
phosphate in CDCls:pyridine acquired using convection compensated sequence (right-hand side).

For real samples, in the derivation method (Section 6.2.2) a relaxation agent was added
to the samples for gNMR. As a final test, the diffusion coefficient of trimethyl phosphate
dissolved in CDCls:pyridine with the relaxation agent Cr(acac)s was measured using the
proton convection compensated sequence and phosphorus convection compensated
sequence. The diffusion coefficient was found to be 12.1 £ 0.1 x 107"° m? s' ('H
convection compensated sequence) and 11.9 = 0.15 x 107'© m? s' (*'P convection
compensated sequence). These were also comparable to the diffusion coefficients
without the Cr(acac)s, therefore, the relaxation agent used did not affect diffusion

measurements.
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*H convection compensated DOSY *1p convection compensated DOSY
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Figure 6.3.16 'H DOSY spectrum of trimethyl phosphate in CDCls:pyridine with Cr(acac)s
acquired using convection compensated sequence (left-hand side) and 3'P DOSY spectrum of
trimethyl phosphate in CDCl3:pyridine with Cr(acac)s acquired using convection compensated
sequence (right-hand side).

6.3.2 Internal Calibration with Model Compounds

Diffusion coefficients can be used to infer chemical information such as size of a
molecule, smaller the molecule the quicker it diffuses through a liquid and larger the
molecule the slower it diffuses. There are two different approaches to obtain quantitative
measurements on the size or molecular weight of a species based on their diffusion
coefficient. Power laws is one approach in deduce molecular weight information from
diffusion coefficients. The diffusion coefficient can be expressed in terms of the
molecular weight, MW, raised to an empirical negative power, —a, as such, D « MW ¢,
Use of these methods requires calibration curves, a Log D vs Log MW, plot for a
particular set of calibration compounds. All power-law based methods follow the same
approach, where the diffusion coefficient of a series of reference compounds are
measured, and a double logarithmic plot is used to generate the two parameters needed
for the power law. The power law generated is then used to estimate the molecular
weight of the unknown compounds based on the experimental diffusion coefficient or to

predict the diffusion coefficient based on the molecular weight.

Internal calibration, as the name suggests, indicates that the species used to generate
a calibration curve are all contained within the sample. The diffusion coefficients are
measured synchronously with the unknown. Typically, a minimum of three co-solutes
are added to the sample to provide parameters for the power law. This is more reliable

than using only two co-solutes. Not all compounds are suitable as internal standards, as

180
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 6

they must be inert, soluble, non-aggregating and cover a suitable range of molecular
weights for the analytes to be studied.

All NMR samples were prepared in thin-walled tubes. During the derivatisation process,
TMDP derivatises any alcohol groups, the NHND and any water within the sample.
Therefore, every sample will contain the derivatised NHND, di-derivatised water and
unreacted TMDP. Therefore, an extra compound was added; in this case TMP has been
chosen as its chemical shift is far away from the peaks of interest and it is inert. Table
6.3.3 contains the compounds used for an internal calibration and their 3'P NMR

chemical shifts.

Table 6.3.3 Compounds used for the internal calibration with their chemical shift.

Compound Chemical Shift (ppm)
TMP 3.3
Di-derivatised water 132.2
Derivatised NHND 151.8
Unreacted TMDP 174.9

To test this, a simple alcohol (ethanol) was derivatised using the methods in (Section
6.2.2). The ethanol was treated as an ‘unknown’ alcohol. The 3'P DOSY was carried out
using the 3'P convection compensated sequence. Figure 6.3.17 shows the 3'P DOSY
of the TMDP (174.9 ppm), derivatised NHND (151.8 ppm), derivatised ethanol (146.5
ppm) and di-derivatised water (132.2 ppm). The molecular weights of the internal

standards and their measured diffusion coefficients are shown in Table 6.3.4
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Figure 6.3.17 3'P DOSY spectrum of TMDP, derivatised NHND, derivatised ethanol and
diderivatised water.

Table 6.3.4 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D

g mol™ /101" m2 g~*
TMP 140.1 214 10.1 £ 0.38 -8.99
Di-derivatised water 310.2 2.49 6.65+0.12 -9.18
Derivatised NHND 325.3 2.51 6.34 £ 0.30 -9.19
TMDP 182.6 2.26 8.93 £ 0.05 -9.04

By plotting log MW against log D of the internal calibrants, a power law is generated,
where the molecular weight of the derivatised alcohol can be estimated from their

diffusion coefficient. Using the equation generated:
log D =-0.548 log MW - 7.815

The molecular weight of the derivatised alcohol can be estimated from the diffusion
coefficient. The estimated molecular weight will be the molecular weight of the
derivatised alcohol. Therefore, for a mono-derivatised alcohol, the estimated derivatised
molecular weight minus 146.1 g mol~" will be the molecular weight of the alcohol. In this
case, peak at 146.5 ppm had a diffusion coefficient of 8.57 x 107" m? s™', therefore from
this, the estimated molecular weight of the derivatised alcohol is 192.2 g mol~"'. Therefore,

the mono-derivatised alcohol has a molecular weight of 46.1 g mol~'. Based on chemical
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shift information and the estimated molecular weight, which is the same as that of ethanol,

46.1 g mol™". It can be confirmed that the derivatised alcohol was ethanol.

-8.0
log D =-0.548 log MW - 7.815
R*=0.99
-8.5F
Q _gol ™
o ~90 B@\
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-10.0 . . .
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Figure 6.3.18 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised ethanol.

Table 6.3.5 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D logD log MWes: MWes: Compound  %Error
Mw (derivatised Actual
compound) Mw
/ 10710 m?
s’ g mol™’ g mol™’
8.57+0.13 -9.07 2.28 192.2 46.1+54  ethanol 0.02

Following that, a simple mixture of three different alcohols was derivatised. Figure 6.3.19
shows the 3'P DOSY of the derivatised alcohol mixture. The molecular weights of the

internal standards and their measured diffusion coefficients are shown in Table 6.3.6.
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Figure 6.3.19 3'P DOSY spectrum of TMDP, derivatised NHND, derivatised ethanol, derivatised
methanol and derivatised cyclohexanol and di-derivatised water.

Table 6.3.6 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D

g mol™’ /10" m? !
TMP 140.1 214 9.64 £ 0.26 -9.01
Di-derivatised water 310.2 2.49 6.51 £ 0.08 -9.19
Derivatised NHND 325.3 2.51 5.87 +0.27 -9.23
TMDP 182.6 2.26 9.38 £ 0.18 -9.03

By plotting log MW against log D of the internal calibrants, a power law is generated,
where the molecular weight of the derivatised alcohol can be estimated from their

diffusion coefficient. The equation generated:
log D =-0.595 log MW —-7.716

was used to estimate the MW of the mixed alcohols. This can confirm that the alcohols

are methanol, ethanol and cyclohexanol.
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Figure 6.3.20 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds.

Table 6.3.7 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D logD log MWes: MWes: Compound  %Error
Mw (derivatised Actual
compound) Mw
/1019 m? ¢~*
g mol™’ g mol™’
8.75+0.09 -9.06 225 180.5 344 +3.2 methanol 7.2
8.52+0.11 -9.07 227 188.7 426 +4.2 ethanol 7.4
7.35+0.06 -9.13 2.38 241.9 959+ 3.3 cyclohexanol 4.3

In order to test the robustness of the technique, an unknown alcohol-containing sample

was supplied with the label Sample X. The identity of the alcohol was not revealed to

eliminate any bias. Figure 6.3.19 shows the 3'P DOSY where the peak at 145.6 ppm

belongs to the derivatised sample X. The molecular weights of the internal standards

and their measured diffusion coefficients are shown in Table 6.3.8.
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Figure 6.3.21 3'P DOSY spectrum of derivatised sample X.

Table 6.3.8 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D
g mol™’ /109 m? s

TMP 140.1 2.14 9.48 +0.35 -9.02

Di-derivatised water  310.2 2.49 6.17 £ 0.05 -9.21

Derivatised NHND 325.3 2.51 5.08 £ 0.25 -9.29

TMDP 182.6 2.26 9.17 + 0.1 -9.04

By plotting log MW against log D of the internal calibrants, a power law is generated,
where the molecular weight of the derivatised alcohol can be estimated from their

diffusion coefficient. The equation generated:
log D=-0.707 log MW — 7.475

was used to estimate the MW of the sample X from the acquired diffusion coefficient.
Derivatised sample X had a diffusion coefficient of 6.33 x 10-'°© m? s™', based on the
power law above, the estimated molecular weight of sample X was found to be 127.9 g
mol~"'. The 3'P multiplicity follows the n+1 rule. Therefore, based on the doublet peak at
146.5 ppm in the 3'P NMR spectrum and the estimated molecular weight, sample X was
determined to be 1-phenylethanol (MW = 122.1 g mol™).
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Figure 6.3.22 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised sample X.

Table 6.3.9 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D InD InMW MW, MW Sample X %Error
(derivatised
compound) Actual
/1010 m? Mw
s’ g mol™’ g mol™’
6.33+0.05 -919 243 271.7 127.9+1.0 1-phenylethanol 4.8

6.3.3 Applications to hand sanitisers

Bio-fuels contain hundreds of compounds and are very complex. Simpler systems were
first characterised to test the methodology developed here. In this section, 3'P DOSY
convection compensated methods was tested on a model hand sanitiser made up of a
mixture of ethanol and glycerol. The model hand sanitiser sample had roughly similar
concentrations of ethanol and glycerol for easy analysis. Figure 6.3.23 shows the 3'P
DOSY of the derivatised alcohol mixture. Based on the chemical shifts, the peaks at
147.4 ppm and 146.2 ppm belong to glycerol as expected, and the peak at 146.7 ppm
belongs to ethanol. The molecular weights of the internal calibrants and their measured

diffusion coefficients are shown in Table 6.3.10.
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Figure 6.3.23 3'P DOSY spectrum of derivatised model hand sanitiser.

Table 6.3.10 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D

g mol™’ /10" m? !
TMP 140.1 2.14 11.9+0.11 -8.92
Di-derivatised water 310.2 2.49 8.86 +0.03 -9.05
Derivatised NHND 325.3 2.51 7.22+0.13 -9.14
TMDP 182.6 2.26 11.39 + 0.04 -8.95

By plotting log MW against log D of the internal calibrants, a power law is generated,
where the molecular weight of the derivatised alcohols can be estimated from their

diffusion coefficient. The equation generated:
log D =-0.533 log MW - 7.760

was used to estimate the MW of the model hand sanitiser from the acquired diffusion
coefficient. Glycerol contains three alcohols groups; therefore, it will be tri-derivatised.
The estimated derivatised molecular weight minus 3 x 146.1 g mol~" will be the molecular
weight of the underivatised alcohol. In this case, peaks at 147.4 ppm and 146.2 ppm had
a diffusion coefficient of 6.02 x 10 m? s7', indicating that the tri-derivatised alcohol had
an estimated molecular weight of 546.0 g mol~'. Therefore, the tri-derivatised alcohol
has a molecular weight of 107.7 g mol~", which is similar to that of glycerol (92.1 g mol™).
The estimated molecular weight of the peak at 146.7 ppm was found to be 44.3 g mol™,
similar to that of ethanol (46.1 g mol™").
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Figure 6.3.24 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds in model hand sanitiser.

Table 6.3.11 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D InD In MWes: MW Compound  %Error
MW  (derivatised Actual
compound) Mw
/1019 m? s~* g mol™ g mol™’
6.02+0.03 -9.22 273 546.0 107.7 £ 5.1  glycerol 16.9
10.6+0.08 -898 228 190.4 443 +2.7 ethanol 3.7

Real-life samples may not be as ideal as the model hand sanitiser. Therefore, this
technique must be tested on real-life samples. For the four hand sanitisers studied in
Chapter 5, two of the samples were found to contain an unknown peak at ca. 145.1 ppm.
Based on the chemical shift and multiplicity pattern, whether the peak belonged to 2-
propanol (isopropanol) or 2-butanol was inconclusive. Diffusion techniques can provide
molecular weight information and thus, confirm which alcohol is present. The four hand
sanitisers were derivatised, and the diffusion coefficients of the species were measured.
The 3'P DOSY spectrum of the derivatised Garnier sample is shown in Figure 6.3.25
containing, TMDP (174.9 ppm), derivatised NHND (151.9 ppm), derivatised glycerol
(147.4 ppm and 146.3 ppm), derivatised ethanol (146.6 ppm) and di-derivatised water
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(132.2 ppm), where the measured diffusion coefficients for the internal calibrants are
shown in Table 6.3.12.
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Figure 6.3.25 3P DOSY spectrum of derivatised Garnier hand sanitiser.

Table 6.3.12 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D
g mol™’ /109 m? s~

TMP 140.1 2.14 8.88 £ 0.22 -9.05

Di-derivatised water 310.2 2.49 6.24 +0.12 -9.20

Derivatised NHND 325.3 2.51 5.33+0.53 -9.27

TMDP 182.6 2.26 9.02+0.12 -9.04

By plotting log MW against log D of the internal calibrants, a power law is generated,
where the molecular weight of the derivatised alcohols can be estimated from their

diffusion coefficient. The equation generated:
log D =-0.598 log MW — 7.7736

was used to estimate the MW of the alcohols present in the hand from the acquired
diffusion coefficient. The at 147.4 ppm and 146.3 ppm peak had a measured diffusion
coefficient of 4.30 x 1071 m? s™'. The estimated molecular weight was found to be 93.2
g mol™, similar to that of glycerol (92.1 g mol™"). The peak at 146.7 ppm had a measured
diffusion coefficient of 7.99 x 10719 m? s~'. The estimated molecular weight was found to
be 42.2 g mol™, similar to that of ethanol (46.1 g mol™"). The hand sanitiser contained

glycerol and ethanol as expected.
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Figure 6.3.26 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds in Garnier hand sanitiser.

Table 6.3.13 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D InD In MWes: MWes: Compound  %Error
MW  (derivatised Actual
compound) Mw
/1010 m?
s g mol™’ g mol™!
430+0.16 -9.37 272 5315 93.2+1.2 glycerol 1.2
799+0.13 -9.10 2.27 188.2 422+5.2 ethanol 8.4

The hand sanitiser (Carex) contained glycerol and ethanol however, due to low signal to

noise ratio, only the ethanol peak was present in the DOSY spectrum. The *'P DOSY

spectrum of the derivatised Carex sample containing the derivatised ethanol (146.6 ppm)

is shown in Figure 6.3.27. The measured diffusion coefficients for the internal calibrants

are shown in Table 6.3.14.
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Figure 6.3.27 3'P DOSY spectrum of derivatised Carex hand sanitiser.

Table 6.3.14 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D
g mol™’ /109 m? s

TMP 140.1 2.14 9.27 +0.20 -9.03

Di-derivatised water ~ 310.2 2.49 6.30 £ 0.21 -9.20

Derivatised NHND 325.3 2.51 5.57 £ 0.43 -9.25

TMDP 182.6 2.26 9.03 £ 0.04 -9.04

A power law is generated by plotting log MW against log D of the internal calibrants,
where the molecular weight of the derivatised alcohols can be estimated from their
diffusion coefficient. The equation generated:

log D =-0.601 log MW —-7.719

was used to estimate the MW of the alcohols present in the hand from the acquired
diffusion coefficient. The peak at 146.7 ppm had a measured diffusion coefficient of 8.20
x 107 m? s7'. The estimated molecular weight was estimated to be 42.3 g mol™', similar
to that of ethanol (46.1 g mol™').
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Figure 6.3.28 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds in Carex hand sanitiser.

Table 6.3.15 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D InD In MWs; MWs; Compound  %Error
MW  (derivatised Actual
compound) Mw
/1019 m? s~*
g mol™ g mol™’
8.20+0.09 -9.08 2.27 188.3 42.3+3.5 ethanol 8.2

As detailed in the previous chapter, the 3'P NMR spectrum of the derivatised hand
sanitiser Cuticura contains an extra peak at 145.1 ppm. Based on purely 1D 3'P NMR
data, chemical shift and splitting pattern, it is determined likely to belong to 2-propanol.
However, there was some ambiguity in its assignment, other secondary alcohols such
as 2-butanol could be responsible. 3'P DOSY could be used to determine if that unknown
peak belonged to 2-propanol. However, due to the low signal-to-noise ratio, the peak at
145.1 ppm was too small to select. The signal-to-noise ratio of the glycerol peak at 146.2
ppm was also low; therefore, it was unable to be picked during the peak picking. This

resulted in only one of the glycerol peaks being present in the final DOSY spectrum.
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Figure 6.3.29 3'P DOSY spectrum of derivatised Cuticura hand sanitiser.

Table 6.3.16 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D

g mol™’ /10" m? !
TMP 140.1 2.14 8.03£0.80 -9.12
Di-derivatised water 310.2 2.49 5.64 £ 0.14 -9.30
Derivatised NHND 325.3 2.51 5.00 £ 0.34 -9.25
TMDP 182.6 2.26 7.57 £ 0.10 -9.10

By plotting the graph (Figure 6.3.30) of Log D against Log MW of the internal standard

and a power law equation is generated. The equation generated:
log D =-0.541 log MW - 7.792

was used to estimate the MW of the alcohols present in the hand from the acquired
diffusion coefficient. The 147.4 ppm and 146.3 ppm peak had a measured diffusion
coefficient of 4.04 x 1071 m? s™'. The estimated molecular weight was found to be 95.3
g mol™, similar to that of glycerol (92.1 g mol™"). The peak at 146.7 ppm had a measured
diffusion coefficient of 7.11 x 107'© m? s™'. The estimated molecular weight was 41.4 g
mol™, similar to that of ethanol (46.1 g mol~"). The hand sanitiser contained glycerol and
ethanol as expected. However, for this sample, it was still inconclusive whether if the
unknown alcohol at 145.1 ppm was 2-propanol or 2-butanol on the basis of the 1D 3'P

NMR alone.
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Figure 6.3.30 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds in Cuticura hand sanitiser.

Table 6.3.17 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D InD In MWt MW.s: Compound %Error
MW  (derivatised Actual
compound) Mw
/1019 m? s
g mol™’ g mol™!
4.04 +0.30 -9.39 272 5335 95.3 +66.2 3.4
7.11 +£0.09 -9.15 2.27 1874 414 +4.5 10.2

The hand sanitiser Bondloc also contained an extra peak at 145.1 ppm. Based on purely

1D 3'P NMR data, chemical shift, and splitting pattern alone, it is determined to likely

belong to 2-propanol or 2-butanol. The additional peak at 145.1 ppm, had a diffusion

coefficient of 7.15 x 10719 m2 s~".
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Figure 6.3.31 3'P DOSY spectrum of derivatised Bondloc hand sanitiser.

Table 6.3.18 Molecular weight, log MW, measured diffusion coefficient and log D of internal
calibrants.

Compound Mw log MW D log D
g mol™’ /109 m? s

TMP 140.1 2.14 8.39 £ 0.55 -9.08

Di-derivatised water ~ 310.2 2.49 5.59+0.20 -9.25

Derivatised NHND 325.3 2.51 5.48 £ 0.52 -9.26

TMDP 182.6 2.26 8.10 £ 0.24 -9.09

A power law equation is generating by plotting the graph (Figure 6.3.32) of In D against
In MW of the internal standard. The equation generated:

log D=-0.551 log MW - 7.875

was used to estimate the MW of the alcohols present in the hand from the acquired
diffusion coefficient. Based on the diffusion coefficients, the hand sanitiser contained
glycerol and ethanol as expected. From the experimental diffusion coefficient of 7.15 x
107" m? s7*, using the power law above, the unknown alcohol was estimated to have a
molecular weight of 57.1 g mol™' which is close to the molecular weight of 2-propanol
(60.1 g mol™).
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Figure 6.3.32 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds in Bondloc hand sanitiser.

Table 6.3.19 Measured diffusion coefficient, log D, log MW, estimated MW of derivatised
compound, estimated MW of alcohol of interest.

D InD In MW MWs; Compound %Error

MW  (derivatised Actual
compound) Mw

/1010 m?

s’ g mol™’ g mol™’

419+029 -9.38 273 5376 99.3+61.5 glycerol 7.8

7.32+023 -9.14 230 194.9 46.8+10.6 ethanol 5.9

7.15+0.27 -9.15 231 203.2 57.1+13.2 isopropanol 4.9

6.4 Conclusion

1D ¥'P NMR analysis of hydroxyl groups can still be challenging when it comes to the
identification of compounds. One way to improve the resolution of the spectra further is
to extend it into a second dimension. Diffusion NMR techniques separate the signals
based on the diffusion coefficient in the diffusion domain. Novel NMR pulse sequences
can be produced by combining existing sequences. In this chapter, a novel 3'P Oneshot
sequence was developed, and model compounds were tested using the sequence.
However, for CDCI; the diffusion coefficient measured using 3'P DOSY sequence
compared with the "H DOSY sequence was quite different. This is likely caused by

convection. The effects on convection were also explored and should always be
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considered when running diffusion-based experiments. The ease of convective flow
experienced by solvents can be calculated by the volumetric thermal expansion
coefficient multiplied by the density and divided by the viscosity of a solvent at a given
temperature. The volumetric expansion for common solvents can be found in the
literature. However, it can be difficult to find, particularly so for deuteriated solvents.
Macros were written to calculate the volumetric expansion coefficient (8) based on

quantities more readily available in the literature such as density.

To reduce the effects of convection, thick-walled NMR tubes were used. However, it was
found that for solvents that easily convect such as CDCls3, even thick-walled NMR tubes
were not enough to compensate for the convection. Therefore, a novel *'P convection-
compensated DOSY sequence was written to remove for the effects of convection from
the acquired diffusion data. The robustness of the sequence was tested using the same
model compound trimethylphosphate. It was found that the diffusion coefficients
measured using 3'P convection compensated sequence were comparable to those

measured using 'H DOSY sequences.

To test this methodology, simple systems containing one alcohol, three alcohols and
unknown alcohol were derivatised using TMDP, and the diffusion coefficients of these
compounds were measured using the 3'P convection compensated DOSY sequence. It
was found that by using internal standards to create a calibration curve, and thus
generating a power law, linking Log MW to Log D, the molecular weight of the derivatised
alcohols could be accurately estimated using the experimental diffusion coefficient. This
method was then applied to the four hand sanitisers studied in Chapter 5. Two hand
sanitisers had an extra peak in the 1D 3'P NMR spectrum. It was found that for hand
sanitiser Cuticura, due to low concentration of the species, the signal to noise ratio was
low, therefore, the unknown peak was unsuccessfully identified. For the Bondloc sample,
based on the chemical shift, multiplet pattern in the 3'P NMR, and the molecular weight
estimated were from the diffusion coefficient using the power law method, it was
successfully confirmed that the unknown peak at 145.1 ppm was isopropanol. However,
to further confirm that unknown peak at 145.1 ppm is isopropanol, a DOSY of the

derivatised isopropanol can be performed.
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7.1 Introduction

The characterisation of pyrolysis oils in general can be challenging due to the nature of
the oils. Limitations of current analytical techniques were explored in Chapter 1.
Pyrolysis oils are produced from Brewers’ Spent Grains via both slow and fast pyrolysis
techniques. In this chapter, both traditional techniques typically used to characterise bio-
oils and the novel NMR techniques developed in previous sections of this thesis are

brought together to characterise these pyrolysis oils.

Figure 7.1.1 From left to right, Brewers’ Spent Grains, bio-char and bio-oil.

7.2 Experimental
7.2.1 Feedstock

The biomass feedstock Brewers’ Spent Grains (BSG) were donated by Burning Soul
Brewery, Birmingham, UK (logo below). The BSG feedstock was dried in the oven at

105 °C for 24 hours and was used without any further purification.

7.2.2 Slow Pyrolysis Processing

The slow pyrolysis experiments were carried out in a 100 g h™! continuous bench-scale
auger pyrolysis system shown in Figure 7.2.1. The system was designed and
constructed at the Energy and Bioproduct Research Institute (EBRI), Aston University,
UK.
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N = Nitragen
El = Electrical Heating
CW = Cold Water

Figure 7.2.1 Slow pyrolysis rig setup: (1) feed hopper, (2) Auger reactor (3) char pot, (4) water-
cooled condenser (5) electrostatic precipitator, (6) liquid bio-oil collector, (7) dry ice/acetone
condenser, (8) liquid bio-oil collector, (9) dry ice/acetone condenser, (10) liquid bio-oil collector
and (11) cotton wool filter.

Biomass was continuously fed by speed regulated volumetric screw (2) through the

Auger reactor. Slow pyrolysis processing parameters are shown in Table 7.2.1.

Table 7.2.1 Slow pyrolysis processing parameters.

Parameter Slow Pyrolysis
Pyrolysis temperature (°C) 550
Run time (mins) 120
Biomass moisture content (%) 1.5
Biomass used (g) 200

All experiments were carried out with the aim of achieving an average pyrolysis
temperature of 550 °C. As the vapours leave the auger reactor (2), the char is collected
in the char pot (3). The vapours then pass through a water-cooled condenser (4) at
12 °C. The aerosols were separated using an electrostatic precipitator (ESP, 5). The
condensed bio-oil from the ESP was collected in a round bottom flask (6). Following the
ESP, the gases passed through two dry ice/acetone condenser (7 & 9) in series, which
is referred to as condenser 1 (8) and condenser 2 (10) respectively. Finally, remaining

gases are passed through a cotton wool filter (11).
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7.2.3 Fast Pyrolysis Processing

The fast pyrolysis experiments were carried out in a 100 g h™' continuous bubbling
fluidised-bed reactor at the Energy and Bioproduct Research Institute (EBRI), Aston

University, UK. The reactor is shown in Figure 7.2.2.

N = Nitragen
El = Electrical Heating
CW = Cold Water

Figure 7.2.2 Fast pyrolysis rig setup: (1) feed hopper, (2) fast screw, (3) nitrogen preheater, (4)
bubbling fluidised-bed reactor (5) cyclone (6) char pot, (7) water-cooled condenser, (8)
electrostatic precipitator, (9) liquid bio-oil collector, (10) dry ice/acetone condenser, (11) liquid
bio-oil collector, (12) dry ice/acetone condenser, (13) liquid bio-oil collector and (14) cotton wool
filter.

Biomass was continuously fed by speed regulated twin metering screws (2) to a single
fast screw into the bubbling fluidised-bed reactor. Fast pyrolysis processing parameters

are shown in Table 7.2.2.

Table 7.2.2 Fast pyrolysis processing parameters.

Parameter Fast Pyrolysis
Pyrolysis temperature (°C) 550
Run time (mins) 120
Biomass moisture content (%) 1.5
Biomass used (g) 200

All experiments were carried out with the aim of achieving an average pyrolysis bed
temperature of 550 °C. As the vapours leave the reactor it passes through a cyclone (5)
and char is collected in the char pot (6). The vapours then pass through a water-cooled
condenser (7) at 12 °C. The aerosols were separated using an electrostatic precipitator
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(ESP, 8). The condensed bio-oil from the ESP was collected in a round bottom flask.
Following the ESP, the gases passed through two dry ice/acetone condenser (9 and 11)
in series, which is referred to as condenser 1 (10) and condenser 2 (12) respectively.

Finally, remaining gases are passed through a cotton wool filter.

7.2.4 Water Content Analysis

Volumetric Karl-Fischer (KF) titration was used to determine the water content of all the
pyrolysis liquid products. A Mettler Toledo V20 KF titrator was used with Hydranal (R) K
as a working medium and Hydranal (R) Composite 5 K as a titrant. All analyses were
performed in triplicate with the water content being calculated automatically, based on
the weight of the bio-oil sample injected. Prior to analysis, the KF instrument was

calibrated with HPLC grade water.

Karl-Fischer titrations are based on the reaction:

2H,0 + SO3 + I, — H2S04 + 2HI

This is facilitated by the KF reagents as the reactions:

ROH + SOz + R'N — [R'NH]SO3R + H20 + |2 + 2R'N— 2[R’NH]I + [R'NH]SO4R

The amount of iodine that is used up is dependent on the amount of water present in the
sample. The current change from the platinum electrodes, together with the mass of the
sample and titration time to reach the end-point combined, allows the instrument to

determine the sample’s water content by mass.

7.2.5 pH Analysis

A Fisherbrand™ accumet™ FE150 Benchtop pH meter was used to measure the pH of
the BSG pyrolysis oils. Prior to each measurement, the pH meter was calibrated using
Mettler Toledo pH buffers with pH of 4, 7 and 10. Calibrations were repeated for each
sample and the probe was cleaned with DI water between samples to ensure no cross-

contamination occurred.
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7.2.6 Elemental Analysis (CHNS/O)

Elemental analysis of all oils was carried out on a Flash 2000 elemental analyser. Carbon,
hydrogen, nitrogen, and sulphur content were analysed in triplicate, and the average

values were taken. The oxygen content of the oils was found by difference.

7.2.7 Fourier Transformation Infrared Spectroscopy (FTIR)
FTIR was used to analyse functional groups present in the oil. All FTIR data was

collected on a Thermo Nicolet 380 spectrometer. A small amount of liquid sample was

placed on the diamond plate. 16 scans were used for all experiments.

7.2.8 Gas-Chromatography Mass Spectrometry (GC/MS)

The chemical composition of the BSG fast pyrolysis oil and the organic layer of the BSG
slow pyrolysis oil were analysed using a Shimadzu GCMS-QP2012 SE. The bio-oil
samples were mixed with analytical grade acetone 1:4 (v:v) and was further diluted 1:1
(v:v) to create a GC sample. For each analysis, 1 g of GC sample was injected into the
GC column where helium was used as the carrier gas. To separate the pyrolysis oil
components, a Rtx-5MS was used (30m,0.25mm id., 0.25 pm df). The injection port was
kept at 280 °C, and a 1:75 split ratio was used. The GC oven was held at 50 °C for 2
minutes, then heated at 5 °Cmin~' to 290 °C and held at this temperature for 8 mins.
Proposed peak assignments (m/z=45 — 300) were made from mass spectra detection

using the NIST17 MS library and from assignments in literature.

7.2.9 Nuclear Magnetic Resonance Spectroscopy: Low-field °F
gNMR analysis of Carbonyl Groups

Procedure as described in Chapter 4 and reproduced here.

110 mg of 4-(trifluoro methyl)phenyl hydrazine was dissolved in 1 mL of 50:50 DMF and
water (v/v). This solution was added to a solution of pyrolysis oil (ca. 30 mg) dissolved
in 500 pL dimethylformamide (DMF) in a 20 mL vial. The mixture was stirred in the dark
for 24 hours at room temperature. The derivatised pyrolysis oil was purified by the
addition of 20 mL of pH 2.0 water, where the pH 2.0 water was prepared by the dilution
of 5N HCI in deionised water. The sample was placed in a freezer to allow precipitation
to occur. The frozen sample was melted to room temperature. The aqueous layer was

carefully discarded, and the product was washed multiple times with pH 2.0 water to
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remove excess 4-(trifluoromethyl)phenyl hydrazine. The precipitant was then air dried
for 24 hours. The dried sample was then dissolved in protiated DMSO for NMR analysis,
where 3-(trifluoromethoxy) benzoic acid was used as an internal standard (IS).
Hexafluorobenzene (CsFe) was used as an external standard (ES) for the chemical shift
calibration at —164.9 ppm. All low-field NMR was carried out using a Magritek Spinsolve
43 MHz benchtop NMR.

7.2.10 Estimation of Carbonyl Content using Oximation Followed by

Titration
The oximation of pyrolysis oil was carried out using the following procedure:

Hydroxylamine hydrochloride solution was prepared by dissolving 17.50 g of
hydroxylamine hydrochloride in 80.00 g of deionised water. The solution was transferred
to a 500 mL volumetric flask, the volumetric flask was filled to the mark with anhydrous
ethanol. Pyridine solution was prepared by adding 10 mL of pyridine into a 500 mL
volumetric flask, the volumetric flask was filled with anhydrous ethanol. For the oximation
reaction ca. 0.40 g of pyrolysis oil reacted with 10.00 mL of hydroxylamine solution and
20 mL of pyridine solution were combined in a sealed flask. The reaction was left stirring
for 48 hours at room temperature. The reaction mixture was transferred to a 100.00 mL
volumetric flask and filled with anhydrous ethanol. Aliquots of 25.00 mL were taken and
titrated with 0.5 M sodium hydroxide solution. The titration endpoint (pH = ~4.5) was

measured using a micro pH electrode probe.

7.2.11 Nuclear Magnetic Resonance Spectroscopy: *'P gNMR & 3'P
DOSY analysis of Alcohol Groups

Procedure as described in Chapter 5 & 6 and reproduced here.

Solvent A

A stock solvent solution of 1:1.6 volume ratio of CDCIs and anhydrous pyridine was

prepared and dried over molecular sieves.

Internal Standard:

0.1M internal standard was prepared by adding NHND (0.018 g) to solution A (1 mL). A

relaxation agent, chromium (lll) 2,4-pentadienoate (5 mg) was dissolved in the solution.
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The weight of the entire solution was recorded. The internal standard was stored over

molecular sieves.

Derivatisation reaction:

IS solution (0.1 mL) was transferred into a glass vial equipped with a PTFE-lines silicone
septum. The weight of the 0.1 mL IS solution was recorded. Bio-oil (30 mg) was weighed
into the same vial. The actual weight of the sample was recorded. Solvent A (0.7 mL)
was added using a gastight syringe into the same vial and was left stirring until mixture
was homogenous. For the derivatisation reaction an excess of TMDP (ca. 0.2 mL) was
added using a gastight syringe. The reaction was left for 10 minutes to stir. The solution
was then transferred to a 5 mm NMR tube with a Pasteur pipette and analysed
immediately. The reason being the phosphitylation derivative of NHND was not stable

over a long period of time.

NMR Analysis:

All NMR acquisition were acquired using Bruker AVANCE 300 MHz equipped with a
5mm PABBO BB-1H Z-GRD probe. The z-gradient coil producing a calibrated maximum
gradient of 55.7 G cm™".252 Data was acquired using 10 increments, equally spaced in
gradient squared. All data was measured at 298 K. For all data acquired using Oneshot
sequences, gradient ranged from 20% to 80% of the maximum. For all data acquired
using convection compensated sequences, gradient ranged from 10% to 90%. The error
in width of peak is calculated based on the fit of the data to the Stejskal-Tanner Equation
(Equation 2.4.3). All diffusion data was processed using DOSYToolBox 2°3, where 5 Hz

of line broadening was used.

7.3 Results and Discussion
The BSG feedstock was dried at 105 °C in the oven for 24 hours to removed most of the

water as possible from the feedstock. This is important as the initial water content of the
feedstock influences the amount of water in the final pyrolysis oil. After drying, the
feedstock had a moisture content of ca. 1.5 wt. %. The slow pyrolysis process produced
three main products: char, pyrolysis oil and gases. The char content made up 35.1 wt. %,
42.1 wt. % being organic liquid yield and gas vyield, 22.8 wt. % was calculated by

difference. The slow pyrolysis oil produced was a biphasic pyrolysis oil containing an
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organic layer (upper layer) and an aqueous layer (lower layer). The organic layer was a
thick brown tar-like substance, and the aqueous layer was a less viscous yellow liquid.
For all the characterisation techniques the organic and aqueous layers were analysed
separately and will be referred to as the BSG slow pyrolysis oil organic layer and BSG
slow pyrolysis oil aqueous layer. The fast pyrolysis process also produced three main
products, char, pyrolysis oil and gases. The char content made up 6.1 wt. %, 57.5 wt. %
being organic liquid yield and gas vyield, 36.4 wt. % was calculated by difference. The
fast pyrolysis oil produced was a thick brown tar-like substance and two fractions of
yellow liquid were collected in the two condensers. Throughout this chapter these will be
referred to BSG fast pyrolysis oil, BSG fast pyrolysis oil condenser 1 and BSG fast
pyrolysis oil condenser 2 respectively. The mass balance for both slow pyrolysis and fast

pyrolysis processes are depicted in the Figure 7.3.1.

100 |
X g0}
E M Char
g 60 B . .
2 M Pyrolysis oil
8 40F
é’ Gases
S 20¢

0 Slow Fast
Pyrolysis Pyrolysis

Figure 7.3.1 Mass balance, composition of products (char, pyrolysis oil and gases) produced
from both slow pyrolysis and fast pyrolysis of Brewers’ Spent Grains.

Different analytical techniques were used to characterise the pyrolysis oils produced
from Brewers’ Spent Gains. Water content of pyrolysis fuels are important as this directly
influences the heating value of the pyrolysis oil. The water content in pyrolysis oils is
mostly related to the initial feedstock moisture. The water content was determined using
the automated Mettler Toledo V20 241 Karl-Fischer (KF). The average water content of
the pyrolysis oils is presented in Table 7.3.1. The water content for the BSG slow
pyrolysis oil organic layer was 2.43 wt. % and the aqueous layer contained 54.17 wt. %.
The organic layer has less water compared to typical pyrolysis oils 15-30 wt. %,
suggesting suitability as a potential fuel replacement. The BSG slow pyrolysis aqueous

layer contained more water (54.17 wt. %) as expected. For fast pyrolysis-oils the water
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content also relates to the dehydration reactions that occurs during the fast-pyrolysis
process. The water content for BSG fast pyrolysis oil was found to be 27.08 wt. %. BSG
fast pyrolysis oils from condenser 1 and condenser 2 both found to have a large content
of water (49.13 wt.% and 61.10 wt. %). This suggests the fast pyrolysis oils found in the

condensers were similar to the aqueous phase of slow pyrolysis oil.

Table 7.3.1 Water content (wt. %) of pyrolysis oils produced from Brewers’ Spent Grains.

Sample Water Content (wt. %)
BSG Slow Pyrolysis Oil Organic Layer 2.43
BSG Slow Pyrolysis Oil Aqueous Layer 54.17
BSG Fast Pyrolysis Oil 27.08
BSG Fast Pyrolysis Oil Condenser 1 49.13
BSG Fast Pyrolysis Oil Condenser 2 61.10

Table 7.3.2 shows the pH of different pyrolysis oils in literature. 238 260-267 Dye to oxygen-
containing compounds, pyrolysis oils are relatively acidic (pH 2 to 4), compared to
conventional fuels which may lead to corrosion. The pH of pyrolysis oils was analysed
using a Fisherbrand™ accumet™ FE150 Benchtop pH meter, where the results of each
pyrolysis oil is summarised in Table 7.3.3. 26" The pH of all the pyrolysis oils were found
to be in the range of ca. pH 5.5 to 6.55. This suggests that the pyrolysis oils produced
from BSG is more suitable as potential fuel replacements as they are less acidic

compared with other pyrolysis oils from other biomass feedstocks.

Table 7.3.2 pH of pyrolysis oils produced from different feedstocks from literature.

Property Pine Mallee Poplar®® Acacia? Oak Eucalyptus Beech
260 261 2 63 238, 265 wood266

264

pH 2.4 3 3.0-3.9 25 2.7 1.8-2.9 25-2.8

Table 7.3.3 pH of pyrolysis oils produced from Brewers’ Spent Grains.

Sample pH
BSG Slow Pyrolysis Oil Organic Layer 6.19
BSG Slow Pyrolysis Oil Aqueous Layer 6.51
BSG Fast Pyrolysis Oil 5.86
BSG Fast Pyrolysis Oil Condenser 1 6.00
BSG Fast Pyrolysis Oil Condenser 2 6.04
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Oxygen content of pyrolysis oils from different feedstocks are presented in Table
7.3.5.238.260-267 The oxygen content varies between 22 % and 72%. Elemental analysis
provides the different percentage composition of C, H, N, and S where the analysis was
carried out in triplicate. Table 7.3.4 shows a summary of the elemental compositions of
the pyrolysis oils, where the oxygen content was calculated by a difference. The BSG
slow pyrolysis oil organic layer and BSG fast pyrolysis oil had the most carbon content
66.32 % and 53.82 % respectively. This suggests most of the organic species are in
found in the organic layers. The large amounts of oxygen in BSG slow pyrolysis oil
aqueous layer (75.48 %), BSG fast pyrolysis oils from condenser 1 (93.16 %) and
condenser 2 (85.4 %) are likely due to the high-water content. More importantly, there
was more oxygen in the BSG fast pyrolysis oil (31.71 %) in comparison to the BSG slow
pyrolysis organic layer (19.20 %). Oxygen-containing compounds contribute to the
acidity, therefore, these results are also in agreement with earlier pH results. The BSG
pyrolysis oils was found to have a lower oxygen content compared to typical pyrolysis
oils. This also suggests it can be a potential fuel replacement. The upgrading techniques
discussed in Chapter 1 are used to remove the oxygen-containing compounds from
pyrolysis oils. Most of the upgrading techniques require high energy cost or expensive
catalysis. If the pyrolysis oils produced have less oxygen to begin with, less upgrading
will be required. Reduction in upgrading processes will make producing pyrolysis oils

more financially viable.

Table 7.3.4 CHNS/O analysis of pyrolysis oils produced from Brewers’ Spent Grains.

Sample C H N S (o)
(B) () () () (%)
BSG Slow Pyrolysis Oil Organic Layer 66.32 8.14 6.33 0.00 19.20
BSG Slow Pyrolysis Oil Aqueous Layer 1261 7.80 4.12 0.00 7548
BSG Fast Pyrolysis Oil 53.82 7.61 6.87 0.00 31.71
BSG Fast Pyrolysis Oil Condenser 1 431 089 1.64 0.00 93.16
BSG Fast Pyrolysis Oil Condenser 2 6.73 579 2.07 0.00 85.40
209
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Table 7.3.5 CHNO of pyrolysis oils produced from different feedstocks from literature.

Sample C (%) H (%) N (%) 0O (%)
Pine?° 45.70 7.00 <0.1 47.0
Mallee?®! 52.00 8.00 0.0 40.0
Poplar?62 28.52 — 29.59 6.87 —8.72 0.67 —0.92 62.1 —72.56
Acacia?®® 57.17- 66.52 5.98 - 8.28 0.14-3.17 22.03-36.14
Oak?238, 264 48.69 6.97 <0.5 43.80
Eucalyptus?6® 63.00 6.70 0.0 30.10
Beech 58.10 11.37 0.37 30.08
wood?%¢

To better understand the chemical composition of these pyrolysis oils, Fourier transform
infrared spectroscopy can be used to identify the main functional groups present. Figure
7.3.2 shows the FTIR spectra of the BSG slow pyrolysis oil organic layer (dark blue) and
aqueous layer (light blue), with the assignments of peaks summarised in Table 7.3.6.
The O-H group, which is typically linked with water, is represented by a peak in both
FTIR spectra at 3260 cm™' and 3257 cm™' respectively. This peak is significantly more
prominent in the aqueous layer due to the increased water content. Both spectra also
showed the pyrolysis oils contained carbonyl C=0 (1708 cm™ and 1716 cm™
respectively), alkenes C=C (1646 cm™ and 1630 cm™ respectively), amines N-H /
alcohols O-H (1460 cm™ and 1412 cm™" respectively) and ester C-O-C (1212 cm™" and
1217 cm™ respectively). However, the organic layer contained strong peaks at 2921
cm™" and 2850 cm™' corresponding to alkanes C-H compared to the aqueous layer.
Interestingly the aqueous layer contained a peak at 1541 cm~" which is not present in
the organic layer Peaks in this region typically belong to nitro compounds. Since nitro
compounds are typically yellow and slightly soluble in water, this may also explain the

yellow colour of the aqueous layer.
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Figure 7.3.2 Stacked plot of FTIR spectra of derivatised BSG slow pyrolysis oil where the top
spectra is the organic layer, and the bottom spectra is the aqueous layer.

Table 7.3.6 FTIR analysis of slow pyrolysis oils produced from Brewers’ Spent Grains.

BSG Slow Pyrolysis Oil Organic Layer

Wavenumber (cm™) Functional Group Class of Compound
3260 O-H stretching alcohol/water
2921, 2850 C-H stretching alkanes
1646 C=C stretching alkene
1708 C=0 stretching carboxylic acid/ aldehyde/ketone
1460 N-H or O-H amine/ carboxylic acid
1372 O-H bending alcohol
1212 C-0O stretching aromatic ester
BSG Slow Pyrolysis Oil Aqueous Layer
Wavenumber (cm™)  Functional Group Class of Compound
3257 O-H stretching alcohol/water
1716 C=0 stretching carboxylic acid/ aldehyde/ketone
1630 C=C stretching alkene
1541 N-O stretching nitro compound
1412 O-H bending carboxylic acid
1217 C-0O stretching aromatic ester

Figure 7.3.3 shows the FTIR spectra of the BSG fast pyrolysis oil organic layer (top, dark
blue), condenser 1 (middle, blue) and condenser 2 (bottom, light blue), with the
assignments of peaks summarised in Table 7.3.7. Similar to the FTIR spectrum for the
BSG slow pyrolysis oils, the peak at 3221 cm™', 3257 cm™, and 3275 cm™' respectively
belongs to water (O-H group). This peak is much stronger in the condenser 1 and
condenser 2 which is comparable to the higher water content. All three spectra also
showed the pyrolysis oils contained carbonyl C=0 (1704 cm™', 1716 cm~' and 1738 cm™’
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respectively) and alkenes C=C (1648 cm™', 1630 cm™' and 1633 cm™ respectively).
Amines N-H/ alcohols O-H (1453 cm™, 1412 cm™" and respectively) and ester C-O-C
(1240 cm™ and 1217 cm™" respectively) were found in the BSG fast pyrolysis oil, BSG
fast pyrolysis oil condenser 1 and BSG fast pyrolysis oil condenser 2. BSG fast pyrolysis
oil contained strong peaks at 2921 cm™" and 2850 cm™' corresponding to alkanes C-H
compared to the condenser 2. Furthermore, it is important to note that, only the BSG fast
pyrolysis oil condenser 1 contained a peak at 1541 cm™" which is normally associated
with nitro compounds and is absent from the organic layer. FTIR is useful for the
identification of functional groups present, however, no other chemical information could

be determined from FTIR alone.

3221

|
29|46 1704 | |
1648 | | 1240
1453 1377

|
1716 |
41

3257 fast pyrolysis oil
condenser 1

I
2935

4000 3500 3000 2500 2000 1500 1000

wavenumber(cm™T)

Figure 7.3.3 Stacked plot of FTIR spectra of derivatised BSG fast pyrolysis oil produced from
Brewers’ Spent Grains, where the top spectra is the pyrolysis oil, middle spectra is from
condenser 1 and the bottom spectra is from condenser 2.
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Table 7.3.7 FTIR analysis of fast pyrolysis oils produced from Brewers’ Spent Grains.

Wavenumber (cm™)

BSG Fast Pyrolysis Oil

Functional Group

Class of Compound

3221
2946, 2922, 2853
1704
1648
1453
1377
1240

O-H stretching
C-H stretching
C=0 stretching
C=C stretching
N-H or O-H
O-H bending
C-0O stretching

alcohol/water

alkanes

carboxylic acid/ aldehyde/ketone
alkene

amine/ carboxylic acid

alcohol

aromatic ester

BSG Fast Pyrolysis Oil Condenser 1
Wavenumber (cm™)  Functional Group

Class of Compound

3257
1716
1630
1541
1412
1217

O-H stretching
C=0 stretching
C=C stretching
N-O stretching
O-H bending

C-O stretching

alcohol/water

carboxylic acid/ aldehyde/ketone
alkene

nitro compound

carboxylic acid

aromatic ester

BSG Fast Pyrolysis Oil Condenser 2
Wavenumber (cm™')  Functional Group

Class of Compound

3275
2935, 2923, 2854
1738
1633
1376
1220

O-H stretching
C-H stretching
C=0 stretching
C=C stretching
O-H bending

C-O stretching

alcohol/water

alkanes

carboxylic acid/ aldehyde/ketone
alkene

alcohol

aromatic ester

Gas-chromatography with mass spectroscopy (GC/MS) allows the identification of

compounds where the separation of compounds is based on the affinity to the stationary
phase (GC) and then the identification of compound according to MW (MS). GC/MS was
only performed on the BSG slow pyrolysis organic layer and the BSG fast pyrolysis all,

because the gas chromatography column was not suitable for aqueous layer analysis.

The resulting chromatogram for the BSG slow pyrolysis oil organic layer is shown in

Figure 7.3.4 and that for the BSG fast pyrolysis oil is shown in Figure 7.3.5. Appendix 6

summarises the compounds identified in the pyrolysis oil using the NIST17 MS library.
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Figure 7.3.4 GC/MS chromatogram for BSG slow pyrolysis oil organic layer.

100

. 80

g 60

[

: |

2 40 \

$ |

= 20 |
0 AlAL u.ulh\ R ulj Al EMWJWLJJM MM_ N
0 10 20 30 40 50

Retention Time {mins)

Figure 7.3.5 GC/MS chromatogram for BSG fast pyrolysis oil.

The area under the peak is often considered proportional to the amount of analyte
injected, however, different compounds give different peak areas and intensities in
GC/MS. However, for these studies GC/MS was used to estimate the amounts of oxygen
containing species. An alternative method for fully quantitative data would be to produce
calibration curves for each individual compound. The pyrolysis composition determined
using GC/MS is summarised in Figure 7.3.6. Both BSG slow-pyrolysis oil organic layer
and BSG fast pyrolysis oil contained a similar amount of amides 11.45 % and 12.32 %
respectively. These results are also concordant with the elemental analysis results,
where both contained similar amounts of nitrogen. The BSG fast pyrolysis oil also
contained more aldehydes and ketones (total 33.9 %) than the slow pyrolysis organic
layer (total 0.72%). The BSG fast pyrolysis oil had slightly more hydroxyl-containing
compounds (total: 37.96 %) compared to BSG slow pyrolysis organic layer (total:
36.46 %). Overall, from the GC/MS data the BSG fast pyrolysis oil contained more

oxygen-containing species than the BSG slow pyrolysis organic layer. These results are
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also similar to elemental analysis where the BSG fast pyrolysis oil contained more

oxygen compared to the BGS slow pyrolysis organic layer.
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Figure 7.3.6 Composition of BSG pyrolysis oil produced from slow pyrolysis and fast pyrolysis.

GC/MS techniques typically can only analyse 30-40 % of compounds present due to
solubility limitations and not all compounds can be identified. For absolute quantification,
calibrations of that compound must be produced which can be difficult for mixtures such
as bio-oils. In this case, GC/MS could not be performed on the aqueous layers of the
pyrolysis oils, therefore, other techniques such as NMR were used to characterise these

pyrolysis oils.

Derivatisation methods also enable the analysis of particular certain functional groups.
Carbonyl and hydroxyl content is particularly important as they contribute to fuel acidity.
The carbonyl content of the BSG pyrolysis oil was accessed by derivatisation followed
by °F low-field NMR analysis, as outlined in Section 7.2.9. Figure 7.3.7 depicts spectra
of °F derivatised BSG slow pyrolysis oil organic layer (dark blue) and aqueous layer
(light blue). The internal standard 3-tri(fluoromethoxy) benzoic acid was used for
quantification of ketones, aldehydes and quinones in the pyrolysis oils. The integration

regions are those outlined in the chemical shift map in Section 4.3.1.2.
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Figure 7.3.7 Stacked plot of "°F NMR spectra of derivatised BSG slow pyrolysis oil at 43 MHz,

where the top spectra is organic layer, and the bottom spectra is the aqueous layer.
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Figure 7.3.8 Stacked plot of "°F NMR spectra of derivatised BSG fast pyrolysis oil produced from
Brewers’ Spent Grains at 43 MHz, where the top spectra is pyrolysis oil, middle spectra is from

condenser 1 and the bottom spectra is from condenser 2.
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The estimate of the total carbonyl group content from low-field (43 MHz) NMR analysis
of ketone, aldehydes and quinones was comparable to the total carbonyl content values
determined by the oximation method (OT) as shown in Figure 7.3.9. It was found that
the slow pyrolysis organic layer contained more carbonyls than slow pyrolysis aqueous
layer. Fast pyrolysis oil also had more carbonyl-containing species than the aqueous
fractions from the BSG fast pyrolysis process condenser 1 and condenser 2. Overall, the
BSG fast pyrolysis oil contained more carbonyl compounds ca. 0.00181 mol g~' when
compared to the BSG slow pyrolysis organic layer ca. 0.00137 mol g~'. While there were
similar amounts of aldehyde-containing compounds in both samples, there were more
ketones and quinones present in the fast pyrolysis oil than the slow pyrolysis organic
layer. These results are concordant with those found from GCMS, where there are more
carbonyl-containing compounds in the BSG fast pyrolysis oil compared to the BSG slow

pyrolysis organic layer.
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Figure 7.3.9 Bar chart comparing the quantification of ketones, aldehydes and quinones in BSG
slow pyrolysis oil organic layer, BSG slow pyrolysis oil aqueous layer, BSG fast pyrolysis oil, BSG
fast pyrolysis condenser 1 and BSG fast pyrolysis condenser 2 using both oximation followed by
titration (OT) and low-field NMR spectroscopy (43 MHz).

The hydroxyl contents of the BGS pyrolysis oils were obtained by derivatisation using
TMDP outlined in Section 7.2.11 followed by NMR analysis. Figure 7.3.10 depicts the
spectrum of 3'P {"H} NMR derivatised BSG slow pyrolysis oil organic layer. The internal
standard derivatised NHND at ca. 151.8 ppm was used for quantification of different
types of hydroxyl groups present in the pyrolysis oils. The integration regions are those

outlined in the chemical shift map in Section 5.3.4. The chemical shifts for the TMDP
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derivatised primary alcohol are ca. 146.1 to 148.0 ppm, TMDP derivatised secondary
alcohol is ca.144 to 146.0 ppm, TMDP derivatised tertiary and aromatic alcohols is ca.
137.7 to 142.2 ppm and TMDP derivatised carboxylic acids is ca. 134.3 to 136 ppm.

organic layer
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Figure 7.3.10 3'P{'H} NMR spectrum of derivatised BSG slow pyrolysis oil organic layer.

Figure 7.3.11 shows the spectrum of the 3'P {H} derivatised BSG pyrolysis oil aqueous
layer. However, there are no peaks in the regions of interest (130 ppm to 160 ppm) due
to there being a high-water content, all the derivatisation agent has reacted with the
water. The only peak resulted from derivatisation was the mono-derivatised water peak
at 15.7 ppm. The derivatisation agent is relatively expensive, and an unknown amount
is required to fully derivatise the BSG slow pyrolysis oil aqueous layer. Previous analysis
also suggests that the majority of product present is water; a '"H NMR spectrum was
acquired to confirm this. Figure 7.3.12 shows the 'H NMR spectrum of the slow pyrolysis
aqueous layer acquired without locking. The most dominant peak at ca. 4.7 ppm belongs
to water. There are also several peaks at lower intensities at around 0-2 ppm which are

most likely to be aliphatic compounds.
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Figure 7.3.11 3'P{'H} NMR spectrum of derivatised BSG slow pyrolysis oil aqueous layer.
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Figure 7.3.12 "H NMR spectrum of BSG slow pyrolysis oil aqueous layer.

Figure 7.3.13 depicts the spectrum of 3'P {'H} derivatised BSG fast pyrolysis oil. The
internal standard derivatised NHND at ca. 151.8 ppm was used for quantification of
different types of hydroxyl groups present in the pyrolysis oils. The integration regions

are those outlined in the chemical shift map in Section 5.3.4 and earlier in this section.
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Figure 7.3.13 3'"P{'H} NMR spectrum of derivatised BSG fast pyrolysis oil.

Based on previous results for the BSG slow pyrolysis oil aqueous layer where it was
predominantly water, '"H NMR spectrum was acquired for both BSG fast pyrolysis oil
condenser 1 and condenser 2. Both spectra had a dominant peak at ca. 4.7 ppm which
shows that water is major product in the samples. Both spectra also had peaks at lower

intensities of around 0-2 ppm which are likely to be aliphatic compounds.

condenser 1

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 7.3.14 "H NMR spectrum of BSG slow pyrolysis oil aqueous layer, where the top spectra
is from condenser 1 and the bottom spectra is from condenser 2.
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Only the BSG organic layer of the slow pyrolysis and the BSG fast pyrolysis oils showed
measurable concentration of alcohol using 3'P NMR methods. The estimate of the total
hydroxyl group content from 3'P NMR methods is shown in Figure 7.3.15. Using 3'P NMR
techniques it was found that slow pyrolysis oil contained ca. 0.00084 mol g™' of
carboxylic acids. The BSG fast pyrolysis oil contained more carboxylic acids ca. 0.00153
mol g~'. Overall, the fast pyrolysis oil contained more hydroxyl compounds total: 0.00424
mol g~' when compared to the BSG slow pyrolysis organic layer total: 0.00241 mol g~".
These results correspond to previous GC/MS data, where the BSG fast pyrolysis oil
contains more hydroxyl compounds (alcohols and acids) in comparison the BSG slow

pyrolysis oil organic layer.

M primary alcohol tertiary & aromatic alcohol
secondary alcohol carboxylic acid
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Figure 7.3.15 Graph comparing the quantification of different alcohol in BSG slow pyrolysis oil
organic layer and BSG fast pyrolysis oil found using 3'P NMR spectroscopy.

It is still challenging to identify hydroxyl compounds present using 1D 3'P NMR
techniques due to the overlapping peaks. 3'P DOSY techniques can be used to separate
signals out in the diffusion domain. 3'P DOSY techniques were applied to the BSG slow
pyrolysis organic layer and the BSG fast pyrolysis oil to further identify hydroxyl-
containing compounds. The 3'P DOSY was carried out using the 3'P convection
compensated sequence as described in Section 7.2.11. The DOSY spectrum of the
derivatised slow pyrolysis oil is shown in Figure 7.3.16. Only the largest peaks in the
spectrum were selected to ensure for the maximum signal-to-noise ratio. The molecular

weights of the internal standards and their measured diffusion coefficients are shown in
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Table 7.3.8. The peak at 151.8 ppm belongs to the derivatised NHND and the peak at
132.2 ppm belongs to the di-derivatised water. The unknown alcohol peaks were in the
expected regions for tertiary and aromatic alcohols ca. 137.7 to 142.2 ppm, and also
carboxylic acids ca. 134.3 to 136.0 ppm. Qualitatively analysis of the DOSY spectrum,
the peaks in the carboxylic acid region suggests there is a smaller acid (134.6 ppm) with

a diffusion coefficient of 6.06 x 107" m?s~" and a bigger acid (135.0 ppm) with a diffusion
coefficient of 3.92 x 10719 m2s™".
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Figure 7.3.16 3'P DOSY spectrum of derivatised slow pyrolysis oil.

Table 7.3.8 Molecular weights, log MW, measured diffusion coefficients and log D of internal
calibrants.

Compound Mw log MW D log D

g mol™ /1019 m2 g~*
TMP 140.1 2.14 8.58 -9.06
Di-derivatised water 310.2 2.49 5.08 -9.29
Derivatised NHND 325.3 2.51 3.92 -9.41
TMDP 182.6 2.26 6.79 -9.16

A power law is generated by plotting the log MW against log D of the internal calibrants,
where the molecular weight of the derivatised alcohol can be estimated from their
diffusion coefficient. The equation generated:

log D =-0.800 log MW — 7.351
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was used to estimate the MW of the unknown alcohols can be estimated. The measured
diffusion coefficient of the unknown alcohols and estimated molecular weights of the

derivatised alcohol is shown in Table 7.3.9.

-8.0
log D =-0.800 log MW - 7.351
R>=0.93
-85} .
Py %
o b\
he)
d\
-9.5} \
-10.0 .
0 1 2 3 4
log MW

Figure 7.3.17 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds in derivatised slow pyrolysis
oil sample.

Table 7.3.9 Diffusion coefficient, log D, log MW, and estimated MW for derivatised compounds in
derivatised slow pyrolysis oil sample.

ppm D log D log MW MW.s;
(derivatised
compound)

/1019 m? s~*

g mol™’

134.6 6.06 -9.21 2.46 290.4

135.0 3.92 -9.40 2.79 618.7

138.1 4.51 -9.34 2.69 485.1

138.4 4.06 -9.39 2.76 582.1

An additional complication for pyrolysis oil sample is that the unknown molecules could

be mono-, di- or tri- etc. derivatised, corresponding to mono-, di-, and tri- alcohols

respectively. This adds to the difficulty in interpretation. The estimated molecular weights

for mono-, di- and tri- derivatised hydroxyl-containing compounds can be found in Table

7.3.10. The peak at 134.6 ppm (carboxylic acid region) was found to have an estimated

B.Tang, PhD Thesis, Aston University, 2024.
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molecular weight of 144.30 g mol~"this is similar to that of cinnamic acid (148.2 g mol™"),

the peak at 135.0 ppm (carboxylic acid region) has an estimated molecular weight for a

tri-derivatised 180.5 g mol~" which is similar to that of caffeic acid (180.2 g mol™"), the

peak at 138.1 ppm (tertiary/aromatic region) has an estimated molecular weight for a di-

derivatised 192.9 g mol~" which is similar to that of syringic acid (198.2 g mol~') and the

peak at 138.4 ppm (tertiary/aromatic region) has an estimated molecular weight of 289

g mol~" which is similar to 5,5’-methylenebis(2-methoxy-4-methylphenol) (288.3 g mol™).

Cinnamic acid,

caffeic acid,

syringic acid and 5,5-methylenebis(2-methoxy-4-

methylphenol) are typical products found in pyrolysis oils of lignocellulose biomass. 268

270 The structures and their molecular weights are shown in Figure 7.3.18.

Table 7.3.10 Estimated MW of mono-, di- and tr-derivatised alcohol.

ppm MW MWes: MW Compound
mono- di-derivatised tri-derivatised
derivatised
g mol™’ g mol™’ g mol™’
134.6 144.3 - - cinnamic acid
(148.2 g mol™)
135.0 472.7 326.5 180.5 caffeic acid
(180.2 g mol™)
138.1 339.0 192.9 - syringic acid
(198.2 g mol™)
138.4 436.1 289.9 - 5,5-
methylenebis(2-
methoxy-4-
methylphenol)
(288.3 g mol™)
224
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cinnamic acid caffeic acid syringic acid
MW=148.2 g mol™’ MW=180.2 g mol ™’ MW=198.2 g mol™
O OH
o O
\
S OH OH
HO HsCO OCH;
CH OH

5,5'-methlyenebis{2-methoxy-4-methylphenol)
MW=288.3 g mol ™

OH
\O O O O/
OH

Figure 7.3.18 structure of potential compounds found in slow pyrolysis oil, cinnamic acid, caffeic
acid, syringic acid and 5,5-methylenebis(2-methoxy-4-methylphenol).

The 3P DOSY spectrum of the derivatised fast pyrolysis oil is shown in Figure 7.3.19.
Only the largest peaks in the spectrum were selected to ensure for the maximum signal-
to-noise ratio. The molecular weights of the internal standards and their measured
diffusion coefficients are shown in Table 7.3.11. The peak at 151.8 ppm belongs to the
derivatised NHND and the peak at 132.2 ppm belongs to the di-derivatised water. As
with the previous sample, all unknown alcohol peaks were in the expected regions for
tertiary and aromatic alcohols, ca. 137.7 to 142.2 ppm, and also carboxylic acids, ca.
134.3 to 136.0 ppm.
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Figure 7.3.19 'P DOSY spectrum of derivatised fast pyrolysis oil.

Table 7.3.11 Molecular weights, log MW, measured diffusion coefficients and log D of internal
calibrants.

Compound Mw log MW D log D

g mol™’ /10" m? !
TMP 140.1 2.14 8.23 -9.08
Di-derivatised water 310.2 2.49 5.33 -9.27
Derivatised NHND 325.3 2.51 5.20 -9.28
TMDP 182.6 2.26 8.57 -9.07

A power law is generated by plotting the log MW against log D of the internal calibrants,
where the molecular weight of the derivatised alcohol can be estimated from their

diffusion coefficient. The equation generated:
log D =-0.622 log MW - 7.712

was used to estimate the MW of the unknown alcohols can be estimated. The measured
diffusion coefficient of the unknown alcohols and estimated molecular weights of the

derivatised alcohol is shown in Table 7.3.12.
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Figure 7.3.20 log D vs log MW plot of internal calibrants, TMDP, derivatised NHND, di-derivatised
water and TMP for the estimation of MW of derivatised compounds in derivatised fast pyrolysis
oil sample.

Table 7.3.12 Diffusion coefficients, log D, log MW, and MW of estimated for derivatised
compounds in derivatised slow pyrolysis oil sample.

ppm D log D log MW MW.s;
(derivatised
compound)

/1010 m2 s~1

g mol™’

134.7 9.99 -9.00 2.07 117.2

134.9 6.05 -9.21 242 262.1

146.6 3.89 -9.41 272 533.1

148.1 4.17 -9.38 2.68 477 1

The estimated molecular weights for mono- and di-derivatised hydroxyl-containing
compounds can be found in Table 7.3.13. The assignment of chemical compound was
based on the chemical shift values and estimated molecular weight compounds. The
peak at 134.7 ppm belongs to carboxylic acid had a diffusion coefficient of 9.99 + 0.38 x
1071 m?s~" suggesting it could be a small molecule. However, the estimated molecular
weight was found to be —28.9 g mol™', suggesting there are limitations to the technique.
This could be due to the larger error in the diffusion coefficient estimated for that peak,

however, even when that was taken into consideration, the estimated molecular weights
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were still negative. The measured diffusion coefficient was also outside of the calibration
curve produced, therefore, there may be some inaccuracies in the estimated molecular

weight.

The peak at 134.9 ppm (carboxylic acid region) was found to have an estimated
molecular weight of 116.0 g mol™, this is similar to that of benzoic acid (122.1 g mol™),
the peak at 146.6 ppm (primary alcohol region) has an estimated molecular weight for a
di-derivatised 240.9 g mol™' similar to that of 1-(phenyl)-2-phenoxy-1,3-propanediol
(244.3 g mol™), and the peak at 148.1 ppm (primary alcohol region) had an estimated
molecular weight for a di-derivatised alcohol of 185.0 g mol~! which is similar to that of
coniferyl alcohol (180.2 g mol™"). Benzoic acid, 1-(phenyl)-2-phenoxy-1,3-propanediol

and coniferyl alcohol are typical products found in pyrolysis oils of lignocellulose biomass.

271-273

Table 7.3.13 estimated MW of mono-, di- and tr-derivatised alcohol.

ppm MWt MW.s: Compound
mono-derivatised di-derivatised
g mol™ g mol™’

134.7 -28.9 - -

134.9 116.0 - Benzoic acid
(122.1 g mol™)

146.6 387.0 240.9 1-(phenyl)-2-phenoxy-
1,3-propanediol
(244.3 g mol™)

148.1 331.1 185.0 Coniferyl alcohol
(180.2 g mol™)

benzoic acid 1-(phenyl)-2-phenoxy-1,3-propanediol coniferyl alcohol
MW=122.1 g mol™ MW=244 3g mol™ MW=180.2 g mol™!
0 OH
\ OH
o]
OH
\© HO
OH OCH;
Figure 7.3.21 structure of potential compounds found in fast pyrolysis oil, benzoic acid, 1-
(phenyl)-2-phenoxy-1,3-propanediol and coniferyl alcohol.
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7.4 Summary

BSG was used to produce a slow pyrolysis oil and a fast pyrolysis oil. Figure 7.4.1
summarises the pH, water content and elemental composition of the two pyrolysis oils.
Figure 7.4.2 summarises the amounts of different oxygen-containing species, including
the overall concentrations of hydroxyl- and carbonyl- containing species, such as

alcohols, acids, ketones, and aldehydes present in the pyrolysis oils.

BSG Slow Pyrolysis Oil BSG Fast Pyrolysis Oil

@ Water Content B Water Content
P m— 27.08%
oCoH eN 20 oCoH aNE0Q

53.8%

Figure 7.4.1 Infographic summarising the pH, water content and elemental composition of the
BSG slow pyrolysis oil and BSG fast pyrolysis oil.
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Figure 7.4.2 Infographic summarising the overall concentrations of hydroxyl and carbonyl
containing species, such as alcohols, acids, ketones, and aldehydes present in the pyrolysis oils.
This figure is reproduced from data present earlier in the chapter.

7.5 Conclusion
Brewers’ Spent Grains was used as a feedstock to produce pyrolysis oils using two

different method: slow pyrolysis and fast pyrolysis. Slow pyrolysis techniques produced
a biphasic liquid product. Fast pyrolysis produced a singly phased oil, and two
predominantly aqueous-phase liquid products. It was found that the organic phase of the
pyrolysis oil produced using slow pyrolysis contained the least water ca. 2.43 %, and the
fast pyrolysis oil contained ca. 27.08 %. The low water content suggests that these oils
maybe a potential for producing fossil fuel replacements, fuel additives or upgrading to

added-value chemicals.

230
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 7

Typical pyrolysis oils have a pH around 2 to 3 which makes them unsuitable for use in
current infrastructures. As a result, for BSG pyrolysis oils to be considered as a fuel
replacement other physical chemical property such as acidity must be considered. The
pH of the slow pyrolysis oil organic layer ca. 6.19 compared to the slightly more acidic
fast pyrolysis oil with a pH ca. 5.86. This shows that pyrolysis oils produced from Brewers’
Spent Grains used as a biofuel, either as boiler fuel where no specialist burners are

required or can be used as marine fuel directly.

Oxygen-containing compounds such as hydroxyl and carbonyl compounds contribute to
the acidity of pyrolysis oils. Further analysis was conducted to better understand the
chemical composition of these pyrolysis oils. Understanding what oxygen-containing
molecules are present, as well as how much of them, is particularly important. The
elemental composition of the pyrolysis oils was analysed using CHSN/O. BSG slow
pyrolysis oil organic layer contained 19.2 % oxygen and BSG fast pyrolysis oil contained
31.71 % oxygen. FTIR confirmed that the pyrolysis oils contained a variety of functional
group. GC/MS was used to identify some of the compounds present. However, this was
only performed on the organic layers of the sample. Overall GC/MS data also indicates
there were less oxygen-containing compounds (alcohol, acids, aldehydes and ketones)
in the slow pyrolysis oil (37.18 % Area) in comparison to the fast pyrolysis oil organic
layer (71.86 % Area).

However, because GC/MS techniques were semi quantitative, the oxygen-containing
compounds were identified and quantified by derivatisation of specific functional groups
and multinuclear gNMR techniques. 'F low-field NMR techniques were used to quantify
the carbonyl content, which was then compared to standard methods, oximation followed
by titration It was found that the fast pyrolysis oil contained more carbonyl-containing
compounds than the slow pyrolysis organic layer. The 3'P NMR techniques were used
to quantify the alcohol groups, and the fast pyrolysis oil contained more hydroxyl-

containing compounds than the slow pyrolysis oil organic layer.

Overall, for an extensive study of oxygen-containing species present in the pyrolysis oils,
this chapter combined the use of current techniques and novel NMR techniques. Based
on all the different types of analysis, pyrolysis oils produced from Brewers’ Spent Grains

via the fast pyrolysis process contained more oxygen-containing compounds than those
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produced via the slow pyrolysis process. The upgrading techniques explored in Chapter
1, mostly focus on the removal of oxygen-containing compounds. However, these
techniques generally require high energy consumption and high cost. The less oxygen-
containing compounds, the less upgrading required. Overall, these BSG pyrolysis oils
contained very small amounts of oxygen-containing compounds and thus, potentially a
viable option for boiler fuels or marine fuel. However, some upgrading may still be

required for BSG to be feasible as fuel alternatives.

7.6 Further works
A comprehensive study of these pyrolysis oils is needed to further evaluate the feasibility

of these pyrolysis as renewable replacements of traditional fuels.

1. Heating Values — the amount of heat released during the combustion of pyrolysis
oils.

2. TAN (Total acid number) — the quantity of KOH required to neutralise the acid
component.

3. Flash Point — the minimum temperature at which a liquid gives off vapour at a

sufficient concentration to for an ignitable mixture with air.

Even though the use of 3'P{"H} NMR simplifies the spectrum, however there are still
overlapping regions on the spectrum. As a result, the data interpretation was still

challenging.

1. ldentifying/ synthesising other derivatisation agents that could disperse the signals

across the chemical shift domain.

The interpretation of the 3'P DOSY was more challenging than expected.

1. The crowdedness of the spectrum and low signal-to-noise meaning it was difficult to
select all the peaks.

2. Better choice of internal calibrants i.e., a wider molecular weight range, as well as
using extra internal standard as the TMDP concentration can vary from sample to
sample depending on how much had been used up.

3. An extensive library/ machine learning of diffusion data for the compounds in bio-oil

can be produced for a rapid and precise way to characterise bio-oil samples.
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4. Once these protocols are developed, they can be implemented on NMR software

or as standalone packages.
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CHAPTER 8 : QUANTITATIVE
INTERPRETATION OF PROTEIN DIFFUSION
COEFFICIENTS IN MIXED PROTIATED-
DEUTERIATED AQUEOUS SOLVENT

234
B.Tang, PhD Thesis, Aston University, 2024.



CHAPTER 8

8.1 Introduction

Molecular self-diffusion in a liquid originates from the random movement of the
molecules present. Diffusion-ordered nuclear magnetic resonance spectroscopy (DOSY)
has become a routine technique for the measurement of self-diffusion coefficients of
molecules?'®. Typically, the diffusion information in a DOSY spectrum is used for
qualitative analysis, for example, to identify signals from the same species. Figure 8.1.1
is a DOSY spectrum of 0.4 mM lysozyme at 278.15 K in 0:100 H.O:D20. It shows the
signals belong to the same species with a diffusion coefficient of 0.528 x 1071 m?s™".
Diffusion coefficients provide information on the molecules’ size, shape, and
environment. This, in turn, infers chemical information, such as the molecular weight of
unknown species, its aggregation or association with other species and can reveal
changes in structure, such as when protein denature. More recently, diffusion
coefficients have been used for quantitative analysis. While there is a general correlation
between molecular mass and the speed at which a molecule travels in solution, i.e the
larger the molecule, the slower it moves, the wide range of possible molecular shapes,
solute-solvent interactions and fundamental problems with diffusion theories make

quantitative techniques difficult to interpret.

0.4 mM lysozyme in 0:100 H,0:D,0 at 278.15 K

0.5 s e e~
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Figure 8.1.1 DOSY spectrum of 1 mM lysozyme at 5°C in 10:90 H20:D20 with solvent
suppression.
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Many chemical processes are studied in mixed solvent systems, however, the diffusion
behaviour of molecules in mixed solutions, such as deuteriated and protiated solvents,
are still poorly understood. In Chapter 5 & 6, derivatisation reactions are carried out in a
mixed solvent system (pyridine and CDCls). In Chapter 6, the use of internal calibrations
and the generation of a power law was explored to gain quantitative information based
on the diffusion coefficients. In this chapter other methods that can be used to predict
the diffusion coefficients based on their molecular weight, solvent composition and

sample temperature will be explored.

Power laws, such as Equation 8.1.1, to correlate between diffusion coefficients, D, and
molecular mass, MW, for a homologous series in a particular solvent at a given
temperature. A plot of log D against log MW, as in Equation 8.1.2 for structurally similar
compounds, can be used to infer unknown molecular weights from experimentally
acquired diffusion coefficients. Globular proteins are an example of chemical species
where the value of 1/6 tends towards 0.33. Some studies relate the protein gyration and
hydrodynamic radii to the number of residues present.?’4-276 Jones and Wilkins et al. and
Whitehead et al. both also reported globular proteins tended towards 0.33 and

measurements in strongly denaturing solutions increased values approaching 0.6. 275276

D=K- M—(%) Equation 8.1.1

1 .
logD = — (§> -logMW + logK Equation 8.1.2

Alternative methods have been developed to accurately predict and correlate diffusion
coefficient with molecular weight. Discussion of the diffusion of small molecules all starts
with the Stokes-Einstein Equation (Equation 8.1.3)2'7. This equation predicts the
diffusion coefficient of a species, D, by balancing the thermal energy of the system,
defined as k» T, where kyis the Boltzmann constant and T is the given temperature, with
the friction acting on the particle, assuming that the particle is a hard sphere with the

hydrodynamic radius ry, at an infinite dilution in a continuum fluid with the viscosity n.

_ kT Equation 8.1.3
6mnTy

The Stokes-Einstein equation works well for nanometre and larger sized species.
However, the equation fails to accurately predict the diffusion coefficient for small

molecules. The approximation fails for small molecules due to two well-established
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reasons. First, small molecules are not hard spheres but can exhibit different molecular
shapes, are flexible, interact with solvents to different degrees, and can have very

different densities.

The friction caused by molecular shape can modify the friction factor, fs. Small molecule
shapes can be better approximated as ellipsoids. Ellipsoids can be described as either
prolate or oblate, and this is defined by their aspect ratio (b/a), where b is the major axis
and a is the minor axis. Perrin analysed the effect of shape factor on diffusion
coefficients?’”, showing molecular shape only becomes important when the aspect ratios
are high, as depicted in Figure 8.1.2, i.e. where molecules are thin rods or wide disks.
The Perrin shape friction factor f; can be included in the denominator of the Stokes-
Einstein equation. Equation 8.1.5 and Equation 8.1.6 for prolate and oblate ellipsoids
respectively. Where aspect ratios are lower than 5, which is true for most small
molecules, the effects on D are usually less than 10% and, therefore, can be safely

ignored.

kT Equation 8.1.4

Prolate ellipsoid: f; = 3 Equation 8.1.5

o

Oblate ellipsoid: f; = 3 Equation 8.1.6

) 2
— arctan < (2 — 1>
a a
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Figure 8.1.2 The dependence of fs shape factor according to Perrin’s equations for prolate and
oblate molecules.

Second, solvent systems are neither infinitely dilute nor a continuum fluid. A continuum
fluid is one where the discrete molecules of the fluid are neglected, and the solvent can
be thought of as a uniform substance throughout. Real solvents, being small molecules
themselves, have various geometries and are not infinitely small compared to the solute.
Therefore, the interactions between the solvents and solutes also contribute to the
friction. It was proposed that, for small molecules, the denominator of the Stokes-
Einstein equation could be 61nry for a stick boundary and 41nr for a non-stick, or slip,

boundary, as shown in Equation 8.1.7 and Equation 8.1.8.

kT
Stick — boundary condition D = Equation 8.1.7
6nnry
kT ,
Slip — boundary condition D = Equation 8.1.8
Ty

Instead of using either 4 or 6, corresponding to the slip or stick boundaries, the equation
proposed by Sutherland (Equation 8.1.9)?”8 introduced a numerical factor that depends
on the radius ratio of the solute and solvent, 3. When f is zero, the denominator reduces
to 4; when 3 approaches infinity, the denominator approaches 6, reproducing the Stoke-

Einstein equation.
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kT +3
(B T ") Equation 8.1.9

- 6mnry \fry + 2n

An improved model for variable solvent friction factor was derived by Gierer and Wirtz
(Equation 8.1.10), based on micro friction theory?’®. Here a is defined as the ratio of the
radius of the solute to that of the solvent. WWhen the solvent and solute are the same size,
few reduces from 6 to 3. This model was also empirically re-derived by Chen and Chen

by fitting with experimental data, giving Equation 8.1.112%4,

3a 1 \7* Ty .
= (=4 ——— =35 Equation 8.1.10
fow (2 + T +a) where, a . q
fchen = (1 4+ 0.695a2234)71 Equation 8.1.11

As the shape factors are ignored and all molecules are also assumed to be spherical.
The hydrodynamic radius of the solute can be re-written based on the assumption that
all molecules are spherical and have the same effective density. The average effects of
flexibility and solvation factors that are otherwise impossible to include can be
approximated by an effective density of the solute molecules. A set of experimental
diffusion coefficient measured at 25 °C, for 109 combinations of 44 solutes and 5

common solvents was used to calculate an effective density, perr= 627 kg m™3 221,222,

Combining these three simplifications results in the Stokes-Einstein-Gierer-Wirtz-
Estimation (SEGWE) (Equation 8.1.12) which links the diffusion coefficient obtained at
a given temperature to the solute and solvent molecular weights through a single
parameter p.r22" 222 280 This approach simplifies a, the ratio of the solvent and solute
radii, required in the Geier-Wirtz friction to the cube root of the ratio of the solvent and

solute molecular weights.

kBT 3_“+La S 3 MWS
D = M where, a = T; = /MW Equation 8.1.12

61 3 3MW
n 4—1TpeffNA
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8.2 Development of SEGWE Model for Mixed Solvents

Diffusion coefficients strongly depend on the temperature of the system. Firstly, the
temperature affects the thermal energy of the system. If the system has more energy,
the faster the solute will diffuse through the solution. Secondly, the solvent viscosity also
depends on the temperature. A fluid is a substance with no fixed shape and can be easily
deformed. Viscosity refers to a fluid’'s resistance to flow. A fluid with low viscosity will
have less resistance to flow, meaning it will flow easier and quicker, and vice versa. For
example, water has a lower viscosity than honey; therefore, water flows easier and
quicker than honey. The temperature dependence of viscosity can be described by an
Arrhenius-like equation known as Andrade’s Equation (Equation 8.2.1)%8' 282, The
parameters a and b can be found for a given solvent by plotting the logarithm of viscosity
against the reciprocal of temperature. These Arrhenius parameters have been collated

for common deuteriated and protiated solvents in Evans et al.??!

n= ae? Equation 8.2.1

The SEGWE model is a good estimation of diffusion coefficients of small molecules in a
solvent with viscosity at a given temperature. Neither general power law nor SEGWE
methods are designed to handle samples containing mixed solvents. There are various
prediction models for viscosity in literature. Most of these are useful descriptions for pure
liquids. However, there is surprisingly little consensus on predicting the viscosity of
mixed liquids. This is complicated due to non-ideal mixing and intermolecular forces such
as hydrogen bonding. Mixing fluids with different viscosities changes the viscosity of the
whole system; therefore, it would be useful to accurately predict the viscosities of a

mixture, enabling the prediction of diffusion coefficients of solutes in mixed solvents.

Several equations for the calculation of viscosities of mixtures have been proposed.
There are two main types: those containing interaction parameters and those without.
The equations containing the interactive parameter tend to be more accurate; however,

this parameter is usually determined using experimental results and is entirely empirical.

One of the most commonly used empirical equations without an interactive parameter is
the Kendall-Monroe equation (Equation 8.2.2)%83 284 where the equation describes the
viscosity of the mixed solvent ;> as the weighted average of the cube-root viscosities

of the pure liquid. ns2is the viscosity of the mixed system, x; is the molar fraction of
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component 1, ns is the viscosity of component 1, x> is the molar fraction of component 2
and n: is the viscosity of component 2. The equation was developed to analyse binary
liquid mixtures with zero adjustable parameters. However, this equation has little

meaningful theoretical substantiation.

my = xmy”® + xmy”° Equation 8.2.2

Other models used to calculate the viscosity of mixed solvents include physical
properties such as densities of the pure component, as shown in Equation 8.2.3285 286,
Typically, this equation is used for salt solutions in water. x; and x» are the volume
concentrations of the two pure substances in the mixture, p1 and p; are their densities
and n1 and n2 are their viscosities.

X1P1 T PaXy

M2 = i
1,2 . pL % Pz Equation 8.2.3
M 2

A mixing rule for viscosity was originally proposed by Eyring, subsequently updated by
Nissan and Grunberg (Equation 8.2.4)%%7-28_The Nissan-Grunberg model is functionally
similar to the mixing rule derived by Arrhenius, where an additional interactive term can
be added to the equation for a more accurate prediction?®®. The term is usually

experimentally determined.

In(my2) = x1ln (1) + x2in (2) Equation 8.2.4

Many chemical processes are carried out in various solvent mixtures. The diffusion
behaviour of molecules in mixed solutions is still poorly understood. The following
section will explore how mixed solvents, thus mixed viscosities affect the diffusion
coefficients of a solute. The simplest mixture is a mix of deuteriated and protiated
solvents such as deuterium oxide and water. Mixed protiated-deuteriated solvents are
commonly used in the NMR study of proteins. The viscosity-modified model will be tested
with a number of proteins in various composition of water and deuterium oxide. However,
proteins further complicate matters as they can exhibit a range of structures, from the

highly structured to the intrinsically disordered.

8.3 Experimental

Unless otherwise specified, all data was collected at the Department of Chemistry
Instrumentation Facility (DCIF) at Massachusetts Institute of Technology. All DOSY
measurements were carried out on a 600 MHz Bruker AVANCE NEO spectrometer,

using a 5mm helium-cooled QCI-F cryoprobe equipped with a z-gradient coil producing
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a calibrated maximum gradient of 55.37 G cm™'. The gradients were calibrated using the
standards and method of Holz and Weingartner°. Temperature calibration was done

with both methanol-ds and ethylene glycol?28 2%,

All DOSY data was acquired using a stimulated echo NMR pulse sequence with bipolar
pulsed field echoes and longitudinal eddy current delay?®!, with additional excitation
sculpting used to suppress the solvent signals?°? 293, In total, diffusion coefficients of five
different globular, monomeric proteins with molecular weights ranging from 6500 to ca.

66500 g mol~" were acquired.

Table 8.3.1 summarises all proteins studied in this work with their molecular weights.

Table 8.3.1 Summary of proteins studied and their molecular weights.

Protein Molecular weight g mol™
aprotinin 6500
ubiquitin 8579
lysozyme 14307
myoglobin 16700
bovine serum albumin (BSA) 66463

Data were acquired using 16 gradients, incremented in equal steps of gradient squared.
These arrays ranged from 5% to 95% of the maximum for aprotinin, ubiquitin, myoglobin
and BSA at all temperatures, and lysozyme at both 298.15 K and 310.15 K. For lysozyme
data sets at 278.15 K, 283.15 K and 288.15 K, the gradients ranged from 2 % to 98 %
of the maximum. All diffusion-encoding gradients used smoothed square shaped pulses,
with a gradient shape factor of 0.9. Experiment timing parameters, A and &, are
summarised in Table 8.3.2. Data was processed using GNAT?%, using a Lorentzian line
broadening of 10 Hz. Peaks between 0.5-1.5 ppm (alkyl region) and 6.5-7.5 ppm
(aromatic region) were used to obtain the diffusion coefficients, and the largest error
from the region was reported. The error in width of peak is calculated based on the fit of
the data to the Stejskal-Tanner Equation (Equation 2.4.3). The diffusion coefficients of
the alkyl region and aromatic region do not differ significantly. This can be seen in the
DOSY spectra. All DOSY spectra for all protein samples, at all sample temperatures and

for all sample compositions can be found in Appendix 5.
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Table 8.3.2 Summary of experimental parameters.

Sample(s) A (s) o (s)
0.4 mM lysozyme at 273.15 K 0.1 0.0055
0.4 mM lysozyme at 293.15 K 0.1 0.0050
0.4 mM lysozyme at 288.15 K 0.1 0.0045
0.1
0.1

0.4 mM lysozyme at 298.15 K 0.0035

0.4 mM lysozyme at 310.15 K 0.0030
0.4 mM aprotinin at 298.15 K 0.1 0.0030
0.4 mM ubiquitin at 298.15 K 0.1 0.0030
0.4 mM myoglobin at 298.15 K 0.1 0.0035
0.4 mM BSA at 298.15 K 0.1 0.0045

0.2 mM lysozyme at 298.15 K 0.1 0.0035
0.4 mM lysozyme at 298.15 K 0.1 0.0035
0.8 mM lysozyme at 298.15 K 0.1 0.0035
1.6 mM lysozyme at 298.15 K 0.1 0.0035
3.2 mM lysozyme at 298.15 K 0.1 0.0035

8.4 Results and Discussion

The diffusion coefficients of lysozyme in different aqueous solvent compositions at
temperatures ranging from 273.15 to 310.15 K were measured using diffusion-ordered
spectroscopy. A summary of the diffusion coefficients of lysozyme in various solvent
compositions and at different temperatures is shown in Figure 8.4.1. All DOSY spectra
of lysozyme corresponding to the data in Figure 8.4.1 can be found in Appendix 5. As
the temperature increases, there is an increase in the thermal energy of the system;
molecules move quicker, the solvent becomes less viscous and the diffusion coefficient
increases. In 0:100 H,0:D,0, the diffusion coefficient was 0.53 x 1071 m?s™" at 273.15
K compared to 1.40 x 107" m?s~" at 310.15 K. The diffusion coefficient of lysozyme also
increases with an increase in the percentage of water. In 0:100 H20:D-0 the diffusion
coefficient was found to be 0.53 x 107 m?s~' compared to 0.70 x 107" m?s~" in 90:10
H,0:D,0 at 273.15 K.
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Figure 8.4.1 Measured diffusion coefficient of 1 mM lysozyme at temperatures ranging from
273.15 - 310.15 K, with a range of solvent compositions 90:10 H20:D20, 70:30 H20:D20, 50:50
H20:D20, 30:70 H20:D20, 10:90 H20:D20.

While the effect of deuteriation on solvents may sometimes be overlooked, it will affect
the solvent viscosity. The effect of deuteriation on the solvent viscosity depends on two
factors: the number of protons per molecule replaced by a heavier isotope and the role
of hydrogen bonding in the liquid?%. The viscosity of liquids at a given temperature can
be calculated using Andrade’s equation (Equation 8.2.1). Figure 8.4.2 shows that H,O
(protiated solvent) and D»O (deuteriated solvent) not only have different viscosities,
differing by ca. 25% at room temperature, but these viscosities also have different
temperature dependencies. This is also true for other protiated solvents and their
deuteriated counterparts (see Appendix 5.2). Figure 8.4.3 shows the ratio between the

viscosity of the protiated solvents and their deuteriated counterpart at various
temperatures. The viscosity ratios (Z—”) are not 1: there are differences between the
D

protiated and deuteriated.
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Figure 8.4.2 Viscosity of H20 (blue) and D20 (black) at temperatures from 275 to 315 K,
calculated using Andrade’s equation.
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Figure 8.4.3 Ratio of viscosities of protiated solvents and their deuteriated counter parts.

All three models from Equation 8.4.1 to Equation 8.4.3 were combined with Andrade’s
equation (Equation 8.2.1) for predicting the viscosity of mixed solvents. This enables the
prediction of viscosities of solvent mixtures using the Arrhenius-like parameters a and b
of both pure components. All three models predicted similar viscosities for solvent

mixtures of H,O:D,0; this is shown in Figure 8.4.4, the percentage difference between
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the Kendall-Monroe (cubic) equation and the Nissan-Grunberg model, and Figure 8.4.5,
the percentage difference between the density equation and the Nissan-Grunberg model.
Both graphs show that the prediction of viscosities is very similar, with less than 0.3%
difference. However, looking at the final forms of the combined equations is instructive.
The Kendall-Monroe equation (Equation 8.4.1) requires cubing, which will introduce a
number of additional terms. The rearrangement of Equation 8.4.2 also introduces
additional terms based on the solvent density. The Nissan-Grunberg model (Equation
8.4.3) keeps the form of Andrade’s equation. For the aqueous system studied here, it
has been assumed that the liquids will mix ideally, and the interactive parameter can be
ignored. The Nissan-Grunberg model was chosen for the present study as it is the
simplest model and the final form is intuitive. However, when liquids do not mix ideally
the interactive parameter can used. Note that adding a simple additive interaction
parameter to Equation 8.2.4 results in a multiplication e* where A is the interactive

parameter, increasing or decreasing the viscosity compared to ideal mixing.

b b .
’71,/23 = x,a,/3e3T + x,a,/3e3T Equation 8.4.1
N1y = X1p1 t P2X;
Yy Pr_x, P2 Equation 8.4.2
1 2
(a,eT) (azeT)
xX1b1+x,b .
Mg = afla;‘ze(%”) Equation 8.4.3
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Figure 8.4.4 Percentage differences ((ngn — Nxkm/Men) *100) in estimates of viscosity, calculated
using the Kendall-Monroe (cubic) and the Grunberg-Nissan equations, for mixed H20:D20
solvents, at temperatures between 273 and 310 K.
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Figure 8.4.5 Percentage differences ((nGN —ndensity/n(;,\,) x100) in estimates of viscosity,

calculated using the density and the Grunberg-Nissan equations, for mixed H20:D20 solvents, at
temperatures between 273 and 310 K.

Even though the radii of H,O and DO can be reasonably assumed to be the same, they
still influence the Gierer-Wirtz friction term. Without the Gierer-Wirtz friction term, simply

combining the Stokes-Einstein equation with the mixed viscosity model, the diffusion
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coefficients are underestimated. The estimated diffusion coefficients by the Stokes-
Einstein equation and modified SEGWE for mixed solvents are shown in Figure 8.4.6.
Overall, Figure 1.4.6 (b) shows fitting of experimental diffusion coefficients against
estimated diffusion coefficients for 0.4 mM of lysozyme at various temperatures ranging
from 273.15 to 310.15 K and a range of solvent compositions. Overall, the modified
SEGWE equation for mixed solvents was able to accurately predict the diffusion
coefficient of lysozyme, with an R2=1/0.9996. We propose a model that can predict the
diffusion coefficients of proteins based on their molecular weight, solvent composition,

and sample temperature.

3a 1
k(5 +ha) s _ 3 |MW;
D—W Where,a—I— Wand
Wibersiia Equation 8.4.4

X1b1+x2b
nlz _ ai"lagze( 1 IT 2 2)

(@) (b)
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Figure 8.4.6 Measured diffusion coefficients plotted against estimated diffusion coefficient for 0.4
mM lysozyme at temperatures ranging from 273.15 - 310.15 K, with a range of solvent
compositions 90:10 H20:D20, 70:30 H20:D20, 50:50 H20:D20, 30:70 H20:D20, 10:90 H20:D20,
0:100 H20:D20 where 90:10 H20:D20 is the lightest shade and 0:100 H20:D:20 is the darkest
shade. (a) Stokes-Einstein equation with viscosity modifications for mixed solvent (b) SEGWE
equation with viscosity modifications for mixed solvent.

To further test the extended SEGWE model, diffusion coefficients were acquired for 4
other proteins, aprotinin, ubiquitin, myoglobin and BSA, at the same temperature (298.15
K) in different aqueous compositions. These proteins were chosen as they exhibit a
range of molecular weights. Figure 8.4.7 shows the plots of the experimental diffusion

coefficients versus those predicted using the extended SEGWE method. The extended
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SEGWE equation accurately predicted the diffusion coefficient of ubiquitin, lysozyme
and myoglobin. The SEGWE method performs well with an RMS error 4.4%. While the
proteins were chosen as a representative set of monomeric, globular proteins, both
aprotinin and BSA diffusion coefficients were underestimated using the extended
SEGWE model. This could result from the shapes the protein adopts in solution.
Deviations from a spherical globular protein, result in greater friction and lower diffusion
coefficients than expected.

2.0
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O Lysozyme
V Myoglobin

’f O BSA
/ (" H,0D,0 )

2

L, 90:10

0 5' ,ﬁ 70:30
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Measured Diffusion Coefficient / 1071° m2s~!

Figure 8.4.7 Measured diffusion coefficients plotted against calculated using the mixed viscosity
modified SEGWE equation for various proteins at 298.15 K, with a range of solvent compositions
90:10 H20:D20, 70:30 H20:D20, 50:50 H20:D20, 30:70 H20:D20, 10:90 H20:D20, where 90:10
H20:D20 is the lightest shade and 10:90 H20:D:0 is the darkest shade.

Two concentration-dependent factors will reduce the experimentally acquired diffusion
coefficient. Firstly, proteins can aggregate in solution, forming larger species. Secondly,
at high enough concentrations, the proteins present an inaccessible volume fraction of
the sample and obstruct each other as they diffuse. The volume fraction of the solute
can be related to the molecular weight, MW, a molar concentration Cy in a solvent with
density p, the volume fraction can be estimated using Equation 8.4.5.2°6¢ The volume

fractions of lysozyme at various concentrations have been calculated and presented in

Table 8.4.1.
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CuM Equation 8.4.5

=M

Table 8.4.1 The concentration and calculated volume fraction of the lysozyme.

Concentration (mM) P
3.2 0.0439
1.6 0.0224
0.8 0.0114
0.4 0.0057
0.2 0.0029

The diffusion coefficient of molecules that aggregate can be calculated using the

Einstein-Sutherland equation (Equation 8.4.6). The concentration dependent term does

not change in (%), therefore, this term tends to zero. And thus, multiplied by

essentially the Stokes-Einstein equation (kT/f). Since @ for the different concentrations
are very small for all likely concentration and certainly those used here, the effect on D
will also be very small. Even for a 3.2 mM solution the (1- @) would be 0.9561, therefore,
the estimated diffusion coefficient would be about ca. 5% lower. Therefore, for proteins
at low concentrations the obstruction effect should have little affect the diffusion

coefficient.

kT dl ;
D= _(1 n nV) 1- ) Equation 8.4.6

f dinc
To experimentally confirm how the concentration of proteins affect the volume in space,
the diffusion coefficients of lysozyme with concentrations from 0.2 mM to 3.2 mM were
measured at 298.15 K, with solvent composition 90:10 H,O:D»0. All measurements with
error were within the predicted diffusion coefficient of 1.205 x 10-'° m2s-', as shown in
Figure 8.4.8. Therefore, at low concentrations of proteins, the obstruction effect on the
theoretically and experimentally determined diffusion coefficient is negligible. However,
the possibility of obstruction should be considered if the protein solutions are

concentrated.
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Figure 8.4.8 Concentration of lysozyme plotted against the measure diffusion coefficient. The
diffusion measurements were at 298.15 K and the solvent composition is 90:10 H20:D20. The
dashed line is the predicted diffusion coefficient in these conditions is 1.205 x 107'° m?s™.

A final assessment of the extended SEGWE method how well it can answer common
relevant questions. The measurement of protein diffusion coefficients provides an
important insight into their folding state in solution and function. Globular proteins, such
as the set of five proteins used earlier in this work, have well-defined, compact structures
which will be closer to the spherical approximation. On the other hand, intrinsically
disordered proteins or IDPs lack order in their three-dimensional form. Their structure is
more closely related to synthetic polymers than globular proteins. IDPs can be fully
unstructured or only partially structured. Less tightly packed molecules will affect the
shape and volume in space, reducing the experimental diffusion coefficient. The
extended SEGWE model was applied to various proteins and IDPs with a range of
molecular weights. All data presented in Figure 8.4.9 was provided by Dudas et al.?%".
The experimental diffusion coefficients of globular proteins (black) and IDP (blue) plotted
against the calculated diffusion coefficients using the viscosity modified SEGWE model.
The figure indicates that the extended SEGWE model, Equation 8.4.4, can distinguish
between globular proteins close to the spherical approximation and IDP structurally

closer to a synthetic polymer.
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Figure 8.4.9 Measure diffusion coefficients of globular proteins (black) and intrinsically disordered
proteins (blue) plotted against calculated using the mixed viscosity modified SEGWE equation for
various IDP at 287 K in H-0. Diffusion data from literature Dudas et al.?

8.5 Conclusion and Further Work

8.5.1 Conclusion

Diffusion coefficients have been used to provide information on size, shape and
envoironment of molecules. One approach is the Stokes-Einstein model which works
well for larger molecules. Combining the Stokes-Einstein equation with the well-
established Gierer-Wirtz modification results in the SEGWE model which can accurately
predict the diffusion coefficients of small molecules at a given temperature in a singular
solvent. In this work, appropriate modifications to the viscosity term in the SEGWE
equation enable a starting point for estimating diffusion coefficients of molecules in
mixed protiated-deuteriated solvents. For this preliminary study of how mixed solvents
effect the diffusion coefficient of moleucles, proteins were chosen as their size would
minimise the effects of the Gierer-Wirtz term in the SEGWE equation. For an H,0:D,0
solvent system, this extended SEGWE model effectively estimates diffusion coefficients
for globular proteins. The equation is suitable for proteins at low concentrations where
the obstruction effects of high macromolecule concentrations are minimal. At higher
concentrations, these should be considered. The proposed model is accurate enough to
solve chemical problems. When applied to IDPs of various molecular weights, it was
observed that the prediction of diffusion coefficients was overestimated. Biomolecules
such as proteins have various parameters contributing to the self-diffusion coefficient.
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One such parameter is their shape and configuration, i.e. folded or non-folded. This can
also vary depending on the environment and solvent conditions. The two states can be
distinguished by using the SEGWE equation modified for mixed solvent systems. This
allows users to understand if their protein has successfully folded, i.e. when estimation
and measurement are similar, or if there is an unexpected physical or chemical change,
such as aggregation or disordered protein, where the predicted diffusion coefficients are
over-estimated. The solvent system (pyridine and CDCI3) for the derivatisation methods
in previous chapters not only are different in viscosity, but also in size and shape. Overall,
this work acts as a foundation and starting point in order to understand the diffusion of

molecules in mixed solvents.

8.5.2 Further Work

To expand the model further, the following future work has been proposed:

1. Understanding the impact of different solute shapes. The Perrin shape
factors play an important role in solute-solvent friction. Systems studied should
have solutes with similar or the same molecular weights but different shapes in
an ideally mixed or pure solvent.

2. Understanding how two differently-sized solvents contribute to the Gierer-
Wirtz friction term. To study this, mixed solvent systems consisting of two
solvents with similar viscosity but different radii should be investigated. For
example, toluene-ds and methanol-d4 have similar viscosities where the viscosity
ratio is closer to 1. The radii for toluene-ds and methanol-d4 are 3.99 x 1070 m?s™"
and 2.84 x 107 m2s~" respectively.

3. Understanding the impact of non-ideal mixing. The simple solvent system
here mixes nearly ideally. Other mixed solvent systems will not. To study this,
mixed solvent systems consisting of solvents of broadly the same shape and size
but very different viscosity and vice-versa will need to be studied. For example,

it is known that water and DMSO have a non-linear mixing relationship.
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The overall aim of this thesis has been to develop multinuclear and multidimensional

NMR tools to characterise pyrolysis oils and complex mixtures.

Biomass could be a potential source of sustainable, renewable fuel. However, with the
increasing demand for agricultural land for food, there may be better alternatives to
growing crops for fuel. The brewing industry generates waste in the form of Brewer’s
Spent Grains (BSG), which is utilised mostly for animal feed. This offers an opportunity
to get a low-cost and readily available source of biomass. BSG can be thermally
converted into pyrolysis oil, also known as bio-oil. Pyrolysis oils are often not suitable for
direct use as fuel, mainly due to their acidic nature. The acidity of pyrolysis oils is mostly
due to oxygen-containing compounds. As a result, improved knowledge and
understanding of the chemical compositions of BSG pyrolysis oil is critical for future
storage, ageing and upgrading. However, pyrolysis oils are complex mixtures and
difficult to analyse using current techniques. NMR methods are chemically specific and
can be quantitative. However, there are still challenges in simplifying the spectra

acquired and improving the spectral resolution.

Prior to developing novel NMR techniques to characterise pyrolysis oils. the department
purchased a new 500 MHz spectrometer, and its performance needed to be assessed.
Temperature stability and gradient strengths are parameters that can affect the accuracy
and precision of NMR measurements, particularly, for diffusion measurements. Chapter
3 describes how to calibrate temperature for both the Bruker iProbe and the diffusion
probe. The temperature was measured using a d-methanol thermometer probe,
revealing that the real sample temperature differed from the temperature stated on the
spectrometer. The gradient strength calibration constant for the iProbe was also adjusted
to ensure experimental diffusion coefficients were similar to that of literature values. A
set of appropriate molecular liquids and a '3C diffusion experiment based on a DEPT
pulsed-field spin echo sequence was used to calibrate the gradient strengths of the

diffusion probe to compensate for the larger gradient strengths.

Developing new analytical techniques will enable a better understanding of the chemical
compositions of pyrolysis oil. Chapter 4 details how, for the first time, low-field NMR was
used to quantify the amount of carbonyl groups in four pyrolysis oils produced from

different feedstocks. The derivatisation of carbonyl groups using 4-
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(trifluoromethyl)phenyl hydrazine was used to effectively tag carbonyl-containing
compounds in pyrolysis oils, allowing them to be detected using '°F NMR spectroscopy.
Low-field NMR proves able to distinguish between different fluorine environments and
therefore, able to distinguish between different carbonyl groups that have been tagged
with fluorine-containing compounds. A comprehensive chemical shift map was produced
using derivatised model compounds. Overall, low-field '°F NMR estimates of the total
carbonyl content but also provide accurate chemical information on the different types
of carbonyl-containing compounds present. This is a clear advantage of the NMR
approach. In addition, low-field spectrometers have some additional advantages. They
are typically compact, requiring minimal laboratory space. They are cheaper, often
require less technical maintenance and do not require cryogens, making NMR
techniques more accessible to a wider range of users, particularly smaller research

laboratories and institutions.

Developing renewable fuels have many challenges to overcome, one of the major issues
is understanding the products produced from the pyrolysis process. The complex nature
of these pyrolysis oils makes them very difficult to analyse. It is extremely important to
understand what is present in these fuels to decide on the treatment process or
upgrading techniques required. Current analytical techniques have various limitations
therefore it is important to innovate new techniques to combat these issues. Overall,
these novel NMR methods developed combination with existing methods will provide

important information charactering pyrolysis oils.

Further works:

e Using Global Spectral Deconvolution for the estimation of integrals in the regions of
interest such as aldehydes, ketones and quinones.

e Identify other derivatisation agents to further improve the resolution of °F NMR
signals.

e Improve spectral resolution by developing pulse sequences such as '°F DOSY.

Hydroxyl groups are an oxygen-containing groups that also contributes to the oil’s acidity.
"H NMR struggles to distinguish between various hydroxyl groups in the sample. The

derivatisation of hydroxyl groups using 2-chloro-4,4,5,5-tetramethyl-1,3,2-
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dioxaphospholane was used to effectively tag carbonyl-containing compounds in
pyrolysis oils, allowing them to be detected using 3'P NMR spectroscopy. To reduce the
crowding of the spectrum, the use of 3'P{'H} NMR for qualitative and quantitative
analysis is explored in Chapter 5. A bi-level WALTZ-16 composite decoupling pulse was
chosen to minimise spectral artefacts that arise from compounds with larger coupling
constants. An inverse gated 3'P sequence was used to acquire quantitative data. 3'P
NMR was used to identify different alcohols present and quantify the amount of alcohol
in four hand sanitisers. The alcohol content estimated by 3'P NMR were also compared
to labels on the sample as well as more traditional methods such as oxidation followed
by redox titration. Overall, 3'P NMR estimates of the total hydroxyl content but also
provide accurate chemical information on the different types of hydroxyl-containing

compounds present.

Even though 3'P NMR methods in Chapter 5 significantly simplifies the spectrum easing
analysis, it can still be difficult to identify species based on chemical shifts and multiplicity
analysis alone. This was seen in two of hand sanitiser samples from the previous
chapter, where it was inconclusive whether the peak at 145.1 ppm belonged to 2-
propanol or 2-butanol or other secondary alcohol. Another way to separate signals
further is using pulsed field gradient techniques, such as diffusion NMR, which separates
signals in the diffusion domain. In Chapter 6, novel 3'P DOSY pulse sequences were
written and evaluated. Parameters such as convection, can directly and significantly
affect the measured diffusion coefficients, were also explored. It was found that thick-
walled NMR tubes were insufficient to compensate for the effects of convection in very
convective liquids such as CDCls. Therefore, 3'P convection compensated sequences
were written and successfully implemented. Quantitative chemical information such as
molecular weight can be inferred using power law methods where internal calibrants are
used to generate a calibration curve. The molecular weight of unknown alcohols can
then be estimated, using the power law generated. This sequence was applied to four
hand sanitisers studied in Chapter 5; the additional information acquired allowed for

unknown species in the hand sanitiser samples to be identified.
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Further works:

o Current diffusion experiments require 20 hours to acquire data however, the signal-
to-noise ratio is still relatively low for some peaks, therefore address the limitation
of signal-to-noise.

e Better choice of internal calibrants with a wider molecular weight range and check
that they aren't involved in chemical exchange with other species present. The main
issues with the current internal calibrants, first, TMDP concentration can vary from
sample to sample depending on how much had been used up and second, second,
the derivatised NHND degrades over time.

e Apply 3P DOSY techniques to other model oils and real oils.

¢ An extensive library/ machine learning of diffusion data for the compounds in bio-
oil can be produced for a rapid and precise way to characterise bio-oil samples.

¢ Once these protocols are developed, they can be implemented on NMR software

or as standalone packages.

In Chapter 7, Brewers’ Spent Grains were used as a feedstock to produce pyrolysis oil
using both slow and fast pyrolysis. The BSG pyrolysis oils were characterised using wet
chemistry and novel spectroscopy techniques. The pH of the pyrolysis oils was studied,
it was found that BSG pyrolysis oils had pH ca. pH 5 to 6, which are less acidic compared
to other pyrolysis oils produced from other biomasses in literature, typically pH 2 to 3.
The water content of organic phases of the pyrolysis oils was low, where slow pyrolysis
oil contained ca. 2.43 % water, and fast pyrolysis oil contained ca. 27.08 % water. BSG
slow pyrolysis overall contained less oxygen compared to fast pyrolysis based on
elemental analysis data. Both pyrolysis oils contained small amounts of oxygen-
containing species characterised using GC/MS however the major limitation is that not
all of the oil can be analysed. NMR revealed the amounts of different oxygen-containing
species, the overall concentrations of hydroxyl and carbonyl containing species, alcohols,
acids, ketones, and aldehydes were concordant with the lower oxygen content in slow
pyrolysis oils. These properties all suggest the promising viability of Brewers’ Spent
Grains as a feedstock for fuel replacements, fuel additives or upgrading to added-value
chemicals. Notably, the low acidity suggests the BSG pyrolysis oils can be used directly

as fuel for boilers and the low oxygen content will reduce the needs for upgrading.
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Further works:
Physiochemical analysis of feedstock.

e Lignocellulose content
e CHNS/O

e Moisture content

Comprehensive study of the BSG pyrolysis oils produced.

e Heating Values — the amount of heat released during the combustion of pyrolysis
oils.

e TAN (Total acid number) — the quantity of KOH required to neutralise the acid
component.

¢ Flash Point—the minimum temperature at which a liquid gives ff vapour at a sufficient

concentration to for an ignitable mixture with air.

Diffusion NMR spectroscopy can be used to obtain quantitative information such as
molecular weights of species. Chapter 6 explores one way to quantitatively interpret
diffusion coefficient information using power-laws generated based on internal
calibrants. An alternative method is the Stokes-Einstein Gierer-Writz (SEGWE) has been
developed to simplify the complex relationship between diffusion coefficient and
molecular mass, enabling the estimation of diffusion coefficients in a pure solvent of a
molecule based on the molecular weight. In Chapter 9, the SEGWE equation was
extended to handle mixed aqueous solvents by appropriate modification to the viscosity
term, combining Andrade’s equation and the Grunberg-Nissan mixing rule. It was shown
to successfully estimate the diffusion coefficients of both globular proteins and
intrinsically disordered proteins, in a wide range of mixed protiated—deuteriated aqueous
solvents at a range of temperatures. This allows for confirmation or estimation of protein
molecular mass and proves capable of distinguishing unstructured proteins from their
globular counterparts. This acts as a starting point in developing a suitable, general,
equation for handling diffusion coefficient in mixed solvents, such as those used in
derivatisation reactions earlier in the thesis (pyridine and CDCIs). The extension to mixed

solvents will only further increase the scope and range of use of the method.
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Further works:

General approach for Extend the SEGWE to handle mixed solvents:

¢ Understanding the impact of different solute shapes.
e Understanding how two differently sized solvents contribute to the Gierer-Wirtz
friction term.

¢ Understanding the impact of non-ideal mixing.

Overall, these novel analytical methods developed combination with existing methods

will provide important information on the composition of pyrolysis oils.
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Table A1.1 Experimental parameters

Sample(s) A (s) o (s) % of max. gradient
strength
(1700 G cm™)
cyclohexanol 0.1 0.001 5-20
DMSO 0.1 0.001 10 - 30
1-pentanol 0.1 0.001 10 - 50
squalane 0.1 0.001 10 - 90

Table A1.2 estimated gradient strength required to achieve a 10% and 90% attenuation for a '"H DOSY

Signal

D A (o) Y g
liquid Intensit
y m?s™’ s s rads™ T G/cm
D20 0.9 191E-09 0.1 0.001 267522187.4 8.779351823
0.1 1.91E-09 0.1 0.001 267522187.4 41.04226818
cyclohexane 0.9 142E-09 0.1 0.001 267522187.4 10.18204389
0.1 1.42E-09 0.1 0.001 267522187.4 47.59966161
DMSO 0.9 7.3E-10 0.1 0.001 267522187.4 14.20096009
0.1 7.3E-10 0.1 0.001 267522187.4 66.38754479
1-pentanol 0.9 286E-10 0.1 0.001 267522187.4 22.68799513
0.1 2.86E-10 0.1 0.001 267522187.4 106.063272
squalane 0.9 290E-11 0.1 0.001 267522187.4 71.24922388
0.1 290E-11 0.1 0.001 267522187.4 333.0803701

Table A1.3 estimated gradient strength required to achieve a 10% and 90% attenuation for a '*C DOSY

B.Tang, PhD Thesis, Aston University, 2024.

liquid Signal Intensity b A 2 Y 9
m?s™ s s rads™ T G/cm
cvelohexanol 0.9 1.42E-09 0.1 0.001 67282800 40.48468
y 0.1 1.42E-09 0.1 0.001 67282800 189.2603
DMSO 09 7.3E-10 0.1 0.001 67282800 56.46424
0.1 7.3E-10 0.1 0.001 67282800 263.9626
1-pentanol 0.9 2.86E-10 0.1 0.001 67282800 90.20942
0.1 2.86E-10 0.1 0.001 67282800 421.7167
0.9 290E-11 0.1 0.001 67282800 283.293
squalane
0.1 290E-11 0.1 0.001 67282800 1324.356
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Table A2.1 Model carbonyl compounds

Compound Supplier Purity (%)
Acetone Fisher Scientific 99
3-methyl-1,2-butanone Sigma-Aldrich 99
2-butanone Alfa Aesar 99
2-pentanone Thermo Scientific 99
3-pentanone Thermo Scientific 99
butyraldehyde Alfa Aesar 98
valeraldehyde Alfa Aesar 97+
hexanal Fisher Scientific 96
octanal Alfa Aesar 98
furfural Sigma-Aldrich 99
benzaldehyde Sigma-Aldrich 99
cinnamaldehyde Fisher Scientific 99
anthraquinone Acros Organics 98
1,4-benzoquinone Thermo Scientific 98+
2-hydroxyl-1,4- Alfa Aesar 98+
napthoquinone
1,4-napthoquinone Acros Organics 99

(g) CsF¢ in DMSO

(f) C4F5 in DMSO-d,

|

(e) 3-tri(fluoromethyl) benzoic acid in DMSO

|

(d} 3-tri{fluoromethyl) benzoic acid in DMSO-d,

l

{c) 3-tri{fluoromethoxy) benzoic acid in DMSO

l

(b) 3-tri{fluoromethoxy) benzoic acid in DMSO-d,

[

(a) 3-tri{fluoromethoxy) benzoic acid, 3-tri(fluoromethyl) benzoic acid and C;F¢in DMSO-d,

T T T T T T T
55 60 65 -70 -75 -80 -85

Figure A2.1 Stacked "°F NMR spectrum of internal standards in protiated DMSO and deuteriated DMSO

B.Tang, PhD Thesis, Aston University, 2024.

T
-90

CHEMICAL SHIFT {ppm)

T T T T T T T T T T T T T T T T
-95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 -155 -160 -165 -170
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Table A2.2 Summary of F NMR chemical shifts of model compounds all references against CeéFs at =164.0 ppm

Chemical Chemical shift (ppm)
Ketones acetone -61.63
-61to -61.7 3-methyl-2-butanone -61.68
2-butanone -61.63
2-pentanone -61.64
3-pentaone -61.61
Aldehydes butyraldehyde -61.72
-61.7 to -61.9 valeraldehyde -61.67
hexanal -61.70
octanal -61.74
benzaldehyde -61.81
furfural -61.83
cinnamaldehyde -61.86
Quinones 2-hydroxy-1,4-naphthaquinone -62.66 to -61.75
-61.9 to -64.0 1,4-naphthagionone -63.68 to -61.51
anthraquinone -63.47 to —61.52
benzoquinone -63.60 to 61.46

Figure A2.2 shows that 3-(trifluoromethyl)benzoic acid (-63.8 ppm) is a potential candidate for internal standard
for quantification as the peak is far away from the acetone peak.

{c) 1S: 3-(trifluoromethyl) benzoic acid

(b) F derivatised acetone + 1S: 3-(trifluoromethyl) benzoic acid

A

(a) P°F derivatised acetone + IS: 3-(trifluoromethyl) benzoic acid spiked with 4-(trifluoromethyl)phenyl hydrazine

—— °F derivatised acetone

=

-56.0 -57.0 -58.0 -59.0 -60.0 -62.0 -63.0 -64.0 -65.0 -66.0

4-(trifluoromethyl)phenyl hydrazine

-61.0
CHEMICAL SHIFT (ppm)

Figure A2.2 (a) "°F NMR spectrum of derivatised acetone, internal standard (IS) 3-(trifluoromethyl) benzoic acid
and 4-(trifluoromethyl)phenyl hydrazine. (b) °F NMR spectrum of derivatised acetone and internal standard (IS)
3-(trifluoromethyl) benzoic acid (c) internal standard (IS) 3-(trifluoromethyl)benzoic acid
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(d) Model Oil 4
J\ J}\\
{c) Model Oil 3 E 3.42 6.8l 062
A J\/\«\
(b) Model 0l 2 100 T 334 0.56
A J\AA\
{a) Madel Oil 1 oo 7.69 342 0.88
_A J\/\’¥
E 2.71 5.44 0.42
-56.0 570 580 59.0 60.0 610 62,0 63.0 64.0 650 660
CHEMICAL SHIFT {ppm)
Figure A2.3 Stack plot of the "F NMR spectrum for the model oils
Table A.2a Summary integrals used for quantification using NMR spectroscopy
Sample Internal Internal Internal Ketone | Aldehyde | Quinone
Standard | Standard | Standard | Integral Integral Integral
Mass (9) MW (g Moles
mol™) (x10%)
Model Oil 0.0127 206.12 0.616 2.71 5.44 0.42
1
Model Oil 0.0118 206.12 0.572 7.69 342 0.88
2
Model Oil | 0.0163 206.12 0.791 3.28 3.34 0.56
3
Model Oil 0.0134 206.12 0.650 3.42 6.81 0.62
4
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Table A2.2b Summary of the theoretical moles of carbonyl containing compounds and the quantification using

NMR spectroscopy
Sample | Theoreti | Theoretic | Theoreti | Ketone | Aldehyde | Quinone
cal al cal Moles Moles Moles
Ketone | Aldehyde | Quinone | (x10%) (x10%) (%104
Moles Moles Moles
(x10) (x104) (x104)
Model
QOil 1 2 2.8 0.3 1.68 3.35 0.26
Model
QOil 2 4 3.8 0.3 4.40 1.95 0.50
Model
Oil 3 2 2.8 0.3 2.59 2.64 0.44
Model
Oil 4 2 4.6 0.3 2.22 443 0.40
{d) Willow (500 MHz)
I Y e S
(c) Willow (43 MHz2) 3 +e0 043 0.89- 0.61
J\ NS
(b) Willow (43 MHz) 2 1.00 0.52 0.69 0.74
Jk J\/\\‘\_
(a) Willow (43 MHz) 1 .00 0.48 0.69 0.55
l o
1.00 0.43 0.58 0.49
-56.0 75‘7.0 —58.0 -sé.o -sb.o -65.0 -slz.o -6|3.0 —64‘1.0 -65I.0 -66.0

CHEMICAL SHIFT (ppm)

Figure A2.4 Stacked Plot of "°F NMR spectra of derivatised pyrolysis oil produced from willow at 43 MHz in
triplicate (a-c) and "°F NMR spectrum of derivatised pyrolysis oil produced from willow at 500 MHz

B.Tang, PhD Thesis, Aston University, 2024.

279



{d) Virginia Mallow {500 MHz)

A \

(c) Virginia Mallow (43 MHz) 3

0.24 0.20- 1.82

D S

(b) Virginia Mallow (43 MHz) 2

1.00

0.23 019 1.75

j\/\\k__-/\m*

{a) virginia Mallow {43 MH

7} 1

A
)|

035 0.19 1.95

J\/\\\W—Jp

1.00

0.16 0.24 1.45

-65.0

-66.0

-56.0 -57.0

Figure A2.5 Stacked Plot of "°F NMR spectra of derivatised pyrolysis oil produced from Virginia Mallow at 43

-58.0

-59.0

-60.0 -61.0 -62.0 -63.0

-64.0

CHEMICAL SHIFT (ppm)

MHz in triplicate (a-c) and "°F NMR spectrum of derivatised pyrolysis oil produced from Virginia Mallow at 500

MHz

B.Tang, PhD Thesis, Aston University, 2024.
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(d) Miscanthus {500 MHz)

M A

{c) Miscanthus (43 MHz) 3

B

—

1.00

032 016 1.70

N

o
.00

—
(b) Miscanthus (43 MHz) 2 J 029 0.15 173
(a) Miscanthus (43 MHz) 1 1 0.22 013 1.42
/A; M N
t 1
1.00 0.31 0.6 1,48
56.0 57.0 -58.0 -58.0 -60.0 -61.0 -62.0 -63.0 -64.0 -65.0 -66.0

CHEMICAL SHIFT (ppm)

Figure A2.6 Stacked Plot of "°F NMR spectrum of derivatised pyrolysis oil produced from Miscanthus at 43 MHz

in triplicate (a-c) and "°F NMR spectrum of derivatised pyrolysis oil produced from Miscanthus at 500 MHz

B.Tang, PhD Thesis, Aston University, 2024.
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APPENDIX 3 *'P NMR Analysis of Alcohol Groups in
Bio-oils
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A3.1 Chemicals and chemical shift map
Table A3.1 Model alcohol compounds

Compound Supplier Purity (%)
Methanol Fisher Scientific 99.8
Ethanol Fisher Scientific 99.8
1-propanol Fisher Scientific =299
2-propanol Fisher Scientific 99.5
1-butanol Sigma-Aldrich 99.9
2-butanol Acros Organics 99
t-butanol Sigma-Aldrich 99.5
Glycerol Fisher Scientific 99+
Cyclohexanol Acros Organics 98
Phenol Sigma-Aldrich =99

Table A3.2 Summary of 3'P NMR chemical shifts of derivatised model compounds all references against

di-derivatised water at 132.2 ppm

Chemical Chemical Shift
(ppm)

Tertiary Alcohols & Phenol 137.9
Aromatics t-butanol 142.0
Secondary Alcohols Cyclohexanol 145.19

2-propanol 145.2

2-butanol 145.8

Glycerol 146.4
Primary Alcohols Ethanol 146.8

1-propanol 147 .1

1-butanol 147.2

Glycerol 147.3

Methanol 148.0

B.Tang, PhD Thesis, Aston University, 2024.
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Table A3.3 Summary of 3'P NMR chemical shifts of derivatised model compounds reproduced from M. Li,
C. G. Yoo, Y. Pu and A. J. Ragauskas, ACS Sustainable Chemistry & Engineering, 2017, 6, 1265-1270.

Compound COOH OH
(ppm) (ppm)
Acetic acid 134.6 -
Trans-aconitic acid 134.6 -
135.2
135.4
Citric acid 134.8 -
134.9
Formic acid 137.4 -
Fumaric acid 135.2 -
Glucuronic acid 134.5 (B) -
135.3 (a)
Hexanoic acid 134.3 -
Isobutyric acid 134.8 -
L-lactic acid 134.9 -
Levulinic acid 134.6 -
Linoleic acid 134.3 -
Linolenic acid 134.3 -
Malonic acid 134.8 -
Oleic acid 134.4 -
Palmitic acid 134.7 -
Stearic acid 134.6 -
Succinic acid 134.6 -
cis-Vaccenic acid 134.7 -
Benzoic acid 136.0 -
trans-Cinnamic acid 135.0 -
Caffeic acids 135.1 138.6 (p)
139.6 (m)
Coniferyl alcohol - 139.7
148.1
o-Coumaric acid 134.9 138.9
p-Coumaric acid 135.1 1394
2',5- - 138.7 (m)
Dihydroxyaceophenone 138.8 (0)
Ferulic acid 135.1 139.4
3-Methoxycatechol - 142.7 (m)
138.6 (0)
4-Methly catechol - 139.3 (p)
138.9 (m)
Sinapic acid 135.2 142.2
Syringic acid 135.1 141.9
Vanillic acid 136.0 139.8
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A3.2 3P spectrum of initial calibration (QNMR)

This section shows a series of 3'P NMR spectra of derivatised cyclohexanol
using TMDP at different concentrations. These spectra show the integration
range used to calculate the ratio of lon/INHND

OM Cyclohexanol

154 152 150 148 146 144 142 [ppm]
CHEMICAL SHIFT (PPM)

Figure A3.1 1D 3P NMR spectrum of derivatised NHND (ca. 151 ppm)

0.01M Cyclohexanol F

-4
L

1.0000

I
32.6965
S

I
154 152

T
150 148 146
CHEMICAL SHIFT (PPM)

—
h_
IS
-
=
[ \*]

[ppm]

Figure A3.2 1D 3P NMR spectrum of derivatised 0.1 M of cyclohexanol (ca. 145 ppm) and NHND (ca. 151
ppm)
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0.25M Cyclohexanol

t 7
—
p=

1.0000

g
55.4376
| 222200

I
154 152 150 148 1486
CHEMICAL SHIFT (PPM)

142 [ppm]

-
g
F-Y

Figure A3.3 1D 3P NMR spectrum of derivatised 0.25 M of cyclohexanol (ca. 145 ppm) and NHND (ca. 151
ppm)

0.5M Cyclohexanol F

154 152 150 148 146
CHEMICAL SHIFT {PPM)

2 [ppm]

-lhA 112.4032 R—L

t
L 14

Figure A3.4 1D 3'P NMR spectrum of derivatised 0.5 M of cyclohexanol (ca. 145 ppm) and NHND (ca. 151
ppm)
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0.75M Cyclohexanol

—L
.-
f'—

1

— 174.9884

1/

142 [ppm]

‘ T T T ‘ 1 T | T
154 152 150 148 146
CHEMICAL SHIFT (PPM)

£

Figure A3.5 1D 3P NMR spectrum of derivatised 0.75 M of cyclohexanol (ca. 145 ppm) and NHND (ca. 151
ppm)

1M Cyclohexanol

L

+

A

| |
154 152 150 148 146 1
CHEMICAL SHIFT {PPM)

211.3399

- 1.0000

[ppm]

B
B
-
f-S
N

Figure A3.6 1D 3P NMR spectrum of derivatised 1 M of cyclohexanol (ca. 145 ppm) and NHND (ca. 151
ppm)
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A3.3 Hand Sanitisers

Table a3.1 Titration results for hand sanitisers

Initial Final Titre
Blank 1 0.2 20.6 20.4
Blank 2 20.6 40.9 20.3
Blank 3 2.6 23 20.4
Garnier 1 0.8 13.2 12.4
Garnier 2 13.2 25.7 12.5
Garnier 3 25.7 38.2 12.5
Carex 1 0.7 14 13.3
Carex 2 14 1 27.4 13.3
Carex 3 27.4 40.9 13.5
Cuticura 1 1.3 13.1 11.8
Cuticura 2 13.3 25 11.7
Cuticura 3 25 36.8 11.8
Bondloc 1 0.2 11.8 11.6
Bondloc 2 13.4 25.1 11.7
Bondloc 3 25 36.6 11.6

Table A3.2 Estimation of alcohol content from titration results for hand sanitisers

B.Tang, PhD Thesis, Aston University, 2024.

Hand Hand Titre Moles of Mass of | Estimation of
sanitiser sanitiser Ethanol Ethanol the amount
mass in ethanol using
1mL titration
(9) (cm®) (mol) (9) Yo(W/w)
Garnier 1 0.0040 | 204 | 5.70x10°|2.63x1073 65.6
Garnier 2 0.0041 20.3| 5.63x10°| 259 x 1073 63.8
Garnier 3 0.0041 204 | 5.63x10°5|259x 1073 63.8
Carex 1 0.0041 124 | 6.15x10°|2.83x 1073 69.2
Carex 2 0.0041 12.5| 6.23x105|2.87 x 1073 70.0
Carex 3 0.0041 125| 6.15x10°|2.83 x 1073 69.2
Cuticura 1 0.0041 13.3| 5.03x10%|2.32x 1073 56.9
Cuticura 2 0.0041 13.3| 5.03x105|2.32x1073 56.9
Cuticura 3 0.0041 13.5| 4.88x10°|225x%x1073 55.2
Bondloc 1 0.0041 11.8| 6.30x105|2.90x 1073 71.4
Bondloc 2 0.0041 117 6.23x10°5|2.87 x 1073 70.6
Bondloc 3 0.0041 11.8| 6.30x105|2.90x 1073 71.4
288




Table A3.3 Average alcohol content from itration results for hand sanitisers

Hand sanitiser Average of the amount Error
ethanol using titration
Y% (W/w)
Garnier 64.4 3.27
Carex 69.5 3.52
Cuticura 56.3 2.86
BondLoc 71.1 3.61
(a) Cuticura 1p ['H} NMR Spectrum
(b) Cuticura 31p NMR Spectrum
(c) Bondloc 31p NMR Spectrum

(d) Bondloc *1p NMR Spectrum

iy
. A

T T T T | |
153 152 151 150 149 148 147 146 145 144 143
CHEMICAL SHIFT (ppm)

T T
155 154

Figure A3.7 Stacked plot of (a) 3P {1H} NMR spectrum of derivatised hand sanitiser (Cuticura) (b) 3'P
NMR spectrum of derivatised hand sanitiser (Cuticura) (c) 3'P {1H} NMR spectrum of derivatised hand
sanitiser (Bondloc) (d) 3P NMR spectrum of derivatised hand sanitiser (Bondloc)
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¥1p f1H} NMR Spectrum

Derivatised Hand Sanitiser {Cusson Carex)

04.7201 =

o
1=
o
<

T T T T
180 170 160 150 140 130

CHEMICAL SHIFT {ppm)

Figure A3.8 1D 3'"P NMR spectrum of derivatised hand sanitiser (carex)

31p {14} NMR Spectrum
Derivatised Hand Sanitiser (Cuticura)

—

Bt ] )
I
ﬁ Leg
<t 0™
=] 7=
[ T T = T ‘_I I
180 170 160 150 140 130

CHEMICAL SHIFT (ppm)

Figure A3.9 1D 3P NMR spectrum of derivatised hand sanitiser (cuticura)
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31p {1H} NMR Spectrum

Derivatised Hand Sanitiser (BondLoc)

I I
JL L JL 1 JL
\ _§ &
180 170 160 150 140 130
CHEMICAL SHIFT (ppm)
Figure A3.10 1D 3'P NMR spectrum of derivatised hand sanitiser (bondloc)
Table A3.4 Estimation of alcohol content from 3'P NMR results for hand sanitisers
Hand IS Mass of | Mass R Hand Ethanol Ethanol
sanitiser | Mass | whole | of ISin sanitiser
solution | NMR Mass
(9) (9) (9) (9) (mmol/g) | (mol/mol)
Garnier 0.1125 2.513 | 0.00940 | 37.8 0.0263 13.5156 0.62266
Carex 0.1236 2.513 | 0.01033 | 24.7 0.0166 15.3728 0.70823
Cuticura | 0.1346 2.513 1 0.01125 | 16.5 0.0153 12.1334 0.55899
BondLoc | 0.1383 2.513 | 0.01156 | 26.4 0.0200 15.2595 0.70301

Table A3.5 Estimation of alcohol content from 3'P NMR results for hand sanitisers and errors

Hand sanitiser

Ethanol content on label

Estimation of the amount

Y% (W/w) ethanol using gNMR
Yo (Wiw)
Garnier 62.4 62.3
Carex 70 70.8
Cuticura 57.5 55.8
BondLoc 70 70.3
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A3.4 31P NMR of Spruce Pyrolysis Qil

31p ('H} NMR Spectrum
Spruce Pyrolysis Oil

C
.

J_
wn o o
e =
-] T 4
- o~ ~
T T T

|
150 a5 140 135 [ppm]
CHEMICAL SHIFT (ppm}

|

7 1.,0000

=

Figure A3.11 1D 3'"P NMR spectrum of derivatised spruce pyrolysis oil.
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APPENDIX 4 Development of *'P DOSY
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A4.1 Mathematica Scripts for Calculating Thermal
Expansion Coefficient, 3, from Density Data

Deuteriated Water

dir= "C:\\Users\\tangb2\\Desktop\\DOSY DATA.x1sx";
Data= Import[dir, "Data"];

xaxis= "T (K)"

yaxis= "V (cm® mol™)"

Clear[T]

T={Data[[5, 5, 9]11};

For[(i= 6, i< 14, i++, AppendTo[T, Data[[5, i, 91111
T

Pwaterp = {Data[[5, 5, 10]11};
For[(i= 6, i< 14, i++, AppendTo[patern, Data[[5, 1, 101111

Puaterd

Puaterd 3

Mr= 20.0276;

V= Mrs (ouater™) 5

plot= Partition[Riffle[T, V1, 2];
DatPlot = ListPlot[ plot, PlotStyle- Purple, LabelStyle- {10, Black,

int = Interpolation| plot]

intplot = Plot[int[x], {x, 279, 340}, PlotStyle- {Red, Dashed}];
dint=int';

(*dint[205] )

FontFamily- "Calibri"} , AxesLabel- {xaxis, yaxis}];

dintplot = Plot[dint[x], {x, 279, 340}, PlotStyle- {Blue, Dashed}];

img2 = Show[DatPlot, intplot]

BETAplot = Plot[dint[x] / int[x], {x, 279, 340}]
dint[298.15] / int[298.15]

Clear[a, b, c, d, x];

nlml = NonlinearModelFit[plot, a + bx+ cx*2+ dx”3, (a, b, ¢, d}, x];

nlml= Normal[ nlmi] ;
FitPlot= Plot[nlml, {x, 279, 340}, PlotStyle- {Red, Dashed}] ;

img3 = Show[DatPlot, FitPlot]
BETA2 = Simplify[D[nlml, x] / nlml1]
BETA2 /. x- 298.15

V (cm3 mol™1) 4
1835+ ’
18.30 .
18.25 e
18.20 - .
18.15 P

e -"

I I I I I I T(K
280 290 300 310 320 330

B=173x10"K"
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Protiated Water

dir = "C:\\Users\\tangb2\\Desktop\\DOSY DATA.x1sx";
Data = Import[dir, "Data";;

xaxis = "T (K"

yaxis = "V (cmw® mol™)"

Clear[T]

T= (Data[[5, 4, 311} ;

For[i= 5, i< 15, i++, AppendTo[T, Data[[5, i, 3]1111;
T

Puater = {Data[[5, 4, 411} ;

For[i= 5, i< 15, i++, AppendTo[p,ater, Datar (5, i, 41111
Puater

Pvater_l.;

Mr = 18.01528;

V=Mrs (Dwater‘il) H

plot = Partition[Riffle[T, Vi, 2];

DatPlot = ListPlot[plot, PlotStyle » Purple, LabelStyle - {10, Black, FontFamily - "Calibri"}, AxesLabel -» {xaxis, yaxis}];

int = Interpolation[plot] ;

intplot = Plot[int[x], {x, 279, 328}, PlotStyle - {Red, Dashed}];
dint = int';

(»dint[205] »)

dintplot = Plot[dint[x], {x, 279, 328}, PlotStyle - {Blue, Dashed}];

img2 = Show[DatPlot, intplot]

BETAplot = Plot[dint[x] / int[x], {x, 279, 328}]
dint[298.15] / int[298.15]

Clear[a, b, c, x1;

nlml = NonlinearModelFit[plot, a + bx+ cx*2, {a, b, ¢}, X];
nlml = Normal[nlmi] ;

FitPlot = Plot[nlml, {x, 279, 328}, PlotStyle - {Red, Dashed}];

img3 = Show[DatPlot, FitPlot]
BETA2 = Simplify[D[nlml, x] / nlml]
BETA2 /. x-» 298.15

V (cm3 mol-1)

L '.
L 4
18.25 e
L L]
¥ .
F .
18.20 - »’
¥ .
[ .
5 .
18.15 i
¥ .
[ »
¥ .
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r PR e
[¢ o =-="¢
I T T T T T ST ST I Y S S O I N BT N T (K)
F 280 290 300 310 320
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Deuteriated Chloroform

dir = "C:\\Users\\tangb2\\Desktop\\DOSY DATA.x1sx";
Data = Import[dir, "Data"];

xaxis="T (K)";
yaxis = "V (arw mol™)";

T= {Data[[4, 3, 2]1};
For[i=4, i< 13, i++, AppendTo[T, Data[[4, i, 2]1]1;
T;
Pchloroformd = {Data[ [4, 3, 311} ;
For[i=4, i< 13, i++, AppendTol[phioroformps Data[[4, i, 311113
PchlorofornD s
1,
P chloroformD >
Mr = 120.38;

V= Mrs (pchloroformd ) 3

plot = Partition[Riffle[T, Vi, 2];

DatPlot = ListPlot[plot, PlotStyle -» Purple, LabelStyle - {10, Black, FontFamily - "Calibri"}, AxesLabel -» {xaxis, yaxis}];

int = Interpolation[plot] ;

intplot = Plot[int[x], {Xx, 279, 328}, PlotStyle- {Red, Dashed}];
dint = int"';

(»dint[205] %)

dintplot = Plot[dint[x], {x, 279, 328}, PlotStyle- {Blue, Dashed}];

BETAplot = Plot[dint[x] / int[x], {x, 279, 328}];
img2 = Show[DatPlot, intplot]

img2b = Show[ alphaplot] ;

dint[298.15] / int[298.15]

Clear[a, b, c, x];

nlml = NonlinearModelFit[plot, a + bx+ cx*2, {a, b, ¢}, X];
nlml = Normal[nlmil] ;

FitPlot = Plot[nlml, {x, @, 600}, PlotStyle- {Red, Dashed}] ;

img3 = Show[DatPlot, FitPlot]
dint2 = D[nlml, x] ;

BETA2 = Simplify[dint2/ nlml] ;
BETA2 /. x - 298.15

\ (cm3 mol_l)
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Protiated Chloroform

dir = "C:\\Users\\tangb2\\Desktop\\DOSY DATA.x1sx";
Data = Import[dir, "Data"];

xaxis="T (K)";

yaxis = "V (aw® mol™)";

Clear[T] ;

T= {Data[[4, 14, 13]]};

For[i= 15, i< 22, i++, AppendTo[T, Data[[4, i, 13]1]11;
T;

Pchloroform = {Data[ [4, 14, 15]]};
For[i=15, i< 22, i++, AppendTo[ochiorofoms Data[ [4, i, 151111
P chloroforms
-1,
Pchloroform 5
Mr = 119.38;

V= Mr+ (ochloroform ¥) 3

plot = Partition[Riffle[T, Vi, 2];

DatPlot = ListPlot[plot, PlotStyle - Purple, LabelStyle - {10, Black, FontFamily - "Calibri"}, AxesLabel - {xaxis, yaxis}];

int = Interpolation[plot] ;

intplot = Plot[int[x], {Xx, 279, 328}, PlotStyle- {Red, Dashed}];

dint= (int');
(+dint[205] «)

dintplot = Plot[dint[x], {x, 279, 328}, PlotStyle- {Blue, Dashed}];

img2 - Show[DatPlot, intplot]

BETAplot = Plot[dint[x] / int[x], {x, 279, 328}];
dint[298.15] / int[298.15]

Clear[a, b, c, x];
nlml = NonlinearModelFit[plot, a + bx+ cx”*2, {a, b, ¢}, X];

nlml = Normal[nlmi] ;
FitPlot = Plot[nlml, {x, 279, 328}, PlotStyle- {Red, Dashed}];

img3 = Show[DatPlot, FitPlot]
BETA2 = Simplify[D[nlml, x] / n1lm1] ;
BETA2 /. x - 298.15

\ (cm3 mol’l)
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Deuteriated pyridine

dir = "C:\\Users\\tangb2\\Desktop\\DOSY DATA.x1sx";
Data = Import[dir, "Data"];

xaxis="T (K)"
yaxis = "V (ar® mol™)"

Clear[T]

T= {Data[[4, 3, 2]]1};

For[i=4, i< 13, i++, AppendTo[T, Data[[4, i, 211113
T

Ppyridined = {Data[ [4, 3, 8]1};
For[i=4, i< 13, i++, AppendTo[ppyridined, Datal[[4, i, 81111
Ppyridined
T
Ppyridined "3
Mr = 84.13071;

V= Mr« (opyridinen ) 3

plot = Partition[Riffle[T, Vi, 2];
DatPlot = ListPlot[plot, PlotStyle » Purple, LabelStyle - {10, Black,

int = Interpolation[plot] ;

intplot = Plot[int[x], {x, 279, 328}, PlotStyle- {Red, Dashed}];
dint = int';

(»dint[205] *)

FontFamily » "Calibri"}, AxesLabel -» {xaxis, yaxis}];

dintplot = Plot[dint[x], {x, 279, 328}, PlotStyle- {Blue, Dashed}];

img2 = Show[DatPlot, intplot]

BETAplot = Plot[dint[x] / int[x], (X, 279, 328}1;
dint[298] / int[298]

Clear[a, b, c, x];

nlml = NonlinearModelFit[plot, a + bx+ cx”*2, {a, b, ¢}, X];
nlml = Normal[nlmi] ;

FitPlot = Plot[nlml, {x, 279, 328}, PlotStyle- {Red, Dashed}] ;

img3 = Show[DatPlot, FitPlot]
BETA2 = SimpLify[D[nlml, x] / nlml] ;
BETA2 /. X 298
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Protiated pyridine

A small number of values for 8 could be found, while no consistent density data

was identified. This required a different approach to estimating 8 at 298 K.

T - {308.15, 318.15, 328.15} ;
BETA - {1.065, 1.073, 1.099} ;

Dat = Partition[Riffle[T, BETA], 2];

DatPlot = ListPlot[Dat] ;

nlml = NonlinearModelFit[Dat, a + bx+ cx*2, {a, b, ¢}, X];

nlml = Normal[ nlml]

FitPlot - Plot[nlml, {x, 200, 350}, PlotStyle- {Red, Dashed}] ;

img = Show[DatPlot, FitPlot]
nlml = Normal[nlml] /. x - 298.15
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1.0651
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315 320 325
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A4.2Pulse Sequence (BRUKER): 3'"P Oneshot Diffusion

Sequence
90° 180° 90° 90° 180°
Bl ]
H WALTZ-32
A ACRGEY

;avance-version (16/06/10)

;2D Doneshot DOSY pulse sequence
:$CLASS=HighRes

;$DIM=2D

$TYPE=

;$SUBTYPE=

;SCOMMENT=

;A one-shot sequence for high-resolution diffusion-ordered spectroscopy

:Michelle D. Pelta  Gareth A. Morris
Hammond

;Magnetic Resonance in Chemistry. Volume 40 Issue 13

S152
;doi: 10.1002/mrc.1107

#include <Avance.incl>
#include <Grad.incl>

#include <Delay.incl>

define list<gradient> diff=<Difframp>

llp2=p1 *2"

Marc J. Stchedroff Stephen J.

B.Tang, PhD Thesis, Aston University, 2024.
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"d11=30m"

"cnst14=0.2"

"cnst15=1+cnst14"; cnst15

"cnst16=1-cnst14"

"cnst17=2*p1+d16+p30"

"cnst18=p30*2*p30*2*(d20+(p30/3)*(cnst14*cnst14-
2)+((2*p1+d16+p30)/2)*(cnst14*cnst14-1))"

"DELTA1=d20-4.0*p1-4.0*p30-5.0*d16-p19"

"acqt0=-p1*2/3.1416"

1ze
d11 pl12:f2
2 30m do:f2
d1*0.5 ph10
d1*0.5 ph11

p19:gp7*-1.0

d16

p1 ph1

p30:gp1*diff‘cnst16
d16

p2 ph2

p30:gp1*-1*diff‘cnst15
d16

;ph10+ph11= ph1
;ph10+ph11= ph1

;Spoiler gradient balancing pulse

1st 90

; 1 -alpha

:First 180

;1 + alpha
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p1 ph3 - 2nd 90

p30:gp1*diff*2*cnst14 ;Lock refocusing pulse pulse
d16

p19:gp7 ;Spoiler gradient balancing pulse
d16 ph12 ;ph12+ph13=ph4

DELTA1

p30:gp1*diff*2*cnst14 ;Lock refocusing pulse pulse
d16 ph13 ;ph12+ph13=ph4

p1 ph4 ; 1st 90

p30:gp1*diff‘cnst16 ; 1 -alpha

d16*0.5 ph14 ; ph14+ph15=ph5

d16*0.5 ph15 ; ph14+ph15=ph5

p2 ph5

p30:gp1*-1*diff‘cnst15 ; 1 + alpha

d16

4u BLKGRAD

go=2 ph31 cpd2:f2
30m do:f2 mc #0 to 2 F1QF(igrad diff)

exit

ph10={0}*4 {1}*4
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ph11=0 2

ph12={0}*2 {2}*2
ph13={0}*8 {1}*8 {2}*8 {3)*8

ph14={0y*64 {1}*64
ph15={0}*16 {2}*16

ph1= ph10 + ph11

ph2={0}*128 {2}*128
ph3={0}*32 {2}*32
ph4= ph12 + ph13
ph5= ph14 + ph15

ph31=ph1 - ph2*2 + ph3 - ph4 + ph5*2

;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;p19: gradient pulse 2 (spoil gradient)

;p30: gradient pulse (little DELTA*0.5)

;d1 : relaxation delay; 1-5 * T1

;d16: delay for gradient recovery

;d20: diffusion time (big DELTA)

NS:1*n
DS:1*m
;td1: number of experiments

;FNMODE: QF

; cnst14 : alpha. Unbalancing factor. Use 0.2.

; use gradient value gpz1: 100 and gpz7 : 100
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;use AU-program dosy to calculate gradient ramp-file Difframp
; use xf2 and DOSY processing
; use "setdiffparm STEbp" instead of "setdiffparm"

:$I1d: Doneshot v 1.x 2010/06/16 xx:xx:xx ber Exp $
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A4.3 Pulse Sequence (BRUKER): 3'P Convection
Compensated Diffusion Sequence

180° 180° 180°  90° 90°

90° 90° 90° 90° 90°
T, T T+t T,
< —>
k1l
P 7z a7z

WALTZ-32

Vv g$:’V v

;dstebpgp3s

;avance-version (08/01/16)

;2D sequence for diffusion measurement using double stimulated

; echo for convection compensation and LED

;using bipolar gradient pulses for diffusion

;using 3 spoil gradients, includes balancing gradient at the start

;A. Jerschow & N. Mueller, J. Magn. Reson. A 123, 222-225 (1996)
;A. Jerschow & N. Mueller, J. Magn. Reson. A 125, 372-375 (1997)
;$CLASS=HighRes

;$DIM=2D

$TYPE=

;$SUBTYPE=

;SCOMMENT=

#include <Avance.incl>
#include <Grad.incl>

#include <Delay.incl>
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define list<gradient> diff=<Difframp>
llp2=p1 *2"
"d11=30m"

"DELTA1=d20%0.5-p1*2-p2-p30*2-d16*3-p19"
"DELTA2=d21-p19-d16-4u"

"acqt0=-p1*2/3.1416"

1ze
d11 pl12:f2
2 30m do:f2
d1
p19:gp1
d16
50u
p1 ph1
p30:gp6*diff
d16
p2 ph2
p30:gp6*-1*diff
d16
p1 ph3
p19:gp7
d16
DELTA1
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p1 ph4
p30:gp6*diff
d16
p30:gp6*diff
d16

p2 ph5
p30:gp6*-1*diff
d16
p30:gp6*-1*diff
d16

p1 ph6
p19:gp8

d16

DELTA1

p1 ph3
p30:gp6*diff
d16

p2 ph8
p30:gp6*-1*diff
d16

p1 ph3
p19:gp9

d16

DELTAZ2

4u BLKGRAD
p1 ph3

go=2 ph31 cpd2:f2
30m do:f2 mc #0 to 2 F1QF(igrad diff)

exit
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ph1=00112233

ph2=12233001

ph3=0

ph4=2233

ph5=3300330000110011

ph6= 2

ph8=00000000 00000000
2222222222222222

ph31=02022020 20200202

;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - high power pulse

;p2 : f1 channel - 180 degree high power pulse
;p19: gradient pulse 2 (spoil gradient)

;p30: gradient pulse (little DELTA * 0.5)

;d1 : relaxation delay; 1-5 * T1

;d16: delay for gradient recovery

;d20: diffusion time (big DELTA)

;d21: eddy current delay (Te) [5 ms]
:NS: 16 * n

:DS:4*m

;td1: number of experiments

;FNMODE: QF

; use xf2 and DOSY processing

;use gradient ratio: gp6:gp7 :gp8 :gp9
; 100 :-13.17:-17.13 : -15.37
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;for z-only gradients:

;gpz6: 100%
-13.17% (spoil)

,gpz7:
,9pz8:
;gpz9:
;gpz1:

-17.13% (spoil)
-15.37% (spoil)

+45.67% (balance, sum of spoil)

;use gradient files:

;gpnam1: SINE.100
;gpnam6: SINE.100
;gpnam?: SINE.100
;gpnam8: SINE.100
;gpnam9: SINE.100

;use AU-program dosy to calculate gradient ramp-file Difframp

;the gradients serve the following purpose:

p19
p30
p30
p19
p30
p30
p30
p30
p19
p30
p30
p19

gradient balance

first STE dephase bipolar pulse pair

spoiler

first STE rephase bipolar pulse pair

and second STE dephase bipolar pulse pair

spoiler

second STE rephase bipolar pulse pair

LED with spoiler

;$1d: dstebpgp3s,v 1.2.6.1 2008/01/16 15:46:23 ber Exp $
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APPENDIX 5 Characterisation of Pyrolysis Qils
Produced from Brewers’ Spent Grains
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Table A5.1 GC/MS analysis of slow pyrolysis oil produced from brewers’ spent grain

Peak | Retention Time (s) | Compound

1 1.65 Methylamine, N,N-dimethyl-

2 1.82 1-Penten-3-yne

3 1.94 1-Hexene

4 1.98 Hexanal, 2-ethyl-

5 2.02 Furan, 2-methyl-

6 2.28 1,3-Cyclopentadiene, 1-methyl-
7 2.32 Cyclopentene, 1-methyl-

8 242 Benzene

9 2.48 1,3,5-Hexatriene, (Z)-

10 2.57 Cyclohexene

11 2.63 1-Heptene

12 2.82 Furan, 2,5-dimethyl-

13 3.04 Heptanedinitrile

14 3.68 Toluene

15 4.03 1-Octene

16 4.59 Pyridine, 2-methyl-

17 5.62 Ethylbenzene

18 5.81 o-Xylene

19 6.32 1-Nonene

21 6.43 Ethylbenzene

22 8.13 Benzene, propyl-

23 8.91 Benzene, 1-ethyl-3-methyl-

24 9.02 Phenol

25 9.20 1-Decene

26 9.42 Benzene, 1-ethenyl-2-methyl-
27 10.93 1H-Indene, 1-chloro-2,3-dihydro-
28 11.26 N-Benzyloxycarbonyl-D-aspartic acid
29 11.95 p-Cresol

30 12.31 1-Undecene

31 12.48 Bicyclo[2.2.1]hept-5-ene-2-carbonitrile
32 13.91 Benzyl nitrile

33 14.41 Benzene, pentyl-

34 14.76 Phenol, 4-ethyl-

35 15.30 Naphthalene

36 15.39 Cyclopropane, nonyl-

37 16.35 Benzofuran, 2,3-dihydro-

38 18.35 1-Tridecene

41 18.60 Naphthalene, 1-methyl-

42 21.16 1-Tetradecene

43 23.98 Pentadecane

44 33.35 Heptadecanenitrile

45 34.93 n-Hexadecanoic acid

46 36.83 Octadecanoic acid, 2-propenyl ester
47 38.29 9,12-Octadecadienoic acid (Z,2)-
48 38.61 Octadecanoic acid

49 39.01 Hexadecanamide

50 39.18 Phenol, 4,4'-(1-methylethylidene)bis-
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Table A5.2 GC/MS analysis of fast pyrolysis oils produced from brewers’ spent grain

Peak | Retention Time (s) Compound

1 1.655 Methylamine, N,N-dimethyl-

2 2.118 Acetic acid

3 2.415 Benzene

4 2.868 Propanoic acid

5 3.353 Pyridine

6 3.67 Toluene

7 4.219 2-Pentene, 3,4-dimethyl-, (E)-

8 4.605 Pyridine, 2-methyl-

9 5.46 2-Furanmethanol

10 5.616 Ethylbenzene

11 5.809 o0-Xylene

12 6.369 Bicyclo[4.2.0]octa-1,3,5-triene

13 6.426 Ethylbenzene

14 9.023 Phenol

15 9.348 Benzene, 1-ethenyl-3-methyl-

16 9.417 Benzene, 1-ethenyl-2-methyl-

17 10.407 1,2-Cyclopentanedione, 3-methyl-

18 10.923 1H-Indene, 1-chloro-2,3-dihydro-

19 11.256 Phenol, 2-methyl-

20 11.903 p-Cresol

21 11.99 Phenol, 3-methyl-

22 12.777 Benzofuran, 7-methyl-

23 13.09 Maltol

24 13.894 Benzyl nitrile

25 14.387 1H-Indene, 3-methyl-

26 14.777 Phenol, 4-ethyl-

27 15.291 Naphthalene

28 16.131 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose

29 16.375 Benzofuran, 2,3-dihydro-

30 19.084 Naphthalene, 2-methyl-

31 21.145 1-Tetradecene

32 21.216 Indole, 3-methyl-

34 23.989 Hexadecane

33 33.336 Hexadecanenitrile

34 34.929 n-Hexadecanoic acid

35 36.823 Octadecanoic acid, 2-propenyl ester

35 38.372 E-11-Hexadecenal

36 38.664 Octadecanoic acid

37 39.048 Hexadecanamide

38 39.216 Phenol, 4,4'-(1-methylethylidene)bis-
9-Octadecenoic acid, 1,2,3-propanetriyl ester,

39 40.105 (E,E,E)-

40 42.163 Palmitoleamide

41 54.247 Cholest-5-en-3-ol (3.beta.)-, carbonochloridate
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APPENDIX 6 Quantitative Interpretation of Protein
Diffusion Coefficients in Mixed Protiated-Deuteriated
Aqueous Solvent
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A6.1 DOSY Spectra of 0.4 mM Lysozyme at a Range of
Temperatures and in Different H,O:D2,0O Compositions

0
0.4 mM lysozyme in 0:100 H,0:0,0 at 278.15 K
0.5 : — - v -
'] —
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254 0.5

4= 27
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Figure A6.1.1 DOSY spectrum of 0.4mM lysozyme in 0:100 H20:D20 solution at 278.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.2 DOSY spectrum of 0.4mM lysozyme in 0:100 H20:D20 solution at 278.15 K. Insert depicts
protein aromatic peaks (6 — 8 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 10:90 H,0:D,0 at 278.15 K
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Figure A6.1.3 DOSY spectrum of 0.4mM lysozyme in 10:90 H20:D20 solution at 278.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.4 DOSY spectrum of 0.4mM lysozyme in 10:90 H20:D20 solution at 278.15 K. Insert depicts
protein aromatic peaks (6 — 8 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 30:70 H,0:D,0 at 278.15 K
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Figure A6.1.5 DOSY spectrum of 0.4mM lysozyme in 30:70 H20:D20 solution at 278.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.6 DOSY spectrum of 0.4mM lysozyme in 30:70 H20:D20 solution at 278.15 K. Insert depicts
protein aromatic peaks (6 — 8 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 50:50 H,0:D,0 at 278.15 K
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Figure A6.1.7 DOSY spectrum of 0.4mM lysozyme in 50:50 H20:D20 solution at 278.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.8 DOSY spectrum of 0.4mM lysozyme in 50:50 H20:D20 solution at 278.15 K. Insert depicts
protein aromatic peaks (6 — 8 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 70:30 H,0:D,0 at 278.15 K
0.5 4 s —
e . - e S
1 B
1.5
o 27 0
(\“m
E 25 0.5
3 knd L= [ 3
=] N (=]
o34 £ 1+
Q =]
o
354 o 127
o
4 2 7
D=0.634 x 10" m?s? (0.024 x 10719)
4.5 25 1 1 1 1 1 1 1 1 1 1 1
- 2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 0
& /ppm
5 1 1 1 L] 1 1 1 1 1 I
14 12 10 8 8 4 2 0 2 -4

6 /ppm
Figure A6.1.9 DOSY spectrum of 0.4mM lysozyme in 70:30 H20:D20 solution at 278.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.10 DOSY spectrum of 0.4mM lysozyme in 70:30 H20:D20 solution at 278.15 K. Insert depicts
protein aromatic peaks (6 — 8 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 90:10 H,0:D,0 at 278.15 K
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Figure A6.1.11 DOSY spectrum of 0.4mM lysozyme in 90:10 H20:D20 solution at 278.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.12 DOSY spectrum of 0.4mM lysozyme in 90:10 H20:D20 solution at 278.15 K. Insert depicts
protein aromatic peaks (6 — 8 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 0:100 H,0:D,0 at 283.15 K
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Figure A6.1.13 DOSY spectrum of 0.4mM lysozyme in 0:100 H20:D20 solution at 283.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.14 DOSY spectrum of 0.4mM lysozyme in 10:90 H20:D20 solution at 283.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 30:70 H,0:D,0 at 283.15 K
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Figure A6.1.15 DOSY spectrum of 0.4mM lysozyme in 30:70 H20:D»0 solution at 283.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.16 DOSY spectrum of 0.4mM lysozyme in 50:50 H20:D-0 solution at 283.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 70:30 H,0:D,0 at 283.15 K
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Figure A6.1.17 DOSY spectrum of 0.4mM lysozyme in 70:30 H20:D20 solution at 283.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.18 DOSY spectrum of 0.4mM lysozyme in 90:10 H20:D20 solution at 283.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 0:100 H,0:D,0 at 288.15 K
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Figure A6.1.19 DOSY spectrum of 0.4mM lysozyme in 0:100 H20:D»0 solution at 288.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.20 DOSY spectrum of 0.4mM lysozyme in 10:90 H20:D20 solution at 288.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 30:70 H,0:D,0 at 288.15 K
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Figure A6.1.21. DOSY spectrum of 0.4mM lysozyme in 30:70 H20:D20 solution at 288.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.22 DOSY spectrum of 0.4mM lysozyme in 50:50 H20:D20 solution at 288.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 70:30 H,0:D,0 at 288.15 K
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Figure A6.1.23 DOSY spectrum of 0.4mM lysozyme in 70:30 H20:D-0 solution at 288.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.24 DOSY spectrum of 0.4mM lysozyme in 90:10 H20:D20 solution at 288.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 0:100 H,0:D,0 at 298.15 K
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Figure A6.1.25 DOSY spectrum of 0.4mM lysozyme in 0:100 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.26 DOSY spectrum of 0.4mM lysozyme in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 30:70 H,0:D,0 at 298.15 K
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Figure A6.1.27 DOSY spectrum of 0.4mM lysozyme in 30:70 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.28 DOSY spectrum of 0.4mM lysozyme in 50:50 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 70:30 H,0:D,0 at 298.15 K
0.5 1
'1 —
+ ol n SR
1.5
2 —
- 0
N; 2.5
s 0.5 4
o)
3 —
< %, 1d
Q ~
£ =
351 2 1s
2, 1.5 4
i
e
4 o 2]
D=1.168 x 10" m?s™* (x0.018 x 10''?)
4.5 2.5 T T T T T T T T T T
2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 8]
5 T T T T T T T T T T
14 12 10 8 6 4 2 o] -2 -4
6 fppm

Figure A6.1.29 DOSY spectrum of 0.4mM lysozyme in 70:30 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.30 DOSY spectrum of 0.4mM lysozyme in 90:10 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.31 DOSY spectrum of 0.4mM lysozyme in 0:100 H20:D20 solution at 310.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.32 DOSY spectrum of 0.4mM lysozyme in 10:90 H20:D20 solution at 310.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 30:70 H,0:D,0 at 310.15 K
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Figure A6.1.33 DOSY spectrum of 0.4mM lysozyme in 30:70 H20:D20 solution at 310.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure 65.1.34 DOSY spectrum of 0.4mM lysozyme in 50:50 H20:D20 solution at 310.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.35 DOSY spectrum of 0.4mM lysozyme in 70:30 H20:D20 solution at 310.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.1.36 DOSY spectrum of 0.4mM lysozyme in 90:10 H20:D20 solution at 310.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Table 65.1.1 Summary of all experimentally-acquired diffusion coefficients of 0.4 mM lysozyme at a range

of temperatures and for a range of solvent compositions

D x 10710 m2s~1

Temperature (K)

%H20 278.15 283.15 288.15 298.15 310.15
90 0.699 0.813 0.910 1.219 1.649

70 0.634 0.728 0.878 1.168 1.580

50 0.600 0.701 0.829 1.130 1.549

30 0.564 0.663 0.812 1.064 1.471

10 0.536 0.642 0.763 1.024 1.429

0 0.528 0.629 0.748 1.004 1.395

Table A6.1.2 Summary of diffusion coefficients predicted using the Stokes-Einstein equation for 0.4 mM
lysozyme at a range of temperatures and for a range of solvent compositions

D x 107'0 m?s™" Temperature (K)

%H20 278.15 283.15 288.15 298.15 310.15
90 0.633 0.737 0.854 1.130 1.547
70 0.600 0.701 0.814 1.084 1.493
50 0.569 0.666 0.776 1.039 1.440
30 0.539 0.634 0.741 0.997 1.390
10 0.511 0.603 0.706 0.956 1.341

0 0.498 0.588 0.690 0.936 1.318

Table A6.1.3 Summary of diffusion coefficients predicted using the extended SEGWE equation for 0.4 mM
lysozyme at a range of temperatures and for a range of solvent compositions

B.Tang, PhD Thesis, Aston University, 2024.

D x 1079 m?s™’ Temperature (K)

%H20 278.15 283.15 288.15 298.15 310.15
90 0.674 0.784 0.909 1.203 1.647
70 0.639 0.746 0.867 1.154 1.590
50 0.606 0.710 0.828 1.108 1.535
30 0.575 0.676 0.790 1.063 1.482
10 0.546 0.643 0.754 1.020 1.431

0 0.531 0.626 0.734 0.996 1.403
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A6.2Calculation of Viscosity Using Anadrade’s Equation for
Common Solvents

Table A6.2.1 Molecular masses and Arrhenius viscosity parameters of common protiated solvent and their
deuteriated counterparts. Parameters for chloroform-d are estimated from protiated solvent data.

Solvent Mw a b
/g mol™! /kgm™' s IK
water 18.02 8.12 x 1077 2093
water-d2 20.03 452 x 1077 2330
methanol 32.04 9.57 x 1078 1203
methanol-ds 36.07 8.62 x 107 1268
chloroform 119.37 2.87 x 107 878
chloroform-d 120.38 2.86 x 107° 878
dimethyl sulfoxide 78.13 8.35x 107 1631
dimethyl sulfoxide- 84.17 6.32 x 107° 1742
ds
toluene 92.14 1.55 x 107° 1068
toluene-ds 100.19 1.50 x 107° 1099

Source: All viscosity data summarised was taken from the supporting information from Evans, R., Dal
Poggetto, G., Nilsson, M. and Morris, G.A., 2018. Improving the interpretation of small molecule diffusion
coefficients. Analytical chemistry, 90(6), pp.3987-3994. All viscosity data was taken from the Arrhenius plots
presented in section S1.4.1 and Sl1.4.2.

Table A6.2.2 Estimated hydrodynamic radii of common protiated solvents and their deuteriated
counterparts.

Solvent Radii
/m
water 2.25 x 10710
water-d> 2.33 x 10710
methanol 2.73 x 10710
methanol-das 2.84 x 10710
chloroform 4.23 x 10710
chloroform-d 4.24 x 10710
dimethyl sulfoxide 3.67 x 10710
dimethyl sulfoxide-ds 3.76 x 10710
toluene 3.88 x 10710
toluene-ds 3.99 x 10710

All radii were calculated using the equation:

3| 3MW
41perrNa

Using the data in Table Sl.1.1, viscosities of protiated and deuteriated solvents
were compared over the temperature range 273 K to 313 K in figures SI.1.1-5.
Figure SI.1.6 summarises these data in a single figure showing the ratio of

solvent viscosities as a function of temperature.

B.Tang, PhD Thesis, Aston University, 2024.
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Figure A6.2.1 Solvent viscosity calculated at a range of temperature 273 - 313 K for H20 (blue) and D20
(black) using Andrade’s equation.
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Figure A6.2.2 Solvent viscosity calculated at a range of temperature from 273 - 313 K for CHClI3 (blue) and
CDClIs (black) using Andrade’s equation.
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Figure A6.2.3 Solvent viscosity calculated at a range of temperature from 273 - 313 K for DMSO (blue)
and DMSO-ds (black) using Andrade’s equation.
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Figure A6.2.4 Solvent viscosity calculated at a range of temperature from 273 - 313 K for toluene (blue)
and toluene-ds (black) using Andrade’s equation.
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Figure A6.2.5 Solvent viscosity calculated at a range of temperature from 273 - 313 K for MeOH (blue)
and MeQD (black) using Andrade’s equation.
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A6.3 Mixing rules for viscosity (equations)

Three mixing rules for viscosity are summarised below. Here, each has been
combined with Andrade’s equation
b

n = aeT
to create expressions for the viscosity of a mixed solvent on the basis of its
composition and the relevant Arrhenius-like parameters used in Andrade’s
equation.
n = viscosity (kg m™' s7")
n1,2 = combined viscosity of the component 1 (177) and component 2 (n2) (kg m™
s™).
T= Temperature (K)
a and b are Arrhenius-like parameters (kg m™" s™' and K, respectively)
p = density (kg m~3), where p1and p2 are densities of components 1 and 2,
respectively.
x = mole fraction, where x1and x 2 are mole fractions of components 1 and 2,
respectively.

1. Kendall-Monroe (cubic) Equation:

1/3 1/3

1/3
7712 —X1771 +X2T] /

b b
771/2 = 951(a1eT1)1/3 + xz(aze%)l/3

b b
1/3 = =2
771/2 = x,a,/3e3T + x,a,'/3e3T

2. Density Equation for salt solutions:
X1p1 T X2P2

Pl P2
+ x
X1y, T Xy,

M2 =

_ X1p1 1 X202
Mz = Pr__ X, sz
2

X1 -
(a,eT) (azeT)

x1p1 + xzpz
1 (ale T ) (aze T )
N1,2 X1P1 T X202

3. Grunberg-Nissan model:
In (n12) = x11In (1) + x21n (172)

by by
In(112) = x;1In (aleT> + x, In (azeT>

X1 by
In(m12) = % In(a,) + T + X3

X1b1+be2
7712 — alla;CZ ( T )

T
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A6.4 DOSY Spectra of various Proteins at 298.15 K in
Different H2O:D>,0 Compositions
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Figure A6.4.1 DOSY spectrum of 0.4mM aprotinin in 0:100 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.

0
0.4 mM aprotinin in 10:90 H,0:D,0 at 298.15 K
0.5
1 =
o TR " -—n.-u-——l-
1.5
‘T'm 2 -
o~ O
£
=254 0.5 -
=} -
g R
Q 34 £ 17
o 15 4 =
3.5+ Auy
Q 24
4 - D =1.306 x 10° m?s™* (0.003 x 1079
25 T 1 T 1 T T 1 T T 1 T
45 2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 0
6 /ppm
5 | 1 1 | 1 1 1 | ] 1
14 12 10 8 6 4 2 0 -2 -4
6 /ppm

Figure A6.4.2 DOSY spectrum of 0.4mM aprotinin in 10:90 H20:D-0 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.3 DOSY spectrum of 0.4mM aprotinin in 30:70 H20:D-0 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.4 DOSY spectrum of 0.4mM aprotinin in 50:50 H20:D-0 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.5 DOSY spectrum of 0.4mM aprotinin in 70:30 H20:D-0 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.6 DOSY spectrum of 0.4mM aprotinin in 90:10 H20:D-0 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.

340
B.Tang, PhD Thesis, Aston University, 2024.



0
0.4 mM ubiguitin in 0:100 H,0:D,0 at 298.15 K
0.5 7
1 =
" e R e
1.5
|
2 -
0
o 2.5 -
Nm 0 5_
= .
2 34
o - 1
= 7
D 354 SE 1.5
2 0
4 - B- 24
D=1.217 x 10 m?s™ (x0.002 x 10%9)
4 5 - 25 T L] T L] T L] T L] T
' 2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 0
& /ppm
5 I I 1 1 I I 1 1 1 1
14 12 10 8 6 4 2 0 -2 -4

& /ppm
Figure A6.4.7 DOSY spectrum of 0.4mM ubiquitin in 0:100 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.8 DOSY spectrum of 0.4mM ubiquitin in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.9 DOSY spectrum of 0.4mM ubiquitin in 30:70 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.10 DOSY spectrum of 0.4mM ubiquitin in 50:50 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.11 DOSY spectrum of 0.4mM ubiquitin in 70:30 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.12 DOSY spectrum of 0.4mM ubiquitin in 90:10 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM myoglobin in 0:100 H,0:D,0 at 298.15 K
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Figure A6.4.13 DOSY spectrum of 0.4mM myoglobin in 0:100 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.14 DOSY spectrum of 0.4mM myoglobin in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM myoglobin in 30:70 H,0:D,0 at 298.15 K
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Figure A6.4.15 DOSY spectrum of 0.4mM myoglobin in 30:70 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.16 DOSY spectrum of 0.4mM myoglobin in 50:50 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.17 DOSY spectrum of 0.4mM myoglobin in 70:30 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.18 DOSY spectrum of 0.4mM myoglobin in 90:10 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM BSA in 0:100 H,0:D,0 at 298.15 K
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Figure A6.4.19 DOSY spectrum of 0.4mM BSA in 0:100 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.20 DOSY spectrum of 0.4mM BSA in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM BSA in 30:70 H,0:D,0 at 298.15 K
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Figure A6.4.21 DOSY spectrum of 0.4mM BSA in 30:70 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.4.22 DOSY spectrum of 0.4mM BSA in 50:50 H20:D20 solution at 298.15 K. Insert depicts

protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM BSA in 70:30 H,0:D,0 at 298.15 K
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Figure A6.4.23 DOSY spectrum of 0.4mM BSA in 70:30 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.

0
0.4 mM BSA in 90:10 H,0:D,0 at 298.15 K
0.5 = N
e s
1 —
1.5
2 -
- 0
h'lm
OE 2.5 0.5+
FI' — ) — e —
) 41 =
':L 3 Nl.ﬂ 1 -
a £
35 = 1.54
[en]
Z
44 o 27
D =0.652 x 10" m%s (£0.025 x 109
4.5 - 2'5 1 | | 1 1 | | 1 1 | |
: 2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 0
6 /ppm
5 T T T T T T T T T T
14 12 10 8 6 4 2 0 -2 -4

5 /ppm
Figure A6.4.24 DOSY spectrum of 0.4mM BSA in 90:10 H20:D20 solution at 298.15 K. Insert depicts

protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Table A6.4.4 Summary of all data for various proteins at 298.15 K, including MW, experimentally-acquired
diffusion coefficients and diffusion coefficients predicted using the extended SEGWE equation.

Protein Mw %H20 D Measured D Estimated using
/g mol™ x 107" m?s™ extended SEGWE
X 10—10 m25—1
Aprotinin | 6500 90 1.571 1.598
70 1.496 1.533
50 1.425 1.470
30 1.373 1.410
10 1.306 1.352
0 1.285 1.324
Ubiquitin | 8579 90 1.473 1.445
70 1.403 1.386
50 1.343 1.329
30 1.287 1.275
10 1.239 1.223
0 0.217 1.197
Lysozyme | 14307 90 1.220 1.203
70 1.167 1.154
50 1.130 1.108
30 1.064 1.063
10 1.024 1.020
0 1.004 0.999
Myoglobin | 16700 90 1.145 1.138
70 1.095 1.092
50 1.050 1.047
30 1.004 1.004
10 0.963 0.963
0 0.951 0.934
BSA 66463 90 0.652 0.702
70 0.620 0.673
50 0.584 0.646
30 0.560 0.620
10 0.537 0.594
0 0.521 0.582
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A6.5 DOSY Spectra of Lysozyme at Various
Concentrations in 10:90 H20:D,0 at 298.15 K

Example calculation for volume fraction, for 1mM Lysozyme, 90:10 H,O:D,0
Cm
Cp+CyM
¢ = volume fraction of the solute
Cwum = Molecular concentration (mol m=3)
M = molecular weight (kg mol™")
p = density (kg m™3)

1molm=3 x 14307 X 10~ 3kg mol ™!

¢= 997 kg m=3 + (1 mol m=3 x 14307 x 10~3kg mol~1)

= 0.0141

0.2 mM lysozyme in 10:90 H,0:D,0 at 298.15 K
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Figure A6.5.1 DOSY spectrum of 0.2mM lysozyme in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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0.4 mM lysozyme in 10:90 H,0:D,0 at 298.15 K
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Figure A6.5.2 DOSY spectrum of 0.4mM lysozyme in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.5.3 DOSY spectrum of 0.8mM lysozyme in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Iy

1.6 mM lysozyme in 10:90 H,0:D,0 at 298.15 K
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Figure A6.5.4 DOSY spectrum of 1.6mM lysozyme in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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Figure A6.5.5 DOSY spectrum of 3.2mM lysozyme in 10:90 H20:D20 solution at 298.15 K. Insert depicts
protein methyl peaks (0 — 2 ppm), estimate of diffusion coefficient, D, and associated error estimate.
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A6.6 Raw Data for Intrinsically Disordered Proteins and Proteins

Source: All data for protein and IDP measured diffusion coefficient was taken from the supporting information of Dudas, E.F. and Bodor, A., 2019. Quantitative,
diffusion NMR based analytical tool to distinguish folded, disordered, and denatured biomolecules. Analytical chemistry, 91(8), pp.4929-4933.

Table A6.6.1 Physical properties, experimentally acquired diffusion coefficients and diffusion coefficients estimated using extended SEGWE equation for additional proteins
listed in Dudas and Bodor.

Protein Mw Net # of neg. # of pos. Pl D Measured D Estimated using
/g mol™* charge charged charged x10""m2s™" | extended SEGWE
res. res. x 1071 m2s™!
TC5b 2169 1 -1 2 3.8 1.760 1.800
TC5bS13E 2211 0 -2 2 6.8 1.720 1.787
PAF 6250 5 -8 13 8.93 1.060 1.213
BPTI 6517 6 -4 10 9.24 1.090 1.195
Ribonuclease 13690 6 -10 16 8.93 0.917 0.914
Lysozyme 14313 S -8 13 8.98 0.784 0.900
CalmodulinCa2+ 16997 -24 -38 14 4.09 0.719 0.847
S100A4d19a2+ 20966 —6 -30 24 5.33 0.703 0.786
S100A4wt 24018 -2 -34 32 5.85 0.680 0.749
Chymotrypsinogen 25678 4 -14 18 8.52 0.741 0.732
Ovalbuim 42881 -12 -47 35 5.19 0.510 0.611
BSA 66463 -13 -99 86 5.82 0.480 0.525
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Table A6.6.2 Physical properties, experimentally acquired diffusion coefficients and diffusion coefficients estimated using extended SEGWE equation for IDPs listed in Dudas

and Bodor.
IDP Mw Net # of neg. # of pos. Pl D Measured D Estimated using
/g mol™ charge charged charged x 10" m?s™" | extended SEGWE
res. res. x 1071 m?s™!
NFAT 1738 il -3 2 5.45 1.540 1.960
MNK1 2195 7 0 / 12.6 1.370 1.792
MK2 2392 6 -2 8 10.66 1.270 1.735
RSK 2732 4 -1 5 11.72 1.180 1.649
Tb4 5053 -2 -1 9 5.02 0.945 1.312
p53 TAD 7000 -1 —12 1 3.43 0.744 1.164
M67 7440 -1 -15 14 5.45 0.789 1.139
SMAR3 18370 -19 -33 14 4.94 0.478 0.824
ERD14 wt 20786 -9 —46 37 7.70 0.425 0.788
fullscrERD14 20773 —7 —44 37 6.50 0.419 0.788
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Figure A6.6.1 shows the positively charged proteins and IDPs in red and negatively charged
proteins and IDPs in blue. The net charge of proteins and IDP are summarised in Tables SI.6.1
and S1.6.2 respectively. The net charge of these proteins and IDP raged from -24 to +7. Overall,
the net charge of the protein or IDP does not appear to affect the diffusion coefficients of the
proteins and IDP.
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Figure A6.6.1 Experimentally-acquired diffusion coefficients of globular proteins and intrinsically
disordered proteins plotted against diffusion coefficients predicted using the extended SEGWE equation at
287 K in H20. Positively charged proteins and IDP are shown in red and negatively charged proteins and
IDP are shown in blue.

356
B.Tang, PhD Thesis, Aston University, 2024.



APPENDIX 7 Additional Publications

357
B.Tang, PhD Thesis, Aston University, 2024.



A7.1 Cover Art and Cover Profile

ChemSusChem Chemistry

. - . — 2 . European Chemical
Chemistry-Sustainability-Energy-Materials Societias Publishing

Front Cover:
B. Tang et al.
Quantitative Low-Field. °F Nuclear Magnetic Resonance Analysis of Carbonyl Groups in Pyrelysis Oils

WILEY . vcH 17/2023

358
B.Tang, PhD Thesis, Aston University, 2024.



M) Check for updates Chemistry

Europe

European Chemical
Societies Publishing

Cover Profile

ChemSusChem doi.org/10.1002/cssc.202301127

www.chemsuschem.org
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Analysis of Carbonyl Groups in Pyrolysis Oils
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Invited for this month’'s cover is the collaboration between Dr Rob Evans at Aston University, Birmingham, UK and Prof, Art
Ragauskas at University of Tennessee, Knoxville and Oak Ridge National Laboratory, Oak Ridge, USA. The image illustrates
that low-field, or benchtop, NMR spectrometers can be as effective as their higher-field counterparts in the accurate, quanti-
tative analysis of bio-oils.

The Research Article itself is available at 10.1002/cssc.202300625.
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This work has been a team effort throughout and we wanted
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using NMR to study bio-oils and fuels since | joined Aston in
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research?
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employ if single, well-resolved peaks could be obtained...
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ABSTRACT

Pyrolysis oil has been identified as a possible alternative fuel source, however
widespread use is hindered by high acidity and water content. These negative
characteristics can be mitigated by blending with, for example, mixtures of
biodiesel, marine gas oil and butanol. These blended biofuel samples can be
unstable and often separate into two distinct phases. Analysis of how the
components of any blended biofuel samples partition between the two layers is
an important step towards understanding the separation process and may
provide insight into mitigating the problem. Slice-selective NMR, where the NMR
spectrum of only a thin slice of the total sample is acquired, has been previously
used to study, non-invasively, bio-oil samples. Here, the technique is extended
and improved, with slice-selective two-dimensional TOCSY experiments used to
resolve the distinct chemical spectra of the various components of the blended

fuel mixtures.

INTRODUCTION

The use of biomass pyrolysis oils is one potential solution toward the
development of sustainable and green energy platforms.’? Pyrolysis is a
thermochemical conversion process, involving irreversible heat-driven
decomposition of materials, such as lignocellulosic biomass, in the absence of
oxygen.® The pyrolysis products contain char, gas, and an oil, itself a complex
mixture of alcohols, aldehydes, alkenes, carbohydrates, carboxylic acids, esters,
furans, guaiacols, ketones, phenols, syringols, miscellaneous other oxygenates,
nitrogen-containing compounds, and water.3® This oil is a potential fuel, but
typically cannot be used directly in unmodified engines as it contains too much

water and the various other oxygen-containing species present render it too
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acidic. There are several methods by which the utility of a pyrolysis product can
be improved,®® such as by blending with other products.®'® These multiple
component blends are typically opaque and can readily separate into a multiple-
phase solution.’?'* Once separated, the blends are not suitable as fuel products
and could cause significant damage to an engine if used. A key challenge to the
successful blending of these fuel products is the analysis, understanding and
mitigation of this phase separation.

The NMR analysis of pyrolysis oils is well-established and comprehensive
reviews are available. 15 However, any analysis of these oils, blended or
otherwise, is complicated by the large number of species present and the range
of functional groups that may be present. Any analysis is rendered more difficult
if the samples separate. Standard 1D NMR measurements of the separated
sample will simply sum the signals of the two phases together. Additionally, the
presence of a boundary between two phases will detrimentally affect the
resolution and quality of the spectrum, due to the differences in magnetic
susceptibility of the two phases. These issues can be avoided by using slice-
selective, or spatially resolved, NMR."”

Excitation of a given slice of the sample is accomplished by applying a
long, low-power, radiofrequency pulse in the presence of a pulsed magnetic field
gradient. NMR spectrometers are now fitted with such pulsed magnetic field
gradients as standard. On most standard NMR probes, these gradients are
applied along the direction of the magnetic field or z-axis. When a linear field
gradient, Gz , is applied to a sample, the magnetic field strength, B(z), depends
on the position along the axial direction of the NMR tube, z, such that B(z) = Bo

+ zG;. Therefore, all resonance frequencies experience an offset, Q, that
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depends on the vertical deviation (z) from the center of the gradient coil, see
Equation (1), where y is the gyromagnetic ratio of the spins being measured.

_ YG,z
2w

Equation (1)
A soft pulse, with a bandwidth AB, employed at this offset will selectively excite
a horizontal slice of the sample, centred at z, with a thickness Az obtained from
Equation (2).

21 Equation (2)

Az = AB
vG,

Only this thin horizontal slice of the sample will be excited by the soft
radiofrequency pulse. Before acquisition of the NMR data, the field gradient is
switched off and the spectrum of the slice is acquired as in a normal experiment.
The use of slice-selective NMR in 1-dimensional chemical applications is a
growing field and has been demonstrated in a number of studies, including
idealised systems, such as benzene floating on water'® or water and olive oil
mixtures,'® and the diffusion of small molecules in non-equilibrium systems, such
as the mutual diffusion of small molecules,?® CO2 in ionic liquids,?' and small
molecules through gels.???* Slice-selective NMR spectroscopy has more recently
been utilized6 in increasingly complex analyses, such as separated biofuels,?®
crude oil emulsions,?® and hydrophilic/hydrophobic metabolites.?” Its use is not
limited to observing 'H, with application to the study of ’Li ions in both polymer
gels?® 29 and in systems intended to resemble Li-ion batteries.3°

Here, the performance of slice-selective NMR analysis of blended fuels is
improved by combining slice-selective methods with two-dimensional NMR

techniques. Total correlation spectroscopy (TOCSY) is used here, as the final

363
B.Tang, PhD Thesis, Aston University, 2024.



spectra produced can be phased to give pure absorption mode peaks. By
extending the spectra into a second dimension, the resolution of individual peaks
in the spectra are significantly improved and it is easier to identify specific species
in the different layers of the sample. In addition, coupling information is now
revealed, allowing for identification of more components in the mixtures,

particularly the biooil present in the blend.

EXPERIMENTAL

METHODS AND MATERIALS

Six blended biofuel samples containing differing amounts of the bio-oil, marine
gas oil, fatty acid methyl ester, and butanol were analysed.

Marine gas oil: Marine gas oil is made from the distillate fraction of petroleum
oil. It is the fuel most used for inland marine transport. The oil used in this study
was supplied by Statoil in Norway.

Fatty Acid Methyl Ester (biodiesel, FAME): A key component of the blended
fuel is the methyl ester of a long chain fatty acid. The biodiesel used for this study
was produced through the transesterification of pure rape seed oil, yielding
methyl esters. It has previously been demonstrated that biodiesel and marine gas
oil are miscible in all proportions.3'

Bio-oil: All blends studied in this work contain fast pyrolysis oil produced at Aston
University using a Norwegian Spruce feedstock in a 1 kg h™' fast pyrolysis rig.
The bio-oil used in this work is a mixture of phenolic compounds, carboxylic acids
and water.

All blended biofuel samples contained both bio-oil and butanol and either one, or

both, of the other components and are referred to as three- or four-component
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mixtures. The blends were prepared by adding a weighed sample of bio-oil to

butanol in a sample container, followed by biodiesel and/or marine gas oil.

Finally, the solvent was added, the container sealed and lightly shaken. All blends

were prepared at room temperature with a total weight of 20 grams. Table 1

summarizes the compositions of the six samples.

Component composition / %

Sample Bio-oil Butanol FAME Marine gas oil
A 10 80 10 0

B 20 40 40 0

C 15 45 0 40

D 30 20 50 0

E 20 50 7.5 225

F 30 40 15 15

Table 1. Summary of percentage by weight compositions of samples A, B,

C,D,EandF.

NMR Experiments

All '"H NMR measurements were performed on a 300 MHz Bruker Avance

spectrometer at 298 K, using a 5 mm BBO probe equipped with a z gradient coil

producing a maximum gradient strength of 0.55 T m™'. For the slice-selective

NMR experiments, a G4 cascade®? was used for the selective pulse, with a 5000

Hz bandwidth and applied at offsets of + and — 5000 Hz, corresponding to the

B.Tang, PhD Thesis, Aston University, 2024.
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upper and lower layers respectively. A gradient of 5 % of the maximum gradient
strength was applied concurrently with the selective pulse. This corresponds to a
slice 4.3 mm in width, exciting a slice centered 4.3 mm from the center of the G.
coils. No deuterated solvents were added to the samples. All NMR experiments
were acquired without the use of the lock and shimming was achieved using the
area of the acquired FID. The data presented here were all acquired with a slice-
selective 2D TOCSY experiment with 256 increments, 8 scans and 16 dummy
scans, for an experimental duration of 2 hours and 30 minutes. 1D 'H
experiments of all blended samples were also acquired, using 64 scans, for a
duration of 16 seconds. All data were processed using TopSpin. The NMR
analysis of the oils was performed blind. The identities and compositions of the
oils were only revealed to the NMR spectroscopists after the analysis of the NMR

spectra was completed.

RESULTS AND DISCUSSION

2D 'H TOCSY of un-separated bio-oil blends

To first demonstrate the general utility of 2D TOCSY experiments in the analysis
of biofuels, Figures 1 and 2 depict spectra acquired from unseparated, three-
component, samples. Figure 1 has been enlarged to capture the smaller peaks

present in the sample.
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Figure 1: 2D "H TOCSY spectra of three-component unseparated sample A.
The butanol peaks dominate the 1D 1H spectrum and, as expected, the
TOCSY spectrum contains all expected cross peaks from butanol, the major
component of sample A. However, the TOCSY spectrum reveals additional
components of the mixture, both expected and unexpected. The fatty acid
methyl ester can also be observed, as a row of resonances horizontally or
vertically along 5.4 ppm. Additional peaks, belonging to neither butanol nor fatty

acid methyl ester are observed as cross peaks between ca. 1.5 ppm and ca. 2

ppm.
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1 sy

6 5 4 3 2 1 0

Figure 2: 2D "H TOCSY spectra of three-component unseparated sample B.
Insert, in grey background, depicts enlarged row of peaks corresponding to
FAME.

With the long alkyl chain on the fatty acid methyl ester, a suitably long spin-lock
is needed to couple together the most distant protons on the chain. The signals
highlighted in the insert confirm that the spin-lock period selected is appropriate
for the sample. While the intensity of the methyl peak is low, particularly
compared with the more plentiful methylene signals, it does appear along the
same horizontal line as the other FAME signals. These two spectra show the
advantages of the TOCSY pulse sequence. The complete NMR spectrum of
individual components can be readily resolved.

Two-dimensional TOCSY spectra of a further two unseparated, four-component,
samples, Samples E and F, are presented in the Supporting Information as
Figures S2 and S3. While these also contain bio-oil alongside butanol, marine
gas oil and FAME, this pair of spectra share many of the features of Samples A

and B.
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Slice-Selective 2D 'H TOCSY of Separated Samples

To demonstrate the effectiveness of slice-selective 2D TOCSY experiments in
analysing bio-oil samples, two separated, three-component, samples were
studied in this work. The NMR spectra of these separated samples were also
acquired using both standard 1D 'H and slice-selective 'H NMR pulse
sequences.

Figure 3 depicts the upper (left) and lower (right) layers of a separated three
component blended biooil sample. The sample contains the bio-oil, butanol and
marine gas oil. The proton spectra indicate the key differences between the
samples, with the upper layer consisting mainly of the marine gas oil and an
aqueous lower layer. The butanol is partitioned between the two layers, with ca.

93 % found in the lower, aqueous layer.
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Figure 3: 2D 'H TOCSY spectra of three-component separated sample C. Left-
hand spectrum depicts the upper layer and right-hand spectrum depicts the
lower later. Spectral regions indicated by boxes are reproduced, enlarged, in
Figure 4.

The similarity in methyl and methylene chemical shifts render the full TOCSY
spectra rather similar, particularly between 1 and 4 ppm. Less intense cross-
peaks do appear in the spectra of both layers. In the upper layer, there is a cross
peak indicating coupling between aromatic species and alkyl groups while in the
lower, the cross peak indicating coupling between species at 3.5 and ca. 5 ppm
suggests the presence of more polar species. In order to make a more detailed
comparison between the two layers, the regions from 3 to 8 ppm, indicated by
boxes in Figure 3, are magnified and overlaid. This comparison is depicted in

Figure 4, with the upper layer in blue and the lower layer in red.

Ippm

e

L O s B s B By B |
o

8

‘| T 1 171 | T 1T T 71 | LI | LU .| LI ‘ LU ‘
8 7 [ 5 4 3 /ppm

370
B.Tang, PhD Thesis, Aston University, 2024.



Figure 4: 2D 'H TOCSY spectrum between 2 and 8 ppm (region indicated by
box in Figure 3) of three-component separated sample C. Blue spectra
indicates upper layer. Red spectra indicates lower layer. The individual slice-
selective 2D TOCSY spectra of each layer are reproduced in Supporting
Information as Figures S4 and S5.

Figure 4 makes the differences between the two layers easily visible. The cross
peaks between ca. 7 ppm and ca. 2 ppm in the upper layer spectrum indicates
aromatic species with alkyl substituents. The broad nature of these peaks
indicate a wide range of species, likely polymeric or fused ring systems. On the
other hand, the cross peaks in the lower layer are both smaller in area and are
clustered around 3.5 and 5.5 ppm, indicating a large number of smaller
compounds with polar functional groups.

Figure 5 depicts overlaid 2D TOCSY spectra of both the upper layer, in blue,
and the lower layer, in red, of a final separated, three component sample
(Sample D). In this figure, a large range of chemical shifts with a broad
dynamic range is depicted and the contour levels of the 2D plots have been
adjusted to show as full a range of smaller, less intense, peaks as possible.
These peaks are particularly evident in the lower layer, with a large number of
small, sharp cross peaks between 3 and 5 ppm. Again, this indicates a larger

number of small, polar, molecules present in the bio-oil.
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Figure 5: Slice-selective 2D 'H TOCSY spectra of both upper and lower layers
of three-component separated sample D. Blue spectrum indicates upper layer.
Red spectrum indicates lower layer. Along the x- and y-axes, the blue and red
1D spectra depict the slice-selective spectra of the upper and lower layers,
respectively, and the 1D spectrum of the whole sample has been overlaid on
both axes, in black, for further comparison.

This sample contains no marine gas oil. Butanol is again partitioned between
the upper and lower layers, more evenly than in the previous example with ca.
50 % in each layer. Practically all of the bio-oil components are found in the
aqueous layer. This is confirmed by Figure 6, which depicts the 2D TOCSY of
only the lower slice of the final separated sample for an expanded chemical

shift range.
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Figure 6: Slice-selective 2D '"H TOCSY spectrum of lower layer of three-
component separated sample D.

As with every 2D spectrum of the lower, aqueous, layer, there are many sharp
peaks, with cross peaks between 3 and 5 ppm. In addition, what are likely to be
small chain alcohols can be observed as horizontal lines along ca.5.5 ppm and
also in the shadow of the intense butanol peaks at ca. 4 ppm. Each distinct
cross peak in the two dimensional spectrum corresponds to a coupling between
two distinct proton environments. Further analysis and identification of
individual components in the bio-oil component of the mixture could be
achieved through use of machine learning tools applied to this large set of NMR

data.

CONCLUSIONS
In this paper, the extension, of slice-selective NMR using two-dimensional
techniques has been successfully demonstrated. This extension should not end

here. One of the main advantages of NMR spectrometry is the range of
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experiments and nuclei that can be studied. For a start, NMR techniques are
certainly not limited to studying protons. One-dimensional carbon experiments,
such as the DEPT family, both improve spectral resolution and can provide
additional information about the different species present in the samples.3® Two-
dimensional NMR techniques, of which TOCSY is only one example, have only
been rarely used in the study of bio-fuels, bio-oils and related samples.®*
Recently, a slice-selective 'H-'3C HSQC experiment has been successfully
demonstrated for metabolomics in highly heterogeneous samples.3®

NMR techniques can also be used to study physical parameters of systems.
Diffusion NMR produces information on the sizes of species present3® and the
viscosity of the sample®’. The relaxation times of water peaks have been shown
to be related to the pH of some micellar systems® and could be used in such a
manner in bio-oil-based fuel samples. Both diffusion and relaxation techniques
can act as filters, to remove unwanted signals belonging to either small®® or
large*® species. NMR spectrometers are now routinely equipped with the pulsed
field gradients that enable slice-selective techniques. Thinner slices can be
acquired, at the expense of reduced signal to noise, and slices can be easily
moved by changing the offset of the selective pulse. The method is not limited to
superconducting magnets; so long as the spectrometer has pulsed field gradients
in an appropriate geometry, the method described here is transferable.

This paper demonstrates the improved analysis of blended bio-oil samples by the
successful implementation of slice-selective two-dimensional TOCSY NMR.
Blended bio-oil samples are often unstable, separating into two distinct, often
opaque, phases. Improved analysis of how the components of any blended

biofuel samples partition between the two layers is an important step towards
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understanding the separation processes and may provide insight into mitigating
the problem. With an increasing use of biofuel as a long term, sustainable
resource and the wider use of NMR techniques in studying biofuel samples, slice-

selective NMR techniques offer a powerful, additional analytical tool.
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