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Separated samples are a particular challenge for NMR experiments. The boundary is severely detrimental to
high-resolution spectra and normal NMR experiments simply add the two spectra of the two layers
together. Pyrolysis bio-oils represent an increasingly important alternative fuel resource yet readily
separate, whether due to naturally high water content or due to blending, a common practice for
producing a more viable fuel. Slice-selective NMR, where the NMR spectrum of only a thin slice of the
total sample is acquired, is extended here and improved, with slice-selective two-dimensional
correlation experiments used to resolve the distinct chemical spectra of the various components of the
phase-separated blended fuel mixtures. 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
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Introduction

Nuclear magnetic resonance (NMR) is a powerful and nearly
ubiquitous spectroscopic technique. Typically, solution-state
NMR requires a homogeneous liquid and the spectra are
acquired from a relatively large volume at the centre of the
sample. Heterogeneous, or separated, samples are avoided. The
presence of a boundary between two phases detrimentally
affects the resolution and quality of the spectrum, due to the
differences in magnetic susceptibility of the two phases.
Furthermore, standard 1D NMR measurements of the separated
sample will simply sum the signals of the two phases together.

These issues can be avoided by using slice-selective, or
spatially-resolved, NMR." In these NMR experiments, 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, G,, 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) = B, + zG,. Therefore, all resonance
frequencies experience an offset, 2, that depends on the vertical
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may provide insight into mitigating the problem.

deviation (z) from the center of the gradient coil, see eqn (1),
where v is the gyromagnetic ratio of the spins being measured.

Q =~G.z21 (1)

A soft pulse, with a bandwidth AB, employed at this offset
will selectively excite a horizontal slice of the sample, centered
at z, with a thickness Az obtained from eqn (2).

Az = 2mt/yG.)AB (2)

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. Slices can be easily
moved by changing the offset of the selective pulse. Thinner
slices can be acquired, at the expense of reduced signal inten-
sities. 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.

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 idealized 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,* CO, in ionic
liquids,® and small molecules through gels.® Slice-selective
NMR spectroscopy has more recently been utilized in increas-
ingly complex analyses, such as hydrophilic/hydrophobic
metabolites,” crude oil emulsions,* and separated biofuels.™
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Its use is not limited to observing "H, with application to the
study of “Li ions in polymer gels'>** and in systems intended to
resemble Li-ion batteries.™

Pyrolysis oils, or bio-oils, are an important example of
samples where analysis is often hindered by phase-separation
of the samples, yet NMR techniques can give important
insight into the nature of the mixture. Pyrolysis is a thermo-
chemical conversion process, involving irreversible heat-driven
decomposition of materials, such as lignocellulosic biomass, in
the absence of oxygen.*® The pyrolysis products typically contain
char, gases, and an oil. The oil is a potential fuel, but typically
cannot be used directly in unmodified engines as it contains too
much water and various other oxygen-containing species
present'® render it too acidic. There are several methods by
which the utility of a pyrolysis product can be improved,*”**
such as by blending with other products.**?>* Such multiple
component blends are typically opaque and can readily separate
into a multiple-phase solution.*** Once separated, the blends
are highly unsuitable as fuel products and could cause signifi-
cant 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, also known as bio-oils, is well-
established and comprehensive reviews are available.”**”
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.

Here, the improved performance of slice-selective NMR
analysis of complex phase-separated samples, such as pyrolysis
bio-oils and their blends, is demonstrated by combining slice-
selective methods with two-dimensional NMR techniques.
Total correlation spectroscopy (TOCSY) is used here, as the final
spectra produced can be phased to give pure absorption mode
peaks.

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 analyzed.

Marine gas oil (MGO). Marine gas oil is made from the
distillate fraction of petroleum oil. It is the fuel most used for
inland marine transport. The MGO 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.>®

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. The blended biofuel samples consist of bio-oil and
butanol, together with one, or both, of the other components,
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categorized as three- or four-component 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.

NMR experiments

All 'TH 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, corre-
sponding to the upper and lower layers respectively. A gradient
of 5% of the maximum gradient strength was applied concur-
rently with the selective pulse. This corresponds to a slice
4.3 mm in width, exciting a slice centred 4.3 mm from the
centre 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 blended 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 experi-
ments in the analysis of biofuels, Fig. 1 depicts a spectrum
acquired from unseparated, three-component, samples (sample
A). The contour levels in Fig. 1 have been adjusted to capture the
smaller peaks present in the sample. The butanol peaks domi-
nate the 1D "H spectrum and, as expected, the TOCSY spectrum

Table 1 Summary of percentage by weight compositions of samples
A B, C D EandF

Component composition (%)

Marine gas
Sample Bio-oil Butanol FAME oil
A 20 40 40 0
B 30 40 0 30
C 30 20 50 0
D 10 80 10 0
E 20 50 7.5 22.5
F 30 40 15 15
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Fig.1 2D 'H TOCSY spectra of three-component unseparated sample
A. Gray inset details peaks along horizontal row at ca. 5.3 ppm.

contains all expected cross peaks from butanol, the major
component of sample A.

However, the TOCSY spectrum reveals additional compo-
nents 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. 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 inset confirm that the
spin-lock period selected is appropriate for the sample. While
the intensity of the methyl peak is low, particularly compared
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Fig.3 2D H TOCSY spectrum between 2 and 8 ppm (region indicated
by box in Fig. 2) of three-component separated sample B. Blue
spectrum indicates upper layer while red spectrum indicates lower
layer. The individual slice-selective 2D TOCSY spectra of each layer are
reproduced in ESI as Fig. S5 and S6.F

with the more plentiful methylene signals, it does appear along
the same horizontal line as the other FAME signals. 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. This spectrum shows the advantages of the
TOCSY pulse sequence. The complete NMR spectrum of indi-
vidual components can be readily resolved.

Two-dimensional TOCSY spectra of an additional unsepa-
rated, three-component and two unseparated, four-component,
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Fig. 2 2D 'H TOCSY spectra of three-component separated sample B. Left-hand spectrum depicts the upper layer and right-hand spectrum
depicts the lower layer. Spectral regions indicated by boxes are reproduced, enlarged, in Fig. 3.
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samples, samples D, E and F, are presented in the ESI as Fig. S2-
S4.% While these all contain different amounts of bio-oil,
butanol, marine gas oil and FAME, their spectra share many
of the features of sample A revealed in Fig. 1.

Slice-selective 2D "H TOCSY of separated samples

To demonstrate the effectiveness of slice-selective 2D TOCSY
experiments in analyzing bio-oil samples, two phase-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. Fig. 2 depicts the upper (left) and lower (right) layers
of a separated three component blended bio-oil sample (sample
B). 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. 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.
In the lower layer, the cross peak indicating coupling between
species at 3.5 and ca. 5 ppm suggests the presence of both polar
species and olefinic groups.

In order to make a more detailed comparison between the two
layers, the regions from 3 to 8 ppm, indicated by boxes in Fig. 2, are
magnified and overlaid. This comparison is depicted in Fig. 3, with
the upper layer in blue and the lower layer in red. This presentation
of the two-dimensional TOCSY spectra 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 confirms the
presence aromatic species with alkyl substituents. The broad
nature of these peaks indicates a wide range of species, likely
polymeric or fused ring systems. As these species are found in the
upper, oil, layer, they are likely to be heavier fractions of the marine
gas oil. 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 distinct, smaller compounds with
both polar functional groups and unsaturated, olefinic, chains.
With pyrolysis bio-oil being produced from lignocellulosic
biomass, the presence of compounds with structures based on
monolignols or the constituent units of lignin is expected.

Fig. 4(a) 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 C). 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.
These indicates that, practically, all of the bio-oil components
are found in the aqueous layer.

Butanol is again partitioned between the upper and lower
layers, more evenly than in the previous example, with ca. 50%

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Slice-selective 2D H TOCSY spectra of both upper and
lower layers of three-component separated sample C. 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. A 1D spectrum of
the whole sample has been overlaid at the bottom, in black, for further
comparison. (b) Slice-selective 2D *H TOCSY spectrum of lower layer
of three-component separated sample C.

in each layer. Identification and measurement of the butanol
peaks is made easier by the improved resolution of the spec-
trum. This sample contains no marine gas oil. These observa-
tions are confirmed in Fig. 4(b), which depicts the 2D TOCSY of
only the lower slice of the final separated sample for an
expanded chemical shift range.

As with every 2D spectrum of the lower, aqueous, layer, there
are many sharp peaks, with numerous cross peaks observed
between 3 and 5 ppm. What are likely to be small chain alcohols
can be observed the shadow of the intense butanol peaks at ca.

Anal. Methods, 2024, 16, 5820-5825 | 5823
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4 ppm. In addition, the horizontal lines along ca. 5.5 ppm
suggests the presence of olefinic groups. Each distinct cross
peak in the two-dimensional spectrum corresponds to coupling
between two distinct proton environments within the same spin
system. 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 advan-
tages of NMR spectrometry is the range of 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.** 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-">C HSQC experiment has been successfully demonstrated
for metabolomics in highly heterogeneous samples.*> NMR
techniques can also be used to study physical parameters of
systems. Diffusion NMR produces information on the sizes of
species present® and the viscosity of the sample.** The relaxa-
tion 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 these 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.

This paper demonstrates the improved analysis of phase-
separated 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. By extending the spectra into a second
dimension, the resolution of individual peaks are significantly
improved and it is easier to identify specific species in the
different layers of the sample. In addition, coupling informa-
tion is now revealed, allowing for identification of more
components in the mixtures and tentative assignments of
compounds present. Improved analysis of how the components
of any blended biofuel samples partition between the two layers
is an important step towards understanding the separation
processes and may provide insight into mitigating the problem.
With the wider use of NMR techniques in studying biofuel
samples as well as other separated or heterogeneous samples,
slice-selective NMR techniques offer a powerful, additional
analytical tool.

Data availability

Data supporting this article have also been included as part of
the ESI.f All NMR data can be found at DOI: https://doi.org/
10.17632/8rp2cvk7kn.2.
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