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spruce wood as a replacement for
peat in the production of whisky: chemical and
sensory analysis of new make spirits

Kacper P. Krakowiak, a Barry Harrison,b Irene Baxter,b Nicholle G. A. Bell, c

Sam Fergusson,c Clayton Magill, d Ruaraidh D. McIntosh *a and David Ellis *a

Thermal decomposition of spruce wood and peat was investigated and compared using thermogravimetric

analysis and pyrolysis-enabled gas chromatography mass spectrometry (GC–MS). Afterwards, new make

spirit samples were produced using both materials as sources of smoke, with the resulting spirits

analysed using a combination of NMR, FT-ICR-MS and sensory analysis. Thermal degradation studies

revealed that while spruce wood and peat both feature similar compositional biopolymers, spruce

contains relatively more (poly)carbohydrates and less lignin than peat. Additionally, while both materials

showed dominance of guaiacyl (G) units in the lignin structure, the abundance of G units was more

extreme in spruce wood. Desirable phenolic species were produced upon pyrolysis of both peat and

spruce wood, however, greater abundance of them was produced by peat. These observations were

reflected in our results of spirit analysis, which showed similar levels of some phenolics, in particular

cresols, but greater amount of methoxyphenolic species in peated new make spirit. Sensory analysis

revealed that spruce smoked new make spirit could be described as “lightly smoked” with no unpleasant

off notes detected by the sensory panel, which aligns with our instrumental findings. For a better

comparison of the balance of smoke aromas, the intensities of wood and peat smoked new make spirit

would need to be matched. These results do suggest that some softwoods may be used to provide

a smoky aroma with similarities to that traditionally associated with peat.
Sustainability spotlight

In this work we show how a sustainable alternative to peat may be used in the production of Scotch Whisky. Peat is a non-renewable resource which plays an
important role in absorbing and storing carbon dioxide. Unfortunately, commercial extraction has led to degradation of peatlands, which not only negatively
impacts their ability to act as carbon sinks, but also leads to destruction of natural habitat of a variety of wildlife. Due to need to preserve and restore peat its
current users, including the Scotch Whisky industry, must look towards minimising peat use and exploring other, more sustainable, options. This work
contributes towards the UN's Sustainable Development Goals 12 (responsible production and consumption), 13 (climatic action), and 15 (life on land).
1. Introduction

Scotch Whisky is the most prominent alcoholic drink produced
in Scotland, enjoyed and recognised worldwide for its sensory
quality and unique avour. Some of the most distinct types of
Scotch are those made using peat smoke to augment the spirit's
aroma and avour prole.1,2 These characteristics are developed
as a result of the uptake of specic compounds (oen referred
to as congeners) by the malt, which are released upon thermal
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y the Royal Society of Chemistry
degradation of peat, during the malting process.3,4 Peat itself is
a type of soil made up of slowly decaying organic matter, with its
primary components being large biopolymers – cellulose,
hemicellulose and lignin.5,6 A large number of smaller mole-
cules have also been detected within peat.7 As a result of its
chemical complexity and its variance in composition, depend-
ing on depth of the sample studied, its geographical origin and
several other factors, peat has been referred to as one of the
most complex mixtures on Earth.8,9

For the purpose of whisky production, peat is sourced from
independent suppliers by third-party maltsters from peatlands
across Scotland. The exact geographical origin differs between
distilleries and the amount used annually has been estimated to
be approximately 8000 tonnes. The primary concern in terms of
avour imparted by the smoke is the nature of the molecules
released upon thermal degradation, which is related to the
Sustainable Food Technol.
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constituent biomass. Several studies have been performed on
thermal decomposition of individual biopolymers, as well as on
bulk peat biomass, providing an insight into which compounds
may be present in peat smoke.10–13 These ndings, combined
with studies on whisky congeners show clearly that phenolic
species, originating from lignin and other polyaromatics,
together with carbohydrate decomposition products can be
most closely connected to the smoky characteristics.

Unfortunately, peat is a limited resource owing to its slow
accumulation rate, estimated to be approximately 1 mm per
year.5,14 This, combined with continuous historical exploitation
of peatlands for fuel, agriculture, construction and horticulture
has led to increasing scarcity of this natural resource alongside
a concerted drive to limit its use, potentially impacting on the
whisky industry.15,16 Several programmes aiming to reduce the
usage of peat have been recently launched, and research into
making the peating process more efficient is already
underway.17,18 Another possible solution to reducing peat usage
in whisky production while also allowing preservation of the
smoky characteristics, would be to augment peat with an
alternative material that is capable of producing similar peat
thermal decomposition congeners, in comparable quantities
when burned. Such an alternative should logically be composed
of similar biopolymers as peat. Among the potential candidates
are varieties of wood, that are already used for smoking other
alcoholic beverages (e.g. beer) for which they were found to
produce avour compounds comparable to those produced
from peated malt.19,20 But, the production processes for whisky
and beer differ signicantly. Therefore, any attempt to directly
translate research about beer to whisky would be misplaced,
and highlights a need for further, targeted investigation.
Another matter is whether the approach of substituting peat use
with another material would be acceptable. According to the
Scotch Whisky technical le, the spirit must remain the ex-
pected organoleptic properties associated with Scotch Whisky
to be considered as such. Peated whisky would be expected to
have burnt, smoky and/or medicinal-type aromas. Our study
aims to investigate whether that is possible and to provide
information for any future discussion the topic.

Both wood and peat are composed of cellulose, hemi-
cellulose and lignin, and the primary difference between them
is how much of each biopolymer contributes to their overall
composition. As was mentioned previously, there is marked
variation between peat from different sources and similarly
pronounced differences are present in wood depending on what
part of the plant it originates from (e.g. heartwood versus
sapwood), taxonomy and biogeographical origin.21,22 One of the
most important distinctions is between sowoods (gymno-
sperms) and hardwoods (angiosperms), the former being
identied by presence of naked seeds and needlelike or scale-
like leaves, while the latter produces seeds within fruiting
bodies. In terms of chemical composition, an important di-
stinguishing feature of these two types of wood is that gymno-
spermous taxa tend to have a higher lignin content, while
angiosperms contain more pentosan hemicellulose.23 The
composition of lignin itself differs between sowoods and
hardwoods, with angiosperms being proportionally richer in
Sustainable Food Technol.
syringyl (S) units as compared to guaiacyl (G) units, and the
opposite is the case for sowoods.24 These compositional
differences are expected to create differences in the congeners
released upon thermal degradation. Since sowoods contain
more abundant G unit building blocks, corresponding gymno-
sperms would be expected to produce smoke containing higher
concentrations of desirable phenolic congeners. A representa-
tive sowood taxa commonly found in Scotland is spruce.
Therefore, this material was chosen to be investigated in this
study due to the above reasoning, and it's known high phenolic
content.25

Because of the complex composition of smoke and its
precursors, we employ multiple complementary analytical
techniques to study the materials and their thermal degrada-
tion products. Thermogravimetric analysis (TGA) is perhaps the
simplest method in concept but nonetheless provides useful
information by measuring changes in mass of the sample with
increasing temperature under oxygen-free atmosphere. As
a result, it is possible to establish how much of the sample
degrades across various temperature ranges, which in turn is
correlated to their composition. TGA is a commonly applied
technique for analysis of thermal behaviour of materials,
ranging from biomatter to synthetic polymers.26,27 This tech-
nique does not, however, provide any information on the
molecular composition of released compounds, which is ulti-
mately themost important factor in whisky production. In order
to address this, we made use of pyrolysis coupled to gas chro-
matography and mass spectrometry (pyrolysis-enabled GC–MS
or pyGC–MS). Using this method, it is possible to identify
particular compounds released during pyrolysis. It also allows
for precise temperature control, which has been previously
shown to be crucial for control over thermal decomposition
processes.28,29 Some of the limitations of pyGCMS include
difficulty in obtaining quantitative results and a somewhat
limited scope of compounds that can be detected in a single
experiment, though when considering avour, it tends to be the
volatile, GC amenable, compounds we are interested in.30

Another method used was Nuclear Magnetic Resonance
(NMR) spectroscopy, which has been employed previously for
analysis of whisky and newmake spirits, giving a quick overview
of the chemical composition of the sample.31–33 While it allows
for detection and potential quantitation of a large variety of
compounds in one experiment, it suffers from limited sensi-
tivity and issues involving signal overlap, especially for complex
mixture analysis. To address these issues, Fourier Transform
Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) was
employed, a highly sensitive non-targeted technique, able to
detect thousands of compounds in whisky and new make spirit
samples.34,35 The biggest limitation of the technique is its
inability to determine molecular structure without using addi-
tional instruments and extensive amount of work. As a result of
the large amount of data involved and the aforementioned
limitations the results obtained are most oen interpreted
using statistical methods, including multivariate analysis,
which reveals underlying trends in the data, even if precise
identication of compounds is not practical. Both NMR and FT-
ICR-MS are also helpful in the comparison of samples, which is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the goal of our work. Ultimately, the most important factor is
whether the spirit produced has the desired sensory charac-
teristics, which is why we have also employed sensory analysis,
allowing for correlation of chemical data obtained using
instrumental analysis with the sensory characteristics potential
consumers would experience.36 Through the combination of the
aforementioned techniques, we aimed to test whether spruce
wood is a suitable replacement for peat in whisky production,
both in terms of chemical composition of the spirit and its
sensory properties. The primary aspects investigated were
whether substituting peat with spruce would affect the “smoky”,
“medicinal” and “burnt” sensory notes and if any unexpected or
unpleasant off notes would be introduced. However, it is
important to note that the understanding of the relationship
between the chemical prole of the spirit and its sensory
perception remains underdeveloped and as a result, attempts to
predict one based purely on the other are challenging. Using
a range of techniques, we can identify and quantify a wide range
of compounds but the extent to which these compounds
interact with one another in the sensory experience is chal-
lenging to assess and leads to discrepancies between the
sensory characteristics experienced by consumers. This gap in
the current understanding highlights the need to combine both
sensory evaluation and chemical analysis to make a more
accurate assessment of any changes we make to the process
through the impact it has on both the composition and
perceived avour prole of the resulting spirit.

2. Experimental
2.1 Samples

Four solid samples were analysed by TGA and PyGCMS,
including two peat samples from different locations (Islay – PI,
Aberdeenshire – PA, surface vegetation dominated by heather,
surface peat, 0–5 cm depth in both cases) and two spruce (Picea
stichensis) wood branch samples with (SB) and without bark
(SNB). Peat samples were ground up into a homogenous powder
using a ceramic mortar and pestle. Dust from wood samples
was obtained using a 120 grit sanding paper. 0.5 mg of each
sample was used for pyGCMS and 40–100 mg for TGA (see SI for
exact weights used for pyGCMS and TGA). Eight distillate
samples produced on a laboratory scale were analysed using
NMR (full details on new make spirit preparation are available
in the SI): peated low wines (PLW), three peated distillation
fractions (PNMS), spruce smoked low wines (SLW) and three
spruce smoked spirit distillation fractions (SNMS). Low wines
result from the rst distillation of the fermented wash, the spirit
distillation fractions result from the second distillation. The
peated samples were prepared using Islay peat and the distil-
lation cut points used were: three consecutive 100 mL spirit
distillation fractions. Five spirit samples were analysed using
FT-ICR-MS: peated new make spirit, spruce-smoked low wines
and three spruce-smoked distillation fractions. For the sensory
analysis, Islay peat smoked malt and spruce wood (with bark)
smoked malt were used to produce respectively the peated and
the spruce smoked new make spirits. Islay peat and spruce with
bark were chosen based on TGA and PyGCMS results. Duplicate
© 2026 The Author(s). Published by the Royal Society of Chemistry
samples of peated NMS (PNMS1, PNMS2) and spruce smoked
NMS (SNMS1, SNMS2) were produced.

2.2 TGA

TG analysis was performed using an STA PT 1600 Linseis ana-
lyser with the following conguration: 100 cm3 min−1 nitrogen
ow, temperature range 20 °C–800 °C with a heating ramp of
10 °C per minute, dwell time of 10 minutes and cooling rate of
10 °C per minute.

2.3 PyGC–MS

Pyrolysis was achieved through a multi-shot pyrolyser – Frontier
Lab EGA PY-3030D with peripheral auto-shot sampler (Frontier
Lab AS-2020E) coupled to a split/splitless inlet GC (Thermo
Scientic Trace 1300; split 1 : 250) and single quadrupole MS
(Thermo Scientic ISQ) in electron impact ionisation (70 eV)
mode. The pyrolyser was operated in single shot mode with
temperature set to 550 °C. The GC was outtted with a 30 m TG-
5SilMS (0.25 mm inner diameter; 0.25 mm lm thickness)
capillary column with helium as carrier gas at 1 mL min−1

ow
rate. Inlet, transfer line and source temperatures were set to
300 °C. Initial oven temperature was set to 70 °C, with heating
rate of 10 °C for 17minutes, followed by heating rate of 40 °C for
2 minutes, reaching a nal temperature of 320 °C held for 3
minutes. Ionisation occurred at 70 eV, and ionised fragments
were identied through the Chromeleon Chromatography Data
System (CDS; version 7.2.10) via comparison with authentic
standards when available in conjunction with retention index,
relative elution order, and spectrometric analysis of pyrogram
fragmentation spectra against the NIST 2017 mass spectral
library and literature.12,37–40

2.4 NMR spectroscopy

NMR samples were prepared by adding acetic acid/sodium
acetate buffer solution containing sodium tri-
methylsilylpropanesulfonate (DSS) (0.1 mL) to the sample (0.5
mL) to give a total volume of approximately 0.6 mL. The buffer
was prepared following methodology of Kew et al. by mixing
sodium acetate-d3 (0.0277 g, 0.204 mmol), acetic acid-d4
(0.0820 g, 1.28 mmol), DSS (0.0131 g, 0.0600 mmol) and lling
up to mark with D2O in a 10 mL volumetric ask.31 The nal
concentration of the DSS standard was 1.00 mM in a standard
5 mm NMR tube and the pH of the solution was 3.95. Selected
congeners were quantied through comparison of integration
values of NMR signals, compared to the signal of the DSS
standard of known concentration. ABV (alcohol by volume,
measured as mL of ethanol in 100 mL of beverage) values were
determined using previously established NMR methodology
and compared with values obtained using a portable alcohol
meter (Snap 50 Portable Alcohol Meter for Distillates, Anton-
Paar; Graz, Austria).41

All NMR experiments were performed on a 600 MHz Bruker
AVIII spectrometer equipped with a 5 mm TCI cryoprobe with z
gradients at 300 K at the School of Chemistry, University of
Edinburgh. NMR data obtained was processed using TopSpin
and Microso Excel soware. Spectra were acquired using
Sustainable Food Technol.
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a multiple solvent suppression sequence optimised for whisky
analysis used previously and described in detail by Kew et al.33

The assignment of signals was done by comparing with online
databases, literature and spectra of pure compounds.31,42–46

2.5 FT-ICR-MS

MS samples were prepared by adding 300 mL of a 1 : 1 mixture of
LC–MS grade water/methanol (Fisher) to 30 mL of sample.
Triplicates were prepared for each sample. Each sample was
prepared immediately prior to introduction into the electro-
spray ionisation (ESI) source. Mass spectra were acquired on
a Bruker SolariX 12 Tesla FT-ICR mass spectrometer with an ESI
source in negative mode. This has been widely reported as the
preferred ionisation method for whisky samples.47 The ow rate
was set to 120 mL h; nebuliser gas ow was set to 1.8 bar; drying
gas ow was 6 L min−1 at 180 °C. Ions were accumulated over
0.3 s with a time of ight between the quadrupole and the ICR
cell set to 0.6 ms. 4 MW FIDs were acquired for 200 total scans
sampling between 98.29 m/z and 1000 m/z.

Spectra were acquired in a randomised order and the ion
source was ushed with water/methanol between samples.
Blank solvent spectra were acquired using the same water/
methanol mixture at the start and end of the session as well
as aer every third sample. Details on spectral processing can
be found in the SI.

2.6 Sensory analysis

All evaluations were carried out by the expert sensory panel at
the Scotch Whisky Research Institute (SWRI). For this study,
fourteen panellists (SWRI employees, over 18 years of age,
mixed gender) were involved, all of whom have training and
expertise in the evaluation of Scotch Whisky. The three
consecutive 100 mL distillation fractions for each sample run
were composited to provide adequate volume for sensory anal-
ysis. Samples were diluted to 20% ABV using distilled water on
the day of testing and 20 mL samples presented in blind-coded
tulip-shaped nosing glasses covered with watch glasses to trap
the volatile aromas. Quantitative Descriptive Proling (QDP)
conducted in accordance with ISO 13299 : 2016 was used to
assess the aroma characteristics of the samples using SWRI's
peated NMS vocabulary as detailed in Table 1. Panellists nosed
the samples and scored the intensity of each of these attributes
using a 0–3 continuous line scale marked at 0.5 intervals.
Panellists were also given the opportunity to comment on any
additional or unusual aromas detected in the samples.

Sensory testing was conducted in the Sensory Laboratory at
SWRI under standard conditions (balanced sample presenta-
tion order; tests conducted under red lighting) as per SWRI's
operating procedure for sensory analysis.

Mean scores for each attribute were calculated and analysis
of variance (ANOVA) used to determine statistically signicant
(p < 0.05) differences between the samples followed by a Tukey's
post hoc test to determine sample groupings for any signicant
result. Compusense® cloud based sensory soware (Compu-
sense Inc., Guelph, ON, Canada) was used for statistical analysis
of the sensory data.
Sustainable Food Technol.
3. Results and discussion
3.1 TGA of peat and spruce wood

Thermal gravimetric analysis of two samples of peat from
different locations and two different spruce wood samples – one
with bark and one without – was performed to establish the
range of temperature in which these materials decompose. The
two peat samples show similar behaviour in terms of mass loss
over time with the largest difference observed in the size of
initial mass decrease, which is particularly pronounced once
the rate of mass loss is plotted against temperature (Fig. 1). The
peak observed at 100 °C corresponds to evaporation of water
and other volatile compounds and the difference observed
between samples is most likely related to moisture content in
the peat samples. Following a short induction period (plateau),
a steady decrease in mass was observed in both samples as the
temperature was increased above 200 °C, slowing down at
approximately 500 °C and reaching completion and then
a constant mass above 700 °C.

Plotting the rate of mass loss reveals additional detail. Three
maxima can be observed in the Islay peat sample (excluding the
one at 100 °C) at 280 °C, 325 °C, 400 °C, corresponding to
decomposition of hemicellulose, cellulose and lignin respec-
tively.24,26,48 In the Aberdeenshire peat sample, the hemi-
cellulose and cellulose peaks appear to coalesce at a maximum
temperature of 260 °C, while the lignin peak appears similar to
that observed in Islay peat, with a maximum at 400 °C. Once the
contribution from water is removed, the total mass lost in the
observed range originating from cellulose and hemicellulose is
28% of dry mass for Islay peat and 26% for Aberdeenshire peat
(Table 1). While it is difficult to distinguish between hemi-
cellulose and cellulose contributions due to proximity of the
maxima it can be deduced that contribution of hemicellulose is
higher in Aberdeenshire peat, compared to the Islay peat
samples, as the highest mass loss rate is observed at a lower
temperature. Lignin decomposition appears to occur in two
distinct stages, where the rst corresponds to a quick loss of
mass with a maximum mass loss rate at 400 °C, followed by
a slow decrease in mass from 500 °C to approximately 700 °C.
The weight lost corresponding to decomposition of lignin in
Islay peat is 28% of dry mass and 24% in Aberdeenshire peat.
These results show that while there are certainly differences
between the composition of biopolymers and their contribution
to overall mass of the material, our peat samples are broadly
similar to each other in terms of thermal behaviour.

The thermal decomposition proles of spruce wood with and
without bark appear very different to that observed for peat
(Fig. 1). The initial mass loss corresponding to water and vola-
tiles evaporation is much lower, indicating less moisture
content in the material. The majority of the mass loss occurs
rapidly above 200 °C, slowing down signicantly at approxi-
mately 350 °C, with decomposition seemingly complete at
approximately 700 °C. The sample containing bark appears
broadly similar, however analysis of the mass loss rate graph
reveals some differences, compared to the sample without bark.
While the spruce with no bark appears to only have one mass
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Vocabulary used for the sensory assessment of the samples by nosing

Attribute Dention

Overall peat intensity Impression of the overall ‘peatiness’ of the sample
Burnt Tar, char, ash
Smoky Burning wood, smoked foods, barbeque. Bonre
Medicinal Antiseptic, TCP, carbolic soap, rst aid kit
Feinty Leathery, tobacco, sweaty
Cereal Malted barley, digestive biscuits, popcorn, mash, wort, malt extract
Green/Grassy Leafy, herbal, green vegetables
Floral Fresh owers, perfumed
Fruity/Estery Apples, pears, bananas, tropical fruit, citrus, articial fruit avourings
Solventy Paint thinners, nail varnish remover
Soapy Unperfumed soap
Sweet Vanilla, honey, toffee
Nutty Coconut, almonds, nuts, toasted
Oily Oils, fats, waxy
Sour Vinegary, cheesy, vomit
Stale Earthy, musty, metallic
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loss rate maximum at 340 °C, the sample containing bark has
a noticeable “hump” at 250 °C, showing that contribution from
hemicellulose to the overall mass of the sample is comparatively
more signicant. Additionally, while the peak corresponding to
degradation of lignin is not as distinct as in the peat samples,
some contribution from lignin decomposition can be noted.
The mass loss rate corresponding to lignin decomposition
appears larger in the spruce bark sample than in the no-bark
sample, however it is possible that the additional contribution
originates from suberin decomposition, which occurs in bark
Fig. 1 TGA mass loss rate against temperature plots for Islay peat (A), A

© 2026 The Author(s). Published by the Royal Society of Chemistry
and shows similar thermal decomposition temperature range
as lignin.49 Overall, the combined contribution of cellulose and
hemicellulose decomposition is 57% of dry mass in the sample
without bark and 48% in the sample with bark, while the
portion of mass lost above 370 °C, corresponding to poly-
phenolic species and suberin, is 11% of dry mass in the former
sample and 18% in the latter (Table 2). These values reect
larger contributions from polycarbohydrates and lower from
lignin in wood, compared to peat, which is likely to have an
effect on released compounds and therefore the nal avour
berdeenshire peat (B), Spruce with (C) and without bark (D).

Sustainable Food Technol.
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Table 2 TGA data based on triplicate analysis. PI – Islay peat; PA –
Aberdeenshire peat; SNB – spruce without bark; SB – spruce with
bark. In the case of PA and SNB hemicellulose and cellulose contri-
butions are grouped together due to expensive overlap of peaks

Sample

Mass lost (% of dry mass)

Hemicellulose Cellulose Lignin Tail Sum

PI 17.0 11.3 19.2 9.1 56.7
PA 26.3 16.5 7.9 50.7
SNB 57.2 7.1 4.2 68.6
SB 18.8 29.7 11.1 7.2 66.8

Fig. 2 Number of compounds in selected categories found only in
wood, only in peat, in at least one sample of both wood and peat and in
all samples.
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prole. The results obtained in this study agree with what has
been found previously for spruce wood at a smaller scale (5
mg).50 This shows that while the same biopolymers are present
in both peat and wood, their distribution is very different, which
likely results in differences in composition of the smoke.
3.2 PyGC–MS of peat and spruce wood

Use of PyGCMS enabled identication of a large number of peat
pyrolysates (97 for Islay peat, 119 for Aberdeenshire peat) and
spruce wood pyrolysates (108 for sample with bark, 79 for
sample with no bark). For the full list of identied compounds
refer to the SI. Several groups of compounds, including short
and long chain alkanes, alkenes as well as their various
aliphatic derivatives, namely organic acids, alcohols and
ketones were detected. Of particular interest to our research are
aromatic species, anhydrous sugars and furans. These
compounds originate primarily from decomposition of lignin,
cellulose and hemicellulose, and oen have low sensory
thresholds, thus contributing signicantly to aroma perception
of the smoke and smoked beverages.51 For this research, the
compounds of interest were divided into four groups. Three of
these groups primarily arise from the degradation of lignin:
aromatic species without hydroxy or methoxy side groups;
phenolic species without methoxy side groups and methoxy-
phenolic species. The nal of the four groups are the anhydrous
sugars and furan derivatives which primarily originate from
decomposition of cellulose and hemicellulose.

Methoxyphenolic compounds and those originating from
thermal degradation of carbohydrates form the largest groups
of compounds identied, with 32 and 34 identied compounds,
respectively. Looking at the distribution of pyrolysates in spruce
wood and peat (Fig. 2), it is clear that a signicant portion of
compounds is found only in peat. That is especially true for
compounds originating from decomposition of cellulose and
hemicellulose, for which 19 molecules were found only in peat,
while 10 can be found in both peat and wood pyrolysis products.
For all other aromatic species, including phenolic and m-
ethoxyphenolic species, nearly half of identied compounds
can be found in at least one peat sample and at least one wood
sample pyrolysates. These include important congeners, which
have been previously connected to smoky aroma in peated
whisky, such as guaiacol, 4-ethylguaiacol, p-cresol, 4-vinyl-
guaiacol, 4-ethyl-2-methylphenol.52
Sustainable Food Technol.
The divergence in terms of aromatic composition is most
likely the result of differences in the structure of lignin in peat
and spruce wood. One parameter which may be used to
measure this is the ratio of S and G units, related to ratio of
pyrolysis products with one (G derivatives) or two (S derivatives)
methoxy side groups. Here, we measured the ratios using either
all identied products or only specic ones (syringol, 4-m-
ethylsyringol, 4-vinylsyringol and trans-4-propenylsyringol for S
units, guaiacol, 4-methylguaiacol, 4-vinylguaiacol, trans-iso-
eugenol for G units) as carried out previously by Nunes et al. for
Eucalyptus-derived lignin.53 Both methods gave comparable
results (Fig. 2) with S/G values obtained using selected
compounds being 0.04–0.07 higher for all samples, except for
PI, which was 0.08 lower. Measured S/G ratio for each sample
was below 1.0 signifying that guaiacyl units are dominant in the
lignin structure, however, values for peat were between 0.60 and
0.72, while those for spruce wood measured between 0.07 and
0.13. This shows that while all materials tested contain lignin
rich in guaiacyl units, spruce wood shows an even greater
dominance of these, compared to syringyl units, as would be
expected for sowood. Interestingly, the S/G ratio of samples
with and without bark are nearly the same, showing that pres-
ence of bark doesn't have a signicant impact. S/G ratio
observed for peats from different locations showed a difference
of approximately 20%, which could be of practical signicance,
but any specic conclusions are difficult to make with only two
geographically distinct samples (Fig. 3).

3.3 Sensory analysis

Themean panel scores for each sample per sensory attribute are
shown in Table S10 and also as avour proles in Fig. 4.
Statistically signicant differences between the samples were
noted for four attributes: overall peat intensity, burnt, smoky
and meaty aromas. The peated new make spirit samples were
assigned higher scores in the rst three of these categories,
while spruce smoked new make spirit had a stronger “meaty”
aroma. These results suggest that the spruce smoked new make
spirits contained less phenolic compounds, which are associ-
ated with peaty notes. However, many simpler phenolics such as
cresols, phenol and ethylphenols are usually associated with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 S/G ratios of analysed samples based on all detected
compounds and on a selection of compounds. PI – Islay peat; PA –
Aberdeenshire peat; SB – spruce with bark; ANB – spruce without
bark.

Fig. 4 Mean panel scores plotted as flavour profiles (* indicates
a statistically significant difference between samples).
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“medicinal” characteristic, which was similar in intensity in all
samples. On the other hand, guaiacol and its derivatives are
strongly connected to the smoky characteristic and thus may be
expected in lower concentration. These results show that some
aspects of the smoky aroma of peated spirit can be replicated
using another material as a source of smoke, though the exact
sensory prole will likely differ in terms of intensity of specic
notes, owing to potential differences in chemical composition.

Importantly, there were no additional panellist comments
regarding the aroma of the samples and thus no off notes were
detected in the new make spirits produced using malt smoked
with spruce wood. This observation aligns well with instru-
mental analysis, which revealed no unexpected compounds in
the thermal decomposition products, which could produce
unwanted aromas or avours. This shows that such techniques
can be used successfully to assess whether the produced spirit
© 2026 The Author(s). Published by the Royal Society of Chemistry
will contain compounds responsible for potentially undesirable
sensory notes even though using instrumental methods to
predict sensory qualities is challenging.

While there were some differences between the replicates for
both the peated and spruce smoked samples, in general, the
peated NMS samples were more burnt, smokier and more
intensely peaty than the spruce wood smoked samples. That
said, the spruce smoked samples still produced a distinct
smoky sensory experience, without using peat. The sensory
panellists did not report any unusual aromas or off-notes
present in the spruce wood smoked samples and none of the
other characteristics showed statistically signicant differences
between spruce smoked and peated samples.
3.4 NMR analysis of new make spirits

Analysis of peated new make spirit has been covered in
a previous publication, therefore the discussion here will focus
on comparison between peated and spruce smoked samples.32

Additionally, the behaviour and composition of different
distillation fractions will be discussed. Three distillate fractions
of peated and spruce smoked new make spirits were analysed,
together with low wines. Fraction 2 was selected to be the main
focus of the study, with differences between fractions noted
when relevant. All frequencies given in the text refer to this
second fraction, though it should be noted that slight variation
was observed between samples due to differences in ethanol
concentration. For the purpose of the analysis the NMR spec-
trum was divided into three regions: low frequency region (0–3
ppm), middle frequency region (3–6 ppm) and high frequency/
aromatic region (above 6 ppm). Most signals in the spruce-
smoked and peated new make spirit spectra were the same or
very similar (Fig. 5). Some signals in the spectrum originate
from the DSS standard used, namely that at 0 ppm, used for
calibration of spectra and rough quantitation of selected
compounds, this standard also generates multiplets at
0.59 ppm, 1.77 ppm, 2.01 ppm and 2.82 ppm.

The low frequency region consists primarily of signals orig-
inating from alkyl groups of alcohol and carbonyls and does not
differ signicantly between samples using different smoke
sources for the most part, though some changes were observed.
One such case is the doublet at 1.31 ppm, which displays
a much larger intensity in the spruce-smoked samples,
compared to peated ones. This difference is particularly
pronounced in the early distillate fraction, where the signal is
most intense. The signal could correspond to either 1,1-di-
ethoxyethane CH3 or lactic acid CH3, with the former generally
being found in matured whisky, while the latter can be
a product of fermentation where lactic acid bacteria are
present.54,55 That said, similar behaviour can be observed for the
quartet at 4.12 ppm, which reinforces the notion that they both
originate from lactic acid. Similar differences in intensity were
also observed for acetate signal at 2.06 ppm and acetaldehyde
doublet at 2.23 ppm. This shows that concentrations of some
compounds other than aromatic species are also affected by
choice of smoke source, in particular those of acids, esters and
aldehydes. On the other hand, some groups of compounds are
Sustainable Food Technol.
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Fig. 5 1H NMR spectra of peated (bottom) and spruce smoked (top) new make spirits (distillation fraction 2), recorded using a 600 MHz
instrument.
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largely unaffected, e.g., alcohols. The most prominent differ-
ence between fractions was observed for signals of higher
alcohols, oen referred to as fusel alcohols or fusel oils (Fig. 6),
which include 3-methyl-1-butanol (1.43 ppm quartet, 1.66 ppm
nonet, 3.60 ppm triplet), n-propanol (1.54 ppm sextet, 3.53 ppm
triplet) and isobutanol (1.73 pm nonet, 3.34 ppm doublet).
Comparing intensities of the signals clearly shows that as the
distillation progresses the concentration of aforementioned
alcohols decreases. First fraction showed concentrations 2–3
times higher than the main distillate, while the signals in the
last fraction were in some cases 100 times less intense. This
conrms that amount of fusel alcohols can be adjusted by
modifying the distillation procedure and also shows that this
process could be monitored using in-line or at-line NMR,
possibly even at low eld strengths given large intensity of
signals of interest.

Signals corresponding to alkyl side groups of aromatic
species can also be noted, including those of o-cresol (2.18
ppm), p-cresol (2.26 ppm), 2-phenylethanol (2.83 ppm) and 2-
phenylethyl acetate (2.93 ppm). These compounds do not differ
signicantly between samples in terms of signal intensity and
no clear trend is visible between them. Interestingly, the sample
with lowest ethanol concentration (last distillation fraction)
shows a clear separation between DSS and 2-phenylethanol
signals, which reveals a triplet at 2.86 ppm, conrming presence
of the compound. Overall, the low frequency region of the
spectrum provides much information on the composition of the
Sustainable Food Technol.
spirit. The presence of specic signals and their intensities may
be correlated with changes that occur during the distillation
process and therefore could be used in monitoring. The impact
of the source of smoke on this region appears to be minimal
with only a small selection of signals being related to congeners
originating from smoke.

The middle frequency region shows a limited number of
signals and almost no differences between spruce smoked and
peated samples, with the exception of two groups of overlapping
multiplets at 3.47 ppm and 3.78 ppm. In both cases the signals
are relatively stronger in the spruce-smoked samples, with the
difference being particularly visible in the rst fraction. This
region of the spectrum consists of signals corresponding to
protons in proximity of electronegative atoms, such as oxygen.
This includes methoxy groups, ethers and esters. A possible
assignment for the triplet at 3.78 ppm is phenylethanol,
however no corresponding change in signal intensity was
observed in the aromatic region, meaning that the signal likely
originates from a similar, currently unidentied compound.
Opposite behaviour was observed for the methoxy singlet of
guaiacol at 3.82 ppm, potentially signifying decreased concen-
tration of methoxyphenols in spruce smoked spirit, which could
explain the weaker smoky characteristic noted by the sensory
panel. Other signals in the range under consideration, show
small variations in intensity between samples, however the
differences are not nearly as large as those discussed earlier and
most likely arise as a result of variation in spirit preparation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 1H NMR spectra of peated spirit distillation fractions 1, 2 and 3 (from bottom to top), recorded at 600 MHz.
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processes, rather than alteration of the smoke source. Possible
exceptions to this are signals corresponding to hemiacetals
originating from acetaldehyde, which show higher concentra-
tion in spruce-smoked samples, this correlating well with the
observed increased concentration of acetaldehyde. Strong
signals of higher alcohols described previously can be observed
here, following the same pattern in terms of signal intensity
between different distillation fractions. Additionally, the singlet
indicating presence of methanol was identied at 3.35 ppm.
The intensity of the signal and thus the concentration does not
appear to change signicantly between distillation fractions,
which is somewhat unexpected given the behaviour of other
alcohols.

In the aromatic region we nd the greatest differences
between samples. The most striking feature of the region is how
nearly all signals increase in intensity with distillation progress.
Taking the phenylethanol signals as examples, their concen-
tration in middle fraction is approximately eight times higher
than in the rst fraction, while the concentration in the third
fraction is twelve times higher. Similar observations can be
made for other phenolics in the region, which include o-cresol,
p-cresol and phenol. This clearly shows the impact of distilla-
tion on the concentration of phenolic species, regardless of
their origin (as phenylethanol is a fermentation product, rather
than a smoke component). It also shows how choosing the
cutoff point of the distillation can help manage abundance and
thus the avour of the spirit. Not all signals in the region follow
this trend however, with the prime example being furfural.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Corresponding signals at 6.77 ppm, 7.57 ppm, 7.94 ppm and
9.54 ppm all show highest intensity in the second distillation
fraction, approximately two times larger than either of the other
fractions. This in turn highlights that modifying the distillation
procedure impacts different groups of compounds in different
ways, implying that one cannot optimise the process for all
groups of compounds at the same time.

When it comes to comparison between new make spirits
produced using peat and spruce wood the signal distribution
and intensities are quite similar for the rst and last fraction
irrespective of the smoke source, but the main fraction displays
interesting changes. Overall, the intensity of observable signals
of aromatic species is larger in spruce smoked samples, corre-
sponding to increased concentration of cresols, phenol and
phenylethanol. Additionally, some signals not present in peated
new make spirit can be found in the spruce smoked sample,
including those at 6.80 ppm and 6.90 ppm. Extensive overlap in
the region makes identication of these peaks particularly
difficult. These observations may appear to be contradictory to
what was noted by the sensory panel, given general association
of phenolic compounds with peatiness, however the majority of
the phenolics observed in the NMR spectra would be expected
to affect the medicinal characteristic, which was given similar
scores by the panel. Additionally, no signicant off notes were
produced, which correlates well to lack of signals in unexpected
regions of the spectrum, which was the case for some other
alternative materials tested previously.32 Another difference of
note is the potentially impactful lack of particular signals in the
Sustainable Food Technol.
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Fig. 7 UpSet plot comparing intersections of assigned molecular formulae of following samples: 1 – spruce smoked low wines, 2 – spruce
smoked newmake spirit fraction 1, 3 – spruce smoked newmake spirit fraction 2, 4 – spruce smoked newmake spirit fraction 3. The bars on the
left show the number of formulae in each spectrum and the percentage share these formulae occupy in the pool of formulae that are present in
at least one spectrum.
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spruce-smoked sample, such as those at 8.00 ppm, 8.05 ppm
and 8.15 ppm, likely corresponding to heteroaromatic species.
These could be potentially undesirable at high concentrations
due to their unpleasant aroma. That said, the compounds have
been found in peated new make spirit and thus their absence
could have an impact on the avour and aroma of the spirit.
Finally, as noted before the signal corresponding to acetalde-
hyde is much stronger in spruce smoked samples.
3.5 FT-ICR-MS of new make spirits

The number of assigned compounds and associated metrics
such as aromaticity index (AI), mean CHONS and compound
class for each samples examined are listed in Table S1. In terms
of average number of assigned molecular formulae, spruce
smoked NMS second fraction had the highest (2651), while
fraction 1 had the lowest (1715), demonstrating the complexity
of the main distillation fraction. Considering sulfur, the low
wines had a much higher amount of S per formula than any of
Table 3 FT-ICR-MS data for peated and spruce smoked new make spir

NMS Assigned formula Mean S Mean N AI Lipi

Peated 2700 0.15 0.20 0.07 60.8
Spruce 2651 0.08 0.55 0.12 49.1

Sustainable Food Technol.
the spirit distillation fractions. The low wines also held
a percentage of sulfur-containing compounds that is almost
double that of other samples. This matches what is expected as
sulphurous compounds are generally undesirable.56 AI
increases in the later distillation fractions, signifying increased
presence of aromatic species, which correlates well with what
was found using NMR. There is an increase in mean N in the
NMS compared to other samples and this is reected in the %
CHON compounds. Examining the compound class % break-
down, the increase in amino sugar-like and peptide-like
compounds in these samples explains this increase in N. The
lower AI for fraction 1 is demonstrated by the lower % lignin or
tannin-like compounds (21%) in this sample compared to the
rest (34–38%).

To compare the similarity in compound make-up of each
fraction, UpSet analysis was conducted with the resulting plot
show in Fig. 7.
its

ds% Sugars %
Amino sugars
%

Peptides
%

Tannin/lignins
%

9 3.15 0.33 5.19 23.00
9 1.51 0.53 9.06 34.36

© 2026 The Author(s). Published by the Royal Society of Chemistry
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There are 894 molecular formulae found in all four fractions,
showing almost half of each sample share the same
compounds, which can be assigned to lipid-like and aromatic-
like. This is interesting as it does show that there is a base
level of compounds that are present aer the rst distillation
and remain present in any cut in the second distillation.
Examining the unique compounds, the NMS contains the most
unique (831), followed by the low wines (389), and these are
made of almost identical splits of lipid and aromatic like
compounds, however with more peptide like compounds in the
NMS. The unique compounds of fraction 2 stick out, while there
are only 229 of them, they are almost all lipid-like.

Comparing peated and spruce NMS, the proles are
different, with the main differences summarised in Table 3.
Both spirits contain similar numbers of assigned formulae but
peated NMS has higher S content and lower, N, AI and subse-
quently lower amino sugars, peptides and tannin/lignan like
compounds than the spruce spirit, with sugars and lipids being
higher. This, together with the NMR results, shows that the
phenolic species in spruce smoked new make spirit are more
abundant in terms of concentration and number of compounds
than peated NMS. It is therefore surprising that the sensory
analysis showed weaker peaty characteristics. The difference in
intensity of smoky notes most likely arises as a result of lower
concentration of guaiacol species and shows the number of
phenolics or their summed concentration may not be the most
accurate criteria to evaluate contribution to peaty character.

4. Conclusions

Thermal degradation behaviour of spruce and peat was ana-
lysed, along with the chemical composition and sensory char-
acteristics of new make spirit fractions produced using smoke
from these materials. TGA and pyGCMS results showed that
both materials, while made primarily of the same natural
polymers, differ in terms of their distribution, which results in
differences in the variety and concentration of species released
upon thermal degradation. In particular, greater abundance of
methoxyphenolic species was produced from peat, which is
likely related to greater contribution of syringyl units to its
lignin structure. While all samples tested showed dominance of
guaiacyl compounds in the thermal decomposition products
(and thus their dominance in the lignin), the difference in
abundance of the different building blocks was more
pronounced in the wood samples. The differences between
different peat samples and spruce wood with and without bark
were generally minimal, though spruce wood with bark showed
presence of additional compounds, compared to the sample
without bark. Despite the differences, many of the desired
compounds, including guaiacols, cresols and other species
connected to smoky aromas and avours were identied both in
peat and spruce wood, suggesting that the latter may be a suit-
able candidate for replacing/supplementing use of peat.

This was further conrmed by the results of NMR analysis of
new make spirits, which showed little difference between the
spectra of the peated and spruce smoked samples, both in
terms of compounds identied and their concentrations,
© 2026 The Author(s). Published by the Royal Society of Chemistry
including phenols. Some differences were noted, however, one
of most signicant being the decreased concentration of
guaiacol in the spruce smoked sample, suggesting that the
spirit may contain less methoxyphenolic species and thus have
weaker “smoky” aroma and avour, while notes connected to
other phenolic species would likely be comparable. Similar
observations were made using FT-ICR-MS, which surprisingly
revealed greater abundance of aromatic species in the spruce
smoked new make spirit, though the exact nature of the
compounds could not be established. Analysis of different new
make spirit fractions also revealed that as the distillation
progresses the concentration of phenolic species increases,
while that of higher alcohols decreases. This conrms that by
adjusting the distillation parameters the composition of the
nal spirit can be inuenced, which could make up for the
differences related to using an alternative smoke source. Any
such changes should be made with caution, as other aspects of
the spirit are likely to be affected, as shown by how different
groups of compounds display varying behaviour with distilla-
tion progress.

The analytical results align well with what was found by the
sensory panel, which identied burnt, smoky and medicinal
characteristics in the spruce smoked new make spirit, though
the rst two were not as intense as the peated sample. None-
theless, it appears possible to replicate aspects of the smokiness
of peated spirit with an alternative material with no undesirable
off notes. The results do not preclude the potential inclusion of
spruce wood smoked malt in the mash bill to impart gentle
smoky avours to NMS, reducing the amount of peat required,
but this would require further investigation regarding whether
changing smoking and distillation conditions could improve
the results or whether mixing peat and wood could produce
even better results. As such, future work in the area would likely
be focused on addressing these questions, in addition to iden-
tifying other potential candidates for peat substitution.
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