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Abstract: Volatile organic compounds (VOCs) from wood and wood composites are important
contributors to odor profiles of indoor environments and can significantly influence human health
and well-being. GC-MS/FID and gas chromatography (GC) with olfactometric detection (GC-O) are
employed for the identification and characterization of odorants. Four different sample preparation
methods are evaluated on wood strands and isocyanate adhesive–based oriented strand boards
(OSBs) made from Pinus sylvestris L.: among these, dynamic headspace extraction thermal desorption
((dynamic) HS-TD), head space solid phase microextraction (HS-SPME), head space solid phase
microextraction Arrow (HS-SPME Arrow), and liquid injection of a CH2Cl2 solvent extract. The
olfactometric investigation revealed over 30 odor-active substances of cyclic and acyclic monoterpene,
monoterpenoid ketone, monoterpenoid aldehyde, monoterpenoid alcohol, monoterpenoid ester,
aliphatic aldehyde, alcohol, and acid and phenolic chemistry. Compared to liquid injection, (dynamic)
HS-TD was found to result in a similar number of odorants (20 vs. 24), whereas HS SPME Arrow
shows good performance with minimal instrumental effort, notably for monoterpene and aldehyde
compounds. Native wood vs. OSB showed high concentrations of saturated and unsaturated
aldehydes for the wood board sample. These findings demonstrate the capability of headspace
methods for odorant detection and their suitability for standardization towards a database for wood
and wood composites.

Keywords: Pinus sylvestris; headspace techniques; odorant detection

1. Introduction

The perception of wood and wood materials as warm and comfortable [1] and their
pleasant smell [2] lead to the material’s high appreciation by consumers and manufacturers.
Especially in indoor environments, wood materials find increased appreciation. Since every
piece of furniture or construction piece exhibits its own characteristics regarding smell,
the specific control of odor profiles to meet consumer demand, as well as to influence the
perception of indoor spaces in a positive way, is of great interest [1].

Wood is made up of cellulose, hemicellulose, and lignin, which are its main (insoluble)
components. Furthermore, there are extractives, such as proteins, amino acids, fatty acids,
terpenes, resin acids, steroids, and phenols, which are defined as being extractable by
organic solvents [3]. From these fractions, volatile organic compounds (VOCs) released
directly from the extractable fraction or as products from conversion processes are the main
contributors to the odorous profile of wood and wood materials and define our olfactory
perception [4].
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Oriented strand boards (OSBs) and particle boards, in which particular softwoods
are used in manufacturing [5], present important wood materials used in indoor spaces.
Pinus sylvestris L. (Scots pine) especially receives growing attention as raw material for the
European wood industry, as spruce (Picea abies L.) sees a decline because of dryer climates
and increased likelihood of beetle damage [6]. The increased amount of pine in wood
products brings about its own challenges since the emission of volatile compounds from
Scots pine amounts to approximately twice the emission of volatile organic compounds
from Norway spruce [7].

One approach for the study of odorous compounds from different matrices is the
application of GC in combination with olfactometry as a detection method, either as a
substitute or as a complement to classical detectors, such as FID and MS [8]. This technique
allows the direct evaluation of odor compounds by test persons to determine the start and
end time in the chromatogram, as well as the specific quality and intensity of a perceived
odor [8]. Different methodologies of GC-O have been reported, such as direct intensity
analysis, dilution to threshold, and frequency analysis [8]. Culleré et al. investigated odor-
ous compounds in barrel wood from five different toasted hardwood types by extraction
and analysis by gas chromatography-olfactometry and mass spectrometric detection [9].
This investigation yielded odor compounds of aldehyde, phenol, acid, and, to a lesser
extent, terpene chemistry. Here, the treatment and its effects on the transformation of the
volatile profile of wood was reviewed. Thermal degradation of lignin mainly produces
phenolic substances, such as vanillin, guaiacol, or eugenol [10], whereas the degradation
of polysaccharides can give rise to furan and pyran derivatives, such as cis/trans–whisky
lactone. The autooxidation of fatty acids, or enzymatic peroxidation, produces various
volatile aliphatic saturated and unsaturated aldehydes [11,12]. Terpene emissions, on the
other hand, derive directly from fresh wood, where they are present in resinous channels,
primarily in softwoods, that extend between heart- and sapwood [13]. The biosynthesis
of terpenes is started by a condensation reaction of two molecules of acetyl coenzyme A,
where the compound acetoacetyl-coenzyme A is produced [14]. Further steps include the
phosphorylation of mevalonic acid, which then undergoes decarboxylation and dehydra-
tion to form isopentenyl pyrophosphate (IPP). This compound, together with dimethylallyl
diphosphate (DMAPP), represents the building block for the further synthesis of mono-,
di-, sesqui-, triterpenes, etc.

Terpenes fulfill a multitude of functions in biological systems, such as acting as
signaling compounds in plant-to-plant communication [15], as well as having important
antibacterial or antifungal properties [16]. Fatty acids and esters were also detected as
volatile odorous compounds, which most likely derive from fresh wood [9].

An effort to identify odorant compounds in softwood has been made by Schreiner
et al., where different softwood species were investigated by the successful application
of gas chromatography-mass spectrometry, and olfactometric detection [17,18]. In these
approaches, a liquid extraction method with dichloromethane was proposed for the extrac-
tion and enrichment of odorous compounds. This method of sample preparation allowed
the detection of 44 odor compounds for pinewood and 22 compounds for cedarwood with
aldehyde, acid, terpene, furanoic, and phenolic chemistry.

Although liquid extraction presents itself as a powerful extraction technique for polar
and nonpolar analytes and can produce high extraction efficiencies, it suffers from the
disadvantage of high usage of solvent and multiple clean-ups, as well as enrichment
steps. Headspace techniques, in contrast, exhibit a multitude of benefits, including ease of
automation, reduced number of sample preparation steps, and solvent-free handling [19]. In
comparison to techniques using organic solvents, headspace sampling also allows artifact-
free investigation, as well as mitigation of volatile losses during the concentration of liquid
extracts [20]. Furthermore, static headspace methods such as SPME in principle, resemble
the biological process of orthonasal smell, by which volatile compounds are incorporated
through the nose and absorbed by the mucus membrane by transport proteins, where
they are then transported to the olfactory receptors [21]. In contrast, thermal desorption is
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closely attributed to the process of retronasal smell, by which odorant molecules diffuse or
are transported by exhalation to the mucus membrane [20,21].

The different headspace techniques investigated in this work, therefore, present a
valuable alternative to solid-liquid extraction as sample preparation methods. Among
these, chosen for the present investigation, were (dynamic) headspace thermal desorption
with Tenax® TA as an adsorbent, (classical) headspace solid-phase microextraction, and
HS-SPME Arrow. SPME has already been applied very successfully in earlier investigations
regarding volatile organic compounds and aroma substances from different matrices [22,23].
It was, therefore, considered a promising method for the detection of odorous compounds
in wood. More recently, SPME Arrow was proposed as an alternative to conventional
SPME, offering increased sensitivity, thus allowing a larger number of compounds to be
detected [24].

2. Materials and Methods
2.1. Materials

UV/IR Rotisolv® grade dichloromethane, hexane for synthesis, sodium sulfate, >99%,
and anhydrous were purchased from Carl Roth (Carl Roth GmbH + Co KG, Karlsruhe,
Germany). C8 to C20 n-alkane standard solution in hexane (40 mg L−1) and TraceCERT®

toluene-d8 solution in methanol (2000 µg/mL) were purchased from Supelco (Bellefonte,
PA, USA). The reference substances pentanal (≥97%), hexanal (≥98%), heptanal (≥92%),
α-pinene (96%), β-pinene (99%), β-myrcene (≥90%), octanal (99%), 3-carene (≥95%),
α-terpinene (≥95%), p-cymene (99%), d-limonene (95%), γ-terpinene (≥97%), 2-octenal
(≥95%), 1-octanol (≥98%), α-terpinolene (85%), p-cymenene (≥98%), l-fenchone (≥98%),
nonanal (≥95%), dl-camphor (≥95%), 2-nonenal (≥95%), endo-borneol (98%), α-terpineol
(≥95%), myrtenal (98%), 2-decenal (≥95%), bornylacetate (≥99%), and methyleugenol (%)
were purchased from Merck (Merck KGaA, Darmstadt, Germany).

A divinylbenzene (DVB)/carbon wide range (WR)/polydimethylsiloxane (PDMS)
SPME Arrow fiber of 20 mm length and 1.1 mm outer diameter and 110 µm phase
thickness was obtained from Restek Corporation (Bellefonte, PA, USA). A Restek SPME
Manual Injection Kit (Restek Corporation, Bellefonte, PA, USA) was employed for the
extraction and injection of volatiles. A conventional divinyl benzene (DVB)/carboxen
(CAR)/polydimethylsiloxane (PDMS) SPME fiber of 20 mm length and 30 µm (CAR/PDMS)/
50 µm (DVB) film thickness was purchased from Supelco (Bellefonte, PA, USA). The fiber
was attached to a manual SPME holder. Thermal desorption tubes with a length of 8.89 cm
(=3.5′′) and 6.35 mm (1/4′′) outer diameter, filled with 200 mg Tenax® TA adsorption
material, were purchased from Markes (Markes International, Bridgend, United Kingdom).

Samples of pinewood strands (sample A) and isocyanate binder-based OSB made
thereof (sample B) were stored in the freezer at −20 ◦C and pretreated prior to headspace
extractions by conditioning for 24 h at a relative humidity of 50% in a desiccator with a
constant stream of air so that one half of the volume was exchanged in 1 h. The samples
were further ground as described in the results.

2.2. GC and Thermal Desorption Methods

Experiments were conducted using a GC-MS system consisting of a 7890A gas chro-
matograph coupled to a 5975C inert mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA). An uncoated, deactivated capillary 2.5 m × 0.25 mm ID (Restek Corporation,
Bellefonte, PA, USA) was connected to a Rtx-5MS column 30 × 0.25 mm ID, 0.25 µm df,
(Crossbond 5% diphenyl-95% dimethyl siloxane) (Restek Corporation, Bellefonte, PA, USA).
Two identical columns of this configuration were connected to two individual split/splitless
injectors and used with a splitter for FID/olfactometric detection with two 20 cm capillaries
connected to each detector and connected with an uncoated capillary 30 cm, 0.25 µm ID
serving as a transfer line to the EI source. A flame ionization detector (FID) operated
at 300 ◦C and an olfactory detection port SIM ODP (Scientific Instruments Manufacturer
GmbH, Oberhausen, Germany), which was connected to the GC-oven with a transfer line
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that was constantly kept at 280 ◦C, were used for detection and evaluation of odorants. The
GC oven was held at a temperature of 40 ◦C for 3 min, and subsequently, the temperature
was raised by 4 ◦C/min to 120 ◦C and then by 20 ◦C/min to 250 ◦C, where the temperature
was held for 5 min. Liquid extract in the amount of 1 µL was injected at 280 ◦C. For
HS–SPME and HS-SPME Arrow, samples were desorbed for 3 min in the injector at 270 ◦C.
For sample introduction via indirect thermal desorption, a combination of a Series 2 Ultra
thermal desorption autosampler and a Unity 2™ thermal desorption unit (both: Markes
International, Bridgend, United Kingdom) was used. Sorbent tubes onto which the volatiles
emitted from wood or OSB samples were previously collected were initially desorbed at a
temperature of 280 ◦C for 8 min with a flow of 50 mL/min onto a Peltier-cooled cryogenic
trap, which was held at a temperature of 25 ◦C. This internal trap was desorbed to the GC
with a flow of 1 mL/min He at 280 ◦C for 5 min. For all sample introduction methods, the
split was altered between the splitless mode and at ratios of 2:1, 5:1, 10:1, 20:1, and 30:1,
respectively, to account for the different sensitivity of detection.

Method development was additionally conducted on a second Agilent GC/MS system
(7890A GC/5975C MS, Agilent Technologies, Santa Clara, CA, USA) with an HP-PONA
(DB-1, Crossbond 100% dimethyl siloxane) column of 60 × 0.25 mm ID with 0.25 µm df
(Agilent Technologies, Santa Clara, CA, USA) in combination with a TD-100 integrated
autosampler and thermal desorber (Markes International, Bridgend, UK). A solution of
toluene-d8 in methanol was added to each thermal desorption tube prior to analysis.
Detection was performed by the splitting of two parts to an FID operated at 280 ◦C and
one part to the EI source by an auxiliary EPC unit. The oven program was as follows: a
starting temperature of 45 ◦C was held for 3 min and subsequently raised to 160 ◦C by
10 ◦C/min, upon which the temperature was raised to 260 ◦C by 20 ◦C/min and held for
10 min. Column flow was 1 mL/min He.

2.3. Data Analysis

Data Analysis was conducted using the software MassHunter (Agilent Technologies,
Santa Clara, CA, USA). For (dynamic) HS-TD, FID peak areas were normalized to the area
of the internal standard toluene-d8 and further divided by the sample mass and the flow
rate at the thermal extractor. In the case of HS-SPME and HS-SPME Arrow, FID peak areas
were normalized to sample mass. EIC chromatograms were integrated, and the peak area
of individual components was divided by the sum of EIC peak areas to obtain a relative
fraction for each compound. Venn diagrams were constructed using the software OriginPro
2023 (OriginLab Corporation, Northampton, MA, USA).

The identification of volatiles was conducted by search in/comparison with mass spec-
tra libraries provided by the U.S. National Institute of Standards and Technology (NIST20)
and published by Wiley/NIST (W9N11). Furthermore, linear temperature-programmed
retention indices (LTPRIs) for the analytes were calculated and compared to literature
values. Last, analytical standards were analyzed where available.

2.4. Extraction Methods

The following extraction methods were performed at room temperature (23 ◦C) for
the extraction of volatiles (Table 1) from pinewood strands (sample A) and OSB made
thereof (sample B). Headspace extractions were performed for 1 h after samples underwent
conditioning for 1.5 h at room temperature.

Table 1. Abbreviations for extraction methods.

Method Abbreviation

Solid-liquid extraction SLE
Dynamic headspace extraction thermal desorption (dynamic) HS-TD

Headspace solid-phase microextraction HS–SPME
Headspace solid-phase microextraction Arrow HS–SPME ARROW
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2.4.1. Solid Liquid Extraction (SLE)

SLE was conducted by extraction of 20 g of wood shavings three times with 50 mL
dichloromethane each time. The extract was then dried over sodium sulfate and placed into
a setup for high vacuum distillation [25], where it was distilled at 40 ◦C. The distillate was
collected in two cold traps immersed in liquid nitrogen. The purified extract was then con-
centrated to a final volume of 250 µL under a stream of nitrogen. This procedure was based
on previous work on the isolation of odor compounds from wood by Schreiner et al. [17].

2.4.2. Dynamic Headspace Extraction Thermal Desorption ((Dynamic)-HS-TD)

The headspace of 0.6 g of powdered sample (representing the smallest mass of sample
that ensured reproducible sampling conditions as the floor of the sample chamber was fully
covered) was thermally extracted using a Micro-Chamber/Thermal Extractor™ (µ-CTE™)
with a volume of 45 mL (Markes International, Bridgend, UK), where a gas stream of about
55 mL/min of purified dry air was used to condition the sample for prior to sampling
via Tenax® TA adsorption. Toluene-d8 was used as an internal standard to monitor both
adsorption and desorption efficiencies.

2.4.3. Headspace Solid Phase Microextraction (HS–SPME)

HS–SPME was performed by exposing the fiber for 60 min to the headspace of 0.6 g
of powdered samples in a 20 mL headspace vial. Used as an internal standard, 3 µL of
toluene-d8 solution in methanol was added prior to extractions to a piece of filter paper
and introduced into the sample vial.

2.4.4. Headspace Solid Phase Microextraction Arrow (HS–SPME ARROW)

HS–SPME ARROW was conducted by exposing the Arrow fiber for 60 min to the
headspace of 0.6 g of powdered sample in a 20 mL headspace vial at room temperature.
Additionally, 3 µL of a solution of toluene-d8 in methanol was added to a filter paper prior
to extractions as an internal standard.

3. Results
3.1. Method Optimization of Sample Homogeneity

Two different sample homogenization methods were tested. For the first procedure,
the sample was cut into shavings with an edge length of 1 cm. In the second preparation
method, the precut samples were further milled in a centrifugal mill to a final particle size
of 250 µm with the addition of liquid nitrogen. This homogenization method represents a
relatively gentle way of sample preparation [26], which greatly enhances the sensitivity of
volatiles compared to non-cryogenic milling (Figure 1).

In comparison, the two sample preparation methods showed a significant increase in
sensitivity of 340% for sample A and 130% for sample B (Table 2). Furthermore, improved
repeatability, as evidenced by reduced relative standard deviation, shows a significant
increase in homogeneity for the fine-ground sample. It was, therefore, concluded to use the
powdered samples for further investigation for all extraction methods since it can be as-
sumed that the observed behavior in repeatability (already reported previously for classical
SPME [27]) is independent from the headspace extraction technique actually applied.

Table 2. Comparison of two different sample preparation methods for the detection of volatiles in
terms of their mean values and (relative) standard deviations, expressed as µg toluene-d8 equivalents
per g sample and m3 sampling volume.

Sample Mean Standard Deviation TVOC RSD/%

A coarse 1.622 1.425 88
A fine 6.883 0.505 7

B coarse 1.112 0.2871 26
B fine 2.497 0.2877 12
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Figure 1. Boxplots of major volatile organic compounds for coarse and fine homogenized samples,
eight repetitions. A Dixon’s Q-test found a significant outlier at the p = 0.05 level for sample “A fine”,
which was excluded in further calculations.

3.2. Optimization of Extraction Times for Conventional SPME

Conventional HS-SPME has been shown to accomplish sample preparation for a mul-
titude of tasks, including extraction of volatiles for GC-O [28]. For the detection of odorants
by human sensory evaluation, however, a capacity as large as possible is needed [20]. The
advantage of HS-SPME Arrow is therefore apparent when a direct comparison of the phase
volumes is made (Table 3) [29,30]. Thermal desorption tube sampling (using Tenax® TA), in
turn, offers excellent capacity due to the adsorptive material’s high surface area of 3.8 m2

for 200 mg [31].

Table 3. Comparison of the phase volume of the two static headspace techniques.

Technique Phase Chemistry Phase Volume/µL

HS–SPME DVB/CAR/PDMS 2.2
HS-SPME Arrow DVB/CAR/PDMS 7.4

Testing of extraction times was conducted for (classical) HS-SPME, as it represents
the benchmark for comparison. In this study, the extraction time for SPME of volatiles
from powdered samples (pinewood strands and OSB), in combination with an internal
standard (toluene-d8), was varied between 5 and 120 min, and the peak area of 20 volatile
compounds was monitored.

As can be seen from Figure 2, the total peak area of all volatiles reaches equilibrium at
a time of 30 min for sample A. For sample B, this point is not reached even within 120 min
for the sum of volatiles reviewed. However, a constant value can be seen after 60 min
for individual compounds such as α-pinene, 3-carene, and β-myrcene, which represent
three of the important odor compounds found in the sample (Figure 3) [17].
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(b) Sample B.
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3.3. Comparison of Extraction Methods

Relative fractions of detected compounds (Tables 4 and 5) were grouped into com-
pound classes, which were represented by bicyclic monoterpenes, monocyclic monoter-
penes, aliphatic aldehydes, monoterpenoid ketones, monoterpenoid aldehydes, acids,
monoterpenoid alcohols, monoterpenoid esters, acyclic monoterpenes, and phenol ethers
(Figure 4). Bicyclic monoterpenes, comprising α-pinene, β-pinene, and 3-carene, dominated
the chromatogram for both samples and all tested methods. In the case of (dynamic) HS-TD,
the relative peak area for bicyclic monoterpenes is significantly reduced in comparison
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to the other methods. Additionally, the relative peak area of all other compound classes
besides monocyclic monoterpenes is increased for (dynamic) HS-TD, which suggests a
better representation and higher sensitivity over a wider variety of chemical classes in com-
parison to the other headspace methods, as well as the liquid extraction reference method.
This distribution could in part be attributed to compounds of higher polarity, which were
also shown by other authors to be favored in dynamic headspace sampling [32]. Classical
HS-SPME and HS-SPME Arrow show a very similar distribution in peak fractions for
individual compounds with a comparably high percentage in bicyclic monoterpenes. The
correspondence of HS-SPME results with the reference method (SLE) is better in the case of
sample A (Table 4) while dynamic HS-TD yields results more comparable to the reference
method for sample B (Table 5). Both this observation and the RSD% values observed for
both samples and the different extraction techniques reflect the large differences among
sample constituents in terms of concentration and chemical nature/polarity. As a general
trend, it can be concluded from the data that RSD% values of the fractions of individual
constituents would become larger with decreasing concentration and increasing polarity of
the analyte, which appears plausible, considering the relatively apolar nature of the sorbent
phases used in all extraction schemes applied.
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3.4. Olfactometric Detection of Odor Compounds

It was possible to detect a total of 34 individual odor compounds across different
chemical compound classes (mono- and bicyclic monoterpenes, acyclic monoterpenes,
monoterpenoid ketones, aldehydes, alcohols, and esters; and aliphatic aldehydes, acids, al-
cohols, and phenol ethers). SLE was used as a reference method based on [17]. The findings
of these chemical groups [17,33,34] reflect the volatile fraction of extractives of pinewood
(Pinus sylvestris L.), as well as degradation/conversion products thereof [17,33,34]. As
shown in Figure 5, HS-SPME Arrow shows a larger number of detected compounds (15)
vs. classical HS-SPME (10) for sample A. HS-SPME Arrow was able to detect a similar
number of compounds for aliphatic aldehydes and monoterpenes, but an increase in the
number of oxygenated monoterpenoids was observed. Additionally, one phenol ether
was detected for sample A. In the case of sample B, only two monoterpene compounds
could be additionally observed with SPME Arrow; otherwise, the two static headspace
methods showed similar results. Thermal desorption in comparison to injection of the
solid-liquid extract was found to result in a lower yield in odorants for sample A (20 vs. 24)
due to the contribution from the higher number of acids and oxygenated monoterpenes
detected with SLE. Acetic and pentanoic acid were only found by SLE for sample A, as well
as octanal, α-campholenal, and bornyl acetate (Table 6). For sample B, fewer compounds
(22 vs. 17) were found by SLE in comparison to TD, with a decrease in the number of
detected aldehydes and phenol ether species for SLE and the appearance of the linear
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alcohol 1-octanol in the case of thermal desorption. Furthermore, two aldehydes were only
found by TD in sample B (pentanal and 2,4-decadienal). Similar to sample A, the detection
of acids was favored by SLE, revealing butanoic acid as the only detectable species derived
from this chemical class for sample B.

As can be seen in Figure 6, SLE yielded the most uniquely detected compounds in
the case of native pine strands, which was in part due to the number of volatile organic
acids found. The overlap in compound number is most pronounced between SLE and
(dynamic) HS-TD, with the two techniques sharing a total of five unique compounds for
samples A and B.

Table 4. Relative peak areas of major odor compounds from sample A (measured on a DB-5 col-
umn with four repetitions; SLE as a reference method was conducted in one repetition) with the
following chemical groups: 1, bicyclic monoterpenes; 2, monocyclic monoterpenes; 3, aliphatic
aldehyde; 4, monoterpenoid ketone; 5, monoterpenoid aldehyde; 6, acid; 7, monoterpenoid alcohol;
8, monoterpenoid ester; 9, acyclic monoterpene; 10, phenol ether. STD: standard deviation; RSD:
relative standard deviation.

Compound LRI Chemical
Group HS–SPME HS–SPME ARROW (Dynamic) HS-TD SLE

Mean
(%)

STD
(%)

RSD
(%)

Mean
(%)

STD
(%)

RSD
(%)

Mean
(%)

STD
(%)

RSD
(%) (%)

Acetic acid 655 6 2.05 0.24 11.50 0.24 0.07 27.73 1.16 0.15 13.29 0.00
Pentanal 704 3 0.26 0.01 3.30 0.06 0.00 6.82 0.26 0.01 3.93 0.05

Propanoic acid 731 6 0.63 0.07 11.17 0.19 0.02 10.50 0.87 0.07 8.25 1.08
Butanoic acid 804 6 0.45 0.06 12.85 0.34 0.03 8.15 0.36 0.11 32.25 0.74

Hexanal 813 3 3.55 0.14 3.98 1.79 0.11 6.19 3.45 0.13 3.73 0.75
Pentanoic acid 900 6 0.10 0.01 14.17 0.14 0.01 8.95 0.21 0.13 59.36 0.18

Heptanal 907 3 0.14 0.01 8.04 0.13 0.01 4.12 0.28 0.01 4.79 0.02
α-Pinene 942 1 40.15 1.40 3.48 46.20 0.89 1.93 38.28 1.10 2.88 48.61
β-Pinene 984 1 1.49 0.01 0.47 1.79 0.07 4.07 0.99 0.02 2.20 2.07
β-Myrcene 993 9 0.13 0.02 15.87 0.12 0.01 5.07 1.25 0.03 2.07 0.17

Octanal 1011 3 0.23 0.02 7.97 0.27 0.02 6.44 0.72 0.03 3.77 0.03
3-Carene 1020 1 39.88 0.84 2.12 38.23 0.15 0.40 26.43 0.25 0.96 37.50

α-Terpinene 1023 2 0.12 0.01 12.39 0.09 0.00 5.55 0.06 0.00 6.25 0.25
p-Cymene 1030 2 3.86 0.48 12.52 3.13 0.30 9.69 2.20 0.15 6.77 2.91

D-Limonene 1035 2 1.88 0.25 13.39 1.70 0.10 5.73 0.90 0.02 2.51 1.72
γ-Terpinene 1064 2 0.14 0.02 11.04 0.15 0.01 7.48 0.14 0.00 2.60 0.02

2-Octenal 1065 3 0.02 0.00 10.35 0.03 0.00 12.66 0.05 0.01 13.65 2.01
α-Terpinolene 1094 2 0.68 0.09 13.70 0.87 0.08 9.08 0.54 0.01 2.65 0.13
p-Cymenene 1095 2 0.37 0.02 4.80 0.19 0.02 11.30 3.01 0.07 2.24 0.32
L-Fenchone 1096 4 0.31 0.06 20.39 0.34 0.05 14.42 0.20 0.01 2.78 0.04

Nonanal 1109 3 0.32 0.02 7.02 0.38 0.02 5.91 2.63 0.13 4.91 0.13
α-Campholenal 1138 5 0.79 0.07 8.36 0.79 0.04 4.79 4.63 0.31 6.66 0.23

Camphor 1161 4 0.45 0.06 13.58 0.58 0.06 10.61 2.19 0.13 6.01 0.00
2-Nonenal 1173 3 0.09 0.01 14.84 0.11 0.01 13.04 0.04 0.00 10.77 0.22

Pinocarvone 1178 4 0.57 0.07 12.29 0.65 0.07 10.76 1.28 0.07 5.69 0.10
endo-Borneol 1181 7 0.14 0.01 7.71 0.14 0.00 1.90 1.21 0.12 9.88 0.18
α-Terpineol 1198 7 0.15 0.02 12.85 0.15 0.01 4.94 1.56 0.06 4.11 0.23

Myrtenal 1208 5 0.83 0.07 8.19 0.92 0.06 6.28 4.26 0.25 5.78 0.23
2-Methoxy-p-

cymene 1244 10 0.08 0.01 13.05 0.09 0.01 13.89 0.09 0.01 10.91 0.00

2-Decenal 1276 3 - - - 0.02 0.00 21.82 0.27 0.01 3.64 0.04
Bornylacetate 1296 8 0.12 0.01 9.89 0.13 0.01 9.81 0.38 0.14 36.67 0.00

(E,E)-2,4-
Decadienal 1301 3 - - - - - - - - - 0.02

Methyleugenol 1364 10 0.01 0.00 25.15 0.02 0.00 7.06 0.10 - 3.15 0.02
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Table 5. Relative peak areas of major odor compounds from sample B (measured on a DB-5 col-
umn with four repetitions; SLE as a reference method was conducted in one repetition) with the
following chemical groups: 1, bicyclic monoterpenes; 2, monocyclic monoterpenes; 3, aliphatic
aldehyde; 4, monoterpenoid ketone; 5, monoterpenoid aldehyde; 6, acid; 7, monoterpenoid alcohol; 8,
monoterpenoid ester; 9, acyclic monoterpene; 10, phenol ether.

Compound LRI Chemical
Group HS–SPME HS–SPME ARROW (Dynamic) HS-TD SLE

Mean
(%)

STD
(%)

RSD
(%)

Mean
(%)

STD
(%)

RSD
(%)

Mean
(%)

STD
(%)

RSD
(%) (%)

Acetic acid 655 6 0.17 0.01 8.15 - - - 0.61 0.02 3.98 -
Pentanal 704 3 0.40 0.02 5.24 0.09 0.01 5.61 0.24 0.05 21.31 0.12

Propanoic acid 731 6 - - - - - - 0.32 0.14 43.62 -
Butanoic acid 804 6 - - - - - - 0.24 0.14 60.29 -

Hexanal 813 3 5.18 0.23 4.39 2.22 0.10 4.46 3.10 0.41 13.36 1.35
Pentanoic acid 900 6 0.09 0.01 13.53 0.07 0.01 8.90 0.27 0.04 15.27 0.24

Heptanal 907 3 0.16 0.00 2.30 0.11 0.01 4.70 0.22 0.03 14.20 0.06
α-Pinene 942 1 35.00 1.74 4.96 42.80 0.89 2.07 41.21 4.53 10.99 56.92
β-Pinene 984 1 1.15 0.06 5.08 1.59 0.04 2.70 0.91 0.06 6.27 1.60
β-Myrcene 993 9 0.23 0.01 6.42 0.22 0.01 4.21 1.16 0.02 1.74 0.16

Octanal 1011 3 0.22 0.01 3.40 0.20 0.01 4.16 0.59 0.13 22.03 0.09
3-Carene 1020 1 42.83 1.18 2.75 40.71 0.60 1.47 27.04 0.58 2.15 32.93

α-Terpinene 1023 2 0.45 0.04 8.66 0.38 0.02 5.06 0.13 0.02 12.19 0.19
p-Cymene 1030 2 4.62 0.27 5.93 3.13 0.15 4.64 1.40 0.23 16.58 1.30

D-Limonene 1035 2 2.16 0.12 5.44 1.87 0.09 4.74 0.83 0.07 8.06 0.90
γ-Terpinene 1064 2 0.86 0.07 7.77 0.83 0.04 4.43 0.34 0.04 11.15 0.11

2-Octenal 1065 3 0.06 0.00 7.54 0.07 0.00 5.96 0.10 0.02 15.96 1.76
α-Terpinolene 1094 2 3.20 0.23 7.09 3.09 0.12 3.86 1.25 0.12 9.41 0.19
p-Cymenene 1095 2 0.71 0.03 4.92 0.39 0.01 3.57 2.13 0.17 8.02 0.03
L-Fenchone 1096 4 0.10 0.01 8.68 0.08 0.00 3.86 0.09 0.03 30.34 0.24

Nonanal 1109 3 0.36 0.02 5.14 0.33 0.02 5.42 2.15 0.53 24.82 0.22
α-Campholenal 1138 5 0.38 0.03 7.19 0.29 0.02 5.56 1.54 0.31 20.17 0.09

Camphor 1161 4 0.19 0.01 4.55 0.19 0.01 4.48 0.72 0.08 11.22 0.02
2-Nonenal 1173 3 0.06 0.01 10.02 0.06 0.00 5.03 0.05 0.01 19.69 0.04

Pinocarvone 1178 4 0.08 0.00 5.02 0.06 0.00 4.15 0.23 0.04 19.54 0.23
endo-Borneol 1181 7 0.38 0.02 6.43 0.32 0.02 5.83 3.61 0.95 26.25 0.53
α-Terpineol 1198 7 0.50 0.04 7.18 0.48 0.03 6.68 6.30 1.29 20.40 0.13

Myrtenal 1208 5 0.19 0.01 3.78 0.17 0.01 5.96 1.30 0.14 10.89 0.21
2-Methoxy-p-

cymene 1244 10 0.07 0.00 6.60 0.06 0.00 5.16 0.21 0.05 21.59 0.08

2-Decenal 1276 3 0.02 0.00 7.24 0.04 0.00 9.56 0.47 0.08 17.69 0.06
Bornylacetate 1296 8 0.13 0.01 5.04 0.10 0.00 4.56 0.54 0.18 33.12 0.00

(E,E)-2,4-
Decadienal 1301 3 - - - - - - 0.09 0.01 15.85 0.10

Methyleugenol 1364 10 0.03 0.00 11.55 0.04 0.00 6.40 0.59 0.15 25.18 0.10
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Table 6. Comparison between all compounds detected by GC-O and identified via their mass spectra
and linear retention indices (LRI) for the sample preparation methods: 1, HS-SPME; 2, HS-SPME
Arrow; 3, Thermal desorption; 4, Solid liquid extraction. Compounds detected by at least three of
four methods were marked bold.

Pine Strands OSB

Compound Odor Characteristics LRI 1 2 3 4 1 2 3 4

Acetic acid acidic, fresh 655 x
Pentanal fresh, pungent 704 x x

Propanoic acid acidic, putrid 731 x x
Hexanal green, grassy 804 x x x x x x x x

Butanoic acid acidic, putrid 813 x x x
Pentanoic acid acidic, cheese-like 900 x

Heptanal green, oily, grassy 907 x x
α-Pinene fresh, resinous 942 x x x x x x x x
β-Pinene fresh, resinous 984 x x x x x x x
β-Myrcene sweet, mushroom-like 993 x x x x x x x x

Octanal fresh, fatty 1011 x
3-Carene terpenoid, solvent-like 1020 x x x x x x x x

α-Terpinene woody, pine, sweet 1023 x x x
p-Cymene spicy, pungent, solvent-like 1030 x x x x x x x x

D-Limonene citrus, fresh 1035 x x x
γ-Terpinene sweet, green 1064 x x x x x x

2-Octenal fatty, oily 1065 x x x x
1-Octanol flowery, citrus 1079 x

α-Terpinolene lemon, floral 1094 x x x x x x
p-Cymenene phenolic, coffee 1095 x x x x x
L-Fenchone herbal, woody 1096 x x x

Nonanal cucumber, sweet 1109 x x x x x x x x
α-Campholenal green, spicy, leafy 1138 x x x x

Camphor medicinal, camphorous 1161 x x x x x x x
2-Nonenal fatty, cucumber 1173 x x

Pinocarvone sweet, herbal 1178 x x x x
endo-Borneol camphorous, spicy 1181 x x x x
α-Terpineol resinous, flowery, citrus 1198 x x
Myrtenal sweet, cool, spicy 1208 x x x x x x x

2-Methoxy-p-cymene smokey, phenolic 1244 x x x x x x
2-Decenal fatty, fruity 1276 x x x x x

Bornylacetate spicy, metholic 1296 x
(E,E)-2,4-Decadienal fatty, oily 1301 x

Methyleugenol clove, spicy 1364 x x
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4. Discussion

In order to obtain reproducible and meaningful results, notably for the analysis of
volatile fragrant compounds, sample homogeneity has a crucial role in sample preparation.
It was, therefore, necessary to homogenize samples to achieve acceptable repeatability. As
has been shown, grinding under liquid nitrogen is a suitable way of homogenizing the
wood and wood-based samples under mild conditions. This procedure ensures low to
negligible heating during the milling process and avoids thermal alteration of the sample
composition or the creation of temperature-induced artifacts [26]. On the other hand,
although a significant increase in repeatability was seen for sample A (88% vs. 7% RSD),
for B the effect was less pronounced (26% vs. 12% RSD). It could be therefore argued
that, for OSB, a just-acceptable decrease in repeatability could be traded in for minimizing
sample preparation time. Nevertheless, it should be noted that sensitivity halved with
the sampling of the coarse type sample, and consequently would lead to a lower total
number of observed compounds in olfactometry. This result is of special concern if a direct
adsorption of volatiles from OSB headspace is considered [35].

It was possible to identify and characterize a total of 34 odorants in native pinewood
strands (Pinus sylvestris L.), as well as OSBs constructed by GC-O. Compounds in the
chemical classes of bicyclic monoterpene, monocyclic monoterpene, acyclic monoterpene,
monoterpenoid ketone, monoterpenoid aldehyde, aliphatic aldehyde, alcohol, acid, and
phenol ethers were found. These results represent the volatile fraction of extractives in
pine species and essential oils thereof, and the detected compounds are in alignment with
reported results [17,34,36–39], with the exception of myrtenal and 1-octanol. The occurrence
of both compounds can, however, be expected due to degradation/conversion processes in
plant species [12,40,41] as they were also detected previously by GC-O [42,43].

In comparison to previous work by Schreiner et al. [17], deviations in odorants are pri-
marily seen in the absence of lactones and the detection of a greater number of terpenes and
terpenoids in the present study. These differences can be explained in part by the use of a
standard polar FFAP (100% polyethylene glycol) column in contrast to a semi-standard apo-
lar DB-5 (5% phenyl-/95% dimethyl siloxane polymer) column, affecting separation [44,45].
Furthermore, other deviations in methodology, such as the application of solvent-assisted
flavor evaporation (SAFE) [25] and the employment of a cold-on-column technique, which
were not employed in this study, can significantly influence the composition of detected
odorants [46]. Last, due to the variability of the extractive content in wood, a different
spectrum of volatiles within one wood species is to be expected, as can be seen by the
results of previous studies on the composition of volatiles from pine wood [34,39].

When comparing the tested samples, OSBs, in contrast to the untreated wood strands,
revealed a larger number of aliphatic saturated and unsaturated aldehydes, which may
contribute significantly to their odor profile [47]. This finding can be attributed to enzy-
matic and atmospheric oxidation processes during manufacturing and storage [12]. The
native wood sample, however, exhibited an increased number of organic acids. Of these
compounds, butyric acid was reported as of great importance to odor profiles [48,49],
but also the other members of this substance class found in this study were reported as
significant odorants [50,51].

Dynamic headspace extraction thermal desorption was described as a suitable tool
for the analysis and characterization of odor compounds from different matrices [52].
Furthermore, its potential for quantitative GC-O was demonstrated [53], allowing an
investigation of flavor dilution factors (FD-factors) in the form of AEDA [54]. When
compared to HS-SPME and HS-SPME Arrow, the higher phase ratio in (dynamic) HS-TD
is advantageous in this regard. Hereby the number of odorants detectable at higher split
ratios can be maximized, leading to a more pronounced classification by FD factors. In
this study, (dynamic) HS-TD allowed the detection of 20 odorants for fresh pinewood
strands and 22 in the case of OSB. HS-SPME in turn provides acceptable performance
(10 and 11 odorant compounds detected) as well as good representation among compound
groups. SPME Arrow, on the other hand, offers a significant improvement in odorant
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output (16 and 14 compounds). As was shown, the total number of compounds belonging
to the class of acids was maximized with the use of the solid-liquid extraction method. This
finding is in accordance with a recent study [55]. It could be demonstrated, however, that
(dynamic) HS-TD achieved a comparable number of odorants for sample A (20 vs. 24) and,
in the case of sample B, even a higher total number of detected odorants (22 vs. 17). This
increase was partially due to an increase in detected aldehydes for (dynamic) HS-TD (8 vs.
6), where 2,4-decadienal, a compound of high relevance for odor profiles, was only found
after dynamic headspace extraction.

5. Conclusions

We have been able to demonstrate here that the application of the headspace methods
HS-SPME, HS-SPME Arrow, and (dynamic) HS-TD shows them to be suitable tools for the
analysis of odorous compounds from wood and wood composites. With these findings,
it could be shown that a comprehensive evaluation of odor compounds with the use of
dynamic headspace extraction thermal desorption is possible. The technique showed
similar performance to SLE in compound output but outperformed the latter for the
investigation of OSB. Classical HS-SPME is a well-established technique that offered good
performance in this investigation (10 and 11 compounds). With minimal instrumental effort,
aside from alterations in the inlet liner, sample preparation for GC-O is therefore possible,
and a nuanced picture of a wood sample in regard to odorants is possible. HS-SPME Arrow
in turn offers an improvement in the number of odorants and can be implemented with
comparable ease for a given system. On the other hand, dynamic headspace extraction
thermal desorption offers the detection of a high number of odorants with the combination
of a highly automated sample preparation system. This finding is especially beneficial for
high sample throughput and more streamlined modes of operation. A method comprising
the latter technique could be envisioned therefore for the development of a standard
method for the detection and characterization of odor compounds from wood. This method
could, furthermore, pave the way for an odorant database for wood and wood composites
for manufacturers, consumers, and relevant industries.
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