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With China's increasing dependence on foreign wood, African wood has gradually become a potential
imported species, but its use is seriously affected by problems such as unpleasant odors. In this study,
we investigate the effect of heat treatment medium on odor-causing VOCs, decomposition of structural
polymers, Modulus of Rupture (MOR) and Modulus of Elasticity (MOE) of hardwood. Samples of
"Afrormosia” and “Newtonia” wood were heated under air and palm oil for two hours at 160 °C, 180 °C,
and 200 °C, respectively. Then, the nature of the odor of each VOC emitted by the wood before and
after heat treatment was identified using the GCMS method. The decomposition of hemicelluloses,
cellulose and lignin in wood samples was examined using a ThermoGravimetric Analyzer coupled to
Fourier Transform InfraRed spectrometry (TGA-FTIR). The 3-point bending test was used to evaluate
MOR and MOE. The results indicate that the main VOCs responsible for unpleasant smells are acetic acid
and hexanal; the reduction in hexanal emissions after heat treatment is mainly due to the treatment
temperature, while the reduction in acetic acid emissions depends on the heat treatment medium and is
due to the chemical interactions between palm oil and acetic acid; thus, the heat treatment under palm
oil reduces the percentage area of VOCs with unpleasant odors in Afrormosia and Newtonia wood
better than the heat treatment under air. Based on TGA-3D FTIR analysis and mechanical results, the
reduction in MOR is greater in heat treatment under air because the said treatment induces a greater

loss of woody matter, which was characterized by higher H,O and CO emissions during heat treatment
Received 14th November 2023

Accepted 20th January 2024 of wood under palm oil than during heat treatment of wood under air. On the other hand, palm oil more

than air, promotes lignin deacetylation, which is characterized by the fact that the 1050 cm™*

DOI: 10.1035/d3ra07779a wavelength peak was far higher in samples treated with palm oil than in those treated under air; and this

rsc.li/rsc-advances might explain why heat treatment under palm oil reduces MOE more than heat treatment under air.

1. Introduction for the evaluation of wood odor quality. According to them,
formaldehyde and its derivatives are the organic compounds
Afrormosia (Pericopsis elata Van Meeuwen) and Newtonia (New- frequently identified inside houses and responsible not only for
tonia paucijuga Harms) are two species of wood in the Fabaceae —unpleasant odors but also for health problems of respiratory
family that grow mainly in tropical Africa. Afrormosia and origin. Huang et al.®* completed this idea by showing that most
Newtonia have good physical and aesthetic qualities, justifying ~of the unpleasant odors of wood are part of the aldehydes and
their use in a wide range of applications, including ship- esters. They then proposed heat treatment as one of the ways to
building, joinery, cabinet-making and exterior cladding.! reduce unpleasant odors in wood and justified this by pointing
However, they both present the problem of unpleasant odors. —out the ability of heat to cut the long chains of structural poly-
The consideration of odor when using wood is very important mers in wood into smaller molecules. The effects of treatment
because wood that emits unpleasant odors can affect the quality ~temperature and wood species on emissions of the constituent
of humans' lives. Liu and Little> have proposed to consider odors have been studied,** and results showed that the amount
formaldehyde and its derivatives as the reference compounds of aldehydes emitted by wood during the heat treatment,
especially hexanal and pentanal increases with the heat treat-
ment temperature. On the other hand, heat treatment is likely
State Key Laboratory of Efficient Production of Forest Resources, Beijing Key to alter the mechanical behavior of the material. For this
Laboratory of Wood Science and Engineering, MOE Key Laboratory of Wooden  yoqqon if heat treatment is to be used to improve the wood's
Material Science and Application, Beijing Forestry University, Beijing 100083, . . o e .
odor quality, it must be ensured that it is carried out under
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bifu.edu. cn; wangzhenyu1992@126.com; ysonglin@bjfi.edu.cn conditions that guarantee the wood's mechanical stability.
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Indeed, some authors have proved that the temperature and
treatment time are the two fundamental parameters that
determine the variation in the mechanical properties of wood
due to heat.”® For Kacikova et al.,® the MOE value remains
constant up to treatment temperatures equal to 160 °C, and it is
only from the latter value onwards that a significant decrease in
MOE is observed, while only temperatures greater than or equal
to 220 °C cause a drastic decrease in MOE; these conclusions are
also shared by Zhou et al.® However, some authors™** have
reported an increase in MOE for wood treated at 160 °C and
200 °C for two and three hours, respectively, and this result is
more accentuated as the initial moisture content of the wood
decreases. Clearly, this last parameter is just as important as
temperature and treatment time. Indeed, Borrega and
Kirenlampi' investigated the effect of moisture content on the
mechanical behavior of heat-treated wood and found that wood
with a relative humidity close to anhydrous and low mass losses
of the order of 2 to 3% showed an improvement in MOR,
especially for samples treated for two hours. It also appears that
wood species and the direction of fibers greatly influence the
effect of heat treatment on mechanical properties. Indeed,
angiosperms tend to experience small reductions in MOE
compared to those observed in gymnosperms subjected to the
same treatment conditions,® just as MOR and MOE values are
generally higher in the radial direction compared to values
measured in the tangential direction.®” Hao et al'® have
shown that the decrease in mechanical strength of wood is
linked to the decrease in hemicelluloses and cellulose in the
wood, while the relative increase in MOE is linked to the
increase in lignin. Finally, Xu et al.*® have shown that it is
possible to reach the above conclusions by coupling TGA and
FTIR methods, with the added advantage of gaining informa-
tion on the temporal evolution of wood structural polymers
during wood heat treatment. It's obvious from the above that
information on the nature of the VOCs responsible for the
unpleasant odors emitted by wood during the heat treatment,
as well as information on the main parameters conditioning the
influence of heat treatment on the MOE and MOR of wood, are
well known. However, few studies have focused on the effect of
heat treatment media on VOCs emitted after heat treatment and
responsible for unpleasant wood odors. Furthermore, in this
study, TGA-FTIR analysis is used to explain, on the basis of
wood chemical decomposition, the effect of treatment medium
on MOR and MOE variations during wood heat treatment.

2. Materials and methods

2.1. Sample preparation

Afrormosia and Newtonia logs with diameters of around 75 cm
were quarter-sawn to obtain boards. Only the boards taken from
the heartwood were selected for the experiments. These boards
had an initial moisture content of around 65% and were dried
in an oven until the moisture content was reduced to 12%, then
wrapped in transparent plastic paper and conditioned in the
laboratory for several weeks. After conditioning, these boards
were sawn parallel to the wood fibers and then transversely to
obtain samples with dimensions of 7 mm x 7 mm x 7 mm (L X

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Heat treated samples

Testing

Afrormosia timber

Newtonia timber
\
Sawdust
°2 - (=)
| |

Fig.1 Diagram of wood thermal experiment.

T x R) for VOCs study and 300 mm x 20 mm X 20 mm (L x T X
R) for mechanical tests (Fig. 1). The samples were dried again in
a kiln at 103 + 2 °C to the anhydrous state before heat treat-
ments carried out under air or palm oil at 160 °C, 180 °C, and
200 °C for two hours.

2.2. Heat treatment

Heat treatment of the wood samples under air was carried out in
an oven, while heat treatment under palm oil was carried out in
a sealed, homemade heat treatment tank. This tank was covered
on the outside with thermal insulation panels to prevent
significant heat loss. Afromosia and Newtonia samples for each
treatment medium were heat treated at 160 °C, 180 °C, and
200 °C for 2 hours. The wood samples were completely
immersed in palm oil during heat treatment.

2.3. VOCs extraction method before and after heat treatment

In order to measure the VOCs emitted by the woods before heat
treatment, 08 untreated Afrormosia and 08 untreated Newtonia
samples of dimensions 7 mm x 7 mm x 7 mm (L x T x R) were
placed in 15 mL headspace bottles for two months. Similarly,
immediately after each case of heat treatment, cubic samples of
dimensions 7 mm x 7 mm x 7 mm were placed and stored in
15 mL headspace vials for two months. During these two
months, the gases emitted by the wood samples remained
trapped in these flasks, which were then placed in a water bath
at 45 °C for 30 minutes for the extraction of said gases, which
have been analyzed by GCMS.

2.4. VOC measurement: GCMS

VOCs released by wood before and after heat treatment were
measured using a Shimadzu GCMS-QP2010 Ultra Gas Chromato-
graph and Mass Spectrometer, Shimadzu, Japan. The extracted gas
was inserted into the GC-MS inlet by manual injection and desorbed
for 5 min. The temperature of the chromatographic column was
progressively increased as follows: (i) 45 °C for 10 min; (i) raised to
100 °C at a rate of 3 °C min~" and held for 1 min; (iii) raised to 150 ©
C at a rate of 5 °C min " and held for 5 min; (iv) raised to 250 °C at
arate of 10 °C min~" and held for 20 min. Helium was used as the
carrier gas, with a flow rate of 1 mL min~" (100: 1) and an EI power
and electron energy of 70 eV. The mass range that has been used for
the mass selective detector is 45-400 m/z. The chromatograms
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obtained were compared to those in the NIST 2011 database to
determine the categories and proportions of the related
compounds. For this purpose, two main parameters were used: the
retention time (RT) and the percentage of peak area (% A).

2.5. Description of VOCs odor

The nature of the odor of each VOC emitted by the wood before
and after heat treatment was identified using the databases of
The Good Scents Company and the database of the National
Center for Biotechnology Information Advances Science and
Health. These databases have been developed in compliance
with the ACS international odor standard for chemical
compounds. These databases were used to categorize the VOCs
according to their odors into two classes, i.e., “pleasant (p)” and
“unpleasant (u)”. Then, the effect of heat treatment on the VOCs
with the highest area percentages and classified as having
unpleasant smells has been evaluated; thus, if after heat treat-
ment there was a decrease in their area percentage, this treat-
ment was considered to have a positive effect on wood odor, and
if not, the effect was considered to be negative.

2.6. TGA-FTIR

For TGA-FTIR analysis, anhydrous Afrormosia and Newtonia
sawdust with dimensions of less than 3 mm has been used; four
samples were prepared, two of them were representative of air-
treated Afrormosia and Newtonia, while two had been mixed
with palm oil and were representative of Afrormosia and Newtonia
heat-treated with palm oil. To carry out the thermogravimetric
analyses, a thermogravimetric analyzer (Nietzsche STA449F3,
Germany) operated at a heating rate of 20 °C min~ " was coupled
with a Fourier transform infrared spectrometer (Thermo Fisher

View Article Online
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Scientific, Waltham, MA, USA). 32 scans were performed for each
sample and were recorded in the range of 4000 cm™" to 400 cm™"
with a resolution of 4 cm™* in transmission mode. For each wood
sample, three temperatures were chosen: 160 °C, 180 °C, and 200 °©
C. The holding time and flow rate of carrier gas were respectively
set at 1 hour, 30 minutes and (40 mL min™%).

2.7. Mechanical properties

14 sample groups, each containing 10 specimens, were
prepared; the modulus of elasticity (MOE) and modulus of
rupture (MOR) were tested in 3-point bending in both radial and
tangential directions. The standard used for the mechanical
tests is the Chinese standard GB/T 1927.8-2021.

2.8. Statistical analysis

The statistical analyses were completed using IBM SPSS Statis-
tics 21 software. To evaluate the influence of a heat treatment
parameter on the mechanical parameters measured in several
groups of samples from the wood treated, the averages of the
parameters of each batch were calculated and compared using
the Student's t-test for independent samples with a percentage
confidence interval equal to 95%.

3. Results and discussion

3.1. Effect of heat treatment on the odor of Afrormosia and
Newtonia

Hexanal is the main VOC responsible for the unpleasant odors
of Afrormosia, as its percentage area alone represents 43.36% of
the total percentage area of VOCs emitted.**® Heat treatment of
Afrormosia under air significantly reduced aldehydes with

Table 1 Emissions of the main VOCs responsible for Afrormosia unpleasant odors before and after heat treatment

Control samples

Chemical compound RT % A A Chemical classes
Hexanal 3.64 43.36 Aldehydes
Acetic acid, [bis[(trimethylsilyl)oxy|phosphinyl]-, trimethylsilyl ester 33.37 6.03 Esters
2-Octenal, (E)- 20.08 2.10 Aldehydes
% %
Chemical compound RT A A-air A A-oil Chemical classes
Heat treatment at 160 °C
Acetic acid, [bis[(trimethylsilyl)oxy]phosphinyl]-, trimethylsilyl ester 33.33 6.29 — Esters
Tetradecane 32.99 6.10 1.15 Alkanes
Hexanal 3.74 5.26 4.02 Aldehydes
Heat treatment at 180 °C
Tetradecane 32.98 5.09 2.73 Alkanes
2-Nonenal, (E)- 31.23 2.98 — Aldehydes
Acetic acid, [bis[(trimethylsilyl)oxy|phosphinyl]-, trimethylsilyl ester 33.32 2.89 — Esters
2-Octenal, (E)- 20.08 1.47 — Aldehydes
Heat treatment at 200 °C
Acetic acid, [bis[(trimethylsilyl)oxy|phosphinyl]-, trimethylsilyl ester 33.32 15.5 — Esters
Tetradecane 32.98 0.87 2.72 Alkanes
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Fig. 2 Emission of the compounds responsible for unpleasant odors from Afrormosia (A) before (b) and after (a) heat treatment under air (left)

and under palm oil (right).

unpleasant odors (Table 1). A reduction of about 89% for the
treatments under air at 160 °C and 180 °C and of about 99% for
the treatment under air at 200 °C was found. In fact, the
cumulative percentage area of aldehydes emitted before the
heat treatment of Afrormosia under air and endowed with
unpleasant odors was 46.17%; after treatment at 200 °C, it was
only 0.14% (Fig. 2). This drastic drop is due to the evolution of
the hexanal content of the VOCs emitted by Afrormosia (Table 1).
Hexanal, which represented about 76% of the aldehydes
emitted by untreated Afrormosia, showed a significant reduction
with temperature. Heat treatment of Afrormosia wood with palm
oil better reduced the emission of hexanal than air heat treat-
ment (Table 1). The palm oil heat treatments at 160 °C, 180 °C
and 200 °C reduced the emission rates of the unpleasant-
smelling esters from Afrormosia better than the heat treat-
ments under air. Indeed, the percentages of reduction for the
first case were respectively 18.67% and 17.70% and 80.10%
(Fig. 2); while the heat treatment under air of Afrormosia at 160 °©
C and 180 °C reduced the emission of esters with unpleasant
odors, respectively, by 18.66% and 17.70% but at 200 °C, a large
increase in the emission of the esters in question was observed.
This increase is caused by the acetic acid, [bis[(trimethylsilyl)
oxy]phosphinyl]-, trimethylsilyl ester, which is the major ester

uN-air-b

W N-air-160-a
0 uN-air-180-2
1 BNair-2000

Aldehydes

Esters  Alcohols  Alkanes  Terpenes  Furans  Ketones  Alkenes

involved in the emission of unpleasant odors by Afrormosia.
Hexanal is found in untreated wood and this is due to the
chemical oxidation of wood while drying prior to heat treat-
ment.”® Hexanal is emitted before heat treatment, but regard-
less of the heat treatment medium (air or palm oil), it is
practically not emitted during® and after heat treatment carried
outat 160 °C, 180 °C and 200 °C (Table 1). This leads us to assert
that hexanal molecules present in wood fragment under the
effect of high temperatures,® which explains their absence in
VOC emissions after heat treatment. Similarly, acetic acid is
emitted by Afrormosia before, during® and after heat treatment
under air. On the other hand, acetic acid is not emitted during
and after heat treatment of Afrormosia with palm oil (Table 1), in
addition, palm oil heated to 160 °C, 180 °C and 200 °C does not
emit acetic acid.>® We therefore conclude that acetic acid comes
mainly from the degradation of wood structural polymers and
in the case of heat treatment with palm oil, acetic acid interacts
chemically with palm oil to produce new compounds® with
different odors.

Heat treatment of Newtonia wood under air conditions does
not significantly reduce emissions of aldehydes, esters, furans,
alkenes and ketones responsible for unpleasant odors (Fig. 3).
Untreated Newtonia emitted practically no aldehyde having an

uN-oikb

A N-0il-160-a
1 N-oil-180-a
0 N-0i-200-a

Aldehydes ~ Esters  Alcohols  Alkanes ~ Terpenes  Furans  Ketones  Alkenes

Fig. 3 Emission of the compounds responsible for unpleasant odors from Newtonia (N) before (b) and after (a) heat treatment under air (left) and

under palm oil (right).
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Table 2 Emissions of the main VOCs responsible for Newtonia unpleasant odors before and after heat treatment

Control samples

Chemical compound RT % A A Chemical classes
Acetic acid, [bis[(trimethylsilyl)oxy|phosphinyl]-, trimethylsilyl ester 33.37 12.24 Esters
Tetradecane 20.08 4.41 Aldehydes
Chemical compound RT % A A-air % A A-oil Chemical classes
Heat treatment at 160 °C

Acetic acid, [bis[(trimethylsilyl)oxy|phosphinyl]-, trimethylsilyl ester 33.33 13.72 — Esters
Tetradecane 32.99 3.16 9.57 Alkanes

Hexanal 3.74 4.84 — Aldehydes
Dodecane 28.17 1.77 4.26 Alkanes

Heat treatment at 180 °C

Acetic acid, [bis[(trimethylsilyl)oxy]phosphinyl]-, trimethylsilyl ester 33.32 14.08 — Esters
9-Decenoic acid, 2,4-dimethyl-, methyl ester, (R,R)-(—)- 30.06 3.37 — Aldehydes
Dodecane 28.17 1.14 3.22 Alkanes
Tetradecane 32.98 2.23 6.08 Alkanes

Heat treatment at 200 °C

Acetic acid, [bis[(trimethylsilyl)oxy|phosphinyl]-, trimethylsilyl ester 33.32 15.23 — Esters
Tetradecane 32.98 2.09 5.51 Alkanes
Dodecane 28.17 0.95 2.88 Alkanes

unpleasant odor (Table 2). But during the heat treatment under
palm oil of this wood, some aldehydes with undesirable odors
were emitted in small quantities, notably pentadecanal which
was emitted with a percentage area of 0.37% after the treatment
at 160 °C, and 2-decenal (E)- which was emitted with percentage
areas of 2.22% and 1.37%, respectively, after the treatments
performed at 180 °C and 200 °C. The most remarkable result
concerns esters; indeed, Acetic acid, [bis[(trimethylsilyl)oxy]
phosphinyl]-, trimethylsilyl ester, which is the main cause of
undesirable odors due to esters,* stopped being emitted after
each case of heat treatment under palm oil (Table 2); and this
resulted in a reduction of undesirable ester emissions by
77.46%, 92.79%, and 98.20%, respectively, for the Newtonia
wood heat treatments performed at 160 °C, 180 °C, and 200 °C.
Reduction in the percentage area of acetic acid, [bis[(trime-
thylsilyl)oxy]phosphinyl]-, trimethylsilyl ester is due to
temperature-induced chemical interactions between this
compound and palm oil.**

3.2. Effect of heat treatment on the decomposition of wood

3.2.1. TGA and DTA. The residual mass at the end of the
transient and steady-state regimes for Afrormosia and Newtonia
wood decreases in proportion to the increase in treatment
temperature (Fig. 4 and 5). The curve representing the rate of
mass loss (DTA) of wood during heat treatment in air has 5 parts
(Fig. 4(1) and 5(1)). Part AB, marked by rapid growth in DTA up
to the optimum at B, characterizes the phase of wood drying
and loss of extractive.” From point B onwards, the DTA
decreases until it reaches a second optimum at point C; this can
be explained by the fact that from point B onwards, the retifi-
cation phenomenon (degradation of wood at low temperature)

7418 | RSC Adv, 2024, 14, 7414-7429

becomes more prevalent than drying, hence the change in slope
of the DTA at point B. Moreover, analysis of Fig. 4-6 shows that
the temperature at which the retification phenomenon becomes
more prevalent varies between 137 °C and 145 °C.** This
temperature interval is around 400 seconds (Fig. 6), which
corresponds to the optimum of the curve for the rate of mass
reduction of the wood sample (Fig. 4 and 5). Furthermore, the
decrease in mass loss due to dehydration corresponds to the
increase in mass loss due to retification, which is why the wood
mass loss curve (TG) maintains the same slope until the steady
state is reached, while the slope AB, which evolves in the
opposite direction to BC, remains approximately equal in
absolute value to the slope BC. From point C, the retification
phenomenon begins to decrease until point D, then increases
slightly until point E, before stabilizing until the end of the heat
treatment marked by point F. The CE phase is the transition
from the transient (heat treatment phase during which the flux
is kept constant at the wood surface) to the permanent regime
(heat treatment phase during which the temperature is kept
constant at the wood surface); the EF phase is the permanent
phase. This phase is characterized by a logarithmic evolution of
the wood's TG curve, unlike the transient phase, whose evolu-
tion is rather linear.”

The curve representing the rate of mass loss (DTA) of wood
during heat treatment under palm oil has 4 parts (Fig. 4(2) and
5(2)). Phase AB, at the start of the heat treatment, is the phase
during which the wood absorbs the palm oil; there is therefore
a gain in mass. However, from point B onward, as the temper-
ature rises, dehydration predominates over palm oil absorption,
and the mass of the wood begins to decrease. Phases BC, CD
and DE are respectively interpreted as phases AB, BC and EF of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 ThermoGravimetry Analysis (TGA) and Derivative Thermogravimetry Analysis (DTA) of Afrormosia heat-treated under air (1) and under
palm oil (2) (a) 160 °C, (b) 180 °C, (c) 200 °C.

the DTA curve for air-treated wood. The CD phase described on
the DTA curve for heat treatment under air is not visible on the
DTA curve for heat treatment under oil, showing that palm oil
acts as a barrier, limiting the heat-induced degradation of
structural polymers. The residual mass of wood treated with
palm oil is higher than the residual mass of wood treated with
air.”®

The residual mass of Newtonia, whether at the end of the
transient regime or at the end of the permanent regime, is
always greater than the residual mass of Afrormosia (Fig. 4 and
5). In other words, heat treatment degrades Afrormosia wood
more than Newtonia wood. Furthermore, the residual mass of

© 2024 The Author(s). Published by the Royal Society of Chemistry

Afrormosia wood heat-treated with palm oil is greater than the
residual mass of Newtonia wood heat-treated with the same
medium, and this observation is even more pronounced the
higher the treatment temperature. This could be explained by
the fact that Afrormosia wood degrades more rapidly than
Newtonia wood, generating more pores, which are then filled
with palm oil*”

3.2.2. 3D-FTIR analysis. Beer-Lambert law states that the
transmittance of radiation by a chemical compound is propor-
tional to its concentration. Thus, knowing the transmittance of
these gases as a function of time provides, in turn, information
on the time-dependent concentration evolution of structural

RSC Adv, 2024, 14, 7414-7429 | 7419
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Temperature trends during TG experiment.

polymers. In addition, thermogravimetric analysis enabled to
establish that retification begins to take place when the wood
temperature reaches 140 °C, corresponding to a duration of 400

7420 | RSC Adv, 2024, 14, 7414-7429

seconds (Fig. 4-6). FTIR analysis will therefore focus on wave
numbers with a time greater than 400 seconds. For durations
greater than 400 seconds, analysis of Fig. 7 column 1 and Fig. 8
column 1, relating to 3D-FTIR representations of Afrormosia and
Newtonia wood heat-treated under air, reveal three main
transmittance peaks located at wavelengths 1442 cm™,
2181 cm ™" and between 3300 cm ™ to 3700 cm ™ '. Wavelengths
1442 cm™ " and 3300 cm™ ' to 3700 cm ™" correspond to the
emission of water (H,O) in gaseous form,">*” while wavelength
2181 cm™ " corresponds to the emission of carbon monoxide
(CO) in gaseous form.*® When Afrormosia and Newtonia wood
are heat-treated with palm oil, the most visible peaks are
generally located at wavelengths 1050 cm™', 1442 cm ',
2181 em™ " and 3300 cm™ " to 3700 cm ™" (Fig. 9 column 1 and
Fig. 10 column 1). The wavelength 1050 cm™ "' corresponds to
the emission of acetic acid (CH;COOH) as a gas. Irrespective of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 3D-FTIR of Afrormosia heat-treated under air, (1) 3D-FTIR, (2) evolution of evolved gas components with time, (a) 160 °C, (b) 180 °C, (c)

200 °C.

the treatment medium, the highest 3D-FTIR peak of Afrormosia
and Newtonia wood is generally located at 2181 cm™". Table 3
summarizes these analyses. Whatever the wood species, heat
treatment under air of Afrormosia and Newtonia tends to
degrade hemicelluloses in greater quantities than other struc-
tural polymers, and this trend increases with temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Concentrations of H,0 and CO in palm-oil-treated wood were
lower than in air-treated wood. This is in line with the findings
of the TG analyses, which established that palm oil compared to
air, limits the degradation of wood structural polymers in
particular hemicelluloses under the effect of temperature.
However, concentrations of CH;COOH in palm-oil-treated wood
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200 °C.

were higher than in air-treated wood. This shows that treatment
with palm oil enhances the cleavage of acetyl groups (deacety-
lation) in lignin and hemicelluloses more than heat treatment
under air. In the case of heat treatment under palm oil, wood
structural polymers degradation increased with increasing

7422 | RSC Adv, 2024, 14, 7414-7429

treatment temperature and duration and was more pronounced
in Afrormosia (Fig. 9 column 2 and Fig. 10 column 2). Once again
it is the hemicelluloses that are the wood structural polymers
most degraded.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3. be seen from the latter table that there is no equality of mean
values between samples heat-treated in oil and those heat-
treated in air; in fact, the first group of samples generally has

higher moduli of rupture than the second group of samples

Effect of heat treatment on the mechanical properties

3.3.1. MOR. The results of the statistical analyses relating
to the modulus of rupture (MOR) are presented in Table 4. It can
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polymers

Compounds Bonding type Number of waves (cm ") Structural polymers
H,0 O-H 3300-3750 Hemicelluloses, cellulose
CH;COOH C-O (esthers); B-O-4 (lignin) 1050 Lignin, hemicellulose
CO c=0 2181 Hemicellulose
H,O O-H (alcohol) 1442 Hemicellulose, cellulose
Table 4 Statistical analysis results of MOR®
Temperature Control 160 °C 180 °C 200 °C Control 160 °C 180 °C 200 °C
Afrormosia heat-treated under air Newtonia heat-treated under air
Afrormosia heat-treated under air Control — +NS* +S* +5* +S* — — —
160 °C — — +5* +5%* — +5%* — —
180 °C — — — +5* — — +S* —
200 °C — — — — — — — +5%*
Newtonia heat-treated under air Control — — — — — +NS* +5* +5*
160 °C — . — — . — +5%* +8*
180 °C — — — — — — — +5*
Afrormosia heat-treated under oil Newtonia heat-treated under oil
Afrormosia heat-treated under oil Control — +NS* +5* +S* +S* — — —
160 °C — — +5* +§* — +5* — —
180 °C — — — +5%* — — +S* —
200 °C — — — — — — — +8%
Newtonia heat-treated under oil Control — — — — — +NS* +S* +5%*
160 °C — — — — — — +S* +S*
180 °C — — — — — — — +5%*

% 8: The test of inequality of means is significant; NS: the test of inequality of means is not significant; *: the test of inequality of means in the
tangential and radial directions is significant; +: the test of the inequality of the means of the oil-treated and air-treated samples is significant.

(Fig. 11). Thermogravimetric analysis provides an explanation
for this observation, as it showed that the residual masses of
wood samples treated under palm oil were generally greater
than those of samples treated under air; in other words, the loss
of wood mass is greater when wood is treated under air; there is
less vacuum in the wood treated under palm oil compared to
that treated under air, which justifies this result. The modulus
of rupture of Afrormosia samples and the modulus of rupture of
Newtonia samples are not equal on average (Table 4); on the
other hand, Fig. 11 shows that the MOR of Afrormosia is always
higher than that of Newtonia;" this is justified by the fact that
the density of Afrormosia is greater than that of Newtonia.* As
far as the effect of temperature on MOR is concerned, there is
no overall statistical difference between the mean MOR values
of wood samples treated at 160 °C and the mean MOR values of
control samples (Table 4); on the other hand, the inegalitarian
test of the means referred to the radial direction (MORR) for the
latter two groups of samples is significant, and Fig. 11 shows
that the highest values of modulus of rupture in the radial
direction are those of the specimens treated at 160 °C; similarly,
the test of inequality of means in the tangential direction
(MORT) for these two groups of samples is significant, and
Fig. 11 shows that the highest values of modulus of rupture in
the tangential direction are those of the control specimens. For
temperatures above 160 °C, the modulus of elasticity decreases

© 2024 The Author(s). Published by the Royal Society of Chemistry

with increasing treatment temperature (Table 4 and Fig. 11),
irrespective of the wood direction chosen;* indeed, we have
shown through TGA-FTIR analysis that the air and palm oil used
to heat-treat Afrormosia and Newtonia wood at 160 °C resulted in
the predominant degradation and loss of mass of
hemicelluloses.’"*

3.3.2. MOE. In contrast to MOR, the modulus of elasticity
(MOE) in radial (MOER) and tangential directions (MOET) of the
samples treated under palm oil is lower than the modulus of
elasticity of the samples treated under air (Table 5 and Fig. 12).
In fact, although the residual mass of the samples treated under
palm oil is higher than that of the samples treated under air, 3D
FTIR analysis shows that the 1050 cm ™" wavelength is far more
concentrated in samples treated with palm oil than in those
treated with air; this wavelength is associated with the emission
of acetic acid from the cleavage of acetyl groups (deacetylation)
in lignin and hemicellulose.*® On the other hand, from a statis-
tical point of view, up to 200 °C, temperature has no significant
influence on the modulus of elasticity (Table 5), although intu-
itively it would seem that the said modulus increases slightly
when the wood is treated between 160 °C and 180 °C (Fig. 12).>
This could be due to the crystallization of amorphous cellulose,
which virtually offsets the degradation of cellulose as described
above.”” Furthermore, the MOE of Afrormosia is always higher
than the MOE of Newtonia (Table 5 and Fig. 12).

RSC Adv, 2024, 14, 7414-7429 | 7425
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Fig. 11 MOR of Afrormosia and Newtonia as a function of temperature and treatment media. (Top): treatment under air, (bottom): treatment
under palm oil, (left): MORT, (right) MORR.

Table 5 Statistical analysis results of MOE“

Temperature Control 160 °C 180 °C 200 °C Control 160 °C 180 °C 200 °C
Afrormosia heat-treated under air Newtonia heat-treated under air
Afrormosia heat-treated under air Control — +NS* +NS* +NS* +NS* — — —
160 °C — — +NS* +NS* — +NS* — —
180 °C — — — +NS* — — +NS* —
200 °C — — — — — — — +NS*
Newtonia heat-treated under air Control — — — — — +NS* +NS* +NS*
160 °C — — — — — — +NS* +NS*
180 °C — — — — — — — +NS*
Afrormosia heat-treated under oil Newtonia heat-treated under oil
Afrormosia heat-treated under oil Control — +NS* +NS* +NS* +NS* — — —
160 °C — — +NS* +NS* — +NS* — —
180 °C — — — +NS* — — +NS* —
200 °C — — — — — — — +NS*
Newtonia heat-treated under oil Control — — — — — +NS* +NS* +NS*
160 °C — — — — — — +NS* +NS*
180 °C — — — — — — — +NS*

% S: The test of inequality of means is significant; NS: the test of inequality of means is not significant; *: the test of inequality of means in the
tangential and radial directions is significant; +: the test of the inequality of the means of the oil-treated and air-treated samples is significant.
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(left): MOET, (right): MOER.

4. Conclusions

The main objective of this research was to study the influence of
heat treatment media on odorous constituents, chemical
decomposition, Modulus of Rupture (MOR) and Modulus of
Elasticity (MOE) of Afrormosia and Newtonia wood heat treated
under air and palm oil. Results showed that 180 °C is the best of
the three temperatures that we used for treatment, which
provides optimal reduction of VOCs with unpleasant odors of
Afrormosia by air and palm oil heat treatment, but palm oil heat
treatment gives better results. Air heat treatment is not partic-
ularly suitable for improving the quality of odors emitted by
Newtonia. The heat treatment under oil reduces the unpleasant
odors of the constituents of Newtonia wood better than the heat
treatment under air and it is 200 °C, which seems to be the
optimal temperature for this case. The residual mass of wood
treated with palm oil is higher than the residual mass of wood
treated with air because palm oil acts as a barrier, limiting the
heat-induced degradation of structural polymers; indeed,
concentrations of H,O, CH;COOH and CO in palm-oil-treated
wood were lower than in air-treated wood. Whatever the wood
species, heat treatment under air of Afrormosia and Newtonia
tends to degrade hemicelluloses in greater quantities than other
structural polymers, and this trend increases with temperature.
The MOR of palm oil-heat-treated wood was higher than the
MOR of air-heat-treated wood. The MOE of palm air heat-

© 2024 The Author(s). Published by the Royal Society of Chemistry

treated wood was higher than the MOE of palm oil heat-
treated wood. These results highlight the relevance of the
treatment medium in the effectiveness of using heat treatment
to improve wood odor quality.
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