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Abstract:

Eco-friendly approaches to wood treatment have gained increasing attention due to the adverse
impact chemical preservatives have on the environment. In this study, tin-based alloy was used as a heating
media in the tin-based thermal treatment (TTT) of Pinus massoniana wood to improve the durability and
other properties of the wood. The tin alloy was used for the treatment of the wood samples at 150, 180 and
210°C for 2, 6 and 8h. To evaluate the effect of TTT, wood durability, shrinkage and swelling, anti-swelling
efficiency, weight loss and water absorption were examined. The results showed that all the tested
properties were improved at high temperatures respectively, indicating that tin alloy was effective in the
modification of P. massoniana wood.

Key words: anti-swelling efficiency; brown fungus; durability; Pinus massoniana; shrinkage; tin-based
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INTRODUCTION

Wood is a multi-purpose material due to its superior properties compared to other materials such as
iron and plastic, the advantages of wood as a material include: it is a natural renewable resource, it is a
versatile material used in furniture, decoration and construction of buildings, it is a good thermal insulation; it
provides high strength and elasticity, it is environmentally friendly and it has a special aesthetic feature such
as colour and grains (Liu et al. 2022), easy manufacture etc. However, despite its numerous merits, wood
has some disadvantages including its dimensional instability with its moisture variation below the fibre
saturated point (FSP), its susceptibility to attack by biodegrading organisms like insects and fungi, its high
hygroscopicity etc. The presence of moisture in the wood affects its behaviour for instance when the quantity
of moisture in the wood decreases, the wood shrinks, and when it increases, the wood swells (Park et al.
2020). These deficiencies have limited the utilization of wood to some extent and therefore require
appropriate improvement methods to extend its service life.

On the other hand, some wood species are naturally not durable, therefore require treatments to
improve their performance and lifespan (Brocco et al. 2017). Some of the common wood treatment methods
are not eco-friendly due to their content, making them toxic to the environment at the end of the service life
of the wood (Ruwoldt and Toven 2022). Thermal modification, chemical modification and preservative
treatment are some of the wood treatment technologies (Kamdem et al. 2022) developed to improve the
properties of wood. In thermal modification, the wood is heated using different heating media such as oil,
steam, water or inert atmosphere at temperatures ranging from 150 to 280°C (Cao et al. 2011). The intensity
of thermal modification depends on the thermal modification temperature and time and treatment of wood
above 150°C can significantly affect the physical, chemical and biological properties of wood by causing
changes (Metsé-Kortelainen et al. 2011, Metsé-Kortelainen and Viitanen 2017, Minkah et al. 2021). Swelling
and shrinkage in wood are reported to be significantly reduced and the moisture content improved (Korkut et
al. 2008) and higher modification temperatures result in better durability of wood (Syrjanen 2001). The
degree of changes in wood properties increases with higher modification temperature and longer treatment
time. According to Akyildiz and Ates (2008), noticeable differences occur between thermally modified wood
at lower temperatures that last for a longer time and the treatment that takes place at higher temperatures
lasting for a shorter time.

Previous studies reported other factors which affect wood property change during thermal modification
to depend mainly on the wood species (i.e., their properties, moisture content, sample dimensions,
sapwood/heartwood proportion, quality) and method of thermal modification used (Hill 2007, Korkut et al.
2008). Thermal modification causes the wood's components to degrade, reducing their hygroscopicity and
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limiting swelling and shrinkage as well as fungi growth and water absorption (Metsé-Kortelainen and Viitanen
2012).

This latest study is focused on finding a non-toxic eco-friendly heating medium for the thermal
modification of wood. Recently, researchers have shown interest in using tin-based alloy in both heating and
treatment mediums for the modification of wood. Tin-based alloy has high moisture repellence, excellent
electrical insulation and good heat conduction. It is non-flammable, odourless, non-flavoured and toxic-free,
which makes it a unique substance for safe, quick and uniform heat transfer medium to improve wood
properties. The alloy has a low melting point (97°C) and two main components: bismuth (0.69%) and tin
(0.26%). They present much higher thermal conductivities than most other heating media by excluding
oxygen from the treated samples and minimizing the thermal degradation of some wood constituents (Okon
et al. 2018a).

On the other hand, not much data is available regarding the effectiveness of tin-based alloy as a
heating medium compared to other media (vegetable oils, steam). The main objective of this research is to
enhance the durability, shrinkage and swelling, anti-swelling efficiency, weight loss and water absorption of
P. massoniana wood to broaden the application of the wood using tin-based alloy as a heating medium. As
an eco-friendly wood modification approach, it could be considered by far one of the most effective
approaches to modifying wood properties. Understanding the effects of tin-based thermal modification on the
properties of wood can help inform decisions about the use of modified wood in numerous applications and
can guide the further development of new wood modification techniques.

MATERIALS AND METHODS
Materials

30-year-old pine wood (Pinus massoniana L) was purchased from wood merchants in Fuzhou and tin-
based alloy was purchased from Beijing, Peoples Republic of China (26° 04'34"N119° 18'23"E). The
moisture content of the wood samples ranged between 20 to 25% before treatment.

Sample preparation

Wood samples were prepared in the wood workshop of the College of Material Engineering, Fujian
Agriculture and Forestry University. Test samples with dimensions 20mmx20mmx10mm (tangential x radial x
longitudinal) were prepared for durability test and 20mmx20mmx60mm were prepared for shrinkage,
swelling, anti-swelling efficiency, weight loss and water absorption tests. The samples weight and
dimensions were measured and were kept in a conditioning chamber at 65% relative humidity and 20°C to
attain 12% moisture content.

Tin-based thermal treatment (TTT)

The prepared wood samples were subjected to tin-based thermal treatment at 150, 180 and 210°C for
2, 4 and 8h in a tin bath. All the wood samples were submerged in the tin to isolate oxygen. The untreated
samples were used as control samples.

Durability test

A durability test was performed on tin-based thermal treated (TTT) and control samples of P.
massoniana wood according to American Wood Protection Association (AWPA) (2016) with minor
modifications. The modification is that samples were sterilized in an autoclave at 121+1°C. A 500mL bottle
was filled with 160g sieves of air-dried river sand with a pH of 5 and 7 then, 16g of P. massoniana sawdust,
plus 8.5g corn flour, and 80mL medium of potato dextrose agar composed of 2g of granulated sugar plus
feeder chips were added and sterilized at 121+1°C for 1h and inoculated with fungi. The sterilized TTT and
control wood samples were placed in culture bottles. 12 replicates from each treatment making a total of 240
samples were exposed to a Poria placenta (brown fungus) and Coriolus versicolor (white fungus) and were
incubated for 12 weeks. At the end of the exposure period, the samples were removed and all adhering
fungal hyphae were cleaned from the surfaces. The durability test against fungi was evaluated in terms of
mass loss, which was calculated using Equation (1) and the classification of wood durability is shown in
Table 2.

(Mtrt -

Mass loss (%) = Mere nexP)/Mtrt X100 (€Y

where: My, and Me,, ,, cxp is Oven-dry mass before and after exposure to fungi.
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Shrinkage and swelling tests

The dimensions of the wood samples used for shrinkage and swelling determination were
20mmx20mmx60mm (T x R x L) according to TS 4084 (1983) standard procedure with minor modification.
12 replicates from each treatment making a total of 120 samples were used in the determination of shrinkage
and swelling tests. Shrinkage was determined on TTT and control samples soaked in deionized water for 2
days. Then, the samples were removed and measurements were taken in the tangential, radial and
longitudinal directions in wet conditions using a digital vernier calliper to the nearest millimetre (i.e., £0.1mm)
sensitivity. The samples were oven-dried at 103+2°C to a constant weight and the dimensions were
measured again. Percentage shrinkages in all three directions were calculated using Equation (2).

sh(%) = Ps ~ Do)/DS X 100 )

where: Sh is shrinkage in percentage (i.e., Sht or Shr or Shl), D, is the dimension of the saturated samples in
(mm) and D, is the dimension of the oven-dried samples in (mm). Sht is tangential shrinkage, Shr is radial
shrinkage and Shl is longitudinal shrinkage respectively.

Swelling was determined after samples were oven-dried at 103+2°C to a constant weight based on
the procedure of TS 4084 (1983) standard. Then, measurement was taken in the tangential, radial and
longitudinal directions, after measurement, the samples were soaked in deionized water for two days until
they were completely saturated and the dimension measured again. Swelling in tangential, radial and
longitudinal directions was calculated according to Equation (3).

sw (%) = s~ 50)/50 X100 3)

where: Sw is Swelling in percentage (i.e., Swt or Swr or Shl), S; is the dimension of the saturated samples in
(mm) and S, is the dimension of the oven-dried samples in (mm). Swt is tangential swelling, Swr is radial
swelling and Swil is longitudinal swelling respectively.

Anti-swelling efficiency, weight loss and water absorption tests

Wood samples of TTT and control were soaked in deionized water in a water bath at a controlled
temperature (20°C). The water was changed after every 24 hours until the weight change of the samples
was less than 0.1 % (Okon et al. 2018b). The wood samples were weighed and dimensions measured and
anti-swelling efficiency was determined based on the differences in the volumetric swelling coefficient of the
samples before and after the TTT Equation (4 and 5).

vs @) = %~ Vo)/VOX 100 (4)

where: Vs is the volumetric swelling coefficient in percentage, V, is the saturated volume of samples after
soaking in water and S, is the oven-dried volume of samples before soaking in water.

(Vso -

ASE (%) = Vs )/Vso X 100 (5)

where: ASE is anti-swelling efficiency in percentage, Vs, is the volumetric swelling coefficient of control
samples and Vs, is the volumetric swelling coefficient of TTT samples. To determine water absorption,
samples of TTT and control were oven-dried at 103°C to a constant weight and weight recorded before
soaking in deionized water for 2 days. After this, the samples were removed from the water and the weight
taken in the saturated condition and water absorption was calculated in equation (6).

wa %) = W2~ WI)/W1 X 100 6)

where: Wa is water absorption in percentage, W, is the weight of the oven-dried samples before soaking in
deionized water and W, is the saturated weight of the samples after soaking for 2 days.

To determine weight loss, the oven-dried weight of the samples was measured before TTT and after
the treatment of the wood, the samples were oven-dried to a constant weight and the weight was taken
again. Weight loss was calculated using Equation (7).
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where: WI is weight loss in percentage, M, is the oven-dried weight of the samples before TTT and M, is the
oven-dried weight of the samples after TTT.

Statistical analysis

All the properties tested were subjected to a one-way analysis of variance (ANOVA) and the means
were separated using Tukey’s multiple comparison test (TMCT). The results were interpreted at a 95%
confidence interval. All the analyses were implemented in R version 4.3.1 statistical software (Team 2016).

RESULTS AND DISCUSSION
Durability of tin-based thermal treated P. massoniana wood subjected to P. placenta and C.
versicolar.

The effect of TTT on the wood samples exposed to P. placenta and C. versicolor was evaluated
following AWPA E10-16 (2016). The durability test of control and TTT P. massoniana wood samples at
210°C for 8h exposed to P. placenta fungus after 12 weeks is shown in Fig. 1. The mycelia in the control
samples developed unsuppressed because the wood was susceptible to fungal attack (Fig. 1a). However,
for the tin-based thermal treated wood samples at 210°C for 8h, the mycelia's development on the feeder
strips was suppressed (Fig. 1b) demonstrating the effectiveness of the treatment. The mass loss of tin-based
thermal treated wood samples subjected to fungi is displayed in Fig. 2. The ANOVA showed significant
differences in the mass loss for tin-based thermal treated wood samples when subjected to P. placenta and
C. versicolor (Table 1). Tin-based thermal treated wood samples showed a significantly lower mass loss
when compared to the control wood samples. Mass loss in the control samples subjected to P. placenta and
C. versicolor were 45.34% and 44.64% in Fig. 2. The lowest mass loss occurred in the tin-based thermal
treated samples at 210°C for 8h subjected to P. placenta (4.44%) and C. versicolor (4.99%) with decay
resistance improved by 89.99% and 88.82%. Treated wood samples exposed to C. versicolor exhibited
lower decay mass loss, compared to samples exposed to P. placenta. This could be because of the lower
attacking speed of C. versicolor fungal on softwood (Rowell et al. 2009). The control samples were severely
attacked by both fungi with high mass losses compared to the tin-based thermal treated samples (Table 2).
Based on the classification in Table 2, P. massoniana wood moved from durability class 4 (i.e., one in which
the mass loss is > 31.0%) before treatment to durability class 1 (i.e., one in which the mass loss is between
0 to 10%) after TTT. According to earlier research, the reduced water absorption by the cell wall, the
degradation of hemicellulose, and the modification of the lignin-carbohydrate complex in the cell wall that
prevents the availability of nutrients to fungi are the main causes of the increased durability of thermally
treated wood (Boonstra et al. 2007, Hakkou et al. 2006, Okon et al. 2018a).

Fig 1.
Photograph of representative of P. massoniana wood (a) Control and (b) tin-based thermal treated at
210°C for 8h exposed to Poria placenta (brown fungus) after 12 weeks.
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Fig. 2.
Mass loss of tin-based thermal treated and control P. massoniana wood exposed to Poria placenta
(brown fungus) and Coriolus versicolor (white fungus) for 12 weeks.

Table 1
ANOVA of the effect of tin-based thermal treated P. massoniana wood subjected to P. placenta and
C. versicolor

Significant
Factor df Sum of square Mean square F-value Level, p
Poria placenta  Treatment 9 14912 1656.9 33.1 ok
Error 110 5506 50.1
Coriolus
versicolor Treatment 9 15485 1720 4.317 ok
Error 110 18740 170.4 10.1
*** _ significant, P < 0.05 (Tukey’s test)
Table 2
Durability classification
Durability class Mass loss (%)
1. Very durable 0-10
2. Durable 11-20
3. Moderately durable 21-30
4. Not durable >31

Shrinkage and swelling

The results of shrinkage and swelling of control and tin-based thermal treated wood samples are
shown in Table 3. ANOVA shows that there are significant differences in the tin-based thermal treated wood
samples with regard to shrinkage and swelling (Table 4). The shrinkage values obtained in all the directions
(tangential, radial and longitudinal) decrease with an increase in TTT temperature (Table 3). The maximum
shrinkage value decrease was 3.95% in the tangential, 3.71% in the radial and 0.42% in the longitudinal
treatments at 210°C at 8h. This trend is consistent with the findings of other research as shrinking reduction
in the tangential direction is greater compared to reductions in the redial and longitudinal directions. Moisture
content gradient along the radial direction was much smaller than those in the tangential direction (Yang
2021, Newman et al. 2016, Zhang et al. 2020, Behr et al. 2014). It is because more bordered pits can be
found in the radial cell walls of wood, which opens up more tangential water migration along the tangential
direction according to Yang (2021). Previous studies attributed the reduction in swelling to the moisture
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exclusion capacity of the treatments (Devi et al. 2003) in this case TTT and the vertical orientation of
microfibrils in the S2 layer of the cell walls because the microfibril angle in the tangential direction is greater
with regards to those in the radial and longitudinal directions (Barnett and Bonham 2004). In this study, it
was observed that tin-based thermal treated wood absorbed less water, which reduces its ability to shrink,
thus improving the dimensional stability of the wood. Swelling in the tangential (4.14%), radial (3.71%) and
longitudinal (1.06%) directions decreased with the increase in TTT temperature with the highest swelling
value obtained at 210°C for 8h (Table 3). This is in line with the reports from other studies, as they reported
that the most important variables to consider when determining the dimensional stability of wood are swelling
coefficients in the tangential and radial directions (Skaar 2012, Wood et al. 2018). TTT reduced the amount
of water absorbed, which in turn decreased swelling.

Table 3
Shrinkage and swelling of tin-based thermal treated P. massoniana wood
Temp. (°C) T(lhm)e (Soglnkage Swelling (%)

Tangential Radial Longitudinal Tangential Radial Longitudinal

Control 6.20 +1.30° 550+1.04° 0.92+0.55° 663+153% 583+1.17° 583+1.17°
TTT150 2 5.85+1.04" 503+203° 091+028 623+1.18" 534+226° 534+226"
4 5.44 +1.30%° 4.88+1.14® 0.87+038" 544+1.30° 4.83+1.14* 4.83+1.14°

8 526+149% 451+0.99® 0.80+0.10° 526+1.49° 474+1.04%* 4.74+1.04°

TTT180 2  5.17+1.34° 446+1.00® 073%0.12° 519+145"® 468+1.09" 4.68+1.09%
4  465+1.43° 402+099%" 065+0.16° 465+1.48° 4.0221.03° 4.02+1.03°

8 452+152°° 391+1.09° 0.63+0.19° 452+152° 400+117°° 4.00+1.17°

TTT210 2 441+1.04” 383+145° 044+030" 451+1.02° 3.97+157°° 397+157%®
4  428+121°° 382+123° 043+0.22° 449+1.31° 3.90+1.30° 3.90+1.30*

8 3.95+1.79° 371+1.06° 042+0.25° 414+194° 3.71+1.06° 3.71+1.06™

The values represent the mean + standard deviation of fifteen replicates. Means within a column, followed by
the same superscript are not significantly different by Tukey tests at p < 0.05.

ANOVA of shrinkage and swelling of tin-based thermal treated P. massoniana wood

Table 4

Factor df Sum of square Mean square F-value Significant Level, p

Sht Treatment 9 972.65 8.072 4.625 rxk
Error 140 140244.34 1.745

Shr Treatment 9 949.43 5.492 3.562 ok
Error 140 140215.88 1.542

Shi Treatment 9 95.303 0.5893 7.272 *xk
Error 140 14011.345 0.081

Swit Treatment 9 989.07 9.896 4.787 ok
Error 140 140289.44 2.067

Swr Treatment 9 966.02 7.336 4.12 ok
Error 140 140.249 1.78

Swi Treatment 9 95.713 0.6348 7.852 rkk
Error 140 14011.319 0.0808

*** _ significant, P < 0.05 (Tukey’s test). Sht is tangential shrinkage; Shr is radial shrinkage; Shl is

longitudinal shrinkage. Swt is tangential swelling; Swr is radial swelling; Swl is longitudinal swelling.

Anti-swelling efficiency, weight loss and water absorption
The results of anti-swelling efficiency, weight loss and water absorption in the control and tin-based

thermal treated wood samples are presented in Table 5. The ANOVA in Table 6 showed there were
significant differences after TTT. It was observed that with an increase in TTT temperature, anti-swelling
efficiency effectively increased (Table 5). The samples treated at 210°C for 8h had the highest anti-swelling
efficiency (265.96%). Several studies have reported an increase in the anti-swelling efficiency of thermally
modify wood samples as the temperature rises (Deka et al. 2000, Yan and Morrell 2014). Sailer et al. (2000)
in their study reported improvement in the anti-swelling efficiency of thermally treated wood at 220°C. The
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results in Table 5 show increase weight loss with rising TTT. The highest weight loss value (17.52%) was
obtained when the wood samples were treated at 210°C for 8h. At high temperatures, it is reported that
hemicellulose and lignin degradation are the main causes of weight loss (Cermak et al. 2021). The results of
water absorption of the control and tin-based thermal treated samples are shown in Table 5. From the table,
the control wood samples showed higher water absorption compared to the tin-based thermal treated
samples. The water uptake is reduced due to the seeps of the melted alloy into the wood’s voids. In the
study by Kaya (2023), water absorption of maple wood treated by impregnating with linseed oil decreased by
72% at 240°C compared to the control sample. The quantity of accessible hydroxyl groups has a significant
effect on the dimensional stability of wood. The increase in the anti-swelling efficiency of the TTT wood could
be attributed to the diminishing amount of accessible hydroxyl groups due to depolymerization of
hemicellulose, increase in inaccessible crystalline cellulose and crosslinking of lignin network that inhibits the
accessibility of free hydroxyl groups to water according to Tjeerdsma et al. (1998) and Lee et al. (2017).
Furthermore, the degradation of cellulose in the amorphous region and polycondensation reactions in lignin
are the primary cause of the reduction in water absorption of the thermally modified wood (Jamsa and
Viitaniemi 2001, Mitani and Barboutis 2014).

Table 5
Anti-swelling efficiency, weight loss and water absorption of tin-based thermally treated P.
massoniana

Temp. ("C) Time (h) Anti-swelling efficiency (%) Weight loss (%) Water absorption (%)

Control 145.45 + 29.76%
TTT150 2 7.90 + 4.10% 8.35 + 2.25°% 106.00 + 29.05"
4 14.55 + 6.412 8.49 + 4.50° 103.92 + 22.90°
8 25.56 + 6.51% 8.57 + 6.57% 97.41 + 21.61°
TTT180 2 100.63 + 28.63% 8.85 + 9.38% 94.53 + 31.94°
4 126.98 + 72.15 *° 9.13 + 6.68% 90.49 + 26.05°
8 129.82 + 53.20 *° 9.21 + 2.05% 57.93 + 30.27°
TTT210 2 139.24 + 68.10" 10.83 + 1.20° 53.90 + 20.86"
4 182.58 + 8.41°° 12.66 + 1.54% 46.12 +23.14°
8 265.96 + 10.20° 17.52 +10.88° 30.05 + 9.04°

The values represent the mean + standard deviation of fifteen replicates. Means within a column, followed by
the same superscript are not significantly different by Tukey tests at p < 0.05.

Table 6
ANOVA of anti-swelling efficiency, weight loss and water absorption of tin-based thermally treated P.
massoniana

Factor df Sum of square Mean square F-value Significant Level, p
ASE Treatment 8 868191 108524 9.345 il

Error 126 1463210 11613
WL  Treatment 8 1100 137.45 4.317 rx

Error 126 4012 31.84
WA  Treatment 9 163514 18168 28.73 ok

Error 140 88520 637

*** _ gignificant, P < 0.05 (Tukey’s test). ASE means anti-swelling efficiency; WL means weight loss and WA
means water absorption.

CONCLUSION

This study not only enhance the properties of pinus massonniana wood but also showed that tin-
based alloy can potentially be used as heating media that otherwise would not be considered for thermal
modification of wood. The treatment temperatures showed a significant effect on the wood samples and the
results of the durability test on the tin-based thermal treated wood samples show that TTT suppressed the
attack of P. placenta and C. versicolor fungi on the wood and helped maintain the original appearance of the
wood. The shrinkage and swelling, anti-swelling efficiency, weight loss and water absorption of the tin-based
thermal treated wood samples were significantly improved with increasing treatment temperature. Tin-based
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thermal treated wood materials can be used in various applications by modifying some of the properties of
the wood. P. massoniana wood can become more competitive in the wood market.
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