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PHYSICOCHEMICAL PROPERTIES OF Pinus massoniana WOOD 
SUBJECTED TO SILICONE OIL HEAT TREATMENT

Kufre Edet Okon1,♠ , Ubong Ime Udoakpan2

ABSTRACT

In this study, Pinus massoniana wood was heat treated with silicone oil to modify the chemical compo-
sition relative to the unmodified wood. Specifically, polysaccharide, lignin, extractives and ash contents were 
the properties investigated. The wood samples were first of all pre-heated in a micro-wave oven to ease heat 
transfer within the wood. Silicone oil heat treatment was carried out at 150, 180 and 210°C for 2, 4, 8 h. The 
silicone oil heat treated wood was characterized by Fourier transformed infrared (FTIR), thermogravimetric 
analysis (TGA), X-ray diffraction (XRD) and contact angle.  Results showed that silicone oil heat treatment 
caused significant decrease in the polysaccharide (P ˂ 0,0001) and ash contents (P ˂ 0,0001) and significant 
increase in the lignin (P ˂ 0,0001) and extractives contents (P ˂ 0,0001) as the treatment time increased. FTIR 
results showed that the chemical constituents of the wood were affected by the treatment, while TGA showed 
that the treated wood resulted in higher thermal stability with increase in the crystallinity index. Silicone oil 
heat treatment proved to be effective in increasing the contact angle of the wood. 

Keywords: Chemical properties, contact angle, lignin, polysaccharides, thermal modification, wettability.

INTRODUCTION

Wood is characterized by a porous network structure composed of cell walls made up of biopolymers 
which endows wood with high strength-to-weight ratio (Sun and Sun 2002), that enables it to be used as a 
structural material for construction, tools, furniture making, musical instruments and other applications for 
thousands of years due to its unique porous structure and aesthetic characteristics (Goldstein 1977). But, the 
wood structures are easily affected by changes in the environment, particularly at high moisture levels (Fuller 
et al. 1997) and its wood components are easily degraded by microorganisms. Dimensional instability is one 
of the major shortcomings of wood compared to synthetic materials derived from non-renewable resources 
(Alma et al. 1996), the change in the dimension of wood is attributed to changes in relative humidity of its 
environment, thus limiting its use in some applications. Several researchers have reported the behaviour of 
wood in relation to wood-water interactions (Engelund et al. 2013, Rautkari et al. 2013). Moisture absorption, 
hemicelluloses polymers play a significant role since they are hygroscopic, accessible, and contain some sugar 
residues that may serve as feed for microorganisms to start wood degradation (Adebawo et al. 2016, Rowell 
2012, Okon et al. 2018b).

Hydroxyl groups are the most abundant functional groups present in the cell wall of wood in the form of 
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cellulose, hemicellulose and lignin (Chen et al. 2018) and in general possesses a hygroscopic character, which 
subsequent to water exposure results in wood with poor dimensional stability (Adebawo et al. 2016). The 
fluctuations and changes in dimension of wood in service is highly undesirable as it functionally and visually 
affect the performance of wood, leading to cracks and checks within the wood. Many methods have been used 
to improve the properties in wood, but thermal wood modification at high temperature without chemicals has 
proven effective, as it is a different method for the improvement of wood properties (Hill 2007, Kocaefe et al. 
2008,  Militz 2002, Seborg et al. 1953, Missio et al. 2016). 

Several thermal treatment methods have been developed and commercialized, among which are Thermo 
Wood, Plato Wood, Retification Wood and Oil Heat Treatment (Stamm and Tarkow 1947, Hill 2007), with 
variety of processes that differ in terms of treatment temperature, treatment atmosphere, and medium of heat 
transfer (Behr et al. 2018), resulting to alteration in the chemical composition of the wood and the cell wall 
polymers degradation due to thermal oxidation, dehydration and depolymerization of wood components, fo-
llowed by the evaporation of volatile extractives (Missio et al. 2015, Kučerová et al. 2016). Hemicelluloses 
are the most thermally susceptible of all the macromolecule polymer components in the cell wall (Hill 2007), 
and the most hydrophilic of the polymers (Rautkari et al. 2013, Okon et al. 2018a).

Due to thermal modification durability and dimensional stability are enhanced depending on the wood 
species and treatment intensity (Militz and Altgen 2014). The presence of acetyl groups in hemicelluloses leads 
to the formation of acetic acid, thus resulting in acid-catalysed degradation of polysaccharides (Kučerová et 
al. 2016). Cellulose undergoes great modification in its chemistry, crystallinity and microstructure during heat 
treatment (Dumanli and Windle 2012), and the amorphous regions are the most labile to thermal degradation 
compared to the crystalline phase (Kučerová et al. 2016). The thermal stability of the cell wall polymers in-
creases in the order of hemicelluloses, cellulose and lignin, however, with extended heat treatment, a chain 
scission of the cellulose occurs, which results in the decreased degree of polymerization (DP) of cellulose  
(Kučerová et al. 2011, Kučerová and Výbohová 2014). The degradation of polysaccharides leads to relative 
increased of lignin content in wood. Several studies have reported that, the mass changes of lignin were less 
significantly affected at low temperatures, but at higher temperatures its chemical structure was considerably 
altered by lignin auto-condensation reactions or formation of cross-linked lignin-carbohydrate (LC) complexes 
(Inari et al. 2006, Tjeerdsma et al. 1998, Sivonen et al. 2002, Wikberg and Maunu 2004, Bhuiyan and Hirai 
2005). Other studies reported that thermal treatment of both juvenile and mature wood of Pinus elliottii var. 
elliottii at 200 °C resulted in a significant increase in the extractives and insoluble lignin contents (Severo et al. 
2012) and Pinus caribaea var. hondurensis tree heat - treated at 180°C caused a decrease in the carbohydrate 
contents (Brito et al. 2008). 

Oil heat treatment is another alternative way in treating wood without use of preservatives and this pro-
cess is considered to be efficient eco-friendly wood treatment method. Stamm (1964) and Welzbacher and 
Rapp (2004) compared the properties of palm oil, soy oil and slack wax treated wood for different treatment 
times and temperatures. They asserted that the three oils have different chemical compositions, with the main 
differences in the saturation degree in chemical bonds: Soy oil is highly unsaturated and is liquid at ambient 
temperature, palm oil is high in saturated fatty acids among the vegetable oils, being semi-solid at ambient 
temperature, while slack wax consists mostly of long straight chain hydrocarbons and mineral oil, with exce-
llent water barrier property and the melting point of about 50 -70°C. Furthermore, linseed oil was used in the 
treatment of Aspen wood (Bazyar 2012), as natural heating medium, hot linseed oil caused equal and fast heat 
transfer in wood and improved the properties of the wood. In addition, linseed oil has a suitable smoke and the 
tendency to polymerize and these are important parameters of oil for heat treatment (Sailer and Rapp 2001). 
Some vegetable oils can be suitable as heat transfer for thermal modification, since the boiling point of most 
vegetable oils is higher than 260°C (Gunstone 2011) and the use of this oils as heating medium is conducive.  

In this present research, silicone oil is used as the heating medium in the silicone oil heat treatment of P. 
massoniana wood.  Previous studies reported that silicone oil not only served as the heat transfer medium, 
but also isolated oxygen from the wood during treatment (Okon et al. 2017). It is inherently biodegradable, 
without toxic effect on humans health and the environment, and net carbon contribution to the atmosphere. To 
the knowledge of the authors, there are no published data regarding the chemical properties of silicone oil heat 
treated P. massoniana wood in literature. Wood heat treatment using silicone oil is important for different wood 
species because it gives characterization of new material properties and provides information for optimization 
of wood processing. Thus, the aim of this study is to investigate the changes in the chemical composition of 
P. massoniana as an alternative heat-treatment approach by means of silicone oil. Fourier transform infra-red 
(FTIR), thermogravimetric analysis (TGA), X-ray diffractogram (XRD) and wettability on the silicone oil 
modified wood were evaluated. This study is a preliminary study to understand the wood structure alteration 
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after treatment with silicone oil.

MATERIAL AND METHODS

Specimen preparation

The wood species used in this study was 25-year-old Chinese pine (Pinus massoniana L.) obtained from 
Fuzhou, (26°04´34´´N, 119°18´23´´E), a fast-growing wood planted across Fujian Province, People’s Republic 
of China. The density of the wood was 431kgm-3 with annual growth of 41a. Silicone oil was purchased from 
Chemicals Regent Beijing Company Limited, Beijing, P. R. China. Wood samples were cut into test specimens 
and were thermally modified in a laboratory process. Sapwood from the wood were used in this experiment 
with dimension of 50 x 50 x 70 mm (tangential x radial x longitudinal). The moisture content (MC) of the 
samples prior to treatment ranged from 15 to 18 %. The samples were conditioned at 65 % relative humidity 
(RH) and 20oC for 6 weeks to attain equilibrium moisture content (EMC) before the treatment. Silicone oil heat 
treated P. massoniana samples were divided into 9 treatments, plus one set as untreated.

Silicone oil heat treatment

Treatment of the wood was carried out in oil bath containing commercial grade silicone oil with program-
mable controller. Silicone oil served as a medium of heat transfer. The samples were pre-heated in a micro-wa-
ve oven for 5 minutes to ease heat transfer within the wood. After pre-treatment, samples were transferred and 
immersed in a pre-heated oil bath at 150, 180 or 210°C for 2, 4 or 8 hours at each defined temperature. Finally, 
the samples were conditioned in a climate chamber at 65 ± 5% RH and 20 ± 2°C until the weight change in the 
samples was less than 0,1%.

Chemical properties

Samples of untreated and silicone oil heat treated P. massoniana were sliced into chips and then milled 
with Wiley mill to sawdust. The extractive content were determined according to ASTM D-1107-96 (2007).  
The lignin contents were determined according to Okon et al. (2017) and ash content according to ASTM 
D-1102-96 (2007). The polysaccharide content was calculated by the addition of the mass of cellulose to the 
mass of hemicellulose (cellulose + hemicellulose). Two replicates were determined from each sample with 
average taken and data were presented as percentage of the oven-dry weight. 

Fourier transformed infrared (FTIR) analysis

Infrared spectra of reference and silicone oil heat treated P. massoniana samples were recorded at room 
temperature with a Vertex 70 spectrometer (both Bruker Optik GmbH, Germany). Each sample powder was 
mixed uniformly with potassium bromide (KBr) at the ratio of 1:100 (w/w), milled into fine powder and then 
pressed to form a thin pellet. Spectra acquisition was recorded in transmission mode in the range of 4000 to 
500 cm-1 with a spectra resolution of 9 cm-1, with 15 scans taken for both background and samples spectra. 
Baseline - correction and intensity normalization of the spectra were carried out automatically.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis was performed under nitrogen atmosphere with thermal analyser (NET-
ZSCH STA 449F3, Germany) in order to study the degradation of the reference and silicone oil heat treated 
samples. Approximately 8,16 mg samples of each treatment were put in DSC/TG pan. The samples were 
heated at 10°C min-1, temperature 25°C – 600°C and a flow rate of 30 ml min−1. The samples were then cooled 
at -10°Cmin-1 until they returned to room temperature. The curve of TGA data was plotted using Origin 8,0. 

X-ray diffraction (XRD) Characterization

The XRD of the reference and silicone oil heat treated samples were analysed with an X-ray diffracto-
meter (Japan, Rigaku Ultima IV) by Cu-Kα radiation (λ = 1,5418 Å) with 2θ range of 5 – 60°, voltage 40kV, 
electric current 40mA, water flow 4,6 L min-1 and scanning of 0,1° min-1. The crystallinity index (CI) of both 
the untreated and silicone oil heat treated samples was calculated according to the patent developed by Segal 
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et al. (1959) with Equation 1.

( ) 002 am
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−

= ×            (1)

Where I002 = diffraction intensity of crystalline peak at 20,08° - 25,08° 2θ, Iam = the intensity of the amor-
phous peak at 15° - 18° 2θ.

Contact angle measurement

The measurement of the contact angle (wettability) of the untreated and silicone oil heat treated samples 
was performed with a Drop Shape Analyser DSA100 (Krüss GmbH, Hamburg, Germany). 10 samples were 
used for each treatment, 2 drops per samples were captured and 20 measurements of contact angles were ob-
tained and the mean value was reported. Deionized water (5μL) was dropped at the tangential surface of the 
samples and the acquisition of the contact angle was taken automatically for every 5 seconds with the general 
conic section method (tangential method 1). All samples were maintained at standard room temperature (25 ± 
2°) and RH 20 ± 2°C.

Statistical analysis

The chemical composition data was analysed with analysis of variance (ANOVA). Tukey Honest Signifi-
cant Difference (HSD) multiple comparisons of means were used to separate the means at a significance level 
of P < 0,05.  All the analyses were performed with R version 3.1.1 statistical software (Team 2014).

RESULTS AND DISCUSSION

Chemical properties of silicone heat treated wood

The results of this study indicate that the chemical properties of the P. massoniana wood were affected 
after silicone oil heat treatment and the polysaccharide content of the treated wood samples decreased with 
increase of treatment temperature. The polysaccharides content was 75 % in the untreated sample. It  ranged 
from 64,48 % when treated at 150°C for 2 h to 43,30 % when treated at 210°C for 8 h in the silicone oil heat 
treated samples,  was significantly different from the untreated  (P ˂  0,0001 F = 155,71) (Table 1). The decrease 
in the polysaccharide content occurred as a result of the thermal degradation of the wood constituent particular-
ly hemicelluloses. According to Wentzel et al. (2019) degradation of hemicellulose is higher in a closed system 
modifications than in an open system modifications, due to the high concentrations of acids that build up as a 
result of pressure. Hemicelluloses degrade with ease when wood is subjected to heating even at low tempera-
tures because of its relative low thermal stability. The lower thermal stability of hemicelluloses in relationship 
with cellulose which is linear homopolysaccharide is usually explained by its lack of crystallinity (Yildiz and 
Gümüşkaya 2007, Korošec et al. 2009). According to Weiland et al. (1998) the heat-treatment of wood in the 
temperature range between 200 and 260°C causes strong hemicellulose degradation with significant release of 
acetic acid. The decrease in polysaccharides content depends largely on the treatment temperatures and wood 
species. High heat treatment temperature gives rise to acid hydrolysis of polysaccharides. Alen and Kotilainen 
(2000) reported higher decrease in polysaccharide content of heat treated Betula pendula compared to Pinus 
slyvestris wood after treatment, resulting in the formation of furans such as furfural and hydoxymethyl furfural 
(Rowel et al. 2009).  Our results are in line with previous studies on the changes in the polysaccharide content 
of thermally modified wood, treated between 140 - 260°C temperature range (Yildiz et al. 2006, Bourgois et 
al. 1989). 

Lignin content of the wood samples varied significantly between treatments (P ˂ 0,0001 F= 55,412) with 
untreated having the lowest mean lignin of 25,10 % and the silicone oil heat treated samples at 210°C for 8 
h having the highest mean lignin value of 41,38 %. (Table 1).  This result confirms the effectiveness of the 
treatment as relative significant increase in lignin occurred when P. massoniana wood was treated at 210°C for 
8 h.  Lignin content of the wood increased with the increase of treatment temperature and time. The increase 
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in lignin content has been observed in Eucalyptus grandis (Lengowski et al. 2018). This may be explained 
by the fact that the highly structural branched phenylpropanoid units, which make up lignin, impart rigidity 
and resistance to wood and other lignocellulose materials. This makes lignin relatively thermally most stable 
component of wood compared to other wood constituents.  Though, degradation starts at the beginning of heat 
treatment process, but at a slower rate against polysaccharides (Windeisen et al. 2007, Esteves et al. 2008a). 
Brito (2008) asserted that the relative lignin content increased with elevated temperature and longer treatment 
time result to the consequent decrease in polysaccharide. The observed increase in relative lignin content after 
silicone oil heat treatment of the wood is most likely due to the condensation of polysaccharide by-products 
retained in the lignin fraction during lignin determination (Yildiz et al. 2006, Mitchell et al. 1953, González-
Peña et al. 2009). 

Lower mean extractive content was obtained in the untreated samples (2,63 %), compared to the silicone 
oil heat treated samples with higher extractives which ranged between 5,04 % at 150°C for 2 h to 13,99 % at 
210°C for 8 h. There was significant difference between the treated samples in comparison with the untreated 
(P ˂ 0,0001 F = 22,23) (Table 1). The greatest effect of the treatment on the wood occurred at 210°C for 8 
h. Similar results were reported by Severo et al. (2016) on the effect of thermal treatment on the chemical 
composition of Hevea brasiliensis wood. They asserted that the increase in extractive content during thermal 
treatment was due to the degradation of holocellulose. Okon et al. (2017) also reported increase in extractive 
content with increase of treatment temperature and the impregnation of the silicone oil during heat treatment 
and solubilisation of water extractives can lead to increase in the content of extractives (Esteves et al. 2011, 
Tong and Zhang 2016). Extractives are non-structural components in wood constituents that can change at high 
heat treatment temperature, some evaporates easily during thermal treatment, particularly the most volatile 
compounds (Esteves and Pereira 2008, Yildiz and Gümüşkaya 2007) and new compounds may be formed at 
the same time (Esteves et al. 2008a, Cademartori et al. 2013). As a result of this, the dynamic wettability of the 
treated wood may be improved. As with ash content, higher mean value was reported in the untreated samples 
compared to the silicone oil heat treated samples, with reduced mean of 8,48 % at 150°C for 2 h and 1,62 % 
at 210°C for 8 h. There was significant variation in the ash content of treated samples (P ˂ 0,0001 F = 79,45) 
compared to the untreated (Table 1). This result is consistent with literature results indicating decrease in ash 
content, no possible reason was stated to be cause of the decrease (Da Silva et al. 2015, Herrera et al. 2014). 
However, many studies have been conducted regarding the chemical composition of wood ash, with widely 
varying results. Some reported calcium carbonate (CaCO3) as the major constituent, others reported the present 
of calcium oxide (CaO) instead (Naik et al. 2001, Etiegni and Campbell 1991).

Table 1: Mean changes in chemical composition of Pinus massoniana wood as a result of silicone oil heat 
treatment at different temperatures.

The Mean values in percentage ± standard deviation was determined in each treatment. Superscript within 
each column, followed by different letters of the alphabets are significantly different from the reference at  

p < 0,05.

FTIR analysis

The FTIR spectra of the untreated and silicone oil heat treated samples were presented at 4000-500 cm-1, 
the differences in the spectra of the untreated and treated samples at different treatment time were evaluated to 
understand the structural changes that occur within the polymeric structure of the wood during silicone oil heat 
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treatment. The spectra of silicone oil heat treated P. massoniana were relatively modified in relationship to the 
untreated wood, which indicated obvious changes in chemical composition of the wood due to modification 
(Figure 1). FTIR spectra of the silicone oil heat treated samples represented characteristic peaks at 3420 cm-1 
(O-H stretching) which attest to the loss of hydroxyl groups as a result of polymer dehydration after silicone 
oil heat treatment (González-Peña et al. 2009). The absorption peak of the treated wood at 2970 cm-1 increased, 
which was attributable to the stretching vibration of C-H in methyl and methylene.  This result indicated that 
extractive content shifted, while polysaccharide in the hemicelluloses were hydrolysed (Wang et al. 2017 ). 
The FTIR spectra from 1740-500 cm-1 are considered as the finger print of wood (Pandey 1999). The absor-
bance peak at 1740 cm-1 generally increased, representing C=O stretching of the acetyl groups of galactogluco-
mannan, carboxyl and aldehydes and aromatic/conjugated aldehydes and esters in lignin (Gérardin et al. 2007, 
Tjeerdsma and Militz 2005). Okon et al. (2017) asserted that the absorption peak at 1510 cm− 1 represented a 
characteristic band for C=C stretching assigned to aromatic skeletal vibrations, attributed to the change in the 
lignin content of silicone oil heat treated P. massoniana wood. Compared to the untreated wood, the intensity 
of treated P. massoniana increased at this band, and this is similar to the results reported in previous studies 
(Akgül et al. 2007, Kotilainen et al. 2000).  The increase in the intensity of the silicone oil heat treated wood 
samples leads to increase in lignin content and corresponding degradation of polysaccharide content in the 
wood samples. The peaks at 1270 cm-1 correspond to C-O-C stretching asymmetric band in cellulose and he-
micellulose. The increasing band intensities after silicone heat treatment corresponds to CH3-Si stretching in 
silicone oil.  This indicates the contributions of syringyl and quaiayl lignin condensed unit and characteristic 
stretching vibrations of mostly carbohydrate chemical groups (e.g ester). The band at 920 cm-1 was intense 
in the silicone oil heat treated than in the untreated wood. This band is associated with C-H anti-symmetric 
out-of-phase distortion in cellulose and hemicelluloses (Cotana et al. 2014). Also the band was assigned to the 
Si-C, Si-O and Si-O-CH3 groups (Selamoglu et al. 1989), signifying that silicone oil was absorbed by the wood 
during treatment.  The FTIR spectroscopy has shown that silicone oil heat treatment has impact on the wood 
chemical structure and there was changed in the chemical composition between silicone oil heat treated P. 
massoniana and the untreated. FTIR spectroscopy results showed that polysaccharide content were decreased, 
while lignin contents were increased after silicone oil heat treatment. 

Figure 1: Infrared spectra of untreated and silicone oil heat treated Pinus massoniana wood. FITR spectra 
of the reference samples and silicone oil treated samples at 210°C for 2 h, 210°C for 4 h, and 210°C for 8 h. 

Wavenumber range from 4000 - 500 cm-1.

Thermal properties

Thermal stability and decomposition of untreated and silicone oil heat treated P. massoniana wood are pre-
sented in thermogravimetric (TG), and its derivative thermogravimetric (DTG) curves (Figure 2a and Figure 
2b). Different stages of decomposition were observed for both the untreated and treated wood samples (Figure 
2a). The initial mass loss occurred from 25 to 150°C and is attributed to moisture evaporation in the wood 
matrix, i.e devolatilization process has started, causing mass loss in the wood. The second mass loss region was 
from 280 - 380°C, the ratio of weight loss for the untreated samples was 5,26 % and 4,60 % for the silicone oil 
heat treated samples at 210°C for 8 h. At this stage, hemicelluloses and cellulose were sharply and continuous-
ly degrading at this temperature range. Missio et al. (2015) had earlier reported the decomposition of cellulose 
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in this temperature range, but Yang et al. (2007) asserted that it was difficult to separate each thermal event 
as both hemicellulose and cellulose decompose within the same temperature. Almost all the structural com-
ponents of P. massoniana undergo thermal decomposition, suggesting that crystalline properties of cellulose 
may have been affected. The third mass loss region was from 380 to 600°C, with weight loss of 69,02 % in the 
untreated wood samples and 64,20 % for the treated samples at 210°C for 8 h. The gradual mass loss observed 
from the curves is due to the decomposition of lignin. Lignin is the most thermally stable chemical component 
of wood (Esteves et al. 2008b, Sandermann and Augustin 1964), whose decomposition begins at relatively low 
treatment temperature and lasts up to 600°C. Hosoya et al. (2007) also reported that the main degradation of 
hemicelluloses and cellulose occurred at 220 – 350°C and 315 – 400°C and that of lignin covered the tempera-
ture range between 150 – 900°C. As is evident in the TGA results, the thermal stability of the silicone oil heat 
treated samples increased with regards to the untreated samples, mainly due to the aromatic condensation of 
lignin unit present in the treated wood.

According to Bahadur and Sastry (2005), DTG curve is a plot of the rate at which mass changes within a 
time range with regards to temperature and is used to evaluate the point at which mass loss is most visible. As 
shown in the DTG curves in Figure 2b, the untreated wood has significantly higher reactivity, compared to sili-
cone oil heat treated wood, which is due to the decomposition of hemicellulose present in higher quantity in the 
untreated wood. On the other hand, relatively high rate of mass loss occurred at a slightly higher temperature 
of 359°C for silicone oil heat treated P. massoniana wood at 210 for 8 h compared to the untreated (Figure 2b). 
This can be explained by the fact that silicone oil heat treatment significantly modified the chemical compo-
nents of the wood and the heat treated P. massoniana wood showed more chemically homogeneous structure, 
composed mainly of cellulose and lignin (Okon et al. 2018a). Immense mass loss was obtained between the 
temperatures of 240 °C to 380 °C, as indicated in the TG peak. Previous studies explained that, the peak came 
as a result of the overlap caused by the decomposition of hemicellulose and celluloses (Acquah et al. 2017). At 
temperature of 400°C – 600°C, greater mass loss was obtained, which suggest the degradation of lignin. This 
confirms the results of Acquah et al. (2017) that lignin decomposed over a wider temperature range compared 
to polysaccharide content. This presents the horizontal tail in the DTG of lignocellulosic materials (Figure 2b).     

Figure 2: Thermogravimetric analysis (TGA) of untreated and silicone oil heat treated Pinus massoniana. (a)  
Thermogravimetric (TG) and (b) derivative thermogravimetric (DTG).

X-ray diffraction

Figure 3 shows XRD patterns of untreated and silicone oil heated treated P. massoniana wood. Distinct 
changes were observed in the XRD of the wood samples with typical cellulose I spectra. The silicone oil heat 
treated wood at 210°C for different exposure time, indicate broad bands in the range 2θ = 5 - 18,70°. This 
range mostly emanated from more disordered structure (O’Connor et al. 1958). The diffraction peaks shifted 
to lower angles with the increase of treatment time because of the thermal expansion behaviour of the wood 
crystals. The amorphous cellulose in the untreated wood was significantly high compared to the treated wood 
samples. Crystallographic (110), (200) and (004) planes, which appeared at 2θ = 12,10; 22,60 and 34,80°, 
respectively were clear on the spectra and crystallographic planes were labelled according to the cellulose I 
structure described by Sugiyama et al.  (1991). The peak intensities increased during treatment for all three 
peaks and two strong diffraction peaks were noticed in the heat treated wood at 2θ = 12,10 and 22,60° which 
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can be referred to be the crystalline planes of the cellulose of wood. The sharp diffraction peaks obtained after 
oil heat treatment of the wood samples at 210°C for 2 h, 4 h, and 8 h respectively, revealed higher crystallinity 
in comparison with the untreated. Treatment of P. massoniana with silicone oil changes the Crystallinity index 
(CI) as well as crystal structure of the wood. The CI of untreated and silicone oil heat treated samples obtained 
from XRD curve are shown in Table 2. The CI of all the heat treated wood increased relatively with increase 
of treatment time up to 40,85 %, compared to the untreated. It is interesting to note that the significant changes 
in relative crystallinity are most likely due to polysaccharide depolymerization at high temperature. Esteves et 
al. ( 2008b) reported in their studies that after heat treatment, the fraction of crystalline cellulose increased due 
to the decomposition of the polysaccharides content. The increase in the peaks of wood after heat-treatment 
indicated that the crystalline structure in the wood was not damaged by the treatment. Thus, silicone oil heat 
treatment method used in this study modified the wood properties of P. massoniana wood. 

            

Figure 3: Comparison of X - Ray diffractogram of Pinus massoniana wood samples, untreated and silicone 
oil heat treated at 210 °C for 2 h, 210 °C for 4 h, 210 °C for 8 h. XRD spectra suggest better crystallinity 

after silicone oil heat treatment at high temperature.

Table 2: Crystallization index of silicone oil heat treated Pinus massoniana wood samples.

 

Mean ± standard deviation.

Wettability 

The contact angle of the untreated and silicone oil heat treated P. massoniana wood samples (Figure 4 and 
Figure 5) clearly indicated that the wood was resistant to liquid water absorption. Contact angle was measured 
to assess the water repellence of the modified wood and the resultant wettability values were higher in all the 
silicone oil heat treated wood. As shown in Figure 5a, the water droplet instantaneously spreads on the surface 
of the untreated wood at contact angle of ~ 36° as a result of the hydrophilic nature of the wood. However, 
after heat-treatment with silicone oil, the wood exhibited improved water resistance, therefore becoming hy-
drophobic in nature with contact angles of ~ 93 and 104°, when treated at 210°C for 2 h and 210°C for 4 h 
(Figure 5b and Figure 5c). Furthermore, silicone oil heat treatment of the wood at 210°C for longer time of 8 h 
resulted in a remarkable increase of contact angle of ~135° (Figure 5d), and deionized water droplet exhibited 
an almost perfect spherical shape on the wood surface, displaying  super-hydrophobic properties on the treated 
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wood. The contact angles of water for all silicone oil heat treated P. massoniana wood were significantly higher 
compared to the untreated, which indicated that the silicone oil heat treatment method was effective, increa-
sing the wood hydrophobicity (Figure 4). According to Kong et al. ( 2017) a super-hydrophobic wood surface 
of excellent water resistance properties is expected to minimize wood and liquid-water interactions and thus 
may avoid water associated problems such as dimensional instability and fungal decay, due to the oxidation 
of hydroxyl groups of cellulose and hemicellulose constituents after thermal treatment (Paul et al. 1997). The 
lower wettability of the silicone heat treated samples is most probably caused by chemical changes in the wood 
structure, such as auto-condensation of lignin, hemicelluloses decomposition and surface inactivation (Kim et 
al. 2014). 

Figure 4:  Contact angle of untreated and silicone oil heat treated Pinus massoniana wood samples at 210 °C 
for 2 h, 210 °C for 4 h, 210 °C for 8 h.

 
Figure 5: Images of 5 μL water droplets on P. massoniana wood surface. (a) untreated wood, (b) silicone oil 

heat treated wood at 210°C for 2 h, (c) silicone oil heat treated wood at 210°C for 4 h, (d) silicone oil heat 
treated wood at 210°C for 8 h.
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CONCLUSIONS

This work highlight the effects of silicone oil heat treatment on some chemical properties of P. masso-
niana wood. Silicone oil heat treatment changed chemical composition of the wood. Polysaccharide and ash 
contents of the wood decreased while lignin and extractives contents increased. FTIR spectra showed changes 
in the chemical structures of the wood and higher thermal stability as indicated by thermogravimetric analysis 
of silicone oil heat treated samples. The treatment increased the crystalline cellulose fraction of the wood and 
the crystalline structure was not damaged as the CI was increased. The wettability of the wood proved to be 
hydrophobic after silicone oil heat treatment. To further determine the effectiveness of the treatment, it is re-
commended that the mechanical properties of the wood be tested. 
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