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Abstract: The physical properties and thermal decompo-
sition kinetics of wood-inorganic composites (WICs) were 
in focus, which were prepared from methyltriethoxysilane 
(MTEOS), tetraethoxysilane (TEOS) and titanium (IV) iso-
propoxide (TTIP) by the sol-gel process. The hydropho-
bicity and dimensional stability of the composites were 
better than those of unmodified wood (Wcontr), but the 
performance of SiO2-based WICs (WICSiO2

) was the best. 
The SEM-EDX micrographs show that silica is only dis-
tributed within the cell wall of the WICSiO2

. By contrast, 
titania was deposited principally in the cell lumens of 
the WICTiO2

. The thermal decomposition kinetic experi-
ments show that the average apparent activation ener-
gies with conversion rates between 10% and 70% were 
156–168 (Wcontr), 178–180  (WICMTEOS), 198–214 (WICTEOS) and 
199–204  (WICTTIP) kJ mol−1 at the impregnation level of 20% 
weight gain. The reaction order values calculated based 
on the Avrami theory were 0.51–0.57, 0.39–0.51, 0.36–0.47 
and 0.28–0.51 in the same order of species indicated 
above. Accordingly, the dimensional and thermal stability 
of the wood could be enhanced effectively by the sol-gel 
process with silicon- and titanium-based alkoxides.
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yltriethoxysilane (MTEOS), model-free isoconversional 
methods, reaction order, sol-gel process, tetraethoxysi-
lane (TEOS), thermal decomposition kinetics, thermal sta-
bility, titanium (IV) isopropoxide (TTIP), wood-inorganic 
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Introduction

Some properties of wood (dimensional instability, biode-
terioration, weathering and flammability) limit wood’s 
outdoor application (Saka and Ueno 1997; Li et al. 2011). 
Over the past six decades, several wood modifications 
were developed including acetylation, furfurylation, pro-
pionylation, heat treatment and inorganic modification by 
sol-gel technology (Hill 2006; Wang et al. 2012; Pries and 
Mai 2013; Himmel and Mai 2016; Moghaddam et al. 2016; 
Beck et  al. 2018a,b). The sol-gel-derived wood-inorganic 
composites (WICs) are considered to have a high poten-
tial to obtain value added and improved products (Sakka 
and Miyafuji 2005; Tshabalala et  al. 2011; Shabir Mahr 
et al. 2012, 2013; Gholamiyan et al. 2016). The first study 
in this context was done by Saka et al. (1992). Since that 
time, numerous investigations have proven that WICSiO2

 
prepared by the sol-gel process has an improved flame 
retardancy, UV stability and fungal resistance (Kartal 
et  al. 2004; Tshabalala et  al. 2011; Qin and Zang 2012; 
Wang et al. 2012). To describe the thermal decomposition 
behavior of the polymer materials and natural fibers, the 
activation energy is one of the important parameters (Yao 
et al. 2008; Poletto et al. 2012; Li et al. 2013; Zhang et al. 
2016; Bartocci et  al. 2017). Usually, the quality check of 
WIC is done by differential scanning calorimetry (DSC) 
and thermogravimetric analysis (TGA) (Saka and Ueno 
1997; Shabir Mahr et al. 2012; Wang et al. 2012; Ma et al. 
2015; Chandrasekaran et  al. 2017; Hung et  al. 2017; Lee 
et  al. 2017; Strandberg et  al. 2017). Hung and Wu (2017) 
applied first this technique for WICSiO2

 and found that the 
activation energy of the thermal decomposition can be 
effectively enhanced by methyltrimethoxysilane treat-
ment. However, the influence of different metal alkoxides 
on the physical properties and thermal decomposition of 
the WICs is still not clear.

The objective of the present paper is to fill this gap. 
WICs should be prepared via the sol-gel process, which are 
based on treatments with methyltriethoxysilane (MTEOS), 
tetraethoxysilane (TEOS) and titanium (IV) isopropoxide 
(TTIP), and their physical and thermal properties should 
be characterized.
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Materials and methods
Japanese cedar (Cryptomeria japonica D. Don) sapwood (20–
30 years old) was supplied by the experimental forest of National 
Taiwan University. The dimensions of slicewood samples were 
3 mm (R) × 12 mm (T) × 58 mm (L). The oven-dried (o.d.) wood spec-
imens selected for this study were free of defects and exhibited a 
modulus of elasticity from 8.0 to 9.0 GPa. The samples were investi-
gated after extraction in a Soxhlet apparatus for 24 h with a 1:2 (v/v) 
mixture of ethanol and toluene, followed by washing with distilled 
water. The extracted slicewood samples were oven-dried at 105°C 
for 12  h, and their weights were measured. The  WICTiO2

 samples 
were made of the o.d. wood. Wood was conditioned at 20°C/65% 
RH for 1  week prior to the preparation of WICMTEOS,  WICTEOS and 
WICTTIP. The chemicals were purchased from Acros Chemical (Geel, 
Belgium). The other chemicals and solvents used in this experi-
ment were of the highest quality.

Preparation of WICs: The precursor sol was formulated with rea-
gents (MTEOS, TEOS or TTIP), solvents (methanol or 2-propanol) and 
acetic acid at a molar ratio of 0.12/1/0.08, respectively, for preparing 
the composites. The wood specimens were impregnated with the pre-
pared sol under reduced pressure for 3 days. The impregnated speci-
mens were then heated to 50°C for 24 h and 105°C for another 24 h to 
age the gels (Miyafuji et al. 2004). The weight percent gain (WPG) was 
determined based on the o.d. weights.

Determination of physical properties: Density, moisture content 
(MC) and water absorption (WA) and volume swelling (VS) tests were 
carried out according to ASTM (D1037-06a 2006; D2395-07a 2007; 
D4442-07 2007), respectively. Five specimens for each WIC were con-
ditioned at 20°C/65% RH for 2 weeks before testing.

Scanning electron microscopy (SEM): The bending fractured 
wood and WICs were cut with a microtome knife on the transverse 
surface, and block specimens [3  mm (R) × 3  mm (T) × 2  mm (L)] 
were obtained. The instrument (SEM-EDX, JEOL JSM-6330F, Tokyo, 
Japan) was equipped with an energy-dispersive X-ray analysis 
(EDX) device. The dried specimens were taped on circular holders 
and coated with platinum for SEM-EDX. The samples were imaged 
at 3.0 kV.

Thermogravimetric analysis (TGA): A Perkin Elmer Pyris 1 instru-
ment was used (Shelton, USA). All the samples were dried at 105°C 
for 12 h before TGA. The tests on a 3-mg sample were carried out in a 
nitrogen atmosphere (20 ml min−1) from 50 to 600°C at heating rates 
of 5, 10, 20, 30 and 40°C min−1. The kinetic parameters were calcu-
lated based on the data obtained by isoconversional methods. The 
conversion rate α is defined:
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where W0 is the initial weight of the sample, Wf is the final residual 
weight and Wt is the weight of the oxidized or pyrolyzed sample at 
time t. The common isoconversional methods used in this study 
include the methods according to Friedman (Eq. 2), Flynn-Wall-
Ozawa (F-W-O) (Eq. 3), modified Coats-Redfern (modified C-R)  
(Eq. 4) and Starink (Eq. 5):
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where α is the conversion rate, A is the pre-exponential factor (min−1), 
f(α) is the reaction model, Ea is the apparent activation energy  
(kJ mol−1), R is the gas constant (8.314 J K−1 mol−1), T is the absolute 
temperature (K), β is the heating rate, g(α) is a function of the con-
version and Cs is a constant (Yao et al. 2008; Gai et al. 2013; Li et al. 
2013). Therefore, for a given conversion, linear relationships are 
observed by plotting ln(dα/dt), logβ, ln(β/T2) and ln(β/T1.8) vs. 1/T 
at different heating rates; the Ea is calculated from the slope of the 
straight line.

In addition to Ea, the reaction order is also an important para-
meter of thermal decomposition of wood (Gai et al. 2013). The reaction 
order in this study is given by the Avrami theory (Eq. 6) as follows:

 
aln[ ln(1 )] ln ln

E
A n

RT
α β− − = − −  (6)

where n represents the reaction order. For a given temperature, a 
linear relationship is observed by plotting ln[−ln(1−α)] vs. lnβ at dif-
ferent temperature heating rates, and the reaction order is deduced 
from the slope of the line (Gai et al. 2013).

Analysis of variance: All results are expressed in terms of the 
mean ± SD. The significance of the differences was calculated based 
on the Scheffe’s test; P-values <0.05 are considered significant.

Results and discussion

Physical properties of WICs

The physical properties of WICMTEOS, WICTEOS and WICTTIP 
with WPGs of 20% are listed in Table 1. Accordingly, the 
densities of all samples ranged from 440 to 532 kg m−3, 
and the MCs of the WICs are significantly lower than that 
of untreated wood (Wcontr). After 24 h of water immersion, 
the WA and VS of the WICs are significantly better than 
the corresponding data of Wcontr, while the latter disposes 
of 96% WA and 9.3% VS. These data are decreased for 
WICs to 43‒76% and 3.7‒5.4%, respectively. This is due 
to the deposition and coating with the indicated com-
pounds on the cell walls, cell lumens and intercellular 
spaces leading to hydrophobization (Kartal et  al. 2009; 
 Tshabalala et al. 2011).
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Figure 1 shows cross-sectional SEM-EDX mappings. 
Only a few signals (background noise) from the silicon 
(Figure 1a) and titanium (Figure 1d) are visible in case 
of Wcontr. In cases of WICMTEOS (Figure 1b) and WICTEOS 
(Figure 1c), however, SiO2 was seen within the cell walls. 
Sakka and Miyafuji (2005) made similar observations. In 
the course of sol-gel process, hydrolysis reaction of the 
silicon alkoxides occurs with water, and polycondensa-
tion reactions take place. Therefore, the silicon distribu-
tion is also influenced by the water-retaining condition 
in the cell wall, i.e. the silicon location truly reflects the 
spatial MC distribution. By contrast, in the WICTTIP, the 
titanium is only deposited in the cell lumens (Figure 1e) 
in o.d. wood specimens. The hydrolysis rate of titanium 
alkoxides is faster than that of the silicon alkoxides 
(Saka and Yakake 1993; Hübert et al. 2010), and thus, the 
hydrolysis and condensation reactions of TTIP occur in 

the cell lumens before the cell wall penetration. Clearly, 
dimensional stability can only be effectuated by reactive 
agents in the cell wall; those in the cell lumens play only 
a minor role (Wang et al. 2012). This is the reason why 
the performance of WICMTEOS and WICTEOS is better than 
that of WICTTIP.

Thermal properties of WICs

The TGA curves in Figure  2 illustrate the gradually 
increased weight loss (WL) above 200°C in case of Wcontr, 
and the WLmax around 350°C. As known, the thermally 
instable hemicelluloses are mainly responsible for the 
initial phase of degradation (Boonstra and Tjeerdsma 
2006; Chaouch et al. 2010; Wang et al. 2012). The thermal 
degradation reactions of WICs are retarded by ca. 10°C. 
Similar results were obtained by Saka and Ueno (1997), 
Miyafuji and Saka (2001) and Wang et al. (2012). Addition-
ally, the solid residues of all WICs (23.1‒31.1%) are higher 
than Wcontr (18.3%) at 600°C, i.e. the deposited SiO2 or TiO2 
increased the charcoal yield (Rowell and LeVan-Green 
2005; Hung and Wu 2017).

The model-free isoconversional method was also 
applied to TG data evaluation. The plots of the methods 
according to isoconversional Friedman, F-W-O, modified 
C-R and Starink show the general trend in the Ea evolu-
tion (Figure 3). The Ea is defined as the minimum energy 
required to overcome the energy barrier in a chemical 
reaction (Gao et  al. 2016). The slopes of the fitted lines 

Table 1: Physical properties of Wcontr and WICs.

Specimen   WPG (%) 
Density 
(kg m−3)  MC (%)

 
 

24 h soaking

WA (%)  VS (%)

Wcontr   –  440 ± 7c  9.3 ± 0.3a  96 ± 9a  9.3 ± 2.3a

WICMTEOS   20 ± 1a  479 ± 23b,c  7.1 ± 0.1d  43 ± 2c  3.9 ± 0.7b

WICTEOS   21 ± 2a  520 ± 43a,b  8.3 ± 0.1c  66 ± 8b  3.7 ± 0.7b

WICTTIP   20 ± 1a  532 ± 6a  8.9 ± 0.1b  76 ± 7b  5.4 ± 0.5b

Values are presented as mean ± SD (n = 5). Different superscript 
letters within a column indicate a significant difference at P < 0.05. 
WA, Water absorption; VS, volume swelling; MC, moisture content.

Figure 1: Cross-sectional SEM-EDX mappings.
The cross-sectional micrographs of SEM-EDX elemental mapping of various WICs obtained with WPGs of 20%: (a) Wcontr (Si mapping); (b) 
WICMTEOS (Si mapping); (c) WICTEOS (Si mapping); (d) Wcontr (Ti mapping); and (e) WICTTIP (Ti mapping).
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at conversion rates between 10% and 70% were almost 
parallel, indicating a similar Ea at different conversions. 
The plots of all WICs have similar trends (the WICMTEOS 
and WICTEOS plots are not shown). As found by Yao et al. 
(2008), the Ea values are always very similar nearly inde-
pendently from the conversion rates. It is possible that a 
single reaction mechanism governs the decomposition (or 

a stable combination of multiple reaction mechanisms). 
The apparent activation energy Ea was estimated in the 
conversion range of 10–70%, which are compiled together 
with the correlation coefficients (R2) in Table 2.

In Table 2, the average Ea value of Wcontr is 168 kJ mol−1  
according to Friedman for the conversion rates of 
10 − 70%. Yao et al. (2008) reported on average Ea values 
of 156.0 and 161.5 kJ mol−1 for maple and pine, respectively, 
according to Friedman (for conversion rates of 10−60%). 
The average Ea values are 178, 214 and 199 kJ mol−1 of the  
WICMTEOS, WICTEOS and WICTTIP, respectively. In summary, 
the minimum energy required to start the thermal decom-
position was increased in WICs. The results obtained 
from the F-W-O, modified C-R and Starink methods also 
confirm this observation (Table 2). The average Ea values 
for the conversion range 10–70% are 156–158 (Wcontr),  
179–180 (WICMTEOS), 198 (WICTEOS) and 204 (WICTTIP) kJ mol−1. 
Brown et al. (2000) and Yao et al. (2008) stated that dif-
ferent kinetic analysis methods are complementary rather 
than competitive. Therefore, a suitable Ea range could be 
obtained by combining all observations in Table 2. Inter-
estingly, the average Ea values of WICMTEOS are significantly 
lower than those of WICTEOS and WICTTIP. According to Chi 
(1983), MTEOS derived gel is almost uniquely composed 
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Figure 3: The plots of the methods according to isoconversional Friedman, F-W-O, modified C-R and Starink show the general trend in the 
Ea evolution.
Typical isoconversional plots prepared based on the methods of Friedman (a), F-W-O (b), modified C-R (c) and Starink (d) concerning WICTTIP.
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Figure 2: Thermogravimetric curves of Wcontr and WICs with WPG 
20% prepared from different metal alkoxides.
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Table 2: Apparent activation energy and reaction order of Wcontr and WICs (WPG 20%) calculated based on the Friedman, F-W-O, modified C-R 
and Starink methods and the Avrami theory.

Specimen, 
Methods  

Ea(kJ mol−1), 
Reac. 
order, R2

 
 

Conversion rates

10%  20%  30%  40%  50%  60%  70%  Mean

Wcontr                  
 Friedman   Ea   175  159  164  161  169  173  172  168

  R2   0.998  0.997  ~1  0.993  ~1  0.997  0.999  –
 F-W-O   Ea   149  153  155  159  162  164  167  158

  R2   0.981  0.991  0.993  0.995  0.997  0.998  0.998  –
 Modified C-R   Ea   147  152  153  157  160  162  165  156

  R2   0.979  0.990  0.993  0.994  0.996  0.998  0.998  –
 Starink   Ea   148  152  154  158  160  162  165  157

  R2   0.979  0.990  0.993  0.994  0.996  0.998  0.998  –
 Avrami theory   Reac. order   0.53  0.52  0.51  0.51  0.51  0.53  0.57  0.53

  R2   0.955  0.989  0.992  0.994  0.994  0.991  0.991  –
WICMTEOS                  
 Friedman   Ea   187  178  195  184  171  163  170  178

  R2   0.999  0.999  0.988  0.996  0.997  0.995  0.980  –
 F-W-O   Ea   178  178  182  185  182  179  176  180

  R2   0.994  0.996  0.996  0.996  0.996  0.995  0.994  –
 Modified C-R   Ea   178  178  181  184  180  177  175  179

  R2   0.993  0.995  0.996  0.995  0.995  0.994  0.993  –
 Starink   Ea   178  178  181  184  181  178  175  180

  R2   0.993  0.995  0.996  0.995  0.995  0.994  0.993  –
 Avrami theory   Reac. order   0.40  0.42  0.41  0.39  0.40  0.45  0.51  0.43

  R2   0.991  0.994  0.993  0.994  0.999  0.999  0.994  –
WICTEOS                  
 Friedman   Ea   185  196  217  199  199  212  291  214

  R2   0.955  0.988  0.996  0.997  ~1  0.998  0.975  –
 F-W-O   Ea   179  188  194  201  200  203  220  198

  R2   0.999  ~1  ~1  ~1  ~1  ~1  0.997  –
 Modified C-R   Ea   179  188  194  201  200  203  221  198

  R2   0.999  ~1  ~1  ~1  ~1  ~1  0.997  –
 Starink   Ea   180  188  194  201  201  203  221  198

  R2   0.999  ~1  ~1  ~1  ~1  ~1  0.997  –
 Avrami theory   Reac. order   0.36  0.39  0.39  0.39  0.40  0.44  0.47  0.41

  R2   0.999  0.999  0.999  ~1  0.998  0.996  0.998  –
WICTTIP                  
 Friedman   Ea   192  228  193  206  176  195  202  199

  R2   0.825  0.989  0.999  ~1  0.991  0.999  0.999  –
 F-W-O   Ea   220  201  202  203  201  198  200  204

  R2   0.973  0.995  0.999  ~1  ~1  ~1  ~1  –
 Modified C-R   Ea   222  201  202  204  200  197  200  204

  R2   0.971  0.995  0.999  ~1  ~1  ~1  ~1  –
 Starink   Ea   223  201  203  204  201  198  200  204

  R2   0.971  0.995  0.999  ~1  ~1  ~1  ~1  –
 Avrami theory   Reac. order   0.28  0.34  0.37  0.38  0.41  0.46  0.51  0.39

  R2   0.932  0.987  0.998  0.998  0.996  0.992  0.992  –

of Si-O network and CH3 groups with a composition of 
CH3SiO3/2. In air, the CH3 groups are removed at 400‒600°C 
and leave behind Si-OH bonds in the -Si-O-Si- backbone 
(Kamiya et  al. 1990; Innocenzi et  al. 1994). In an inert 
atmosphere (N2 or He), however, the Si-CH3 bonds are 
thermally cracked around 600‒700°C (Kamiya et al. 1990; 

Nocuń et  al. 2005). No organics evolution was noticed 
below 600°C for both TEOS and TTIP derived gels, except 
for the desorption of physisorbed and chemically bonded 
water (Yoon et  al. 2003; Zaharescu et  al. 2003). In the 
present study, TGA was carried out in N2 between 50°C 
and 600°C, and the Ea value of WICMTEOS was lower than  
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that of WICTEOS. Zaharescu et al. (2003) reported that the 
MTEOS-derived gel contains more unhydrolyzed -OC2H5 
groups compared to TEOS-based gel, and the residual 
-OC2H5 groups were thermally removed as ethylene and 
methane at around 560°C as maximum removal rate in 
an inert atmosphere. In summary, TEOS- and TTIP-based 
composites have a higher thermal stability than MTEOS-
based composites, and this could be explained that more 
stable crack-free gels are localized in their wood matrix 
in case of WICTEOS and WICTTIP. Compact and less cracked 
gel films deposited on carbonized substrates form closed 
residual protection layers, which act as physical barrier to 
heat and mass transportation during the thermal decom-
position. Similar results were reported by Miyafuji and 
Saka (1997), Shabir Mahr et  al. (2012) and Wang et  al. 
(2012). On the other hand, the change in the Ea of the 
WICSiO2

 and WICTiO2
 is different. The former exhibit higher 

Ea values during the advanced period of thermal decom-
position (at conversion degrees >40%), whereas the latter 
shows higher Ea at the initial stage of degradation, at con-
version degrees below 20%. This is probably due to the 

silica and titania deposition in the cell wall and in the cell 
lumens, respectively.

Seven decomposition temperatures (conversion 
degrees between 10% and 70%) at five heating rates (5, 
10, 20, 30 and 40 K min−1) were employed to find a correla-
tion between the reaction order (n) and the decomposition 
temperature. The regression lines according to Avrami of 
Wcontr and WICs are illustrated in Figure  4, and the cor-
responding data including the R2 values (most of them 
higher than 0.99) are listed in Table 2. The data indicate 
the reaction orders: 0.51–0.57 (Wcontr), 0.39–0.51 (WICMTEOS), 
0.36–0.47 (WICTEOS) and 0.28–0.51 (WICTTIP). Vuthaluru 
(2004) and Gai et  al. (2013) found reaction order values 
of wood waste, wheat straw and rice husks with 0.42, 
0.52 and 0.539, respectively. However, the average value 
of the reaction order drastically decreased for all WICs. 
The additives discussed in the present paper not only 
changed the thermal decomposition path leading to the 
development of less combustible volatiles but also formed 
a closed barrier layer, which retards the thermal decom-
position process.
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Figure 4: Illustration of the regression lines according to Avrami of Wcontr and WICs.
Regression lines to the reaction order proposed by the Avrami theory for Wcontr (a) and the WICs with WPG 20% prepared from MTEOS (b), 
TEOS (c) and TTIP (d).
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Conclusions
The incorporation of SiO2 or TiO2 into wood by the sol-gel 
process is effective to improve the dimensional and thermal 
stability. According to SEM-EDX observations, most silica 
and titania are deposited in the cell wall and cell lumens, 
respectively. These deposits also result in higher Ea values 
at the late and early stages of thermal decomposition 
for the WICSiO2

 and WICTiO2
, respectively. For the range of 

conversion rates (10–70%) investigated, the average Ea of 
all WICs with a 20% WPG (178‒214 kJ mol−1) was remark-
ably higher than that of the Wcontr (156‒168  kJ mol−1),  
indicating their high thermal stability. Additionally, the 
reaction order was 0.51–0.57 (Wcontr), 0.39–0.51 (WICMTEOS), 
0.36–0.47 (WICTEOS) and 0.28–0.51 (WICTTIP).
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