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Abstract: Wood-SiO, composites (WSiO,Cs) were prepared
by means of the sol-gel process with methyltrimethoxysi-
lane (MTMOS) as a reagent, and the physical properties,
structure and thermal decomposition kinetics of the com-
posites has been evaluated. The dimensional stability of
the WSiO,Cs was better than that of unmodified wood,
especially in terms of the weight percent gain (WPG),
which achieved values up to 30%. The #®Si-NMR spectra
show two different siloxane peaks (T? and T3), which sup-
ports the theory about the formation of MTMOS network
structures. Thermal decomposition experiments were also
carried out in a TG analyzer under a nitrogen atmosphere.
The apparent activation energy was determined according
to the iso-conversional methods of Friedman, Flynn-Wall-
Ozawa, modified Coats-Redfern, and Starink. The appar-
ent activation energy between 10 and 70% conversion is
147-172, 170-291, 189-251, and 192-248 k] mol ! for wood
and WSi0,Cs with WPGs of 10, 20, and 30%, respectively.
However, the reaction order between 10 and 70% conver-
sion calculated by the Avrami theory was 0.50—-0.56, 0.35—
0.45, 0.33-0.44, and 0.28-0.48. These results indicate that
the dimensional and thermal stability of the wood could
be effectively enhanced by MTMOS treatment.
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Introduction

Several wood modification techniques have been devel-
oped in the last decades to moderate the negative prop-
erties of wood such as dimensional instability under
changing ambient humidity, biodeterioration, suscep-
tibility to weathering and flammability. Acetylation,
furfurylation (Moghaddam et al. 2016), treatment with
inorganic materials (Zhang et al. 2016; Merk et al. 2016),
heat treatment (Gao et al. 2016), and, more recently, the
sol-gel technology receives a lot of attention (Hill 2006;
Tshabalala et al. 2011; Shabir Mahr et al. 2012; Wang et al.
2012; Pries and Mai 2013; Gholamiyan et al. 2016; Mahr
et al. 2016). The first wood-SiO, composite (WSiO,C) pre-
pared by the sol-gel process was performed by Saka et al.
(1992). These type of composites are known to be effective
in improving flame retardancy, UV stability, and fungal
resistance (Kartal et al. 2004; Tshabalala et al. 2011; Qin
and Zang 2012; Wang et al. 2012). Usually, the thermal sta-
bility of the sol-gel derived wood-inorganic composites is
mostly estimated by thermal analyses, e.g. by differential
scanning calorimetric (DSC) and thermogravimetric anal-
yses (TGA) (Saka and Ueno 1997; Shabir Mahr et al. 2012;
Wang et al. 2012). The activation energy is one of the most
important parameters to describe the thermal decomposi-
tion behavior of the polymer materials and natural fibers
(Yao et al. 2008; Poletto et al. 2012; Li et al. 2013). However,
the effect of the sol-gel treatment on the activation energy
of thermal decomposition of wood-inorganic composites
has not yet been assessed.

On the other hand, “model-free” iso-conversion
methods have been widely employed to determine the acti-
vation energy (E,) of materials. These approaches allow
the observation of the E, dependence without assuming
the reaction function and reaction order with the same
conversion of the TG and DTG curves estimated at differ-
ent heating rates (Yao et al. 2008; Gai et al. 2013). These
models provide a quantitative evaluation of the thermal
decomposition process and the stability of materials (Li
et al. 2013) and provide reaction kinetics data over a broad
temperature region (Gai et al. 2013). In this study, methyl-
trimethoxysilane (MTMOS) was used to prepare WSiO,Cs,
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and subsequently the thermal decomposition process of
the composites with different SiO, solid contents has been
investigated. Consequently, the E, was evaluated via TGA
by various model-free iso-conversional methods, includ-
ing the methods of Friedman, Flynn-Wall-Ozawa (F-W-0),
modified Coats-Redfern (modified C-R), and Starink (Yao
et al. 2008; Gai et al. 2013). To the best of our knowledge,
this is the first work addressing the thermal decomposi-
tion kinetics of wood-inorganic composites by the model-
free iso-conversional methods.

Materials and methods

Materials: Japanese cedar (Cryptomeria japonica D. Don) sapwood
(2030 years old) was supplied by the experimental forest of the
National Taiwan University. The dimensions of the slicewood sam-
ples were 3 mm (R)x12 mm (T) x58 mm (L). The oven-dried (o.d.)
wood specimens selected for this study were free of defects and had
a modulus of elasticity (MOE) from 8.0 to 9.0 GPa. The samples were
investigated after extraction in a Soxhlet apparatus for 24 hwitha1:2
(v/v) mixture of ethanol and toluene, followed by washing with dis-
tilled water. The extracted slicewood was dried at 105°C for 12 h, and
the o.d. weights were measured. The o.d. samples were conditioned
at 20°C and 65% RH for 1 week before preparation of the WSiO,Cs.
MTMOS was purchased from Acros Chemical (Geel, Belgium). The
other chemicals and solvents used in this experiment were of the
highest quality available.

Preparation of wood-Si0, composites (WSi0,Cs): The SiO -precursor
sol was prepared with MTMOS, methanol, and acetic acid at a molar
ratio of 0.12/1/0.005, 0.04, or 0.08 for preparing the WSiO,Cs with
different weight percent gains (WPGs). The wood specimens were
impregnated with the prepared sol under reduced pressure for 3 days.
The impregnated specimens were then placed in an oven controlled
to 50°C for 24 h and 105°C for another 24 h to age the gels (Miyafuji
et al. 2004), and the WPG was calculated by the oven-dried method.

Determination of composite physical properties: The density, mois-
ture content (MC), water absorption and volumetric swelling of the
WSiO,Cs were determined according to the ASTM (D1037-06a 2006;
D2395-07a 2007; D4442-07 2007) standards, respectively. The sam-
ples were conditioned at 20°C and 65% RH for 2 weeks before testing.
The tests were repeated five times.

Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy: The spectra were recorded on a Spectrum 100 FTIR
spectrometer (PerkinElmer, Buckinghamshire, UK) equipped with
a DTGS detector and a MIRacle ATR accessory (Pike Technologies,
USA). The spectra were collected by co-adding 32 scans at a resolu-
tion of 4 cm ! in the range of 650 to 4000 cm 1.

Solid-state CP/MAS #Si-NMR analysis: The powder samples were
examined by the CP/MAS®Si-NMR technique. The spectra were
recorded on a Bruker DSX-400WB FT-NMR spectrometer (Bremen,
Germany) with a sampling frequency of 80 MHz. The chemical shifts
were calculated relative to tetramethylsilane (TMS).
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Thermogravimetric analysis (TGA): A PerkinElmer Pyris 1 TG ana-
lyzer (Shelton, USA) was used. Measurements of 3 mg samples were
carried out in a nitrogen atmosphere (20 ml min -?) from 50 to 600°C.
The heating rate was set to 5, 10, 20, 30, and 40°C min ~'. The kinetic
parameters were calculated based on the data obtained by the model
free iso-conversional methods. The conversion rate « is defined as:

a=W,-W,)/(W,-W_) @

where W is the initial weight of the sample, W_ is the final residual
weight, and W, is the weight of the oxidized or pyrolized sample at
time t. The common iso-conversional methods used in this study
include the methods of Friedman (Eq. 2), F-W-O (Eq. 3), modified C-R
(Eq. 4), and Starink (Eq. 5). The methods are represented by the fol-
lowing equations:

In(de/dt)=In[Af(e)]-E, / (RT) )

log B=10g[AE, / (Rg(a))]-2.315-0.4567E, | (RT) €)
In{B/[T*(1-2RT/ E )]} =In{~AR/[E,In(1- @)} - E, / (RT) ()
In(4/T**)=C,-1.0037(E, / RT) ©)

where «a is the conversion rate, A is the pre-exponential factor
(min ), fla) is the reaction model, E, is the apparent E, (k] mol -!), R
is the gas constant (8.314 J K ' mol-'), T is the absolute temperature
(K), B is the heating rate, g(c) is a function of the conversion, and C,
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
In(de/dt), logB, In(B/T?), and In(B/T"®) vs. 1/T at different heating
rates; the E_ is calculated from the slope of the straight line (Yao et al.
2008; Gai et al. 2013; Li et al. 2013).

In addition to E,, the reaction order is also an important para-
meter for the thermal decomposition of wood (Gai et al. 2013). Reac-
tion order in this study was calculated based on the Avrami theory
(Eq. 6):

In[-In(1-a)]=InA-E, /RT-nlnfp 6)

where n represents the reaction order. For a given temperature, a lin-
ear relationship is observed by plotting In[-In(1-«)] vs. Ing 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 were expressed in terms of the
mean £ SD. The significance of the differences were calculated by the
Scheffe’s test; P values < 0.05 were considered to be significant.

Results and discussion

Physical properties of WSi0O_Cs

The various physical properties of WSiO,Cs with different
WPGs are listed in Table 1. Accordingly, the density of all
samples ranged between 437 and 507 kg m 3, and the MC
of the samples decreased with increasing WPG. In addi-
tion, after 24 h of water immersion, the water absorption

Brought to you by | National Chung Hsing University
Authenticated
Download Date | 3/6/17 3:12 AM



DE GRUYTER

Table 1: Physical properties of wood and wood-SiO, composites.
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24 h soaking
Specimen WPG (%) Density (kg m~—3) Moisture content (%) Water absorption (%) Volume swelling (%)
Wood 0 437+17° 9.42+0.312 100+17¢° 10.4+2.82
Wood-SiO, composites 10 507+18? 8.68+0.04° 54+3° 4.4+0.6°
20 442 +14° 7.77£0.22¢ 34+3¢ 3.3+£0.9°
30 467 £342 7.32+0.18¢ 26+ 3¢ 2.0£0.7°
Values are the means = SD (n=5). Different superscript letters within a column indicate significant difference at P<0.05.
and volume swelling of the WSiO,Cs were significantly a 1051 om™"
different from the untreated wood (W). The W had the
highest volume swelling (10.4%) and water absorption
(100%). In contrast, all of the WSiO,Cs exhibit excel- 1104 cm™’ 907078 "[’1‘71
cm

lent data with volume swelling between 2.0 and 4.4%,
and water absorption between 26 and 54%. Among the
samples, the WSiO,C with a WPG of 30% revealed the best
data due to the reaction of silicon compounds because
of an effective hydrophobication and bulking of the cell
wall (Kartal et al. 2009; Tshabalala et al. 2011; Wang
et al. 2012). Clearly, only the deposition of reactive agents
in the cell wall is effective; those in the cell lumen play
only a minor role (Wang et al. 2012). Therefore, it can be
concluded that WSiO,Cs with WPGs between 20 and 30%
are probably deposited in the cell wall. Beginning with a
WPG of 30%, more and more WSiO,C is deposited also in
the cell lumen.

Chemical structure of WSiO,Cs

The characteristics of wood before and after MTMOS
treatment was elucidated by FTIR and CP/MAS *Si-NMR.
The FTIR spectra of W and WSiO,Cs with different WPGs
are illustrated in Figure 1a. After MTMOS treatment, the
absorption band at 1270 (Si-CH,, v), 1104 (Si-O-Si, 9),
1031 (Si-0-Si, §), 900 (Si-0-C, v), and 778 cm ! (Si-O-C, v)
increased in all composites (Tshabalala and Sung 2007;
Ghosh et al. 2009). Among those, the Si-O-Si group can
be attributed to the condensation reaction of MTMOS
with dehydration or dealcoholization (Chiang and Ma
2004). This result confirms that the WSiO,Cs have a spe-
cific silica (SiO,) band and supports the hypothesis that
silica is within the cell wall, all the more as these absorp-
tion bands also increased significantly with increasing
WPGs.

Figure 1b presents the solid-state ¥Si-NMR spectra of
the W and WSi0,Cs. Any characteristic signals are absent
in the W. Three peaks are visible in the WSiO,Cs with
chemical shifts of —46 (T"), —55 (T?), and - 65 (T?) ppm,
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Figure 1: FTIR spectra (a) and solid-state 2Si NMR spectra (b) of
wood and wood-SiO, composites with different WPGs.

which are assigned to the MTMOS with mono-, di-, and
tri-substituted siloxane bonds (Joseph et al. 1996; Chiang
and Ma 2004). This is again a hint that silica mixtures are
formed in the composites. The signal intensities of T? and
T are more pronounced for all WSiO,Cs, thus these signals
play the largest role in the WSiO,Cs. Accordingly, the con-
densation degree of siloxane is high, and the MTMOS
formed a network structure in the composite in the course
of the sol-gel process.
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Figure 2: Thermogravimetric curves of wood and wood-SiO, com-
posites with different WPGs.

Thermal properties of WSiO,Cs

Figure 2 shows the TGA curves of W and WSiO,Cs. The
W-TGA curve indicates a gradually increasing weight loss
(WL) above 200°C. This effect is well known (Fengel and
Wegener 1989). A maximum WL was obtained around
350°C, which is due to the pyrolysis of the wood compo-
nents among which the hemicelluloses are the less stable
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(Boonstra and Tjeerdsma 2006; Chaouch et al. 2010;
Wang et al. 2012). The pyrolysis of the WSiO,Cs was by ca.
10°C delayed compared to W. Saka and Ueno (1997) and
Miyafuji and Saka (2001) made similar observations. The
solid residue left at 600°C was in case of WSiO,Cs higher
than for W (17.9%). The higher of the WPG of the WSiO,Cs,
the more solid char was left at 600°C (WPGIO% 23.1% char;
WPG,,, 33.6% char) because of the higher amount of the
deposited inorganic SiO,. Of course, it is also possible
that the deposited SiO, additionally increased the yield
of the wood based charcoal (Rowell and LeVan-Green
2005). Obviously, the WSiO,Cs are more thermally stable
as decomposition temperatures shifted to the region of
higher temperature and the solid residues also increased
(Li et al. 2013).

For an in-depth process analysis, the model free iso-
conversional methods were applied for TG data evaluation.
The plots of the iso-conversional Friedman, F-W-0O, modi-
fied C-R, and Starink methods depict a general trend in
the E_. As an example, typical plots based on the models
F-W-0, modified C-R, Friedman, and Starink for W are pre-
sented in Figure 3. The slopes of the fitted lines between
10 and 70% conversion were nearly parallel, indicating
the approximate E, at different conversion methods. The
WSi0,Cs plots are similar to those presented in Figure 3
(not shown). As suggested by Yao et al. (2008), a single
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Figure 3: Typical iso-conversional plots of F-W-0 (a), modified C-R (b), Friedman (c), and Starink (d) methods for wood.
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Table 2: Apparent activation energy and reaction order of wood and wood-Si0, composites (WSi0,Cs) calculated by the F-W-0, modified

C-R, Friedmann, Starink methods, and Avrami theory.

Conversion rates

Material/methods Units 10% 20% 30% 40% 50% 60% 70% Mean
Wood Ea (k) mol-?) 148 153 156 159 160 162 162 157
F-W-0 R? 0.983 0.988 0.988 0.987 0.989 0.990 0.990 -
Wood Ea (k) mol-Y) 147 151 154 157 158 160 160 155
Modified C-R R? 0.981 0.987 0.986 0.986 0.987 0.989 0.989 -
Wood Ea (k) mol-Y) 172 164 167 158 165 165 164 165
Friedmann R? 0.973 0.989 0.986 0.986 0.988 0.998 0.989 -
Wood Ea (k) mol-?) 147 152 154 157 159 160 160 156
Starink R? 0.981 0.987 0.986 0.986 0.987 0.989 0.989 -
Wood Reac. order 0.52 0.52 0.51 0.50 0.50 0.52 0.56 0.52
Avrami theory R? 0.980 0.984 0.985 0.987 0.987 0.985 0.986 -
W/SiO2 10% Ea (k) mol-?) 190 186 189 192 190 192 214 193
F-W-0 R? 0.994 0.999 0.999 0.999 0.998 0.998 = -
W/SiO2 10% E, (k) mol-?) 190 186 189 192 189 191 215 193
Modified C-R R? 0.993 0.999 0.999 0.999 0.998 0.998 = -
W/SiO2 10% Ea (k) mol-Y) 170 204 189 195 180 202 291 204
Friedmann R? 0.978 0.995 0.996 0.994 0.990 0.998 0.994 -
W/SiO2 10% Ea (k) mol-?) 190 186 189 192 190 191 215 193
Starink R? 0.993 0.999 0.999 0.999 0.998 0.998 = -
W/SiO2 10% Reac. order 0.35 0.41 0.40 0.39 0.40 0.43 0.45 0.40
Avrami theory R? 0.978 0.996 0.999 = 0.997 0.992 0.998 -
W/SiO2 20% Ea (k) mol-?) 196 189 201 205 204 200 210 201
F-W-0 R? 0.995 0.997 0.997 0.997 0.999 0.998 0.998 -
W/SiO2 20% Ea (k) mol-Y) 197 198 201 205 204 199 210 201
Modified C-R R? 0.994 0.996 0.997 0.997 0.999 0.998 0.998 -
W/SiO2 20% E, (k) mol-?) 195 208 220 200 221 203 251 214
Friedmann R? 0.992 0.983 0.992 0.994 0.997 0.999 0.985 -
W/SiO2 20% Ea (kJmol-Y) 197 198 201 205 204 200 210 202
Satrink R? 0.994 0.997 0.997 0.997 0.999 0.998 0.998 -
W/SiO2 20% Reac. order 0.33 0.38 0.37 0.36 0.37 0.41 0.44 0.38
Avrami theory R? 0.991 0.997 0.994 0.996 0.997 0.994 0.998 -
W/SiO2 30% E, (k) mol-?) 245 214 215 212 204 199 198 212
F-W-0 R? 0.972 0.995 0.997 0.998 0.999 0.999 0.999 -
W/SiO2 30% Ea (k) mol-Y) 248 215 216 212 204 198 197 213
Modified C-R R? 0.970 0.994 0.997 0.998 0.999 0.999 0.999 -
W/SiO2 30% Ea (k) mol-?) 237 209 219 206 194 192 203 209
Friedmann R? 0.985 0.967 0.998 0.999 0.998 0.999 0.999 -
W/SiO2 30% E, (k) mol-?) 248 216 216 213 204 199 197 213
Starink R? 0.970 0.994 0.997 0.998 0.999 0.999 0.999 -
W/SiO2 30% Reac. order 0.28 0.35 0.36 0.35 0.37 0.42 0.48 0.37
Avrami theory R? 0.887 0.988 0.997 0.997 0.992 0.981 0.976 -

possible reaction mechanism takes place between 10 and
70% conversion in natural fibers. Therefore, in this study,
the apparent E, was estimated in this conversion range.
The correlation coefficient (R?) and the E_values calculated
from the above mentioned methods are listed in Table 2.
As seen in Table 2, the E_ values of W are between 148
and 162 k] mol -! (at the conversion range 10 to 70%), and
the E, value increases with increasing conversion rate.
As found by Yao et al. (2008), the average apparent E, of

maple and pine calculated between 10 and 60% by the
F-W-O method was 155.8 and 161.8 k] mol -, respectively.
In the present study, the average apparent E, of wood is
157 k] mol-?, which is in good agreement with literature
data. Moreover, the average apparent E_ of the WSiO,Cs
was 193, 201, and 212 k] mol-* for WPGs of 10, 20, and 30%o,
respectively. The E_ is defined as the minimum energy that
must be overcome to start a chemical reaction (Gao et al.
2016). As the E_ values increased with increasing WPG of
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Figure 4: Regression lines to reaction order proposed by Avrami theory for wood (a) and wood-SiO, composites with WPGs of 10% (b), 20%

(c), and 30% (d).

the WSiO,Cs, the minimum energy required to start the
thermal decomposition was also elevated. One possible
explanation is that incorporation of silica into the wood
forms a closed barrier layer and effectively shielded the
wood components from being accessible to air and thus
retarding their combustion (Miyafuji and Saka 1997; Wang
et al. 2012).

As further shown in Table 2, similar results from modi-
fied C-R, Friedman, and Starink methods also confirm this
observation. The average E_ values calculated in the con-
version range of 10-70% were 155-165, 193-204, 201-214,
and 209-213 k] mol ' for W and WSiO,Cs with WPGs of 10,
20, and 30%, respectively. The variation of the average E,
values by the Friedman method was greater than that cal-
culated by the other three methods for the WSiO,Cs with
WPGs of 10 and 20%. The E_ at 70% conversion was espe-
cially high. A statement of Brown et al. (2000) and Yao
et al. (2008) should remembered, according to which dif-
ferent kinetic analysis methods are complementary rather
than competitive. Thus, a suitable apparent E, range could
be obtained by combining all observations in Table 2. Con-
sequently, an E_range of 147-172, 170-291, 189-251, and
192-248 k] mol " is valid for W and WSiO,Cs with WPGs

of 10, 20, and 30%, respectively. This E, range is similar to
that reported by Yao et al. (2008).

To estimate the dependence of the reaction order
(n) on the decomposition temperature during the major
thermal decomposition process, seven decomposition
temperatures were employed at five heating rates (5, 10,
20, 30, and 40 K min~'). The seven decomposition tem-
peratures were the temperature of conversion between
10 and 70% at a heating rate of 5 K min-!. Based on the
Avrami theory, the regression lines of the W and WSiO,Cs
are illustrated in Figure 4. The calculated reaction order
and corresponding R? values are also presented in Table 2.
It is remarkable that most R? values are higher than 0.99.
Thus, the Avrami theory is suitable to evaluate the reac-
tion order of W and WSiO,Cs. The reaction order ranged
0.50-0.56, 0.35-0.45, 0.33-0.44, and 0.28-0.48 for W
and WSiO,Cs with WPGs of 10, 20, and 30%, respectively
(Table 2). The reaction order of wood waste is 0.42 (Vuth-
aluru 2004), and those of corn straw and rice husks are
0.365 and 0.539, respectively (Gai et al. 2013). Interest-
ingly, the mean value of the reaction orders of the W and
WSi0,Cs display an opposite trend as the reaction energy.
The reaction order of specimen generally decreased with
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increasing WPG of the WSiO,C, thus the SiO, in the wood
may have changed the thermal decomposition path. The
SiO, could have reduced the combustible volatiles and
formed a closed barrier layer, which retards the pyrolysis
or combustion process. No doubt, the MTMOS treatment
improves the thermal stability.

Conclusions

Japanese cedar slicewood was used to prepare WSiO,Cs by
the sol-gel process with MTMOS. The thermal decomposi-
tion process of the specimens was observed by dynamic
TG analysis and from the data apparent activation energy
(E) data were calculated. These results indicate that
the incorporation of SiO, into the wood cell wall signifi-
cantly reduced the moisture sorption and hydrophilicity
of wood. Consequently, the dimensional stability, espe-
cially at a high WPG, was improved. According to the FTIR
and CP/MAS #Si-NMR spectra, the silica was formed from
the composites, and the T? and T° signals were the major
indicators of the WSiO,C. The TG curves of the WSiO,Cs
shifted to a higher temperature field compared to the
untreated wood. The average apparent E_ of the WSiO,Cs
was higher than that of the untreated wood and increased
with increasing WPGs, up to 30%. For the range of conver-
sion rates (10-70%) investigated, the reaction order was
0.50-0.56, 0.35-0.45, 0.33-0.44, and 0.28-0.48 for wood
and WSi0,Cs with WPGs of 10, 20, and 30%, respectively.
These results indicate that the wood could be functional-
ized with MTMOS to obtain wood with enhanced dimen-
sional and thermal stability.
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