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Abstract

In this study, makino bamboo (Phyllostachys makinoi) fibers were acetylated with
different solution ratios of acetic anhydride/dimethylformamide using a liquid
phase reaction. This reaction resulted in the production of acetylated bamboo fibers
(BFs) with the following weight percent gains (WPGs): 2, 6, 9, 13, and 19%. The
effects of the acetylation level on the thermal decomposition kinetics of bamboo fib-
ers were evaluated by thermogravimetric analysis. The results revealed that as the
acetylation level increased, both the onset and maximum decomposition tempera-
tures increased. In addition, four model-free iso-conversional methods, the Fried-
man method, Flynn—Wall-Ozawa method, the Starink method, and the modified
Coats—Redfern method, were used to determine the thermal decomposition kinet-
ics. Accordingly, the activation energies of thermal decomposition with conversion
rates ranging between 10% and 70% were 191-196, 190-191, 192-194, 182-186,
186-191, and 189-201 kJ/mol for unmodified BFs and acetylated BFs with WPGs
of 2, 6,9, 13, and 19%, respectively. There were no significant dependencies among
them. Furthermore, the Avrami method was used to determine the reaction order of
unmodified BFs (0.47), which was lower than those of acetylated BFs (0.55-0.74).

Introduction

In recent years, thermoplastics reinforced with natural fibers (NFs) have been of
significant interest and have attracted significant attention for the use as alternative
materials to solid wood and some plastic products. These NF characteristics can
mitigate the disadvantages of polymer matrices, as their incorporation has produced
polymer composites with several advantages, including low density, low equipment
abrasiveness, high stiffness, high specific strength, renewability, biodegradability,
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and relatively low cost (Zhang et al. 2002; Lee et al. 2010; Kumar et al. 2011;
Migneault et al. 2011; Dittenber and Ganga Rao 2012; Liu et al. 2014, 2015; Saba
et al. 2015). However, despite these advantages, the applicability of wood—plas-
tic composites (WPCs) remains limited by the hygroscopicity and incompatibility
between hydrophilic lignocellulosics and hydrophobic thermoplastics. Therefore,
over the past few decades, several physical and chemical approaches, including
esterification, thermal treatment, and the addition of coupling agents, have been used
to increase the hydrophobicity of lignocellulosic materials and improve their dimen-
sional and thermal stabilities (Rowell 1983; Li et al. 2007; Hung and Wu 2010;
Hung et al. 2015; Pelaecz-Samaniego et al. 2013). Among these approaches, NF
esterification has received the most attention, and acetylation with acetic anhydride
(AA) has been the most commonly and widely used method. The surface energy of
acetylated NFs is much closer to that of a polymer matrix and produces better wet-
tability and interfacial interactions with the matrix (Li et al. 2007; Ou et al. 2010),
which are properties that improve the dimensional stability and mechanical proper-
ties of the resulting composites (Rowell 1983; Tronc et al. 2007; Gardea-Hernandez
et al. 2008).

Furthermore, NFs are susceptible to thermal degradation during the composite
fabrication process (Saheb and Jog 1999). As a result, the thermal degradation of
NF is one of the most influential factors concerning the properties of composites.
Thus, a thorough understanding of the thermal decomposition process of NFs could
aid in the development of composites (Yao et al. 2008; Li et al. 2013). In addition,
acetylation is an effective method used to improve the thermal stability of NFs (Wu
et al. 2004). Usually, the thermal stability of acetylated NFs is estimated by thermo-
gravimetric analysis (TGA). Meanwhile, activation energy is one of the key param-
eters used to describe the thermal decomposition behavior of the polymer and NFs.
However, the effects of the acetylation level on the activation energy of thermal
decomposition of NFs have not yet been assessed. Therefore, in order to fill this
gap, this study used dynamic TGA to analyze the thermal decomposition kinetics of
acetylated bamboo fibers (BFs), and the activation energy of the thermal decomposi-
tion of the acetylated BFs was determined by various model-free iso-conversional
methods, including the Friedman, Flynn—Wall-Ozawa (F-W-0), Starink, and modi-
fied Coats—Redfern (modified C-R) methods (Yao et al. 2008; Gai et al. 2013).

Materials and methods
Materials

BFs were prepared from a 3-year-old makino bamboo (Phyllostachys makinoi Hay-
ata), which was provided by a local bamboo-processing factory and hammer-milled
and sieved to obtain particles with a size range of 24 to 30 mesh (¢ 550-700 pm).
All samples were extracted with acetone using a Soxhlet apparatus for 24 h and then
washed with distilled water and dried at 105 °C for 12 h. The chemicals and sol-
vents used in this experiment were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA).
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Acetylation

BFs were acetylated with AA/dimethylformamide (DMF) using a conventional liquid
phase reaction (Yang et al. 2014). Oven-dried BFs were immersed in different AA/
DMF solutions (1/99, 1.5/98.5, 5/95, 10/90, and 20/80 AA/DMF (v/v)) at a solid/lig-
uid ratio of 0.05 g/ml to obtain acetylated BFs with different degrees of modification.
The reaction was stirred at 140 °C for 2 h, and all reaction conditions are presented
in Table 1. At the end of the reactions, the acetylated BFs were washed with distilled
water and Soxhlet-extracted with acetone for 4 h. Finally, the acetylated BFs were dried
at 105 °C for 12 h. The weight percent gain (WPG) of the BFs was calculated based on
the oven-dried method.

Thermogravimetric analysis

A PerkinElmer Pyris 1 thermogravimetric analyzer (Buckinghamshire, UK) was used
to study the thermal properties of unmodified and acetylated BFs. Measurements on
3 mg samples were performed in a nitrogen atmosphere (20 ml/min) at temperatures
ranging from 50 to 600 °C. The heating rate was set at 2.5, 5, 10, 20, or 30 °C/min. The
data obtained were used to calculate the kinetic parameters by model-free iso-conver-
sional methods. The conversion rate « is defined as:

a= (Wo=Wo/(Wo=Wp) )
where W, is the initial weight of the sample, W; is the final residual weight, and W,
is the weight of the oxidized or pyrolyzed sample at time ¢. The common iso-con-
versional methods used in this study included the following methods: the Friedman
(Eq. 2), F-W-0 (Eq. 3), modified C-R (Eq. 4), and Starink (Eq. 5) method. The
equations used for these methods are as follows:

In(da/df) = In [Af(@)| —E,/(RT) )
log f = log [AE, /(Rg(a))| —2.315 - 0.4567E, /(RT) 3)
In{p/|T*(1-2RT/E,)|} = In{-AR/[E,In (1 —&)|} —E,/(RT)  (4)

In(8/T"®) = C,—1.0037(E,/RT) 5)

Table 1 Reaction conditions for different acetylated BFs

Acetylated BFs BFs/AA (g/ml) Reaction temperature Reaction time WPG (%)
(§(®) (h)

WPG 2 1/0.2 140 2 2.3+09

WPG 6 1/0.3 140 2 59+1.1

WPG 9 171 140 2 87+1.6

WPG 13 172 140 2 12.7+0.8

WPG 19 1/4 140 2 19.0+1.5

Values are the mean +SD (n=5)
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where « is the conversion rate, A is the pre-exponential factor (min™!), fla) is the
reaction model, E, is the apparent activation energy (kJ/mol), R is the gas constant
(8.314 J/K/mol), T is the absolute temperature (K), § is the heating rate, g(a) 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 fraction, a linear relationship was pro-
duced by plotting In(da/dr), logf, In(8/T%) and In(5/T'®) versus 1/T at different heat-
ing rates. E, was then calculated from the slope of the resulting straight line (Yao
et al. 2008; Gai et al. 2013; Li et al. 2013).

In addition to the apparent activation energy, reaction order is an important
parameter used to investigate thermal decomposition kinetics (Gai et al. 2013). The
Avrami theory was used to determine the reaction order in this study using the fol-
lowing equation (Eq. 6):

In[-In(1 —a)] = nA—E,/RT—nlnp 6)
where n represents reaction order. For a given temperature, a linear relationship was
produced by plotting In[—In(1 — )] versus Ing at different temperature heating rates,

and the reaction order was deduced from the slope of the resulting line (Gai et al.
2013).

Analysis of variance

All the results were expressed as the mean +SD. The significance of the differences
was calculated using Scheffe’s test, and p < 0.05 was considered to be significant.

Results and discussion
Thermal stability properties

Figure 1 shows the TGA and DTG curves of unmodified BFs and acetylated BFs
produced with different WPGs at a heating rate of 10 °C/min. The TGA curve of
unmodified BFs exhibited a gradual increase in weight loss (WL) above 250 °C
(Fig. 1a), and the DTG curve (Fig. 1b) of unmodified BFs illustrated a maximum
WL rate at 348 °C. In contrast, all acetylated BFs showed significant WL at temper-
atures above 300 °C, and all maximum WL rates occurred at a higher temperature
range, 366-371 °C. It is well known that thermally instable hemicelluloses are pri-
marily responsible for the initial phase of wood thermal degradation (Boonstra and
Tjeerdsma 2006; Chaouch et al. 2010; Wang et al. 2012). This result indicated that
the thermal stability of BFs could be effectively enhanced with acetylation. Simi-
lar results were obtained by Xu et al. (2010) and Wei et al. (2013). Furthermore,
Bledzki et al. (2008) reported that the increase in the thermal stability of acetylated
NFs could be due to the removal of wax, pectin, and extractive components from the
fiber surface during acetylation. Additionally, the solid residue of all acetylated BFs
(13.0-15.3%) was lower than that of the unmodified BFs (21.0%) at 600 °C. The
acyl groups in the acetylated BF could have been eliminated with the volatile prod-
ucts and, thus, were not converted to char (Wu et al. 2004; Hung et al. 2017).
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Fig.1 TGA (a) and DTG (b) curves of unmodified and acetylated bamboo fibers with various WPGs
(heating rate: 10 °C/min)

Thermal decomposition kinetics analysis

To understand the thermal decomposition kinetics of unmodified and acetylated
BFs in depth, model-free iso-conversional methods were applied for TG data
evaluation. The plots of iso-conversional Friedman, F-W-0, Starink, and modi-
fied C—R methods showed a general trend upon determining the E,. Examples of
typical plots based on the Friedman model and regression lines for unmodified
and acetylated BFs are presented in Fig. 2. The calculated E, and correspond-
ing R? values are also presented in Table 2. It is remarkable that most R values
were higher than 0.99. Thus, the Friedman method was suitable for determin-
ing the E, of unmodified and acetylated BFs. As shown in Table 2, the E, val-
ues of unmodified BFs were between 167 and 212 kJ/mol for conversion rates
of 10-70%. Furthermore, E, values increased markedly as conversion rates
increased to 40%. Accordingly, these results indicated that the thermal decompo-
sition of BFs at different conversion rates proceeded with varied reaction mecha-
nisms. A similar trend was reported by Oza et al. (2014). This phenomenon could
also be explained by the thermogravimetric analysis of DTG curves. The ther-
mal decomposition temperatures for conversions with conversion rates of 10-30%
ranged from 274 to 312 °C for unmodified BFs when a heating rate of 10 °C/min
was used, while the highest thermal decomposition rate (DTG peak temperature)
occurred at 348 °C, as shown in Fig. 1b. In this temperature range, the hemi-
cellulose should have been decomposed almost completely; lignin should have
continued to decompose slowly because the pyrolysis of hemicellulose, cellu-
lose, and lignin occurred primarily at 220-315 °C, 315-400 °C, and 160-900 °C,
respectively (Yang et al. 2007). In other words, the hemicellulose and lignin were
primarily responsible for conversions below 40%, and the contents of both com-
ponents decreased as conversion rates increased. In addition, Gronli et al. (2002)
and Yao et al. (2008) reported that the activation energies of hemicellulose, cellu-
lose, and lignin were 105-111, 195-213, and 35-65 kJ/mol, respectively. There-
fore, the thermal decomposition behaviors of BFs were significantly different
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Fig.2 Typical iso-conversional Friedman method plots for unmodified bamboo fibers (a) and WPG 2
(b), WPG 6 (c), WPG 9 (d), WPG 13 (e), and WPG 19 (f) acetylated bamboo fibers

when conversions were below 40%. Furthermore, the results of all acetylated BFs
presented similar trends to those of unmodified BFs. The E, values of acetylated
BFs calculated by the Friedman method with conversion rates of 10-70% were
166-216, 167-226, 162-217, 160-224, and 168-226 kJ/mol for WPGs of 2, 6, 9,
13, and 19%, respectively.
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Table2 Apparent activation energies of unmodified and various acetylated bamboo fibers calculated by
the Friedman method

Samples Items Conversion rates

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

Unmodified  E, (kI/mol) 167 187 200 205 201 199 212 196

R? 0998 0993 0997 099 0998 0993 0980 -
WPG 2 E, (kl/mol) 166 186 216 213 193 178 178 190
R? 0998 0999 0999 0999 ~1 0.999 0999 -
WPG 6 E, (kJ/mol) 167 189 211 226 191 183 180 192
R? 0992 0991 0991 099 0998 0998 0995 -
WPG 9 E, (kJ/mol) 162 172 199 217 197 179 178 186
R? 0999 0999 0999 0997 0998 0999 ~1 -
WPG 13 E, (kJ/mol) 160 174 195 224 211 186 185 191
R? 0997 0998 0999 ~1 0998 0999 0998 -
WPG 19 E, (kJ/mol) 168 184 206 226 219 204 198 201
R? ~1 ~1 ~1 0998 0999 0998 0999 -

On the other hand, the typical plots based on the F-W-0O, Starink, and modi-
fied C-R models for unmodified BFs are presented in Fig. 3. The plots were similar
to those produced by the Friedman model, and the results indicated those methods
were also suitable for determining the E, of unmodified BFs. Furthermore, the acet-
ylated BF plots (not shown) were similar to those presented in Fig. 3, and the E, and
corresponding R” values are listed in Table 3. The E, change trends of the F~-W-O,
Starink, and modified C—R methods were similar to the results from the Friedman
approach for unmodified and acetylated BFs. In addition, the average E, values cal-
culated using conversion rates of 10-70% were 191, 191, 194, 182-183, 186, and
189-190 kJ/mol for unmodified BFs and acetylated BFs with WPGs of 2, 6, 9,
13, and 19%, respectively. Notably, the values calculated by the F-W-0, Starink,
and modified C-R methods were different from those calculated by the Friedman
method. However, the activation energies only provided information regarding the
minimum energy required to break the chemical bonds between atoms. Therefore,
the different kinetic analysis methods used in this study were complementary rather
than competitive (Brown et al. 2000; Yao et al. 2008) and aided in understanding the
effects of acetylation on the thermal decomposition behavior of BFs. Accordingly,
acetylation was demonstrated to effectively improve the thermal stability of BFs, but
it did not affect the E, value of the thermal decomposition, which was calculated by
model-free iso-conversional methods.

To further understand the dependence of reaction order on the decomposi-
tion temperature during the primary thermal decomposition process, seven
decomposition temperatures (with conversion rates between 10% and 70%) were
employed using five heating rates (2.5, 5, 10, 20, and 30 K/min). The regression
lines of unmodified and acetylated BFs were determined using the Avrami theory
and are illustrated in Fig. 4. The calculated reaction orders and corresponding R?
values (most values were higher than 0.99) are also listed in Table 3. The results
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Fig.3 Typical iso-conversional F-W-0 (a), Starink (b), and modified C-R (¢) method plots of unmodi-
fied bamboo fibers

revealed a higher reaction order occurred during the initial stage (conversion
rate <30%) of thermal decomposition for unmodified and acetylated BFs, with
the exception of acetylated BFs with a WPG of 19%, which showed a more con-
sistent reaction order during the thermal decomposition process. Several stud-
ies have investigated the reaction order of the thermal decomposition of three
main components of biomass (Antal et al. 1998; Manya et al. 2003; Mészaros
et al. 2004; Huang et al. 2011). According to these previous studies, the ther-
mal decomposition of cellulose, hemicellulose, and lignin can be described by
first-, second-, and third-order reactions, respectively. The thermal decomposi-
tion temperatures of hemicellulose and lignin were lower than that of cellulose,
resulting in a higher reaction order during the initial stage of BF thermal decom-
position. The reaction orders for conversion rates of 10-70% were 0.41-0.58,
0.44-0.74, 0.44-0.70, 0.58-0.82, 0.60-0.78, and 0.71-0.78 for unmodified BFs
and acetylated BFs with WPGs of 2, 6, 9, 13, and 19%, respectively (Table 3).
The reaction order of unmodified BFs was similar to the reaction order of wood
waste reported by Vuthaluru (2004), which was 0.42.
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Fig.4 Regression lines/reaction orders determined by the Avrami theory for unmodified bamboo fibers
(a) and WPG 2 (b), WPG 6 (c), WPG 9 (d), WPG 13 (e), and WPG 19 (f) acetylated bamboo fibers

Conclusion
This study presented the thermal decomposition kinetics of unmodified and acet-

ylated bamboo fibers (BFs) with various weight percent gains (WPGs) of 2,
6, 9, 13, and 19% by dynamic TG analysis. The results showed that the thermal
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decomposition temperature of BFs could effectively be enhanced through acety-
lation. In addition, the apparent activation energy (E,) value of all BFs increased
markedly with increasing conversion rates up to 40%, indicating the thermal decom-
position of BFs at different conversion rates should proceed with varied reaction
mechanisms. However, the average E, of unmodified BFs (191-196 kJ/mol) was
not significantly different from the acetylated BFs (182-201 kJ/mol) at conversion
rates of 10-70% when determined by the following four model-free iso-conversional
methods: the Friedman method, the Flynn—Wall-Ozawa (F-W-0) method, the Star-
ink method, and the modified Coats—Redfern (modified C—R) method. The reac-
tion orders of unmodified BFs and acetylated BFs with WPGs of 2, 6, 9, 13, and
19% were 0.41-0.58, 0.44-0.74, 0.44-0.70, 0.58-0.82, 0.60-0.78, and 0.71-0.78,
respectively.
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