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The thermal behavior of hemp-poly lactic acid composites with both untreated and chemically surface
modified hemp fiber was characterized by means of activation energy of thermal degradation. Three
chemical surface modification employed were; alkali, silane and acetic anhydride. Model-free isoconver-
sion Flynn-Wall-Ozawa method was chosen to evaluate the activation energy of composites. The results
indicated that composites prepared with acetic anhydride modified hemp had 10-13% higher activation
energy compared to other composites. Further, among the three surface modifications, acetic anhydride
resulted in higher activation energy (159-163 kJ/mol). Fourier transform infrared spectroscopy sup-
ported the findings of thermogravimetric analysis results, wherein surface functionalization changes
were observed as a result of surface modification of hemp fiber. It was concluded that, higher bond
energy results in higher activation energy, which improves thermal stability. The activation energy data
can aid in better understanding of the thermal degradation behavior of composites as a function of com-

posite processing.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

An ever increasing drive for new sustainable materials and strin-
gent environmental regulations are creating a demand for greener
biocomposites. Therefore, intensified research is been conducted
in developing new biodegradable polymers as a replacement to
petroleum based polymers [ 1-5]. Among the available biopolymers,
poly lactic acid (PLA) obtained from starch rich resource has been
investigated because it can provide an ultimate tensile strength of
53 MPa at the breaking point [6]. On the other hand, natural fiber
have been extensively studied as reinforcement in composites due
to their low cost, low density, high specific properties, biodegrad-
ability, occupational health benefits, and easy availability [7-9].
The most common fibers considered as substitutes for synthetic
fibers are bast fibers like flax, hemp, kenaf and jute.

Despite the advantages of natural fibers and biopolymers, when
composites are manufactured they perform less effectively with
respect to thermal properties due to low thermal stability of the
natural fibers. To address this challenge, natural fibers are sub-
jected to different types of surface modifications. The three most
commonly used surface modification are chemical [7,10,11], phys-
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ical [12,13] and biological [14]. Among them, chemical modifica-
tion of fibers has been used frequently due to the ease of
modification and for the formation of chemical and mechanical
bonding between the fiber and matrix. The chemical modification
of fibers can be further classified into two groups; chemicals that
result in coupling, such as silanes [15,16] and anhydrides [17]
and the once that result in mechanical bonding between polymer
and fiber, such as sodium hydroxide [1,16,18].

Research related to the effect of fiber chemical treatment on the
thermal degradation properties have been studied in depth. Also,
research related to kinetics of thermal degradation of natural fibers
has also been investigated. However, studies related to the kinetics
of thermal degradation of composites are limited. Yao et al. have
studied the thermal decomposition processes of ten types of natural
fibers including wood, bamboo, agricultural residues and bast fibers.
They calculated the activation energy using various degradation
models including the Kissinger, Friedman, Flynn-Wall-Ozawa, and
modified Coats-Redfern [19]. The results indicated that activation
energy of natural fibers ranged between 160 and 170 kJ/mol.

Alvarez et al. studied the kinetic parameters of commercial
blends of starch and cellulose derivatives with sisal fibers using a
variety of differential or integral kinetic methods [20]. They
observed that activation energy remained the same for all the
methods and also for these biocomposites, energy values did not
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vary with the conversion rate suggesting that the thermal degrada-
tion mechanism was similar for all.

Activation energy for a reaction can be calculated by different
methods, but isoconversion methods have been used more fre-
quently. There are numerous model-free isoconversion methods
that can be adopted for calculating activation energy of thermally
activated reactions. The details for few commonly used isoconver-
sion methods are summarized in Table 1. Starink has classified and
assessed the accuracy of various isoconversation methods for cal-
culating activation energies [21]. The isoconversion methods were
classified into two categories Type A and Type B. Type A method
make no mathematical approximations (Eg. Friedman), whereas
Type B (Eg. Kissinger) methods apply a range of approximations
for the temperature integral to obtain the final equation for activa-
tion energy. Based on their investigation, Type B methods were
found to be more accurate then Type A. Ozawa in their study also
justified that Flynn-Wall-Ozawa (F-W-0) method is a more accu-
rate method and mentioned that the quantities used to estimate
the activation energy are simpler in F-W-0 method compared to
others. Therefore, in this study F-W-0 method was chosen to
study the activation energy of thermal degradation of composites.

Only a few studies have been conducted on the hemp-PLA com-
posites with respect to their fabrication, mechanical, and thermo-
mechanical properties [22-24]. In particular, there are no studies
currently reporting the kinetics of thermal degradation of hemp-
PLA based biocomposites in correlation to activation energy.
Therefore, the main objective of this study was to understand the
effect of chemical modification on thermal degradation of hemp-
PLA biocomposites by using activation energy approach. Further,
Fourier Transform Infrared Spectroscopy (FTIR) was used to under-
stand the surface changes brought about by the chemical modifica-
tion of hemp fibers.

2. Theoretical approach

Thermogravimetric analysis has been used for rapidly assessing
the thermal decomposition of the polymeric composites. In the past
decade, an increasing number of kinetic studies have been done
using TGA for determining rate constants, activation energies, reac-
tion orders and Arrhenius pre-exponential constants [19,20,25].

Kinetics studies generally apply one basic rate equation:

do
=k f@) 1)

where do/dt is the rate of conversion at a constant temperature, k is
the rate constant. f{o) is the reaction model, and « is the conversion
rate which is determined using Eq. (2)

W, - W,
W, W, @

W;, W, and Wy are the time ¢, initial and final weights of the
sample. In the case of polymer degradation, it is assumed that
the rate of conversion is proportional to the concentration of mate-
rial that has to react. Extending the assumption to composites,
results in Eq. (3)

fly=(1-o)" (3)

where n is the apparent order of reaction. One of the ways to con-
duct a kinetic study in a TGA is to use a heating rate

p=dT/dt (4)

where f is the heating rate and dT/dt is the change in temperature
with respect to time.

The rate constant k is generally given by the Arrhenius
equation:

k = A - exp{—E,/RT} (5)

where E, is the activation energy, A is the pre-exponential factor, T
is the temperature, and R is the gas constant. By combining Eqs. (1)-
(5), Eq. (6) is obtained as follows

n A -k,
do/(1—a)" = Fexp{ RT } -dT (6)

Eq. (6) is the most fundamental equation used for studying
kinetic parameters using TGA.

E,, Activation energy is the minimum energy required to start a
chemical reaction and the units are normally given in kilojoules
per mole. If the bond dissociation energy for reactants is high then
activation energy required for the reaction will also be high. E, can
be calculated using various models as depicted in Table 1. Flynn-
Wall-Ozawa is an integral method which gives —E,/R from the
slope of the line obtained by plotting log 8 against 1/T at any con-
version rate. The parameters for activation energy calculation can
be calculated from the TGA curves at varying heating rates.

3. Experimental study
3.1. Materials

Industrial hemp fibers with a length of 25 mm were obtained
from Hempline Inc. (Ontario, Canada). The average density of the
fiber was 1.24 g/cm>. The moisture content of the raw industrial
hemp fiber ranged from 6% to 7%. PLA pellets having a density of
1.24 g/cm?, a melt mass flow rate (MFR) of 6 g/10 min, and a melt-
ing temperature of 210 °C were obtained from Nature Works LLC.
(Nebraska, U.S.A). Sodium hydroxide (NaOH) pellets, glacial acetic
acid, and acetic anhydride solutions were obtained from Fisher Sci-
entific (New Jersey, U.S.A), and the silane solution (triethoxyvi-
nylsilane) was obtained from Sigma Aldrich Inc. (Missouri, U.S.A).

3.2. Fiber surface treatment

In this study three different chemical modifications were inves-
tigated: alkali (NaOH), silane and acetic anhydride. Alkali treat-
ment of fibers is expected to result in increased surface
roughness. This will aid in better mechanical bonding between
the fiber and polymer and also, the treatment removes significant
amount of wax, pectin, hemicellulose and lignin, exposing more
cellulose that result in increased reaction sites for bonding with
polymer [26]. Silanization was carried out by using 5 wt.% tri-

Table 1

Kinetic methods used in evaluating various kinetic parameters [7,19,20].
Method Expressions Plots
Kissinger In {T/,f)} = In{AR/Eq} + {1/Tp}{Es} In{p/T3} against 1/Tp
Friedman In% = In[Af(2)] - & In4* against 1/T

Horowitz-Metzer
Flynn and Wall
Flynn-Wall-Ozawa

In(n {ri2}] - ¢

—dlogp __ Eq
ann = 0457%

log F(a) = log {%a} —log - 2.315 — 0.4567 &

In [In{s1}] against 6
—dlog B against 1/T

Log f8 against 1/T for a fixed degree of conversation
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ethoxyvinylsilane to chemically modify hemp fibers. Acetylation
treatment results in introduction of acetyl group into the cellulose
resulting in plasticization of cellulose. This treatment reduces the
hygroscopic nature of the fibers resulting in enhanced dimensional
stability. 2.5 wt.% acetic anhydride solutions were used to chemi-
cally modify hemp fibers.

3.3. Composite processing

A two-step manufacturing process was used in order to improve
the surface adhesion of the natural fiber and the matrix. First, PLA
was processed separately into thin films using a C.W. Brabender
19.05 mm single-screw extruder. The extruder was operated at a
temperature of 175 °C with an extruder rotation speed of 8 rpm.
A compression molding technique was used to manufacture com-
posites with different polymeric films using a custom mold. Each
composite was manufactured by sandwiching a layer of fiber in
between two layers of PLA films. The weights of hemp fiber and
PLA layers were controlled to maintain at 20%, 30%, and, 40% fiber
volume fraction. Composites were prepared with both, untreated
and chemically treated fibers for all above mentioned fiber volume
fractions.

3.4. Thermogravimetric analysis

Thermal analysis of untreated and treated hemp fibers, pure
PLA, and composites were analyzed using a model Q600 simulta-
neous TGA/DSC system from TA instruments. The analysis were
conducted at heating rates in the range of 5-30 °C/min, from room
temperature to 550 °C in a nitrogen atmosphere (100 ml/min). The
sample amount used was between 10 and 15 mg per specimen,
and five specimens were tested for each sample.

3.5. Fourier transform infrared spectroscopy

FTIR was used to understand the surface chemical composition
changes brought about by the fiber chemical treatments. A Perkin
Elmer FTIR spectrometer model Spectra 100 was used. The scans
were conducted in the range of 4000-650 cm™! at a scanning
speed of 2 mm/s, with a resolution of 16 cm™for 16 scans. Samples
were prepared in filament form for the measurement.

4. Results and discussion
4.1. Thermal decomposition process of hemp-PLA composites

TGA was used to identify the thermal degradation process of the
untreated and treated fiber, pure PLA and hemp-PLA composites.
Initially, the effect of fiber loading on thermal decomposition was
studied and based on these results it was concluded that 30% fiber
volume fraction is the optimum loading of hemp fiber. Therefore,
activation energy of thermal degradation for the composites was
investigated with 30% fiber volume fraction (both with untreated
and treated hemp-PLA composites). The heating rate ranged from
5 to 30 °C/min in nitrogen atmosphere.

4.1.1. Effect of hemp fiber treatment on thermal degradation

TGA curves of pure PLA, untreated and treated fibers are repre-
sented in Fig. 1. The curves were obtained at 10 °C/min in the range
25-550°C. In the case of hemp fiber, thermal degradation takes
place in two stages for both untreated and treated fiber. The initial
6-8% of weight loss can be attributed to the inherent moisture in
the fiber. But after 250 °C, the fiber decomposes rapidly and the
complete fiber is degraded by 350-360 °C. This second stage deg-
radation involves the degradation of hemicellulose, lignin and cel-

lulose. These temperatures are in the similar range as analyzed by
the U.S. Department of Agriculture for wood, hemicellulose, cellu-
lose and lignin. In their extensive literature review of thermal deg-
radation of various wood and wood components, they found that
hemicellulose is the least thermally stable compound which
degrades around 300 °C. Lignin degradation begins around 300 °C
and completes around 450 °C. Cellulose degradation started at
275 °C and was found to completely degrade at around 550 °C [27].

In case of treated fibers the thermal stability is higher due to the
removal of organic impurities such as pectin and wax present on
the surface of the hemp fiber. For NaOH treated fibers, the fibers
showed higher thermal stability because, the treatment removes
most of the impurities and exposes higher amount of cellulose
molecules. In case of silane and acetic anhydride treatment, the
treatment results in surface coating rather than surface etching
as in case of NaOH treatment. This results in reduced thermal sta-
bility compared to NaOH, but improved thermal stability in com-
parison to untreated fibers. A detailed discussion of comparison
between the alkali and silane treatment can be found elsewhere
[1]. The thermal stability of the treated fibers is better than the
thermal stability of the untreated fibers in the order; NaOH
treated > acetic anhydride treated > silane treated > untreated.
The degradation of pure PLA is a one step process. The degradation
process does not start till 300 °C, but after 300 °C it proceeds very
rapidly and the polymer completely degrades by 400 °C.

4.1.2. Activation energy of thermal degradation

Activation energy study was conducted using heating rates of 5,
10, 20, 25, and 30 °C/min with 30% fiber volume fraction of hemp-
PLA composites. The various heating rates were chosen to avoid
compensation effects in determining kinetic constants [20]. Fig. 2
represents the TGA and DTG curves for acetic anhydride treated
hemp-PLA composite at different heating rates. A similar trend
was observed with untreated, NaOH and silane treated hemp-PLA
composites. It can be observed that with increase in heating rate
the maximum degradation increased. Similar trend was also
reported by Alvarez and Vazquez [20].

The average activation energy of thermal degradation was cal-
culated from the conversion range of 0.1-0.7 through iso-conver-
sional F-W-0 method for both untreated and treated hemp-PLA
composites (Table 2). Fig. 3 depicts the linear plot for acetic anhy-
dride treated hemp-PLA composites at various conversion rates.
The same trend was observed in case of other treated and
untreated hemp-PLA composites. From these plots it can be
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Fig. 1. TGA curves for pure PLA, untreated and treated hemp fibers.
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Fig. 2. TGA and DTG curves of acetic anhydride treated hemp-PLA composites at
various heating rates.

observed that the reaction mechanism of thermal degradation for
both treated and untreated hemp-PLA composite is similar. Activa-
tion energies at varying conversion rate were calculated from the
slope of these curves. Table 3, gives the summary of the activation
energy values with the R? values for these lines.

The plots of activation energy as a function of conversion rate
for o« = 0.1-0.7 for all the four composites are given in Fig. 4. Acti-
vation energy changed drastically from low conversion (10%) to
high conversion rate (40%) and was quite stable at higher conver-
sion, which indicated that the degradation mechanism at low con-
version was different than at higher conversion. This could be
explained by the thermal degradation temperatures of the TGA
curves. The thermal degradation temperature range for 10% con-
version is around ~310°C and for 40% conversion is around
~350 °C. This is the part of the TGA curve where in the slope is
maximum, suggesting that this is the region where in highest ther-
mal degradation takes place. As discussed previously, maximum
degradation of hemicellulose, cellulose and lignin take place in this
temperature range [27]. Therefore, activation energy changes dras-
tically below 40% conversion since the mechanism involving the
decomposition of these ligno-cellulosic matter is different and
once most of these materials are degraded, that is, the decomposi-
tion mechanism after 40% is different resulting in quite stable acti-
vation energy values A similar trend was observed by other groups
who studied activation energy for fibers [7,19,20]. Both untreated
and treated hemp fiber composites showed similar trend. Although
the composites showed similar trend, the activation energy values
with acetic anhydride treated hemp-PLA composite was 10-13%
higher than untreated hemp-PLA composites. The value of activa-
tion energy can be ranked as acetic anhydride treated hemp-PLA

Table 2
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Fig. 3. F~-W-0 model for conversion rate 0.1-0.7, of 30% acetic anhydride treated
hemp-PLA composites.

composite (157-163 kJ/mole) > silane treated hemp-PLA compos-
ite (148-153 kJ/mole) > NaOH treated hemp-PLA composite
(138-150 kJ/mole) > untreated hemp-PLA composite (136-141 kJ/
mole). The higher activation energy of the acetic anhydride treated
hemp-PLA composite can be explained as the result of higher bond
energy that results from the acetic anhydride treatment which
consecutively results in higher thermal stability of these compos-
ites in comparison to other composites.

4.2. Fiber surface functionalization

FTIR aids in understanding the surface chemical changes
brought about by the chemical treatment of hemp fibers. Fig. 5 pre-
sents the FTIR spectrum of untreated and treated hemp. From this
figure it can be observed that, the percentage of -OH group
increased after the chemical treatment for all the treatments, and
can be observed by increase in intensity of the peak at
1000 cm™!. As a result, the reaction of hydroxyl bonds with the car-
boxyl group also increased as revealed in the range 3200-
3600cm~!. In comparison to untreated fiber, the peaks at
1250 cm~ 'for treated hemp fibers were not observed. This peak
is due to C-O stretching of acetyl groups of lignin, suggesting
removal of lignin from the hemp fiber surface treatment. The
hemicelluloses group is partially removed from the fiber surface
after the treatment, as evident of decreased carbonyl peak at
1600-1650 cm~'. In addition, the peak at 1740-1750cm™! in
untreated hemp is also not observed after chemical treatments.
This is due to the removal of pectin and wax present on the hemp
fibers. Mwaikambo also found similar results when he treated
fibers with alkali [10]. For silane treated fibers, the peak at

Activation energy and R? values for untreated and treated hemp-PLA composites for conversion rate 0.1-0.8 (for 30% fiber volume fraction).

Untreated hemp_PLA

NaOH treated hemp_PLA

Silane treated hemp_PLA Acetic anhydride treated

hemp_PLA

Conversion rate Activation energy, E,, k]| R? Activation energy, E,, k]| R? Activation energy, Eq, k]| R? Activation energy, Eo, k]| R*

(o), % mol mol mol mol

10 136.64 0.9989 138.68 0.9954 148.28 0.9423 157.853 0.9985
20 137.20 0.9983 144.35 0.9981 152.08 0.9893 163.391 0.9984
30 138.70 0.9985 146.23 0.9984 153.06 0.9955 163.398 0.9988
40 140.22 0.9985 147.79 0.9986 153.33 0.9976 162.091 0.9986
50 140.66 0.9979 148.59 0.9987 152.75 0.9989 161.226 0.9988
60 140.95 0.998 148.64 09989 151.14 0.9983 161.246 0.9988
70 140.63 0.9975 150.45 0.9993 151.27 0.9966 159.705 0.9991
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Table 3
FTIR peaks and bond details for untreated and treated hemp fiber [1].

Wave length Associated chemical group Untreated hemp

NaOH treated hemp Silane treated hemp Acetic anhydride treated hemp

1000 -OH intensity Low

1110 Si-0-Si Not observed
1250 Lignin Predominant
1600-1650 Hemicellulose Predominant
1735 Esterification of ~-OH due to acetyl group -

1750 Pectin-Wax Present

2850 Methylene group Present
3200-3600 —OH stretching Low

High High High

Not observed Observed Not observed
Reduced Reduced Reduced
Reduced Reduced Reduced

- - Observed peak
Removed Removed Removed
Removed Removed Removed

High High High

70— 470
160-— /—\’—'\, —-160
150-— /m -150
140|- 1140

—@— NaOH treated hemp_PLA

—aA— Silane treated hemp_PLA

—%— Acetic anhydride treated hemp_PLA|

130 1 N 1 N 1 " 1 N 1 N 1 N 1 130
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Conversion rate (%)

Activation Energy, Ea, KJ/mol

Fig. 4. Activation energy at various conversion rates (0.1-0.8) for 30% fiber volume
fraction of untreated and treated hemp-PLA composites.
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Fig. 5. FTIR spectra of untreated and treated hemp fiber.

1110 cm™! could be observed due to the formation of Si-O-Si
bonds, which indicate the occurrence of chemical reaction between
hydrolyzed silane and the hemp, and the existence of polysiloxane
network. This is consistent with Sgriccia et al. work [28]. In case of
acetic anhydride treatment, the presence of a peak around
1735cm™ ! is due to the esterification of hydroxyl group. Tserki
et al. found similar changes in their study of acetylation on various
natural fibers and wood fibers [29].

In summary, alkali, silane and acetic anhydride chemical mod-
ifications removed the pectin, wax, and partially removed the

hemicelluloses and lignin from hemp fiber resulting in increased
percentage of cellulose structure. The silane treatment result in
the formation of Si-O-Si bonds and for acetic anhydride esterifica-
tion of hydroxyl group was noticed. The formation of peaks in rela-
tion to chemical bonds changes are tabulated in Table 3.

5. Conclusions

In this work, we have investigated the effect of chemical surface
modification on the thermal degradation characteristics of the
hemp-PLA composites by using activation energy approach. From
the results it can be concluded that NaOH treated hemp fiber com-
posites have the lowest thermal stability compared to that of the
other two treated ones. NaOH treatment of hemp can be suggested
as an etching mechanism resulting in removal of organic impuri-
ties and exposing higher amount of cellulose. On the other hand,
the treatment with silane and acetic anhydride is more of a surface
coating mechanism (coupling), where in the reaction would be
complete once the fibers are embedded in the matrix. In the case
of composite with the treated fibers, acetic anhydride and silane
treated hemp composites resulted in the higher thermal stability
because the coupling reactions are complete once the fibers are
brought in contact with the matrix. These coupling reaction result
in strong covalent bonds, such as the Si-O-Si. In case of untreated
and NaOH treated fibers, thermal stability is lower in comparison
to acetic anhydride and silane treated hemp fiber-PLA composites.
NaOH treated fibers result in only hydrogen bonding with the
matrix and these bonds are not as strong as the covalent bonds cre-
ated by the silane or acetic anhydride. These bonds could be attrib-
uted to the higher bond energies with these treatments. This was
further justified by the activation energy calculation, where in it
was observed that acetic anhydride treated hemp composite
resulted in higher activation energy in the range of 158-163 kJ/
mole. Which indicated that higher energy is required to break
these bonds, resulting in enhancement fiber-matrix adhesion after
silane and acetic anhydride treatments, compared to NaOH surface
modification. Therefore, it can be concluded that activation energy
of thermal degradation can be used as an effective tool to under-
stand the thermal stability and the resulting bond energies before
and after surface modification.
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