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Abstract

In this article, the influence of blend ratio of plasticized poly(lactic acid)/poly(3-hydroxybutyrate) (PLA/PHB)
and chitin nanoparticles (ChNP) nanocomposites on the thermal stability and degradation kinetics has been
investigated using thermogravimetric analysis under nitrogen atmosphere at four different heating rates (i.e., 5,
15, 30, and 50 °C/min). The derivative thermogravimetric curves have indicated single-step and two-step
degradation processes for individual polymers and polymer blends, respectively. It suggests immiscibility or
partial miscibility between the polymers. The degradation Kinetic parameters were studied over the 30 — 500 °C
temperature range by using the Kissinger-Akahira-Sunose (KAS) and Vyazovkin isoconversional methods
under non-isothermal conditions. The average values of the effective activation energies of the deconvoluted
PHB and PLA peaks in the PLA:PHB 70:30 (B73) blends were higher than those of the pure polymers, while in
the PLA:PHB 60:40 (B64) blends were lower, which was attributed to the different morphology of the blends.
Furthermore, the effective activation energy of the nanocomposites diminished due to the catalyzing effect of
the chitin nanoparticles. By means of the invariant kinetic parameters (IKP) method, it was possible to evaluate
the preexponential factor and the activation energy of the blends without any assumptions concerning kinetic
model. The invariant activation energies calculated were in accordance with the ones estimated by the
isoconversional methods. Finally, Avrami-Erofeev function was determined as the most probable kinetic
mechanism of the systems studied by applying the Sestak-Berggren equation.

Keywords Poly(lactic acid); Poly(3-hydroxybutyrate); Bio-based; Biodegradable polymers; Kinetic analysis;
Thermal degradation
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1. Introduction

There is an urgent need for the development of green polymeric materials that would not involve the use
of toxic components in their manufacture and that could be degraded into natural environmental products. For
these reasons, throughout the world today, the development of biodegradable materials with controlled
properties has been a subject of great research challenge to the community of material scientists and engineers
[1]. Preparation of blends is among the routes to improve some properties of biodegradable polymers such as
thermal oxidative stability, mechanical properties, moisture absorption, etc.

Polyhydroxyalkanoates (PHAS) represent an interesting alternative to synthetic polymers due to many
advantages. They are not only biodegradable and biocompatible, but they can also be produced by bacterial
fermentation from renewable resources like sugar cane. Poly(3-hydroxybutyrate) (PHB), the most commonly
used PHA, was first discovered in 1926 by Lemoigne [2]. Nevertheless, there are many factors which limit its
use on industrial scale such as high stiffness, brittleness and poor thermal stability at temperatures just above the
melting point [3].

Poly(lactic acid) (PLA) is a semi-crystalline thermoplastic polyester derived from lactic acid monomer,
which, in turn, is obtained from the fermentation of renewable resources rich in carbohydrates like corn starch,
sugar beet and wheat [4]. PLA is also biocompatible, compostable and it is immunologically inactive and non-
toxic. It presents high transparency and has greater mechanical strength and easier processability than PHB.
Although PLA is compatible with many current processing techniques, the fact that it has a high glass transition
temperature (50 — 80 °C) leads to brittleness in the final products [5].

Several authors have studied blends of PLA/PHB in the last decades [6-12] to improve properties of both
PLA and PHB. In general, it was reported that PLA/PHB mixtures exhibit better barrier properties than pure
PLA due to the presence of semi-crystalline PHB. Plasticized blends have also been formulated by using
tributyrin (TB) [13,14], limonene [15] and polyethylene glycol (PEG) [16], among others.

Nanoscience has as well been put into practice for the preparation of polymer blends in order to get better
physical, chemical and functional properties [17]. In fact, the application of nanotechnology techniques could
improve physical properties of biopolymers, including ‘mechanical strength, thermal stability, and barrier
properties against the permeability of oxygen, carbon dioxide, flavor compounds, and water vapor. Chitin
nanoparticles (ChNP) are a nano-reinforcement that has drawn a lot of attention in the field of green
nanotechnology in recent years, and have also been used to develop PLA/PHB nanocomposites [18,19]. In our
previous work [19] it was found that the addition of PHB and ChNPs influenced the crystallinity of the
plasticized PLA, enhancing its barrier and optical properties. Moreover, the ChNPs improved the overall
migration behavior of blends.

Much information is available on investigations of PLA/PHB blends; however, parameters such as
thermal degradation kinetics have not been extensively studied yet. In many industrial processes, there are a
number of operational variables that must be controlled in order to avoid the degradation of the raw materials. In
order to know the materials’ processing temperature limits, it is necessary to characterize their thermal
degradation behavior. In this sense, studying the kinetics of polymers’ thermal degradation is crucial to
understand this process in detail [20].

The thermal stability of polymeric materials is usually studied by thermogravimetric (TGA) analysis. The
weight loss due to the formation of volatile products during degradation at high temperature is monitored as a
function of temperature. The aim of the kinetic analysis is the determination of kinetic triplet (i.e. kinetic model,
f(a), activation. energy, E, and pre-exponential factor, A) for the investigated process. By its nature the
macroscopic kinetics are complex as they include information about simultaneously occurring multiple steps.
Unraveling macroscopic Kinetics presents a challenge that can only be overcome by computational methods that
allow the detection and treatment of multi-step processes. Isoconversional and multi-heating rate methods are
among a few methods that are up to this challenge [21]. These methods require performing a series of
experiments at different temperature programs and yield the dependence of the activation energy (E) on
conversion (a). This dependence can be used to explore the mechanisms of processes and to predict Kinetics
[22].

The present investigation is focused on the analysis of the thermal degradation kinetics of biodegradable
polymer blends based on PLA and PHB, plasticized with tributyrin and reinforced with chitin nanoparticles,
complementing the characterization of the materials formulated on our previous works [14,19,23]. The
PLA:PHB weight ratios used for blends were 70:30 and 60:40, while the proportion of TB and ChNP
incorporated were 15 wt% and 2 wt%, respectively, of the final weight sample [14,19,23]. As far as we know,
there is no bibliography concerning the kinetic analysis of the non-isothermal degradation of
PLA/PHB/TB/ChNP nanocomposites. In this context, the aim of this work was to study the effect of the blend
composition on the thermal stability and thermal degradation kinetics by using TGA. Four different heating
rates were chosen for the analysis. Isoconversional Kissinger-Akahira-Sunose (KAS) [24] and Vyazovkin [22]
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methods in combination with the invariant kinetic parameters (IKP) [25] method were used to calculate the
kinetic triplet of all the materials.

2. Theoretical backgrounds of thermal degradation Kinetics

According to kinetic theory, thermal decomposition of a solid-state sample can be expressed as a single-
step reaction by using Eq. (1):
d

a —
== k(D)f (@)
(@)
where t is the time, k(T) is the rate constant, T is the temperature, f{e) is the reaction model that represents the

degradation mechanism and « is the conversion or extent of reaction, which can be determined from TGA runs
as a fractional mass loss as described below:

-m(T
a="0 m(T)
m(,—mf
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where my and m¢ denote the initial and residual mass, respectively, and m(T) refers to the actual mass of the
sample at a selected temperature.

In general, the temperature dependence of the rate constant, k(T), is expressed by the Arrhenius
equation, as follows:

—-E
k(T) = A.exp (E)
(©)
where A is a pre-exponential factor, E is the activation energy and R is the gas constant. The kinetic parameters
that are experimentally determined, are appropriate to be called "apparent" or “effective” to emphasize the fact
that they may deviate from the intrinsic parameters of a given individual step process. That is why, from here
on, the term "apparent/effective activation energy" will be used frequently.

For non-isothermal data, usually the temperature varies linearly with time, then the heating rate (5) can
be written as:

B = % = const
Q)
Combining the Egs. (1), (3) and (4), the following expression is obtained:

da -E
,B’E = A.exp (E) Sf(a)
©®)
which can be rearranged and integrated, leading to Eq. (6).

a da

A -E
g(a) = 0 Fay =5 6P (E)'dT
(6)
where g(a) is the integral form of the reaction model. The conversion dependence of the reaction model, f{a),
can be expressed with different mechanisms; some of them are listed in Table 1. For a constant heating rate

program, the integral in Eqg. (6) does not have an analytical solution. Consequently, this lays the basis for a
number of approximate solutions which gave rise to a variety of approximate integral methods.

Table 1 Algebraic expressions for reaction model f{o,) for the most frequently used mechanisms

Mechanism Symbol flo)
1D diffusion D1 Yoo
2D diffusion D2 U[-In(1 - a)]
3D difussion D3 B - a)®){2[1- 1 - )1}
4D diffusion D4 3{2[(1 - o)™ - 113}
Power law Pz 2o Y2
Avrami-Erofeev, IMA model A (0.5<p<4) p(1—a) [~ In(1 — @)]* P
Sestak-Berggren SB(hm) a(L-a)"
Sestak-Berggren modified SB(hmz) a"(1-a)"[-In(1 - )T

4
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The purpose of the kinetic analysis of a thermally stimulated process is to establish mathematical
relationships between the process rate, the conversion, and the temperature. The simplest way is by determining
a kinetic triplet: A, E, f(a) or g(a). For a single-step process, assessing the kinetic triplet and substituting it in
Eq. (6) should be enough to predict the kinetics of the process for any desired temperature program.

2.1. Isoconversional methods

Basic problems of kinetic processing of non-isothermal data determined from thermal analysis
measurements can be solved by isoconversional methods. These methods are frequently called ‘model-free
methods’ because of the absence of any assumptions regarding the mechanisms that take place during the
degradation of the samples. They give information about the variation of the apparent activation energy (E) as a
function of the degree of conversion («). The general instructions for the performance of these methods have
been given by the International Confederation for Thermal Analysis and Calorimetry (ICTAC) [21,26].

When an isoconversional method is used, the isoconversional principle should be fulfilled. The principle
states that the reaction rate at constant extent of reaction is only a function of the temperature. In that way, Eq.
(7) is obtained by taking the natural logarithmic derivative of the reaction rate (Eq. (1)) at « = const.

am aln (k(T)) ain (f (@)
aT 1 oT~1 ar—1

U]

where the subscript o indicates isoconversional values, i.e., the values related to a given extent of conversion.
When a = const, f(a) is also constant and, therefore, the second term on the right-hand side of Eq. (7) is zero.
Accordingly, and taking into account Eq. (3), the following expression is obtained:

dln (%) _ E_a
ar-1 -~ R
a
(8)

From Eq. (8) the temperature dependence of the isoconversional rate can be used to evaluate
isoconversional values of the activation energy, E,, without assuming or determining any particular form of the
reaction model. That is why isoconversional methods are commonly called “model-free” methods, as mentioned
above. Nevertheless, one should not take this term literally. While the methods do not need to identify the
reaction model, they do assume that the conversion dependence of the rate obeys some f(a:) model.

The temperature dependence of the isoconversional rate can be obtained experimentally, performing a
series of TGA runs with different temperature programs, typically a series of four runs at different heating rates
(6). There is a number of .integral isoconversional methods that differ in approximations of the temperature
integral in Eq. (6). Many of these approximations give rise to linear equations of the general form [26]:

In (ﬁ—é) = const — C( - )
Ta,i RTa,i
©)

where B and C are the parameters determined by the type of the temperature integral approximation, and the
index i indicates the different heating rates. For example, a decent approximation by Murray and White yields
B=2 and C=1 and leads to Eq. (10) which is popularly called the Kissinger—Akahira—Sunose (KAS) equation
[24].

In (ﬁ—z‘) = const — —&
T R

ai a,i

(10)
According to Eq. (10), the apparent activation energy E, can be obtained from the slope of the straight line
ln( ) VS. (—) at each given a.

Further increase in the precision can be accomplished by using numerical integration to the results of
thermal analysis methods such as thermogravimetry. Vyazovkin [22] developed an advanced integral
isoconversional method, in which the effective activation energy value can be determined by minimizing the
function expressed by Eq. (11). The temperature integral, Eq. (12), is numerically solved.

J[Eq Ti(ta)]
P(Ea) = Xima 2ot Jlga 1 o]

(11)
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_Ea
RT(t)

JIEL T(ta)] = ftt“ exp[ ]dt

a—Aa
(12)

where i and j denote the different thermal experiments and 4o is the conversion increment. Minimization is
repeated for each value of « to obtain a dependence of E, on a.

2.2. Invariant kinetic parameters (IKP) method

The IKP method is based on the “compensation effect” that is observed when a model-fitting method is
applied to a single heating rate run. Arranging Eq. (5) and replacing it with different algebraic expressions of
f(o) (Table 1), sets of the Arrhenius parameters (In(A;) and E;) can be obtained after plotting Eq. (13) at each
heating rate [25].

da Bi _ ) _ﬂ
n (Ef(a)) = In (4) RT

(13)

Although the parameters vary widely with f(a), generally they all demonstrate a strong correlation known
as a compensation effect:

In(4;) =a+ bE;
(14)
The parameters a and b are the compensation constants that depend on the heating rate. The invariant kinetic
parameters, In(Ain,) and E;,, are evaluated from several sets of a; and b; obtained at different heating rates g; as
Eq. (15) shows. This is known as the supercorrelation relation. The IKP are independent of the conversion, the
model and the heating rate [25].

a; = n(Apy) — Einvbj
(15)

The IKP method can be used only if E does not depend on «. This fact should be previously checked by
isoconversional methods. Once the invariant parameters are obtained, they can be used to estimate the fi,,(a) that
best fit the degradation process by introducing the values of E;,, and In(Ai,) in Eq. (5), giving rise to Eq. (16).

- inv d
finw(@) = Aghexp (F2) p 2=
(16)

3. Experimental
3.1. Materials

Poly (3-hydroxybutyrate) (PHB, M,, = 492 kg/mol, PDI = 6.3, PHB Industrial S.A., Serrana, SP, Brazil)
and poly(lactic acid) (PLA 2003D, M,, = 236 kg/mol, PDI = 3.3, 96 wt% L-isomer, NatureWorks®,
Minnetonka, MN, USA) were used as polymeric hosts as received. Tributyrin (TB, 0.302 kg/mol, 98.5% purity),
employed as plasticizer, and chitin (Ch, practical grade, powder) from shrimp shells, as well as all chemical
solvents, were purchased from Sigma—Aldrich® (Merck KGaA, Darmstadt, Germany).

Chitin nanoparticles (ChNPs) were prepared from purified chitin powder by hydrochloric acid
hydrolysis, as presented in our previous work [19]. Size distribution analysis revealed that the average length
and diameter of the obtained chitin nanoparticles were 300 £ 170 nm and 40 £ 10 nm, respectively.

3.2. Blends and nanocomposites preparation

Before being processed, PLA, PHB and ChNP were dried overnight at 60 °C in a Cole-Parmer
StableTemp vacuum oven (USA) to avoid any moisture trace.

In order to obtain the blends, the raw PLA and PHB pellets were mechanically mixed with the plasticizer
(TB) prior to melting in a Haake mixer at 185 °C and a screw rotation speed of 50 rpm for 3 min. The weight
ratios of PLA:PHB used were 70:30 and 60:40, while the proportion of TB incorporated was 15 wt% of the final
mixture weight, based on previous works [13,14].

Nanocomposites were prepared by incorporating 2 wt% of ChNP into PLA/PHB/TB blends. The
processing parameters were a temperature of 185 °C and a screw speed of 60 rpm during a total time of 5 min (3
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min for the PLA/PHB blend and 2 min for de nano-component). In this case, the TB was incorporated with the
ChNP. The melting process was performed in an inert atmosphere using nitrogen gas to avoid possible oxidation
of the ChNP.

Blends and nanocomposites were compression molded at 190 °C in an EMS AMS 160/335DE hydraulic
press (Argentina) to obtain the films. The materials were kept between two plates at atmospheric pressure for 1
min until melting and then for 2 min at 5 MPa. Lastly, films were quenched at room temperature.

Neat and plasticized PLA and PHB and polymer blends without TB were also processed in order to be
used as reference materials. The samples were designated as listed in Table 2.

Table 2 Compositions and names of the obtained materials

Material Name code PLA (Wt%) PHB (Wt%) TB (Wt%) ChNP (wt%)
PLA PLA 100 -
PLA/ITB PLA/ITB 85 - 15
PHB PHB - 100
PHB/TB PHB/TB - 85 15
PLA/PHB(7:3) ‘B73 70 30
PLA/PHB(7:3)/TB ‘B73/TB 59.5 255 15
PLA/PHB(7:3)/TB/ChNP *B73/TB/ChNP 58.1 24.9 15 2
PLA/PHB(6:4) ‘B64 60 40
PLA/PHB(6:4)/TB ‘B64/TB 51 35 15
PLA/PHB(6:4)/TB/ChNP ‘B64/TB/ChNP 498 332 15 2

The letter B refers to the word -Blend-.

3.3. Thermogravimetric analysis (TGA)

TGA analysis was carried on a Shimadzu TG 50 thermogravimetric analyzer (Japan), the mass of each
sample was 8 + 1 mg and the carrier gas was nitrogen at a flow rate of 50 mL/min. Each sample was heated
from room temperature to 500 °C at various heating rate values (5, 15, 30 and 50 °C/min).

3.4. Data processing

The analysis of the kinetic degradation of materials based on PLA/PHB blends was performed taking into
account the two-step thermogravimetric behavior, where each step corresponds to the degradation of PHB or
PLA, respectively (as later discussed in this article). Thereby, the decomposition processes can be analyzed
separately, which allowed the study of each degradation kinetics. Deconvolution of the derivative
thermogravimetric analysis (DTG) curves of PLA/PHB blends was performed using a Gaussian multi-peak fit
analysis tool in OriginPro 8.5 software (see Supplementary Material for calculation details). The resulting two
deconvoluted peaks were designated as D1 for PHB and D2 for PLA. As an example, Fig. 1 displays the two
single curves obtained after the experimental DTG trace of material B73 underwent mathematical
deconvolution.

However, a thermogravimetric behavior of three steps was presented by the plasticized polymer blends
(PLA/PHB/TB and PLA/PHB/TB/ChNP), with the one corresponding to the plasticizer (DO) being the least
stable. In these cases, the three peaks in the DTG curves were deconvoluted, but only the degradation kinetics of
the D1 and D2 peaks were studied. The kinetic of the TB degradation peak was not analyzed separately, as it fell
outside the scope of this work. It was estimated that it did not significantly affect the degradation of the other
components, as TB degradation occurs several degrees before the PHB degradation begins. This approach is
consistent with that taken by other authors [27].



Journal Pre-proof

—— DTG exp of B73 at 50 °C/min
0,20 peak D1 (PHB)
— - — peak D2 (PLA)

- cumulative Fit Peak

0,15

0,10

DTG (%/°C)

0,05

0,00

T T
250 300 350 400 450 500
Temperature (°C)

Fig. 1 Deconvoluted peaks and cumulative Fit Peak of B73 DTG curve at 50 °C/min

It should be clarified that studying the degradation kinetics of each peak separately does not imply that
the different components present in the different materials do not affect the thermal stability of each other. The
variation of the kinetic parameters calculated for each polymer (PHB and PLA) will reflect this. By analyzing
D1 and D2 separately, it is possible to individualize and simplify the analysis, trying to approximately explain
the actual behavior. Similarly, other research also deals with two decomposition phenomena in a blend
separately [28].

4. Results and discussion
4.1. Thermal stability

Thermogravimetric analysis provides valuable information about the thermal degradation behavior of the
materials by means of the evolution of the residual mass as a function of temperature (TG) and its first
derivative also as a function of temperature (DTG). The initial decomposition temperatures (Tyy,) were
determined from the TG curves as the temperature corresponding to 2% weight loss of the samples, and the
maximum weight loss temperatures (T .x) were determined from the maximum of DTG curves. The TG and
DTG curves of the different produced materials, tested at a heating rate of 15 °C/min, are presented in Fig. 2,
and collected data are summarized in Tables 3 and 4.

Both neat PHB and PLA show one degradation step with maximum degradation temperature (T ax)
around 305°C and 376°C, respectively, leaving no residue at the end of the test (Fig. 2a), indicating that PLA is
more thermally stable than PHB. This gap in the thermal degradation temperatures, therefore, is due to the fact
that neither their chemical structures are identical nor their degradation mechanisms. PHB thermal degradation
occurs by a random -chain scission by B-elimination producing mainly crotonic acid and oligomers with
crotonate end groups [8,29,30]. Others authors proposed an E1¢B mechanism proceeding via intermolecular a-
deprotonation by carboxylate anion to produce the same products [31]. Ariffin et al. [32] found that the PHB
thermal degradation behavior varied with changes in time and/or temperature. Based on the kinetic analysis of
changes in molecular weight, they stated that a non-autocatalytic degradation and an auto-accelerated reaction
proceeded in the initial and middle periods, respectively. In contrast, it was reported that PLA decomposes by a
non-radical mechanism which involves a back-biting ester interchange reaction to form acetaldehyde, carbon
dioxide and monoxide, cyclic oligomer and lactide as products [8,33].

The TG and DTG curves of plasticized polymer samples (PHB/TB and PLA/TB) were also analyzed, and
showed a single-step degradation process as well (Fig. 2a). In this regard, it was observed that the addition of
the plasticizer did not modify significantly the T.x of the pure polymers while it caused a marked decrease in
the T,y (around 75.5 °C and 139 °C for PHB and PLA, respectively) due to the degradation of the low
molecular-weight plasticizer (TB) (Table 3). These results are in agreement with those obtained by other
authors for PLA [34,35] and PHB [36] blended with different plasticizers.
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Fig. 2 TG (top) and DTG (bottom) thermograms at 15 °C/min of (a) PHB, PHB/TB, PLA, PLA/TB, TB and ChNP, (b) B73, B73/TB,
B73/TB/ChNP, B64, B64/TB and B64/TB/ChNP

Table 3 Initial decomposition (T2s) and maximum degradation rate (Tn.) temperatures of PHB, PLA, TB and ChNP, obtained at 15 °C/min

Material TG DTG
TZ% (OC) Tmax (OC)

PHB 267.6 304.7
PHB/TB 192.1 304.6
PLA 315.2 375.5
PLA/TB 176.0 382.5
B 1411 240.5
ChNP 58.7 375.9

Table 4 Initial decomposition (Ta,) and maximum degradation rate (Tmax) temperatures of PLA/PHB blend samples, obtained at 15 °C/min

Material TG DTG
Taw (°C) Trmax (°C)
D1 (PHB) D2 (PLA)

B73 287.4 308.8 381.3
B73/TB 190.2 305.0 381.0
B73/TB/ChNP 176.8 296.5 360.1
B64 273.2 292.2 361.2
B64/TB 187.3 285.5 347.8
B64/TB/ChNP 143.8 274.6 321.0

Conversely, a two-steps degradation behavior was observed for all the PLA/PHB blends (Fig. 2b) with a
first peak at lower temperatures (on average around 295 °C) assigned to the PHB thermal degradation and a
second degradation peak at higher temperatures (on average around 360 °C) attributed to the PLA degradation,
that is in accordance with the polymer thermal individual behavior which was previously obtained. This
thermogravimetric behavior suggests immiscibility or partial miscibility between PHB and PLA, in agreement
with the results that other authors have reported [10,12,13,37]. As with the pure polymers, the addition of TB
into the B73 and B64 blends generated a decrease in the T,y Moreover, for B73 and B73/TB samples, the
degradation curve shape of each polymer (D1 and D2) do not seem to be influenced by the presence of the other
polymer (Table 4). The T on the PHB and PLA curves in these blends were found to be practically the same
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as those of the pure polymers (Table 3). However, lower maximum degradation temperatures were detected at
D1 and D2 peaks for B64 and B64/TB. Such decrease could be attributed to the different morphology of the
blends when the PLA:PHB weight ratio was changed, which has been analyzed in a previous work [38]. It was
reported a better interfacial adhesion between PLA and PHB phases when PLA:PHB ratio is 70:30, noticing a
well dispersed small sphere-shaped PHB domains in the PLA matrix. On the contrary, when PLA:PHB is 60:40,
PHB domains appear to be arranged as large ellipsoids within the PLA matrix, suggesting a co-continuous
morphology formation and a less strong interfacial adhesion. This could lead to a lower thermal stability for B64
and B64/TB. A similar behavior was observed in Navarro et al. and Bo Zhu et al. works [39,40]. They stated
that the morphology optimization of PCL/PLA blends leads to an increase in the contact area between the two
phases and that allows the heat to be conducted more evenly throughout the system leading to greater thermal
stability.

Additionally, the thermal degradation of ChNPs was studied as seen in Fig. 2a. The TG and DTG curves
revealed that this polysaccharide is thermally degraded in a single-step. The temperature corresponding to the
maximum degradation rate (Tn.) Was found to be at around 376 °C (Table 3), which corresponds to the
depolymerization/decomposition of polymer chains through deacetylation and cleavage of glycosidic linkages
[41]. 1t was also registered a peak centered at around 55 °C, which corresponds to the evaporation of physically
adsorbed water [41,42], and it coincides with the temperature corresponding to the 2% weight loss of the sample
(T29) . At 500 °C it was registered a final weight residue of 22%.

The incorporation of the chitin nanoparticles into the B73/TB and B64/TB blends (Fig. 2b) produced a
reduction in the T, of both D1 and D2 curves, and a reduction in T,y as well. Lower thermal stability of
nanocomposites may be attributed to a catalyzing effect of the degradation products of ChNPs, which appear in
the same temperature range of D1 and D2 and promote the polyesters’ hydrolysis. The same behavior was
observed for PLA/PHB blends reinforced with cellulose nanofibers [43].

4.2. Kinetic analysis

The thermal degradation kinetics of the materials have been studied by evaluating the kinetic parameters
(i.e., E, A, and f{o)), using two isoconversional methods under non-isothermal conditions: KAS and Vyazovkin,
previously mentioned.

The TG and DTG of pure PHB and PLA curves, measured at different heating rates, are shown in Fig. 3.
As it was expected, thermogravimetric curves of both polymers shifted to higher temperatures with increasing
the heating rate. Similar behavior was observed for the plasticized polymers (PHB/TB and PLA/TB). This
dependence makes possible to determine the apparent activation energy associated with the degradation process.
Additionally, it was confirmed that the higher the heating rate, the higher the DTG peaks. This trend is
observable when mass loss is derived vs. time [44], but not necessarily when it is derived vs. temperature [28].
As an example, Figure S2 of the Supplementary Material shows different curves of mass loss derived with
respect to time (%/sec) plotted against temperature for different studied samples. Consequently, the degradation
mechanism's dependence on the heating rate is not expected to be strong, which supports the analysis conducted
in this study. Moreover, the piots in Figure S2 reveal that the curves' shape remains almost unchanged with
different heating rates.
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Fig. 3 TG (top) and DTG (bottom) thermograms at various heating rates for (a) PHB and (b) PLA

The apparent activation energy (E,) of pure and plasticized PHB and PLA samples was determined using
KAS and Vyazovkin methods. Fig. 4 shows the variation of the E, and the average temperature (T,,) with the
degree of conversion (o) for the above-mentioned materials by using both approaches.

The effective activation energy profile, obtained from the experimental degradation data of PHB,
remained almost constant with the degree of conversion when KAS (Fig. 4a) or VVyazovkin (Fig. 4b) methods
were employed. Then, it can be assumed the occurrence of a simple one-step process which can be described by
a unique kinetic triplet [32,45]. The average E, calculated for PHB was 95.2 and 86.9 kJ/mol for KAS and
Vyazovkin, respectively (Table 5). In spite of the fact that the values are quite similar, Vyazovkin method was
reported to be more accurate than KAS because it uses numerical integration which is the suitable method to TG
data [46,47]. Aoyagi [48] and Kim [49] reported comparable values of E, for PHB in a narrow range between
111 and 140 kJ/mol. The addition of 15 wt% of TB did not appreciably modify the average value of activation
energy for PHB calculated by applying both methods (Table 5). However, E, values at low conversions of
PHB/TB sample varied with respect to those of pure PHB, which was related to the lower thermal resistance of
the plasticizer compared to that of the pristine polymer, as observed in the TG curve (Fig. 2a).

A rather constant value of activation energy was also observed in the whole range of conversion degree
of PLA sample (Fig. 4c and Fig. 4d). The values obtained by applying the two methods are reported in Table 5.
However, some differences appeared in the dependence of the activation energy with conversion of PLA/TB
sample compared to that registered for PLA. Plasticized sample showed lower values of E, than PLA at low
conversions, but it became higher than PLA with the increase of a. That increase in the E, could be related to
the enhancement of chain mobility and intermolecular distance of PLA induced with the TB addition [50].
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Fig. 4 Apparent activation energy (E,) and average temperature (Tay) vs. degree of conversion () for the non-isothermal degradation of:
PHB and PHB/TB compositions, applying (a) KAS and (b) Vyazovkin method; and PLA and PLA/TB compositions, applying (c) KAS and
(d) Vyazovkin method

Table 5 Average values of apparent activation energy (E,) obtained using the isoconversional methods of Kissinger-Akahira-Sunose (KAS)
and Vyazovkin. Values in brackets correspond to the standard uncertainty

Material KAS Vyazovkin
Eq (ki/mol) R? Eq (kd/mol)
D1 D2 D1 D2 D1 D2
PHB 95.2 (15) 0.985 86.9 (6.0)
PHB/TB 96.0 (1.7) 0.873 95.0 (13.6)
PLA 110.4 (4.4) 0.991 95.7 (14.6)
PLA/TB 122.0 (8.0) 0.988 129.6 (11.1)
B73 123.8 (1.5) 173.3 11.7) 0.912 0.985 117.7 1.9) 151.5 (8.6)
B73/TB 118.4 (1.9) 158.4 (2.4) 0.966 0.958 117.9 (1.8) 147.6 (1.6)
B73/TB/ChNP 96.4 (0.5) 103.4 (L9) 0.998 0.991 91.3 (16) 99.9 (1.2)
B64 82.7 (0.6) 84.7 (2.8) 0.999 0.990 80.2 (0.8) 75.4 (3.0)
B64/TB 88.8 (2.) 114.4 (18) 0.968 0.989 78.9 (15) 1095 (2.1)
B64/TB/ChNP 56.5 (0.8) 60.4 (0.3) 0.994 0.975 56.7 (0.6) 56.2 (0.4)
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As it was observed for the pure polymers, thermogravimetric curves of all the PLA/PHB blends shifted to
higher temperatures with increasing the heating rate. Fig. 5 displays the TG and DTG curves for B73/TB and
B64/TB samples at different heating rates, as an example. The remaining curves are shown in the
Supplementary Material (Figures S3, S4 and S5). The degradation kinetics of the blends can be studied by
analyzing the decomposition processes of PHB and PLA separately. As stated in the Experimental Section, two
single curves were obtained after mathematical deconvolution of the experimental DTG data and were used to
obtain the profile of the effective activation energy of each component with o throughout the thermal
decomposition process.

Fig. 6 shows the variation of the apparent activation energy of PHB and PLA peaks (D1 and D2,
respectively) for the B73 and B64 systems, calculated by KAS and Vyazovkin methods. It was observed a
similar dependence of E, with a for D1 and D2 respect to those observed for the pristine polymers, i.e., a rather
constant E, value with o [51]. However, the average values of E, of each polymer phase differs when they are
blended or unblended. The activation energies of the PHB (D1) and PLA (D2) peaks were observed to be higher
in the B73 and B73/TB blends compared to those of the unblended pures and plasticized polymers, while they
were lower in the B64 and B64/TB blends (Table 5). Several factors may contribute to change the thermal
degradation behavior of a polymer into a blend [33]. This behavior could be related with the morphology of the
blends, as mentioned above, which was also reflected in its mechanical response, as it was observed in our
previous works [23,38] where it was stated that the blend B73/TB turned out to be more ductile than the
B64/TB. The different interaction between the components and the different morphology may change the energy
requirements for thermal degradation.
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Fig. 5 TG (top) and DTG (bottom) thermograms at various heating rates for (a) B73/TB and (b) B64/TB
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Fig. 6 Apparent activation energy (E,) and average temperature (Ta) vs. degree of conversion () for the non-isothermal degradation of:
B73 (black), B73/TB (blue) and B73/TB/ChNP (red) compositions, applying (a) KAS and (b) Vyazovkin method; and B64 (black), B64/TB
(blue) and B64/TB/ChNP (red) compositions, applying (c) KAS and (d) Vyazovkin method. D1 denotes PHB-deconvoluted peak and D2,
PLA-deconvoluted peak

The effective activation energies were also calculated for the nanocomposites studied and the resulting
profiles, obtained from the PHB and PLA deconvoluted peaks (D1 and D2), were plotted as a function of a (Fig.
6). The E, remained practically constant in the whole conversion range for both polymers, which indicates that
their thermal degradation proceeds by one step process as well. The average values were also reported in Table
3. It was observed a marked diminution in the activation energy values for the nanocomposites obtained for both
formulations, in coherence with the thermal stability analysis discussed above, related to the favored hydrolysis
of PLA due to a catalysing effect of ChNP. The variation of E, vs. a for the entire process together with the ones
of D1 and D2 for the blend B73 were plotted in Figure S6 (see Supplementary Material), for comparison
reasons.

4.3. Estimation of the reaction model

The invariant Kinetic parameters (IKP) method was used to predict which kinetic model best describes
the thermal degradation process of the blends, which not only involves the effective activation energy, but also
the entire kinetic triplet. Once more, the two deconvoluted peaks (D1 and D2) representing the whole
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degradation process were used to perform the analysis. As mentioned above, the activation energy remains
almost constant in the conversion range comprising D1 and D2, so the IKP method could be applied. Algebraic
expressions for the kinetic models of Avrami-Erofeev and Sestak-Berggren shown in Table 1 were considered.
The corresponding f(a) models (type A,, with p =1, 2, 2.5, 3, 4; SBqm With n, m = 0.4, 0.3; 0.4, 0.4; 0.5, 0.5;
0.6, 0.4) were substituted in Eq. (5) and fitted to experimental data resulting in different pairs of the Arrhenius
parameters, preexponential factor (A;) and activation energy (E;). The diffusion models were not considered to
enhance the accuracy of the correlation [47]. The compensation effect was verified for all the systems studied,
obtaining straight lines for each heating rate by plotting In(A;) vs. E;. Fig. 7 shows, as an example, the
compensation relationship for PLA.
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Fig. 7 Compensation effect for the non-isothermal degradation of PLA using models type A, and SB(y, m)

The compensation parameters a; and b; at each heating rate were calculated from the intercepts and slopes
of these lines, respectively. The resultant & and b; parameters for all systems are plotted in Fig. 8, showing a
good correlation for all specimens investigated, which means that the existence of a supercorrelation relation is

possible.
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Then, the invariant kinetic parameters, E;,, and A;., were evaluated using the supercorrelation relation,
Eq. (15), and calculated from the slope and the intercept of the lines in Fig. 8, respectively. The values of the
invariant parameters estimated for both peaks are shown in Table 6. All activation energy values are in very
good agreement with the estimated values showed in the previous section in Table 5.

Table 6 Average values of invariant kinetic parameters for the PHB and PLA based materials (D1 and D2 correspond to PHB and PLA
peaks, respectively). Values in brackets correspond to the standard uncertainty

Material Einv (kd/mol) In(Ain) (5 R?
D1 D2 D1 D2 D1 D2
PHB 93.80 (6.77) 15.43 (1.41) 0.984
PHB/TB 97.68 (2.44) 16.35 (0.51) 0.998
PLA 106.83 (4.84) 15.30 (0.91) 0.994
PLA/TB 130.28 (5.34) 19.28 (1.02) 0.995
B73 127.82 (7.59) 165.62 (18.40) 22.45 (1.61) 26.55 (3.48) 0.990 0.964
B73/TB 121.95 (6.17) 155.93 (11.70) 20.99 (1.31) 24,58 (2.20) 0.992 0.983
B73/TB/ChNP 98.76 (3.99) 104.68 (2.60) 16.30 (0.85) 15.28 (0.50) 0.995 0.998
B64 92.51 (6.16) 90.90 (0.95) 15.61 (1.37) 13.23 (0.19) 0.987 0.999
B64/TB 98.06 (6.81) 115.08 (5.28) 16.65 (1.48) 17.85 (1.04) 0.986 0.993
B64/TB/ChNP 60.63 (5.52) 62.35 (4.65) 8.66 (1.22) 7.64 (0.93) 0.976 0.983

The Sestak-Berggren (SB) equation (Table 1) was evaluated in order to estimate the reaction model
which best fit the experimental data. The criterion applied by Pérez-Maqueda et al. [52] was used to validate the
applicability of the model. Once the accurate kinetic model is considered for f(a), all experimental data should
lie on a single straight line by plotting In[(de/dT)A/f(0)] vs. 1/T (Eq. (13)). It was possible to obtain a straight
line by applying the Sestak-Berggren model, considering several n and m values. It was reported [53] that the
objective of the SB equation is not to extract an adequate Kinetic triplet, but rather to allow a kinetic mechanism
to be identified. The parameter estimation from the SB equation can be used to identify the solid-state
mechanism which should be used to obtain Arrhenius terms, completing the Kinetic triplet.

Finally, to estimate the best n, m of the Sestak-Berggren kinetic models, a nonlinear regression analysis
was applied for fi,,(a) function (Eq. 16), using the experimental data and E;,, and A;,, from the IKP method. As
mentioned above, the values obtained for the n and m exponent parameters will give the information about the
solid-state mechanism taking place during a degradation process. It can be compared with the theoretical values
of the n and m parameters for different model such as the Avrami-Erofeev (first order: n=0, m=1) and 2D
interphase-controlled (n=0, m=0.5) models (Table 1). The average value of n and m parameters estimated by
applying the Sestak-Berggren model are listed in Table 7. It can be seen that the values obtained for the
PLA/TB sample (n=0 and m=0.5) fit to a 2D interface-controlled model; then the Avrami-Erofeev model was
also chosen to be used, following the same methodology mentioned above.
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It was observed that the Avrami-Erofeev model resulted in single straight lines after applying the Pérez-
Maqueda et al. [52] procedure using several p values (Table 7), for both peaks (D1 and D2) . The slopes and the
intercepts of these lines should provide the values of the activation energies and preexponential factors as the
initially assumed, and these values are the so-called ‘true’ values of E and In(A) (Table 8). Once, to estimate the
best p values in the Avrami-Erofeev kinetic model, a nonlinear regression analysis was applied for fi (o)
function (Eq. (16)). The fittings performed showed a good correlation thus suggesting that the most probable
kinetic mechanism of the materials studied obey the Avrami-Erofeev function. This model consider a solid-state
decomposition, which produce a new product and a gas following a nuclei growth mechanism. It could be
assumed that the degradation process of the studied materials propagates in two dimensions as the p values were
found to be up to 2. The variation among the p values (Table 7) could be explained considering that the model
assumes that there exist some limitations to the nuclei growth such as ingestion and coalescence [54] and that
the order of the growth rate depends on the nature of the solid reactants.

Table 7 Average values of n, m parameters from Sestak-Berggren model: «"(1 — &)™ and p parameter from the Avrami-Erofeev kinetic
model: p(1—o)[—In(1— )]~ for the all compositions

Material Naver Maver Paver
D1 D2 D1 D2 D1 D2
PHB 0.281 0.197 2.091
PHB/TB 0.518 0.240 1.904
PLA 0.233 0.394 1.833
PLA/TB 0.057 0.475 1.788
B73 0.304 0.214 0.810 0.963 1.307 1.187
B73/TB 0.239 0.238 0.881 0.993 1.232 1.300
B73/TB/ChNP 0.238 0.224 0.608 0.643 1.434 1.399
B64 0.316 0.378 0.625 0.755 1.421 1.325
B64/TB 0.263 0.250 0.778 0.739 1.254 1.313
B64/TB/ChNP 0.225 0.231 0.430 0.451 1.724 1.672

Table 8 ‘True’ values of E and In(A) after applying the Avrami-Erofeev model. Values in brackets correspond to the standard uncertainty

Material Etrue (kJ mol™) IN(Atree) 57 R?
D1 D2 D1 D2 D1 D2
PHB 103.87 (1.15) 17.39 (0.24) 0.975
PHB/TB 113.37 (3.42) 19.44 (0.72) 0.789
PLA 109.78 (1.02) 15.75 (0.19) 0.975
PLA/TB 136.23 (0.95) 20.36 (0.18) 0.985
B73 108.08 (1.75) 153.69 (1.30) 16.31 (0.33) 24.06 (0.24) 0.949 0.976
B73/TB 123.41 (1.26) 147.40 (1.77) 21.04 (0.26) 22.63 (0.33) 0.966 0.953
B73/TB/ChNP 100.70 (0.74) 108.98 (0.70) 16.58 (0.15) 15.97 (0.13) 0.982 0.986
B64 86.03 (1.13) 83.33 (1.32) 14.04 (0.24) 11.47 (0.25) 0.944 0.922
B64/TB 93.48 (1.03) 101.83 (0.88) 15.62 (0.22) 17.22 (0.18) 0.973 0.981
B64/TB/ChNP 61.83 (0.43) 63.52 (0.45) 8.86 (0.09) 7.81 (0.09) 0.985 0.985

Additionally, the experimentally obtained differential data (da/dt vs. o) were compared with the modeled

one in order to confirm the selected kinetic model (Fig. 9). The do/dt was simulated using the kinetic triplets
previously obtained, which were calculated from the IKP method. Fig. 9 clearly shows that the experimental
differential degradation curves are successfully simulated by means of the above calculated kinetic parameters.
In accordance with the weight loss curves, the incorporation of ChNP produces an increase in the degradation
rate in the whole range of a for D1 and D2. Other kinetic models such as Power Law and Sestak-Berggren
modified were tested (see Figure S7 of Supplementary Material) but it was observed that Avrami-Erofeev
kinetic model (Figure 9) is the one that better fit the experimental differential degradation curves. In spite of the
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simulated curves do not overlap perfectly the experimental data in some ranges of conversion, the simulations
replicate the shape of the experimental data rather adequately, especially at conversions higher than 0.3.
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Fig. 9 Comparison of experimental data on the degradation rate vs. conversion with the simulation results obtained using the Sestak-
Berggren and Avrami-Erofeev kinetic models at various heating rates for (a) PLA/TB and B73/TB/ChNP: (b) D1, (c) D2

Lastly, the temperature-dependent rate constant (k) of the non-isothermal degradation of the materials,
expressed using the Arrhenius-type temperature dependence (Eg. (3)), can be calculated using the ‘true” values
of E and In(A) (Table 8). Curves are presented in Fig. 10 for the polymers in the blends. Plotting the variation of
the k with temperature aliows us to complete the analysis of the thermal degradation behavior of materials,
taking into account both the activation energy and the pre-exponential factor.

At low temperatures, below 200 °C, the rate constants for all samples take very low values, which is
consistent with the low degradation rate in this temperature range, as can be seen in the TGA thermograms (Fig.
2). As temperature increases, the degradation rate increases exponentially, and for each polymer in every blend
this begins to occur in the vicinity of their maximum degradation rate temperature (T..) (Table 3 and Table 4).
In this high temperature region, a small increase in reaction temperature will produce a marked increase in the
magnitude of the reaction-rate constant. The exponential increase in k for PLA in all blends (Fig. 10b) starts at
higher temperatures than for PHB in all cases (Fig. 10a). As activation energy term Eg,. increases, the rate
constant k decreases and therefore the degradation rate decreases. This can be clearly seen for the flattened
curves of PLA in the PLA/TB, B73 (D2) and B73/TB (D2) samples and for PHB in B73/TB (D1) sample for
whom the highest activation energies were recorded (Table 8). In fact, the highest thermal stability could be
assigned to the B73/TB blend since its both polymers, PHB and PLA, presented the lowest rate constant.

The lower thermal stability of B64 blends compared to that of B73 blends, could be detected once again
judging by the higher rate constant for both deconvoluted peaks throughout the whole temperature range,
according with the previous isoconversional analysis. Furthermore, the addition of ChNP increases the rate
constant of blends probably due to the polyesters’ hydrolysis boost by the nano- polysaccharide.
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Fig. 10 Dependence of k on T for (a) PHB, PHB/TB and deconvoluted D1-peak for all blends, (b) PLA, PLA/TB and deconvoluted D2-
peak for all blends

5. Conclusions

The thermal degradation kinetics of biodegradable polymer blends based on PLA and PHB was analyzed.
It was studied the influence of a plasticizer and chitin nanoparticles on their thermal behavior.

PLA resulted more thermally stable than PHB, showing both of them one degradation step and leaving
no residue at the end of the TGA test. The addition of the plasticizer did not modify the T..x of the pure
polymers while it caused a marked decrease in the T, due to the degradation of the low molecular-weight
additive.

The TGA results of the blends suggest immiscibility or partial miscibility between PHB and PLA due to
the appearance of two peaks attributed to each polymer. Blending the polymers in a ratio 70:30 of PLA:PHB
does not seem to influence the thermal stability of each polymer in B73 and B73/TB samples, but lower
maximum degradation temperatures were detected for B64 and B64/TB materials, fact that was attributed to the
different morphology of blends when the mass ratio is changed. Furthermore, the nanocomposites based on the
blends were the samples that showed the lowest thermal stability due to the polyesters’ hydrolysis promote by
the chitin nanoparticles.

The effective activation energy profile, obtained from the experimental TGA data of PHB and PLA,
remained almost constant with the degree of conversion when KAS or VVyazovkin methods were employed. The
average values of the activation energies of PHB and PLA peaks were higher in the B73 and B73/TB blends
than in the pure and plasticized polymers, while they were lower in the B64 and B64/TB samples, which was
related to the different morphology and mechanical behavior of the blends. Finally, the incorporation of chitin
nanoparticles into the polymeric matrices produced a remarkable diminution in the activation energy values due
to the catalyzing effect of the ChNP.

The invariant kinetic parameters method was applied to the deconvoluted peaks of the blends in order to
estimate a pair of kinetic parameters (A, E). The invariant activation energies calculated were in accordance with
the ones estimated by the isoconversional methods. Finally, the Sestak-Berggren equation was used to determine
that the most probable kinetic mechanism of the systems studied obeys the Avrami-Erofeev function, which was
confirmed by the simulation with the experimental data. Finally, the rate constant of the non-isothermal
degradation of the materials, calculated using the Arrhenius-type temperature dependence, was also in
accordance with the experimental data.
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