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Abstract
This communication presents the thermal degradation behavior and non-isothermal crystallization kinetics of taro muci-
lage (CEM) and its graft copolymer polylactide (CEM-g-PLA) by thermogravimetric analysis (TGA/DTG coupled techniques) 
and differential scanning calorimetric. Isoconversional degradation analysis for CEM and CEM-g-PLA performed with the 
aid of Friedman, Kissinger (KSS), Flynn–Wall–Ozawa (FWO), and Kissinger–Akahira–Sunose (KAS) methods. The energy 
profiles and Criado plots over specific conversion (α) were able to predict that both CEM-g-PLA and CEM followed multi 
step kinetics and different degradation mechanisms. The Ozawa model fitted the melt crystallization data for CEM-g-PLA 
and its exponent (m) complements those for the modified Avrami and Tobin models. The crystallization of CEM-g-PLA 
was characterized with the formation of two distinct crystal growths. Further, the negative isoconversional activation 
energy suggested the occurrence of melt crystallization in CEM-g-PLA. Thus, the grafting of PLA onto CEM resulted into 
a material that shows thermal properties entirely different from that of its precursor (CEM) besides having an increased 
shelf life and not compromising with biodegradability. The analyzed data from the isoconversional equations (viz. Fried-
man, FWO and KAS models) and Ozawa model could be useful in modelling the degradation stability/mechanism and 
crystallization behavior of polylactide-grafted copolymer.
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1 Introduction

By virtue of having good film forming and barrier proper-
ties against the gases specifically oxygen and carbon diox-
ide, natural polysaccharides have made their place as an 
alternative to synthetic polymers in the field of food pack-
aging [6, 9]. Their mechanical and thermal properties and 
shelf life can be tailor-made by blending different polysac-
charides or by grafting biodegradable and biocompatible 
synthetic polymer such as polylactide [17].

Polylactide or polylactic acid (PLA) is a renewable and 
biodegradable thermoplastic polyester [2] and a poten-
tial candidate for grafting/blending with polysaccharide. 
Most common ways of grafting PLA onto natural polysac-
charide are through direct polycondenzation and ring 
opening polymerization methods [16, 27]. There are many 
conventional ways to prepare graft copolymers but the 
literature recommends grafting under commercial micro-
wave because of its better heating effect, ease of control of 
parameters, and drastic reduction of grafting time [26, 31]. 
Despite the diverse nature and structure of the classical 
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polysaccharide biomaterials and the biocompatible and 
biodegradable nature of PLA, not many reports on the syn-
thesis and characterization of PLA-grafted polysaccharides 
have been in scientific literature. These graft copolymers 
have potential applications in plastics, biomedical, phar-
maceuticals and food Industries.

The knowledge of thermal analysis of any material 
is useful to decide its potential industrial applications. 
Knowing the thermal degradation patterns and param-
eters could help to predict the lifetime/thermal stability 
of a material [24]. Moreover, isoconversional analysis of 
polymeric materials [3, 15] have seen novel applications 
in the areas of the glass transition and polymer melt crys-
tallization [32]. The non-isothermal crystallization kinetics 
is also of great importance for it is directly or indirectly 
relates to the physical and mechanical properties of the 
polymer [18].

Many polysaccharides can be grafted with polylactic 
acid to make them more useful material for various indus-
trial applications. In the present study, we have explored 
the thermal degradation behavior and crystallization 
kinetics of taro mucilage and its polylactide-grafted 
copolymer (CEM-g-PLA) by using the thermogravimetric 
analysis (TGA) and differential scanning calorimetric (DSC) 
under non-isothermal conditions. The results obtained for 
CEM-g-PLA and CEM were compared to understand the 
effect of PLA grafting on thermal properties of the taro 
mucilage. After doing a thorough literature survey and 
to the best of our knowledge, there is no any publication 
reported elsewhere describing comprehensively the ther-
mal analysis of the CEM-g-PLA.

2  Materials and methods

2.1  Materials

The CEM-g-PLA copolymer (Grafting%, and Grafting Effi-
ciency% = 133.0 and 33.3, respectively) was synthesized 
under commercial microwave oven via ROP of lactide (LA) 
onto taro mucilage (CEM) backbone chain catalyzed by 
stannous octoate using chloroform as solvent. The full 
details of the isolation of the CEM and synthesis of CEM-
g-PLA have been published earlier by our group [22]. The 
graft chain length of the copolymer was 100 as deter-
mined by analysis of its 1H NMR spectrum (Fig. S1) using 
the integral intensity ratio method [19].

2.2  Thermogravimetric analysis (TGA)

Thermal degradation behavior of both CEM and CEM-
g-PLA copolymer explored using TGA Q-500 (TA instru-
ment, USA) analyzer. Samples (size: 12–13 mg) placed on 

platinum crucible and heated from RT (room temp.) to 
600 °C, on heating rates of 4–20 °C/min and under inert 
nitrogen atmosphere (flow rate 60 ml/min).

2.3  Differential scanning calorimetry (DSC)

DSC study with the help of DSCQ-200 (TA instrument, USA) 
has been carried out to get information on the thermal 
transitions occurring within the materials in the course of 
heating under an inert nitrogen atmosphere. The speci-
men samples were placed on aluminum pan and then 
subjected to heating cycle from RT to 140 °C at a constant 
heating rate of 10 °C/min and held isothermally for 5 min. 
Then, the samples were cooled to the room temperature 
until the crystallization process completed at constant 
cooling rates of 10, 15, and 20 °C/min, respectively. The 
exothermic crystallization DSC peaks recorded as function 
of time at particular temperature to determine the relative 
crystallinity,  Xc (t)-a parameter useful for the crystallization 
kinetics investigations.

2.4  Thermal isoconversional degradation behavior 
of CEM and CEM‑g‑PLA

2.4.1  Theoretical background

All kinetic degradation TGA experiments investigated 
using the general fundamental rate equation described 
as follows [5]

where k and f(α) are rate constant and reaction model, 
respectively and α denotes the extent of conversion and 
is expressed as

where  Wo is initial weight of sample;  Wt is sample weight 
at time t for a given temperature, and  Wf is final weight of 
sample.

For dynamic TGA kinetic analysis, the following basic 
equation is used for determining the kinetic parameters 
including the apparent activation energy  (Ea)

where  Ea is apparent activation energy, A is pre-exponen-
tial factor, β is the heating rate, R and T are gas constant 
(8.314 J/K mol) and Kelvin temperature, respectively.

(1)
d�

dt
= kf (�)

(2)� =
Wo −Wt

Wo −Wf

(3)
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dT
= (A∕�) exp

[
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]

f (�)



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1486 | https://doi.org/10.1007/s42452-019-1490-4 Research Article

2.4.2  Thermal isoconversional analysis

The isoconversional methods allow the determination of 
apparent activation energy  (Ea) under different extent of 
conversion (α) without prior knowledge on the reaction 
mechanism. Further, the isoconversional methods are bet-
ter than model-fitting approach, which is usually criticized 
for its unreliability towards the computation of the Arrhe-
nius activation energy (E) parameter. The most familiar and 
widely established model-free methods include the Fried-
man (F), Kissinger (KSS), Flynn–Wall–Ozawa (FWO), and 
Kissinger–Akahira–Sunose (KAS) methods, which are usually 
applied for the calculation of Arrhenius activation energy 
under the different heating rates [8, 10, 20, 23]. The details 
about the description and linear expressions (Eq.S1–S4) of 
each of the respective models are provided separately in the 
supporting information section.

2.5  Non‑isothermal melt‑crystallization kinetics 
of CEM‑g‑PLA

During the DSC tests, heat flow can be measured as a func-
tion of time or temperature. In this study, the crystallization 
of CEM-g-PLA studied from its molten state referred to as the 
melt crystallization kinetics. The relative crystallinity,  Xc (t) of 
CEM-g-PLA at crystallization time (t) determined by integrat-
ing the DSC exotherms from the starting to the end time of 
crystallization. Thus, the  Xc (t) is expressed as

where  ts and  te represent the start/onset and end melt 
crystallization time.

Crystallization half time  (t1/2), is an important parameter 
for predicting the rate of crystallization in polymers. It is the 
time require by the polymeric sample for 50% crystallization 
[37]. The non-isothermal melt crystallization of CEM-g-PLA 
under three different cooling rates was explored with the 
help of the Avrami, Ozawa and Tobin model equations (Eq. 
S5 to Eq. S7). The linear equations of each of the model are 
given in the supporting information section. Now, Eq. S5 (a 
modified form of the Avrami model), is applicable for the 
non-isothermal crystalization [29]. The relative crystallinity 
below 20% has been considered for the verification of the 
Avrami model.

(4)Xc(t) =
∫ t

ts

(

dH

dt

)

dt

∫ te

ts

(

dH

dt

)

dt

2.6  Mechanism for the melt crystallization 
in CEM‑g‑PLA

The activation energy for the melt crystallization in poly-
mer is dependent upon temperature [12]. The mechanism 
for the melt crystallization in CEM-g-PLA under non-iso-
thermal condition can be explained by examining the 
variation of the activation energy (E) with temperature 
(T). The melt crystallization DSC data is treated as per the 
isoconversional Friedman differential method according 
to the Eq. S1. Here, the conversion factor ‘α’ was taken 
as fractional area under the DSC curves obtained for the 
crystallization, and the ‘α’ values chosen ranged from 0.2 
to 0.7 due to good fitting. The dependence of ‘Eα’ on ‘α’ 
was obtained from the isoconversional method, and then 
it was transformed into ‘Eα versus T’ by replacing α with 
the mean temperatures under different cooling rates [34].

3  Results and discussion

3.1  Thermal degradation behavior of CEM 
and CEM‑g‑PLA copolymer

Thermogravimetric analysis under inert nitrogen atmos-
phere and at heating rates of 10, 15, and 20 °C/min were 
used to study the thermal degradation behavior for CEM 
and CEM-g-PLA copolymer. The TG/DTG curves of samples 
displayed distinct differences in terms of the absorbed 
water content, number of degradation stages, and residual 
weight. On the TG/DTG curves (Fig. 1a, b) of CEM, three 
degradation stages were noticeable for the heating rates 
10  °C/min only, and for 15  °C/min and 20  °C/min, the 
second stage showed almost negligible shoulder due to 
increased heating effects. The weight loss below 100 °C 
represented the dehydration of absorbed water/moisture. 
Second weight loss between 100 and 150 °C (at heating 
rate 10 °C/min) appeared as small signal and it could be 
due to the denaturing of the amorphous part of CEM. 
Large signals on the DTG curves of the CEM were visible 
at 272.9–279.1 °C with significant weight loss (69.4–64.9%). 
These signals corresponded to the structural decompo-
sition of natural taro mucilage [28]. At 600 °C tempera-
ture, 24.1–17.1% residues obtained for the heating rates 
10–20 °C/min.

Figure 1c, d shows the TGA/DTG of CEM-g-PLA copoly-
mer under different heating rates. Thermal behavior of the 
copolymer was different from that of the mucilage due 
to the incorporation of low thermally stable PLA chains. 
The CEM-g-PLA exhibited two major degradation stages. 
The major degradation stages occurred between 150 and 
200 °C (i.e. corresponding to 163.3, 167.0, and 174.7 °C) 
with significant weight losses of 84.0%, 72.1%, and 71.7%. 
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The thermal stage over the temperature range repre-
sented the decomposition of the PLA portion of the CEM-
g-PLA copolymer [22] and has confirmed the formation 
of the copolymer. It was inferred that the CEM portions of 
the copolymer were stable at 290.1–300.28 °C at various 
heating rates. At 600 °C, the residual weight losses in the 
CEM-g-PLA were ranged between 2.6 and 5.5%. The major 
degradation of CEM-g-PLA was due to the grafted PLA, 
and the corresponding temperature was lower than for 
previous reports [14, 36]. The high content of grafted PLA 
chains might have resulted a two-step degradation steps/
or derivative TG peaks [13] for the CEM-g-PLA whereby it’s 
PLA and CEM components exhibited low and high deg-
radation temperatures, respectively. Other reasons that 
could have contributed to the low degradation tempera-
ture of the grafted PLA in copolymer are the possibility of 
existence of some weak hydrogen interactions between 
the PLA and CEM and its self the PLA has low thermal deg-
radation stability [21]. However, the degradation tempera-
ture of the PLA in the CEM-g-PLA was even higher than the 
one reported in the literature [19].

To validate the degradation behaviors for the CEM and 
CEM-g-PLA, the degradation experiments were carried out 
at the heating rates 4–8 °C/min (Fig. S2). The natures of the 

thermal degradation curves shown certain resemblance 
to those under higher heating rates and the maximum 
decomposition temperatures under the low heating rates 
corresponded within the range (i.e. 150–200 °C for PLA in 
the CEM-g-PLA and 250 –300 °C for CEM). For the materials 
under this study, the results from the two different heating 
rates were comparable and could provide similar thermal 
degradation mechanisms.

3.2  Thermal isoconversional degradation analysis 
of CEM and CEM‑g‑PLA

The thermal degradation behaviors of CEM and CEM-g-
PLA grafted copolymer investigated using the different 
isoconversional models under nitrogen atmosphere and 
non-isothermal conditions at heating rates of 10–20 °C/
min have been discussed in this section. Figures 2 and 3 
show the isoconversional Friedman (A) and KSS (B and C) 
for CEM and the Friedman (A), KSS (B and E) FWO (C), and 
KAS (D) plots for the corresponding CEM-g-PLA copoly-
mer. The Arrhenius activation energy  (Eα) for the thermal 
degradation of CEM and CEM-g-PLA was determined from 
the slope of the linear plots for each kinetic model. Fig-
ure 4 shows the energy profile curves for CEM (Fig. 4a–c) 
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and CEM-g-PLA (Fig. 4d–f), representing dependence of  Eα 
on α, taking (dα/dt)α versus T as reference for experiment 
conducted at 20 °C/min for the purpose of clarity. The 
Friedman degradation kinetic analysis for CEM at extent 
of conversion, α = 0.3–0.7 (calculated using Eq. (1)) selected 
since at low and high conversions, kinetic experimental 
curves display more deviations while in case of CEM-g-
PLA copolymer, the conversion (α) values limited in the 
range 0.1–0.7.

The calculated squares of correlation coefficient  (R2) 
obtained from Friedman plots for CEM ranged from 84.0 to 
97.2% (Fig. 2a). It was noticeable that over the conversions, 
α = 0.3–0.7, this studied model could suitably describe the 
degradation kinetics of CEM due to its good fitting to the 
degradation data. The activation energy  (Eα) for degra-
dation of CEM at conversion, α = 0.3–0.7, from Friedman 
model were computed to be 105.6 kJ/mol, 113.1 kJ/mol, 
127.6 kJ/mol, 147.9 kJ/mol, 168.9 kJ/mol, respectively. The 
increased activation energy with increasing conversions 

(Fig. 4a) as obtained from Friedman model suggested that 
thermal decomposition of CEM preceded via a complex 
reaction mechanism. The Friedman method is therefore 
an applicable model to the degradation study of CEM. At 
temperature below 100 °C, moisture content was removed 
from the CEM at conversion between α = 0.3 and 0.4 which 
needed lower energy, and the major degradation that 
occurred below 300 °C at conversion between α = 0.5 and 
0.6 needed significantly higher activation energy. The 
Arrhenius single activation energy deducted from Kiss-
inger, KSS  (R2: 82.1%) model was found to be 216.8 kJ/mol, 
which is the maximum energy required for bond breakage 
of the structural unit of CEM.

The Friedman (A), KSS (B and E), FWO (C) and KAS (D) 
plots for degradation process in CEM-g-PLA are shown in 
Fig. 3. The squares of the correlation coefficients  (R2) for 
Friedman, FWO, and KAS methods over the conversion 
(α = 0.1–0.7) were determined as 95.9–98.9%, 96.8–99.1%, 
and 96.1–98.7%, respectively. In this case, there existed 
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improved statistical fitting of these models to the TGA 
data for all conversions in comparison to that of CEM. This 
further allowed the evaluation for values of the apparent 
activation energy  (Eα) using Eq. (S1), Eq. (S3), and Eq. (S4). 

Their corresponding activation energies over the conver-
sion range (α = 0.1–0.7) were computed to be 18.4–79.8 kJ/
mol, 65.2–77.1 kJ/mol and 65.0–77.9 kJ/mol, respectively. 
Thus, the thermal degradation of CEM-g-PLA required 
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lower activation energies at all conversions as compared 
to those of CEM. This could be attributed to the presence 
of weakly bonded ester linkages (–C–O–C=O bond) in 
CEM-g-PLA copolymer [22]. In CEM-g-PLA copolymer, the 
dependence of the activation energy  (Eα) over α has been 
attributed to two main degradation regions for the three 
models (Fig. 4b–d).

The initial degradation stage in CEM-g-PLA required 
higher activation energy at lower conversion (0.1–0.2) than 
that found for the last stage. According to the molecular 
theory of collision [35], molecules must possess sufficient 
amount of kinetic energy before they can collide to initiate 
certain chemical reaction. Subsequently, the interatomic 
bonds are weaken and leading to bond cleavage during 
the thermal event. In case of CEM-g-PLA, the major degra-
dation of the copolymer occurred between 150 and 200 °C 
at conversion near around α = 0.3, which represented the 
degradation of grafted PLA chain. The second region pos-
sessed low energy of activation and its DTG peak tempera-
ture shifted slightly above 300 °C at conversion between 
α = 0.4 and 0.5, which stood for degradation of CEM por-
tion in grafted copolymer. Since the energy of activation 
 (Eα) for degradation of the CEM-g-PLA varied throughout 

the conversion range (α = 0.1–0.7), the thermal degrada-
tion of CEM-g-PLA could be designated as a reaction hav-
ing complex mechanism. The activation energy from KSS 
model  (R2: 99.9%) was found to be 172.2 kJ/mol, which was 
lower than that required for the degradation of CEM due to 
the weakly bonded ester linkages in CEM-g-PLA.

The described degradation kinetics above for the 
CEM and CEM-g-PLA was compared with thermal experi-
ments obtained under the low heating rates i.e. 4–8 °C/
min. From Fig. S3 and S4, the slopes of the isoconver-
sional plots were all positive, and their magnitudes when 
multiplied with the negative terms of the slopes in Eq. 
S1–Eq. S4, produced negative activation energy. This 
observation excluded the applicability of KSS model 
(Figs. 2c, 3b) that determined the precise positive value 
of the activation energy. The plots for the KSS models in 
the Figs. 2 and 3 appeared with negative slopes under 
all the heating rates. Thus, under the low heating rates, 
despite their comparatively good linear fitting, out of the 
analyzed isoconversional methods, only the KSS model 
could determine accurately the degradation activation 
energy in CEM and CEM-g-PLA with positive values.
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Criado method [1, 7] was adopted to determine fur-
ther the various degradation mechanisms that might be 
involved during the decomposition process of CEM and its 
polylactide-grafted copolymer. The calculated E(α) values 
for the CEM and CEM-g-PLA obtained from the KSS model 
facilitated the preparation of the Criado experimental 
curves (Fig. 5b), which were then compared with master 
plots (Fig. 5a) for different solid-state kinetic degradation 
models as described by Sergey et al. [30]. The plots of Z 
(α) against α produced the master plots and experimental 
curves [5]. The shapes of the experimental curves (Fig. 5b) 
for degradation at 20 °C/min was compared with those of 
the corresponding master plots (Fig. 5a), to predict pre-
cisely the kind of degradation mechanisms taking place 
in CEM and CEM-g-PLA. In CEM, at conversion α = 0.1–0.4, 
the degradation seemed to have R2 and R3 mechanisms. 
The degradation shifted to Mampel first order (F1) and 
Avrami-Erofeev (A2, A3, and A4) type reaction mechanisms 
at conversion between α = 0.5 and 0.6. Similarly, for CEM-g-
PLA the Criado experimental curve resembled the master 

plots for a two-dimensional diffusion (D2) mechanism 
within the conversion range α = 0.1–0.6. The conversions 
α = 0.2–0.5 contained straight lines similar to those for 
one-dimensional diffusion (D1) and the power laws (P2/3, 
P2, P3, and P4) degradation mechanisms. These findings 
suggested that the thermal degradation mechanisms for 
CEM and CEM-g-PLA polymers are entirely dissimilar at the 
specified conversions.

3.3  Melt crystallization kinetics for CEM‑g‑PLA

Figure  6 shows the DSC scans for CEM, CEM-g-PLA 
obtained through simultaneous heating, and cooling 
phases at various cooling rates to evaluate melt crystalliza-
tion kinetics of the polymers. The CEM failed to crystallize 
under all cooling rates (Fig. 6a), possibly due to its highly 
restricted molecular chain mobility. Contrarily, the flexibil-
ity of PLA chains in CEM-g-PLA could have provided the 
copolymer an increased freedom for molecular motion, 
hence easily crystallizable. Thus, the crystallization study 
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was done only for the CEM-g-PLA copolymer. The melt-
crystallization usually proceeds by cooling the melted 
polymer to form crystals at specific crystallization tem-
perature [11]. Hence, the crystallization of PLA in CEM-g-
PLA would occur at low temperature downwards below 
its melting curve unlike cold-crystallization that proceeds 
above glass transition temperature. It was observed 
that the crystallization enthalpy (ΔHc: 43.2–34.7 J/g) and 
crystallization peak temperatures  (Tcp: 60.94–57.17 °C) 
for CEM-g-PLA decreased when cooling rates increased 
from 10 °C/min to 20 °C/min (Fig. 6b). The grafted PLA 

(contained in the CEM-g-PLA) enhanced crystallization 
through its nucleation ability. Further, the appearance of 
strong exothermic peak of PLA exhibited an effect by fur-
ther shifting the crystallization temperature to low value 
along the cooling curves of the CEM-g-PLA. Thus, the crys-
tallinity of CEM-g-PLA reached its maximum at both lower 
temperatures and at cooling. The relative crystallinity plots 
for CEM-g-PLA for the different cooling rates are shown in 
Fig. 7. It was apparent from the plots that the overall crys-
tallization time at 10 °C/min and at 15 °C/min was 1.10 min 
and 1.08 min, respectively. At 20 °C/min, the time reduced 
further to 0.86 min as expected. The Crystallization half 
time  (t1/2) found to be 0.6 min, 0.5 min and 0.4 min as the 
cooling rates changed from 10 to 20 °C/min.

The Avrami, Ozawa, and Tobin plots for the crystal-
lization kinetics of CEM-g-PLA are depicted in Fig. 8. 
For clear understanding of the crystallization process 
in CEM-g-PLA, the values of the parameters such as 
Avrami exponent ‘n’, crystallization rate constant, Ozawa 
exponent ‘m’ or simply ‘n’, and Tobin exponent ‘nT’ were 
determined from their respective slope and intercept of 
the linearized regions of the plots. The modified Avrami 
plots for CEM-g-PLA under the different cooling rates 
were similar and each graph characterized by one lin-
ear dependence region (Fig. 8a), suggesting that there 
existed one kinds of crystal growth rates occurring at 
low crystalline domains (below 20% crystallinity). The 
Tobin plots (Fig. 8c) revealing crystal growths at both 

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

 10oC/min

R
el

at
iv

e 
C

ry
st

al
lin

ity
, X

c (
t) 

(%
)

Crystallization time (min)

 15oC/min

 20oC/min

Fig. 7  Relative crystallization,  XC (t) plots for CEM-g-PLA under 
cooling rates of 10–20 °C/min

-2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6
-3.0

-2.5

-2.0

-1.5

-1.0
 10oC/min

lo
g 

[-
ln

 (1
-X

c (
t))

]

logt

 15oC/min

 20oC/min

1.0 1.1 1.2 1.3

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

lo
g 

[-
ln

 (1
-X

c(t
))

]

logR

-2.0 -1.5 -1.0 -0.5 0.0

-3

-2

-1

0

1

2

3
 10oC/min

log
 [X

c (
t)/

(1
-X

c (
t))

]

logt

 15oC/min

 20oC/min

A B

Each line

Resulted

From 10-
20oC/min 
cooling rates

C

Fig. 8  The Avrami (a), Ozawa (b), and Tobin (c) model plots each generated at cooling rates of 10–20 °C/min



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1486 | https://doi.org/10.1007/s42452-019-1490-4

low and crystalline regions showed two distinct fea-
tures on the graph. The values of the modified Avrami 
exponent, ‘n’ and the Tobin exponent, ‘nT’ (Table  1) 
were also found similar and approximately closer to 
one, which indicated the one dimensional crystals 
growth [4]. Higher cooling rates provided more num-
ber of nucleating sites, and thus facilitating the rate of 
the crystallization process. The Ozawa plots (Fig. 8b) 
analyzed at t = 0.01 at 0.8 min gave the perfect fitting 
(0.960 ≥ R2 ≤ 1.0) and described the whole crystallization 
process unlike to other two models that assumed only 
the low crystalline regions. 

A slight nonlinearity of the curves was observed in 
Ozawa plots at crystallization time, t = 0.01 min that 
suggested the crystallization behavior in CEM-g-PLA is 
heterogeneous. At t = 0.2–0.7 min, it showed homog-
enous behavior but beyond 0.7 min, it again assumed 
a heterogeneous behavior. Most of the values for the 
Ozawa exponent, m (Table 1) demonstrated that the 
crystal growths in CEM-g-PLA were of 1–2 dimensions 
and were crystallization time dependant.

3.4  The mechanism of the melt crystallization 
process in CEM‑g‑PLA

Figure 9a helped to work out the isoconversional activa-
tion energy over the fractional area, α value ranging from 
0.2 to 0.8. The negative values for the energy confirmed 
that CEM-g-PLA underwent a typical melt crystallization 
process. This clear observation agreed to the recent find-
ings on the melt crystallization of polymers [25, 33]. The 
breakpoints on the  Eα versus T plot for CEM-g-PLA (Fig. 9b) 
indicated a change in the melt crystallization mechanism 
possibly from heterogeneous to homogenous-like mecha-
nism and vice versa. This abrupt switch in crystallization 
mechanism has been a known phenomenon as reported 
in other studies also [34].

4  Conclusion

The thermal degradation behavior of CEM and CEM-
g-PLA and melt crystallization kinetics of CEM-g-PLA 
under non-isothermal conditions were studied in a 

Table 1  The modified 
Avrami, Ozawa, and Tobin 
crystallization parameters for 
CEM-g-PLA

Cooling rates (°C/
min)

Modified Avrami Ozawa (t = 0.01–0.8 min) Tobin

n kc m k nT kT

10 1.004 0.919 1.121
1.131
1.263
2.113
2.563
2.164
1.698
1.154
0.954

0.019
0.050
0.060
0.031
0.029
0.069
0.154
0.349
0.510

1.008 0.433
15 1.042 0.959 1.049 0.536
20 1.027 0.977 1.037 0.643
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comprehensive manner. The CEM-g-PLA followed 
dimensional diffusions (D1 and D2) and the power laws 
(P2/3, P2, P3, P4) mechanisms while the CEM showed 
a number of degradation mechanisms among them 
were the Mampel first order (F1) and Avrami-Erofeev 
(A2, A3, A4) mechanisms. The energy profiles obtained 
from the Friedman method, FWO, and KAS isoconver-
sional models showed variation of E (α) against α that 
indicated multi-stage thermal degradation kinetics for 
CEM-g-PLA and the Friedman method for CEM. From the 
non-isothermal melt crystallization data, in the CEM-g-
PLA, primary and secondary crystallization believed to 
have taken place around the low and high crystalline 
regions, respectively. The dependence of  Eα over T pro-
duced from the isoconversional DSC data provided some 
clue on the melt crystallization mechanism in CEM-g-
PLA. Finally, this detailed work would be essential for 
better understanding the post-PLA grafting effect on 
the thermal characteristics of mucilagenous polysac-
charide like the CEM, which could be used to propose 
the specific applications of this newer material. It is note-
worthy that polylactide-based materials (e.g. PLA, graft 
copolymer, or their blends) have interesting biomedical 
and food packaging applications. This analysis might be 
successfully applied for modeling the degradation stabil-
ity/mechanism and crystallization characteristic of the 
green copolymers containing grafted PLA.
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