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A B S T R A C T   

Here we report on kinetic analysis of thermal degradation of polymer blends based on incremental isoconver-
sional method coupled with mathematical deconvolution of thermogravimetric curves based on Fraser–Suzuki 
peak function. The measured kinetic envelope was decomposed into contributions approximately corresponding 
to degradation of each constituent of a polymer blend. Kinetic parameters from isoconversional analysis were 
further used for estimating the effect of blending on thermal stability of the constituents. Compared to routinely 
used parameters such as degradation onset temperature or DTG-peak temperature, the deconvolution analysis 
allows to determine stability of all components in a mixture regardless of their relative content. Here we also 
show that deconvolution analysis can be carried out directly on integral α(T) curves, thus bypassing the work 
with differential data dα/dt. Isoconversional analysis of deconvoluted α(T) curves allows to calculate various 
parameters for assessing the potentially accelerating or inhibiting effect on thermal degradation, for example, by 
means of decomposition half-time t0.5. The results can be made more robust by utilizing relative criteria for 
stability such as t0.5(blend)/t0.5(neat polymer). Using this approach, detrimental effect of PHBV and PBAT on 
thermal stability of PLA above 300 ◦C was confirmed. On the other hand, stability of PHBV in both binary and 
ternary mixtures was improved compared to neat polymer.   

1. Introduction 

The environmental concerns stemming from the increasing accu-
mulation of plastic wastes and high carbon footprint of fossil-derived 
polymers have prompted an unprecedented interest in the develop-
ment of sustainable plastics, which are meant to be either biobased, 
biodegradable, or optimally both [1,2]. According to the European 
Bioplastics report [3], these polymers currently represent only around 
0.5 percent of the over 400 million tonnes of plastic produced annually; 
however, the global bioplastics production capacity is forecast to in-
crease significantly from around 2.18 million tonnes in 2023 to 
approximately 7.43 million tonnes in 2028. One of the most used and 
investigated biopolymers is poly(lactic acid) (PLA), due to its several 
good mechanical properties (tensile strength and flexural modulus), 
biodegradability and lower associated carbon dioxide emissions and 
lower energy costs compared to conventional plastics [4,5]. PLA, like 
any other material, is not devoid of drawbacks, especially due to its 
brittle nature (poor toughness and impact strength) and also has 

relatively low thermal stability. Melt blending of polymers is likely the 
easiest, effective, and economical way of developing new plastic mate-
rials with tailored properties. This approach has been widely investi-
gated with other biopolymers, such as polyhydroxyalkanoates, poly 
(butylene succinate) (PBS), poly(butylene-adipate-co-terephthalate) 
(PBAT) [5–9]. In particular, PBAT is a biodegradable copolymer with 
high flexibility, which allows its use only in specific applications while 
PHBV (poly-(3-hydroxybutyrate-co-3-hydroxyvalerate)) has properties 
similar to polypropylene (PP), but it is stiff, brittle, and expensive. None 
of these three polymers can fulfill the requirement for almost all 
semi-structural or functional materials in commercial application when 
used alone. However, PLA, PHBV and PBAT show very interesting 
complementary properties, so that one can tailor the mechanical prop-
erties, processing properties and thermal performance by a simple melt 
blending method. A limited number of studies have explored these 
ternary blends [10], especially without the use of compatibilizers to 
improve the interfacial adhesion between PLA and the other compo-
nents [11,12]. 
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Another issue that deserves attention is the fact that much infor-
mation is available on thermal and mechanical properties of the 
resulting bio-based blends, but parameters such as thermal degradation 
kinetics have not been extensively studied [13–15]. In fact, for many 
industrial processes, it is important to avoid degradation of raw mate-
rials and approaching the materials’ processing temperature limits, 
therefore calling for a detailed characterization of their thermal degra-
dation behavior. From the opposite point of view, kinetics of pyrolysis 
(or thermal degradation) may provide information for developing pro-
cesses producing valuable chemicals from plastic waste [16–18]. 

In this work, binary (PLA/PHBV) and ternary (PLA/PHBV/PBAT) 
blends were prepared and characterized by dynamical mechanical 
analysis (DMA) in order to assess the effect of blending on mechanical 
properties (storage modulus and tan δ) as well as on the glass transition 
temperature. Isoconversional kinetic analysis coupled with mathemat-
ical deconvolution analysis (MDA) was applied to thermal decomposi-
tion of neat polymers (PLA and PHBV) as well as to that of their binary 
and ternary blends. The results are mainly discussed from the general 
point of view of interpretation of results obtained by isoconversional 
kinetic analysis. Criteria for assessing the effect of blending on thermal 
stability are derived from kinetic parameters. 

2. Materials and methods 

2.1. Materials 

The polymer blends were prepared from the following constituents: 
Poly(lactic acid) (PLA, CAS 26100-51-6) Luminy™ LX175 manufactured 
by TotalEnergies Corbion, density 1.24 g cm− 3, melt flow index (MFI) 6 
g/10 min (210 ◦C, 2.16 kg); poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (PHBV, CAS 80181-31-3) ENMAT™ Y1000P manufactured 
by TianAn Biopolymer, density 1.25 g cm− 3, MFI 12–25 g/10 min (190 
◦C, 2.16 kg); and poly(butylene-adipate-co-terephthalate) (PBAT, CAS 
60961-73-1) BIO-DI™ XF100 manufactured by Enyax Srl, density 1.22 g 
cm–3, MFI 6–8 g/10 min (190 ◦C, 2.16 kg). All polymers were used as- 
received. 

Table 1 
Compositions and codes of the polymer formulations.  

Sample ID PLA 
(wt.%) 

PHBV 
(wt.%) 

PBAT 
(wt.%) 

PLA 100 0 0 
PHBV 0 100 0 
PLA:PHBV 60:40 60 40 0 
PLA:PHBV 40:60 40 60 0 
PLA:PHBV:PBAT 60:30:10 60 30 10 
PLA:PHBV:PBAT 60:20:20 60 20 20  

Fig. 1. DMA curves of PLA:PHBV:PBAT binary and ternary blends at various composition: (a) storage modulus versus temperature; (b) tan δ versus temperature.  

Table 2 
Storage modulus (E′) at selected temperatures and glass transition temperatures for the polymer formulations.  

Sample ID E′ (GPa) Tg ( ◦C) PLA Tg ( ◦C) PHBV 

− 50 ◦C 0 ◦C 25 ◦C 50 ◦C 

PLA 4.50 ± 0.03 3.74 ± 0.01 3.52 ± 0.02 3.25 ± 0.02 64.6 ± 0.9 – 
PHBV 6.36 ± 0.03 5.62 ± 0.02 3.73 ± 0.02 2.41 ± 0.02 – 21.6 ± 0.7 
PLA:PHBV 60:40 5.50 ± 0.02 4.76 ± 0.02 4.15 ± 0.02 3.35 ± 0.02 59.6 ± 0.7 23.3 ± 0.3 
PLA:PHBV 40:60 5.71 ± 0.02 5.07 ± 0.02 4.38 ± 0.02 3.36 ± 0.02 58.9 ± 0.6 17.4 ± 0.4 
PLA:PHBV:PBAT 60:30:10 4.13 ± 0.02 3.28 ± 0.02 2.86 ± 0.02 2.28 ± 0.02 60.2 ± 0.3 20.9 ± 0.5 
PLA:PHBV:PBAT 60:20:20 4.08 ± 0.02 3.10 ± 0.02 2.75 ± 0.02 2.22 ± 0.02 61.3 ± 0.4 21.6 ± 0.3  

Fig. 2. Comparison of TG records of neat polymers with those of their binary 
and ternary blends at a heating rate of 3 ◦C min− 1. 
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2.2. Preparation of blends 

Neat biopolymers were first dried for 24 h at 80 ◦C; the blends were 
obtained using a laboratory co-rotating twin-screw extruder Process 11 
(Thermo Scientific, Karlsruhe, Germany) with the following tempera-
ture profile (from feed to extrusion die): 165 → 170 → 175 → 180 → 185 
→ 185 → 185 → 180 ◦C, at a screw rotation rate of 150 rpm. Neat 
polymers for comparison were processed similarly; compositions of the 
polymer formulations are listed in Table 1. 

2.3. Thermogravimetry (TG) 

TG measurements were carried out using a TG 209 F1 Libra ther-
mogravimetric analyzer (NETZSCH, Selb, Germany). The samples (18 ±
1) mg were placed in open 85-μL alumina crucibles; the purge gas was 
nitrogen at a flow rate of 60 mL min− 1. Each sample was heated from 
room temperature to 800 ◦C at five different heating rates (1.5, 3, 6, 10 

and 15 ◦C min− 1). 

2.4. Dynamic mechanical analysis (DMA) 

The storage modulus and tan δ of the specimens were measured as a 
function of temperature using a dynamic mechanical analyzer DMA 242 
E Artemis (NETZSCH, Selb, Germany). The tests were carried out in a 
three-point bending mode by heating the samples (60 × 10 × 4 mm) 
from − 50 to 90 ◦C at a rate of 2 ◦C min− 1 with a frequency of 1 Hz and 
amplitude of 30 μm. Tests were performed in triplicate. 

3. Kinetic analysis 

3.1. Incremental isoconversional method 

From a mechanistical point of view, pyrolysis of polymers is a 
complex process involving multiple parallel and consecutive reactions 

Fig. 3. (a) decomposition of PLA:PHBV:PBAT 60:30:10 blend at various heating rates with theoretical ranges of kinetic contributions to the overall mass loss; (b) 
deconvolution of a overall rate curve of the same blend (heating rate 3 ◦C min− 1) into three steps: overall rate (points) and partial contributions (lines); (c) least- 
squares fit of Eq. (5) (lines) to experimental α(T) data (points); (d) comparison of experimental overall decomposition rate (points) and first derivative of Eq. (5) 
parametrized from fits shown in (c). 
Note: The experimental datapoints were decimated in order to improve visual clarity 
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yielding a large variety of products [19]. Apart from chemical changes, 
purely physical phenomena such as heat and mass transfer contribute to 
overall rate of the process. Thermogravimetry alone, as any other “bulk” 
method, does not provide deeper insight into pyrolysis mechanism since 
the measured signal (sample mass) inevitably leads to underdetermined 
system of kinetic equations whenever complex mechanisms are 
considered. The starting point of essentially all kinetic evaluations of 
thermoanalytical data is the general rate equation [20,21]: 

dα
dt

= k(T)f (α), (1)  

where k(T) and f(α) are the functions depending solely on temperature 
and conversion, respectively. In contrast to “classical” kinetics, the 
conversion here is defined in a purely operational way as the observed 
mass change normalized to the total change associated with given pro-
cess, α(t) = [mi – m(t)]/[mi − mf], where the indices stand for initial and 
final value. The temperature function is almost exclusively expressed by 
the Arrhenius equation, k(T) = Ak exp(− E/RT). Assuming a series of 

measurements performed at linear heating, the following equation can 
be derived [22]: 

β =
Ak

g(αi) − g(αi− 1)

∫Ti

Ti− 1

exp( − Ei /RT)dT , (2)  

where β = dT/dt is the heating rate, g(α) is the antiderivative of 1/f(α)
and Ti− 1 and Ti stand for the temperature at which the conversion αi− 1 
and αi was reached, respectively. Eq. (2) allows to determine the acti-
vation energy Ei and composite parameter Ai = Ak/[g(αi) − g(αi− 1)] for 
any considered conversion range (αi− 1, αi); details of the method 
employed are given in [23]. In brief, the heating rate β is treated as an 
independent variable with a negligible error; the values of Ei and Ai are 
optimized so that the total sum of squares is minimized: 

S =
∑[(

Texp
i− 1 − Tcalcd

i− 1

)2
+
(
Texp

i − Tcalcd
i

)2
]

Fig. 4. Isoconversional kinetic parameters for thermal decomposition of neat polymers: (a) PLA; (b) PHBV. The error bars represent ± 1 standard error.  

Fig. 5. Isoconversional kinetic parameters for thermal decomposition of PLA:PHBV 60:40 blend (left: k = 1, right: k = 2) .  
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where “exp” and “calcd” indicate the experimental and calculated value 
of isoconversional temperature, respectively. The summation indicated 
in the objective function S is performed over all heating rates employed. 

3.2. Deconvolution procedure 

The TG records of pyrolysis of neat polymers (PLA and PHBV) exhibit 
single mass loss stage proceeding in a relatively narrow temperature 
range. Thermal behaviour of binary and ternary polymeric blends under 
study is more complicated as the mass loss occurs in two and three 
partially overlapping steps, respectively. In such cases the ICTAC rec-

ommendations [24] suggest various procedures; we adopted the math-
ematical deconvolution analysis (MDA) with certain modifications 
described here. Considering pyrolysis of a polymer blend as a series of n 
independent reaction steps, the overall rate can be expressed as 

dα
dt

=
∑n

k=1
F(pk, t) (3)  

where F(pk, t) is a suitable peak function with a vector of adjustable 
parameters pk. Eq. (3) allows to parametrize the time course of the rate 
of the process on a purely empirical basis. In this work, Fraser–Suzuki 

Fig. 6. Isoconversional kinetic parameters for thermal decomposition of PLA:PHBV 40:60 blend (left: k = 1, right: k = 2).  

Fig. 7. Isoconversional kinetic parameters for thermal decomposition of PLA:PHBV:PBAT 60:20:20 blend (left: k = 1, right: k = 2).  
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(FS) function [25,26] was used in the following form: 

F(pk, x) = a1kexp

{

−
ln2
a2

4k

[

ln
(

1 + 2a4k
x − a2k

a3k

)]2
}

(4)  

where pk = (a1k, a2k, a3k, a4k) are the parameters controlling the peak 
height, position, width, and asymmetry, respectively. This function is 
usually flexible enough to describe most dα/dt curves with 1:1 corre-
spondence of number of experimentally discernible steps and number of 
terms in form of Eq. (4). It should be noted that each term itself may 
represent a complex process which cannot be described by a single ki-
netic triplet (A,E, f(α)) [27]. 

The deconvolution procedures are usually carried out on differential 
data (dα/dt); however, the thermogravimetric signal has integral nature, 
i.e., it is proportional to α. The advantage of incremental methods, 

including the one based on Eq. (2), is that they do not require evaluating 
dα/dt data. In order to preserve this advantage while still performing 
mathematical deconvolution of a multi-step process, the FS function was 
fitted directly to the experimental α(T) curves in the following form: 

α(T) =
∑n

k=1

1
a0k

∫T

T0

F(pk,T) dT (5)  

where a0k is the area under k-th FS peak (with unit height) which can be 
calculated as (a3k /2)

̅̅̅̅̅̅̅̅̅̅̅̅
π/ln2

√
exp (a2

4k /ln16). Normalizing the peak area 
to unity allows to treat the parameter a1k as contribution of a given 
process to the overall conversion. Fitting of Eq. (5) to experimental α(T)
curves was done using OriginPro 2018 software package (OriginLab 
Northampton, MA, USA); the integral of FS function was calculated 
numerically with a built-in routine. 

Procedure based on Eq. (5) allows bypassing the need for numerical 
derivatives of TG data; the deconvolution was performed in temperature 
domain. The resulting parameters can subsequently be used to calculate 
conversion curve αk(T) for k-th contributing process. Finally, a series of 
these αk(T) dependences obtained at various heating rates can be 
analyzed isoconversionally by applying Eq. (2). 

3. Results and discussion 

3.1. Dynamic mechanical analysis 

The storage modulus (E′) curves of neat PLA and PHBV binary, and 
ternary blends are shown in Fig. 1(a); numerical values and obtained 
glass transition temperatures (Tg) are summarized in Table 2. PLA 
showed the typical values of a glassy polymer below its Tg (around 3.5 
GPa at room temperature), but this value decreased sharply when the 
glass transition was reached (around 65 ◦C). Neat PHBV displayed a 
higher storage modulus compared to PLA below its Tg (20 ◦C) and the 
decrease was not as sharp as the one observed for PLA, thus delivering a 
material with better thermomechanical stability over the investigated 
temperature range. This behavior is maintained also by binary blends, 
which exhibited higher storage modulus values compared to neat PLA 
both below and above the PLA’s glass transition temperature. 

Fig. 8. Isoconversional kinetic parameters for thermal decomposition of PLA:PHBV:PBAT 60:30:10 blend (left: k = 1, right: k = 2).  

Fig. 9. Effect of blending on pyrolysis rate in PLA:PHBV 60:40 blend assessed 
by differences in isoconversional temperatures (Eq. (6)). 
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Tan δ, defined as the ratio between the loss modulus (E″) and the 
storage modulus (E′) displayed peaks linked to the transition in molec-
ular mobility representing the Tg of the polymer materials. As seen from 
Fig. 1(b), a sharp peak was found around 65 ◦C for neat PLA. A transition 
in the tan δ peak toward the lower end of temperature range was found 
with increasing amount of PHBV and PBAT in the blends, suggesting 
limited mutual solubility of PLA with PHBV and presence of PBAT minor 
phases [28]. Also evident is the toughening caused by the presence of 
PBAT in the ternary blends, demonstrating the possibility of achieving a 
good balance of stiffness and toughness by fine-tuning the relative 
amounts of PHBV and PBAT. 

3.2. Isoconversional kinetic analysis 

The TG records (heating rate 3 ◦C min− 1) of all polymers and their 
respective blends under study are shown in Fig. 2. Both studied neat 
polymers (PLA and PHBV) exhibit thermal decomposition seemingly 
proceeding in a single step. Comparing the blends with neat polymers, 
the pyrolysis proceeds in order (with respect to temperature) PHBV → 
PLA → PBAT; this observation holds within the whole range of heating 
rates employed as exemplified on PLA:PHBV:PBAT 60:40:10 blend in 
Fig. 3(a). The kinetic parameters of neat PLA and PHBV can be deter-
mined directly from normalized TG records, thus treating the process as 
a simple one with regard to the general rate equation. On the other hand, 
the normalized TG records of all blends were fitted by Eq. (5) consid-
ering two or three FS terms for binary and ternary systems, respectively. 
A typical example of this procedure is depicted in Fig. 3(c) on the PLA: 
PHBV:PBAT 60:40:10 blend; the residuals plotted in the top panel all fall 
within ±0.5% of the experimental overall conversion. As mentioned in 
the previous section, the approach traditionally established for MDA is 
based on fitting of weighed sum of empirical peak functions to overall 
dα/dt curve. Working with differential data has an advantage residing in 
improved visual separation and identification of overlapping sub- 
processes. However, once the number of contributing sub-processes 
has been established, either visually or by a statistical test, the orig-
inal α(T) curve is equally suitable for determining the parameters of 
empirical functions. It is matter of course that the resulting MDA pa-
rameters will differ between these two approaches since different 
criteria are optimized. Fig. 3(d) shows (for PLA:PHBV:PBAT 60:40:10 
blend) an overlay of experimental dα/βdt datapoints with curves 
calculated by differentiating the FS function fitted in its integral form 
given by Eq. (5). In this particular case, direct fitting of FS peak functions 
to differential data yields a global sum of squares (all heating rates) 
equal to 3.8 × 10− 5 K− 2; the differentiated Eq. (5) with parameters 

obtained from integral α(T) curve yields a higher value of 5.1 × 10− 5 

K− 2. However, the situation is reversed when the comparison is per-
formed on a basis of correlation with α(T) curve rather than on its first 
derivative: optimization of Eq. (5) leads to a global sum of squares be-
tween αexp and αcalcd of 8.6 × 10− 4 while the integral of FS peak func-
tions with parameters obtained by “classical” MDA gives almost twice as 
high value (1.5 × 10− 3). This comparison shows that no definite answer 
can be given when comparing the performance of Eq. (5) with dα/dt- 
based MDA. However, since the subsequent isoconversional kinetic 
analysis is based on evaluation of isoconversional temperatures by Eq. 
(2), a more logical step would be performing the MDA on α(T) curves as 
demonstrated here. 

Fitting each α(T) curve of a given blend separately led to problematic 
results with respect to the parameter a1k whose value should reflect the 
contribution of a partial step to the overall mass loss [24]. Allowing the 
a1k parameter to vary with heating rate resulted into negligible im-
provements in goodness-of-fit criteria; however, interpretation of vari-
able a1k is difficult. The phenomenon of variable kinetic contribution of 
each step into the overall α(T) curve can be attributed to purely 
empirical nature of the FS function; it is also mentioned in a recent 
ICTAC recommendations paper on decomposition kinetics [29] as one of 
the main drawbacks of MDA. In our case, some of the deconvoluted αi(T)
curves exhibited erratic behaviour as they mutually crossed multiple 
times in the regions of significant overlap with other process. However, 
Eq. (2) requires monotonous increase of Ti for a given Ti− 1 value with 
respect to increased heating rate. Therefore, in order to preserve the 
physical meaning of the scaling parameter a1k, all the records for each 
blend were fitted simultaneously with the parameter a1k shared among 
all heating rates; despite imposing such constraint the resulting R2 

values were always higher than 0.99995. The values of FS parameters 
for all four blends are listed in Table S1 in the Electronic Supplementary 
Material. Comparing the theoretical values of a1k given by the mass 
ratios of constituents with those listed in Table S1 shows good agree-
ment for both PLA:PHVB mixtures (60:40 vs. 56:44, and 40:60 vs. 
41:59). In case of ternary mixtures, significant differences can be seen, 
especially for PLA:PHVB:PBAT 60:30:10 for which a1k parameters give 
contributions 38:19:43. This discrepancy most probably stems from the 
empirical nature of mathematical deconvolution and significant overlap 
between the temperature regions of PLA and PBAT decomposition as 
seen in Fig. 2. For this reason, the deconvoluted αk(T) curves only 
approximately correspond to the components of ternary blends. 

The experimental α(T) curves for neat polymers and deconvoluted 
αk(T) curves for blends were further evaluated by incremental iso-
conversional method described in Section 3.1 in the conversion range 

Fig. 10. Effect of blending on pyrolysis rate assessed by Eq. (7). The vertical axis represents ratio of reaction half-times at given temperature. The dotted line divides 
the regions of increased thermal stability (above 1) and decreased thermal stability (below 1) relative to neat polymers. 
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from 0.05 to 0.95 with a step of 0.05. The kinetic analysis by this method 
yields two parameters (Ai,Ei) per isoconversional level. For neat PLA 
and PHBV the determined kinetic parameters are plotted in Figs. 4(a) 
and (b), respectively. In both cases the apparent activation energy ex-
hibits approximately linear decrease with conversion. In case of PLA the 
Ei dependence spans similar range as the uncertainty of the parameter 
itself; for PHBV the uncertainties are significantly lower and the trend in 
Ei is thus more pronounced. As recently pointed out by Várhegyi [30], 
the E(α) dependences tend to be rather “fragile” with respect to exper-
imental uncertainties usually encountered in experimental α(T). Com-
bined with unclear physical meaning of apparent activation energy of 
condensed-phase processes [31–33] even in the case of its constant 
value when analyzed by general rate equation, we refrain from mech-
anistical interpretation of any particular E(α) dependence. The same also 
applies to comparing these dependences obtained for neat polymers and 
their blends. The kinetic parameters obtained in the same way for the 
first two sub-processes (k = 1 and 2) in binary and ternary blends are 
shown in Figs. 5–8. As can be seen, the E(α) behaviour differs signifi-
cantly, including the coefficients of variability. For ternary mixtures 
(Figs. 7 and 8) the second step (k = 2) associated with decomposition of 
PLA shows that the highest uncertainties correspond to E(α) at low 
conversions (below 0.20), mainly due to significant overlap with the 
preceding step. Noticeable discrepancies can be seen between the fitted 
isoconversional temperatures and deconvoluted α2(T) curves for the 
second process at α2 < 0.20 as shown in Figs. 8 and 5 (see the top panel 
of each plot). 

The problems with robustness of E(α) dependences, lack of clear 
physical meaning also combined with the kinetic compensation effect 
imply that the kinetic parameters themselves are not a suitable basis for 
judging the effect of blending on the kinetics of pyrolysis. Even though 
higher E(α) values are usually associated with higher thermal stability, 
there are at least two objections against such approach. First, higher E(α) 
does not necessarily imply lower degradation rate [31], mainly due to 
the aforementioned kinetic compensation effect. Second, comparison of 
two E(α) dependences is purely qualitative: this approach is even less 
meaningful in practical terms than a direct comparison of TG curves 
which provides differences in isoconversional temperatures without 
performing any kinetic analysis at all. 

As mentioned above, a straightforward approach resides in a direct 
comparison of the isoconversional temperatures of pyrolysis of a given 
polymer in its neat and blended state: 

ΔTα = Tα(blend) − Tα(neat) (6)  

where both temperatures correspond to the same heating rate. A clear 
advantage of this approach is that calculating ΔTα does not require ki-
netic analysis and the isoconversional temperatures if the comparison is 
done within the experimental range of heating rates. For neat and 
blended polymers both Tα(neat) and Tα(blend) can be determined from 
experimental and deconvoluted αk(T) curves, respectively. On the other 
hand, the resulting ΔTα values are hard to interpret in a quantitative 
manner as they are bound to the corresponding heating rate which may 
not be relevant in practical settings. An example of comparison based on 
Eq. (6) is shown in Fig. 9 on both components of PLA:PHBV 60:40 blend. 
In case of PLA, the negative values of ΔTα imply destabilizing effect of 
blending with PHBV at given composition while the opposite is true 
(ΔTα > 0) for blended and neat PHBV. The same observation in regard 
to ΔTα also holds for PLA and PHBV in all blends under study. 

The kinetic parameters plotted in Figs. 4–8 allow for calculation of 
isoconversional times at chosen fixed temperature. Once again assuming 
Arrhenius form of k(T), separation of variables in Eq. (1) and subsequent 
integration between (ti− 1, ti) and (αi− 1, αi) yields: 

Δti = ti − ti− 1 =
1

Aiexp( − Ei/RT)
(7)  

where Δti is a time increment required to increase the conversion from 

αi− 1 to αi at temperature T; the parameters Ai and Ei are identical to those 
appearing in Eq. (2). Summing up the individual terms given by Eq. (7) 
allows to predict absolute isothermal times tα or inversely the corre-
sponding α(t) curve. The main advantage of isothermal isoconversional 
times, compared to kinetic parameters or isoconversional temperatures, 
resides in their intuitive interpretation as a direct measure of thermal 
stability. Moreover, instead of directly plotting the predicted tα curves, 
the data can be normalized to neat polymers. Such relative measures 
tend to be more robust in general since potential biases (introduced both 
experimentally and by kinetic analysis) are at least partially canceled 
out [34]. The results can further be simplified by choosing a fixed 
conversion at which isoconversional times would be mutually 
compared; a sensible basis for comparison could be t0.5, i.e., the reaction 
half-time. Ratios of degradation half-time for blended polymers to neat 
ones for PLA and PHBV are graphically depicted in Fig. 10 for all four 
investigated blends. In order to minimize potential bias introduced by 
extrapolation, the comparison was done in the temperature region 
where the degradation process was experimentally observed by TG. 
Noteworthy is the effect of temperature on the t0.5(blend)/t0.5(neat)
ratio, especially in case of PLA. Within the temperature range in which 
PLA degradation was observed (300–375 ◦C), the blended PLA is less 
stable than the neat polymer while extrapolation to lower temperatures 
implies stabilizing effect. However, this observation is not supported by 
direct comparison of isoconversional temperatures where Tα(blended 
PLA) < Tα(neat PLA) holds universally (see Fig. 9). Extrapolations based 
on kinetic parameters are very sensitive to any bias as already 
mentioned; thus, sound comparison can only be done within the tem-
perature range of measurements. The effects of blending on polymer 
stability are routinely assessed by TG; frequently, the peak temperature 
(Tmax) evaluated from a DTG record [35] or decomposition onset [36, 
37] is taken as a measure of stability. For a similar blend of PLA with 
PHB (poly(3-hydroxybutyrate), a gradual decline of Tmax(PLA) from 360 
◦C to 355 ◦C was observed for 95:5 and 80:20 blends, respectively [38]. 
These results are in line with t0.5(blend)/t0.5(neat) < 1 for PLA:PHBV 
60:40 and 40:60 blends above ca. 300 ◦C. Thermal stability data for PLA: 
PHBV system are relatively scarce. In [39] blends with 75:25 to 25:75 
composition were studied and T0.05, T0.10 and T0.50 were determined. All 
these temperatures increased with the proportion of PLA; however, the 
indicated percentages pertain to overall mass losses and thus do not 
specifically reflect decomposition of a single component within the 
blends. In cases where stepwise decomposition of polymer blend is 
observed, the temperature-based criteria evaluated at fixed overall 
conversion can potentially be misleading. For example, if the least stable 
component represents only 10% of a mixture, then T0.50 is a very 
insensitive parameter with regard to thermal stability. PLA:PHBV blends 
in a wide range of ratios were studied by TG in [40]; all the blends were 
found to exhibit lower thermal stability than PLA, but higher thermal 
stability than PHBV. In this case, the effect of blending was assessed by 
comparing the DTG peak temperatures (Tmax). Such approach eliminates 
the aforementioned problems with insensitivity of parameters based on 
constant mass loss; however, the resulting shifts in Tmax are relatively 
hard to interpret in practical terms. On the other hand, the method 
presented here offers the advantage of assessing the effect of blending 
for each component independently of its amount in a given mixture on a 
well-defined quantitative basis such as isothermal isoconversional time. 

Conclusions 

Thermogravimetry, if not supported by supplementary data, cannot 
provide mechanistical insight into the processes taking place during 
thermal decomposition of polymers and their blends. However, iso-
conversional kinetic analysis coupled with mathematical deconvolution 
of measured α(T) envelope provides kinetic parameters which can be 
used for estimating the effect of blending on thermal stability of con-
stituents. Compared to classical parameters such as degradation onset 
temperature or peak temperature determined from DTG curve, the 

T. Dubaj et al.                                                                                                                                                                                                                                   



Thermochimica Acta 736 (2024) 179761

9

deconvolution analysis allows to determine stability of all components 
of a mixture regardless of their proportions. Here we also show that 
deconvolution analysis can be carried out directly on integral α(T) 
curves, thus bypassing the work with differential data dα/dt. Subsequent 
isoconversional analysis of deconvoluted α(T) curves allows to calculate 
various parameters for assessing the potentially accelerating or inhib-
iting effect of blending on thermal degradation, for example, by means 
of decomposition half-time t0.5. The results can be made more robust if 
relative criteria such as t0.5(blend)/t0.5(neat polymer) are determined. 
Using this approach, detrimental effect of PHBV and PBAT on thermal 
stability of PLA above 300 ◦C was confirmed. On the other hand, sta-
bility of PHBV in both binary and ternary mixtures was improved 
compared to neat polymer. 
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PLA-based binary and ternary blends with controlled morphology using PBAT, 
PBSA, and nanoclay, Compos. B Eng. 182 (2020) 107661, https://doi.org/ 
10.1016/j.compositesb.2019.107661. 

[13] M.L. Iglesias-Montes, D.A. D’Amico, L.B. Malbos, I.T. Seoane, V.P. Cyras, L. 
B. Manfredi, Thermal degradation kinetics of completely biodegradable and 
Biobased PLA/PHB blends, Thermochim. Acta 725 (2023) 179530, https://doi. 
org/10.1016/j.tca.2023.179530. 

[14] M.P. Belioka, M.N. Siddiqui, H.H. Redhwi, D.S. Achilias, Thermal degradation 
kinetics of recycled biodegradable and non-biodegradable polymer blends either 
neat or in the presence of nanoparticles using the random chain-scission model, 
Thermochim. Acta 726 (2023) 179542, https://doi.org/10.1016/j. 
tca.2023.179542. 

[15] S. Patnaik, S. Kumar, A.K. Panda, Thermal degradation of eco-friendly alternative 
plastics: kinetics and thermodynamics analysis, Environ. Sci. Pollut. Res. 27 (2020) 
14991–15000, https://doi.org/10.1007/s11356-020-07919-w. 

[16] L. Esposito, L. Cafiero, D. De Angelis, R. Tuffi, S. Vecchio Ciprioti, Valorization of 
the plastic residue from a WEEE treatment plant by pyrolysis, Waste Manage 112 
(2020) 1–10, https://doi.org/10.1016/j.wasman.2020.05.022. 

[17] R. Tuffi, S. D’Abramo, L.M. Cafiero, E. Trinca, S. Vecchio Ciprioti, Thermal 
behavior and pyrolytic degradation kinetics of polymeric mixtures from waste 
packaging plastics, Express Polym. Lett. 12 (1) (2018) 82–99, https://doi.org/ 
10.3144/expresspolymlett.2018.7. 

[18] C. Federghini, L. Guazzelli, C.S. Pomelli, A. Ciccioli, B. Brunetti, A. Mezzetta, 
S. Vecchio Ciprioti, Synthesis, thermal behavior and kinetic study of N- 
morpholinium dicationic ionic liquids by thermogravimetry, J. Mol. Liq. 332 
(2021) 115662, https://doi.org/10.1016/j.molliq.2021.115662. 

[19] O. Dogu, M. Pelucchi, R. Van de Vijver, P.H.M. Van Steenberge, D.R. D’hooge, 
A. Cuoci, M. Mehl, A. Frassoldati, T. Faravelli, K.M. Van Geem, The chemistry of 
chemical recycling of solid plastic waste via pyrolysis and gasification: state-of-the- 
art, challenges, and future directions, Prog. Energy Combust. Sci. 84 (2021) 
100901, https://doi.org/10.1016/j.pecs.2020.100901. 

[20] S. Vyazovkin, A.K. Burnham, J.M. Criado, L.A. Pérez-Maqueda, C. Popescu, 
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Maqueda, C. Saggese, P.E. Sanchez-Jiménez, ICTAC Kinetics Committee 
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