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ABSTRACT

Thermogravimetric analysis of polyethylene oxide (powder and nanofibers obtained by force
spinning water or chloroform solutions of polyethylene oxide) was studied using different
theoretical models such as Friedman and Flynn-Wall-Ozawa. A semiempirical approach for
estimating the "sigmoid activation energy" from the thermal degradation was suggested and
confirmed by the experimental data on PEO powder and nanofibers' mats. The equation allowed
for calculating a "sigmoid activation energy" from a single thermogram using a single heating
rate without requiring any model for the actual complex set of chemical reactions involved in the

thermal degradation process. For PEO (po wder and nanofibers obtained from water solutions),

the "sigmoid activation energy" increased as the heating rate was increased. The sigmoid
activation energy for PEO mats obtained from chloroform solutions exhibited a small decrease as
the heating rate was increased. Thermograms' derivatives were fitted to determine the
coordinates of the inflection points. The "sigmoid activation energy" was compared to the
activation energy determined from the Flynn-Wall-Ozawa model. Similarities between the

thermal degradation of polyethylene oxide powder and of the nanofibers obtained from water
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solutions were discussed. Significant differences between the sigmoid activation energies of the

mats obtained from water and chloroform solutions were reported.

INTRODUCTION

Many materials and expressly polymers have limited survivability when exposed to high
temperatures. The thermogravimetric analysis quantifies the evolution of a polymer mass
(weight) as a function of temperature and time when subjected to various temperatures in
different environments. The primary environments are 1. The inert atmosphere, achieved by
performing the degradation in nitrogen, noble gases, or vacuum. 2. The Earth's atmosphere
(which is a combination of nitrogen and oxygen). 3. The reactive atmosphere (which is typically
associated with thermal effects in polymers under oxygen or other reactive gases).

Thermogravimetric analysis (TGA) is a standard experimental technique used to study thermal

phenomena in homopolymers [1], [2], polymer blends [3], copolymers [4], block copolymers [5],

polymer-based nanocomposites, and metals [6], [7]. The simplest TGA thermogram (under inert
atmosphere) is a single sigmoid representing the dependence of residual mass on temperature.
The sigmoid typically has no extremum point. For more complex degradation processes, thermal
degradation combines several overlapping sigmoids. In the case of TGA experiments performed
in oxygen or reactive gases, the dependence of the residual mass on temperature and time is
more complex due to the diffusion contributions, and the new chemical reaction path(s) opened
eventually by the reactive gas(es). Recent advanced experimental protocols include the
hyphenation of the TGA spectrometer with other instruments such as Fourier Transform Infrared
(FTIR) [8] or mass spectrometers [9], [ 10], which can provide additional information on the
nature and composition of volatiles or residues.

The present manuscript focuses on the following three significant aspects of TGA: Firstly, it
introduces a quasi-empirical approach for understanding the thermograms by starting from a
simple sigmoid and deriving an expression to describe the evolution of residual mass as a
function of temperature. This approach assumes that the thermogram is a single sigmoid. Such
shape was frequently reported for simple polymers and polymer-based nanocomposites, where
the polymeric matrix is a homopolymer and the (nano)filler has high-temperature stability (e.g.,

carbon nanostructures such as nanotubes, nanofibers, graphite, graphene...).
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The choice of PEO powder and mats of nanofibers for this research originated from a few
specific features of this polymer. PEO has a simple chemical structure (C2nHan+2On+1) where n is
the number of monomers, a well-known morphology with a semi-crystalline content, well-
known glass (-50 °C [11] or -67 °C [12]), crystallization (52 °C [13]), and melting phase
transitions (65 °C [11]), and a simple thermal degradation (in the inert atmosphere [12]),
characterized by a low char production. PEO is among the few polymers soluble in water and in
some organic solvents such as toluene and chloroform. PEO is considered a biocompatible
polymer, thus opening the door towards biological and medical applications.

The proposed equation for the simulation of the residual mass dependence on temperature allows
the estimation of an activation energy, named "sigmoid activation energy", without any
connection to the actual kinetics of the thermal degradation process. Thus, this approach does not
require a detailed analysis of the thermal degradation dependence on the heating rate. Some
authors define Ozawa-Flynn-Wall as a "model-free" approach [1], although it includes a function
of conversion which may be deemed dependent on the thermo-oxidation path [14], [15]. This
contribution affects the intercept but not the slope (identified as the activation energy) of the
heating rate logarithm dependence on the reciprocal temperature [1], [14], [15]. Thus the
"sigmoid activation energy" may be determined from a single thermogram, recorded at a single
heating rate. This is the first theoretical approach capable of finding such a simple path towards
activation energy.

Secondly, the results reported in this manuscript demonstrate that the actual thermograms that
represent the temperature dependence of the residual mass of a simple homopolymer (PEO) at
different heating rates are very well fitted by the proposed equation. The demonstration is
extended to PEO nanofibers obtained by force spinning from water or chloroform solutions.
Differences between the sigmoid activation energy of the PEO mats of nanofibers, originating
from the nature of the solvent are possible (and expected) because the type of solvent may
control the morphology of the nanofibers. For example, the activation energy for the
crystallization of PEO is greater in the case of samples obtained from dimethyl acetamide
(DMACc) and toluene than for tripropionin [16], reflecting different radial nucleation speeds. The
effect of solvents on nanofibers of PEO was also reported [17] and confirmed. The degree of
crystallinity of PEO nanofibers electrospun from solution decreases as water is gradually

replaced by ethanol [17].
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In conclusion, a detailed analysis of the similarities and discrepancies between the thermal
degradation of polyethylene oxide (PEO) powder and nanofibers is reported.

Finally, the manuscript includes a detailed study of the parameters associated with the
derivatives of the as-recorded thermograms (with respect to the temperature). A particular
emphasis is given on the inflection temperature, inflection thermal residual mass, and width of

the thermal degradation rate.

MATHEMATICAL FRAMEWORK
Thermo-oxidative degradation is a complex phenomenon occurring in both time and
temperature. The experimental data represent the residual mass at a given temperature and time
during the degradation process. These two main parameters (time and temperature) may be
deconvoluted theoretically to simplify the mathematical analysis. In most cases, the thermograms
are perceived as dependencies of the thermal residual mass on temperature.
Let "r" be the residual mass of the sample, which depends both on temperature T and time t.
Accordingly, define r(t) as the time residual mass, and R(T) as the thermal residual mass

r(z‘) = m(to)—m(t) and R(T) = m(]}))—m(T) (l)
Where m(to) is the mass of the polymer at the beginning of the thermal degradation process,
m(t-) is the mass of the polymer at the end of the thermal degradation process, m(t) is the mass
of the polymer after a thermal degradation time t, m(To) is the mass of the polymer at the
beginning of the thermal degradation process, m(Tx) is the mass of the polymer at the end of the
thermal degradation process, and m(T) is the mass of the polymer at the temperature T.
Standard thermograms depict the dependence of the thermal residual mass on temperature. In the
general case, the time residual mass is a function of both time and temperature. However, the
subsequent analysis will assume that the time residual mass is just a function of time (unless
stated otherwise). This requires the decoupling of the time and temperature contributions, which
may be achieved by assuming that the time residual mass r(t) is a function of both time and
temperature, represented as t(T). Mathematically, this implies r(t)= r(t(T)). Consequently:

ar_dr(d(T)_oror ok
dt dt oT ot oT
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The possibility of such dependence is supported by the presence of the heating rate of the sample
0T/ot =H, which couples time and temperature. Equation (2) provides a simple transformation
from the time residual mass rate (9r/dt) to the thermal residual mass rate (OR/9T), where R(T) is
the thermal residual mass, imagined depending only on temperature (with a negligible time
dependence)

Hence, it is natural to imagine that the thermograms are simple sigmoids represented by
the following equation (typical for a sigmoid: please see also

https://mathworld.wolfram.com/SigmoidFunction.html):
A
R(t) (3)

“1+B exp(at)
It is observed that for t=0, r(t) function has the value of r(0) =A/(1+B), and at longer times, the
asymptotic value will be r(0)—0, where A, B, and a are assumed to be constants. As expected,
this function has no extremum for any finite value of the time, t. In eq. (3), a plays the role of a
reaction rate. Hence, such a dependence mimics the dependence of the residual mass on
temperature qualitatively. So, it is natural to assume that the reaction rate o has an Arrhenius like

temperature dependence:

With:

R(t)=

E
1+ Bexp|| a,exp——4- |t
p{( 0€Xp KBTJ:|

where Ea is the activation energy, Kg Boltzmann's constant, and T the absolute temperature.
At relatively high temperatures T, the exponential may be developed in power series around the

origin (exp-x=~1-x+x2/2). Retaining only the terms up to the first-order is obtained:

- 1+Bexp{a0A(l IfBATH &)

The next step is to find a relationship between r(t) and R(T). To fulfill this goal, let us consider

the expression of the time residual mass r:
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t dr t dr dT
(=2,
=) = ara® (©

Recognizing that dT/dt is the heating rate H, and assuming a constant heating rate is obtained:
[ ar_p di= | LU VLCLLS (6
ol dt dT o| dt dT
Although equation (2) may be considered as indicating that r(t)=HR(T), eq. 6' proves that this is

a rough approximation. Consequently, by accepting such a crude approximation:

R(T)— r(t) A

TH {1+B(expaot)exp[—(éATJaot}}H (67)

The main goal of these transformations is to collect in R(T) the dependence of the thermal

residual mass on T so that there will be almost no dependence of R on time. Thus,
mathematically, R should be solely a function of temperature T while t should have been
converted into a constant parameter. By observing that oo is also a small constant, it is assumed

reasonably to replace aot by an overall (almost) constant parameter J as follows:

R(T)—A 1

_EI+B(exp5)exp{—( IfATjs} )

B

Assuming that ao is very small than expoot = 1+aot =1. This condition will be gently relaxed, and
it will be assumed that expaot ~d, where 6 will be considered as a constant. The recorded
thermogram is a mathematical graph representing the dependence of the thermal residual mass R
on temperature, R=(T).

Eq. (6"") may be simplified by using the notations AH=C and B exp(6)=D, and absorbing 6 into

the sigmoid activation energy (EAo®® = 8E):

"] ()]

The parameter & describes the time-temperature coupling.

R(T)=

To conclude, the thermograms are expected to be well described by equation (7). The best fit of

experimental data using equation (7) provides the sigmoid activation energy and not the actual
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activation energy for the thermal degradation process. It is possible to estimate the time-
temperature coupling parameter, 0, by calculating the activation energy for the thermal
degradation using other approaches.

Assuming that the exponential is significantly larger than the unit, the expression that describes

the temperature dependence of the thermal residual mass becomes:

-]

Finally, the temperature derivative of the thermal residual mass is:
dR(T) _ A |d[E] E; :
=l = Jexp] (7")
dT HD|dT\ K,T K, T

Connections to existing theories and models

A simple connection between time evolution and temperature evolution of the mass is
recognized by most models on the TGA data. While this does not imply mathematically the
dependence suggested here t = t(T), this approach provides the most direct path to transforming
the time kinetics into a temperature-related evolution.

Many theoretical approaches to the mathematical modeling of thermograms are consistent with

the following differential equation [18], [19], [20]:

‘j—‘;{F(R)J{%exp-(EﬁTH ©

It was assumed that it is possible to separate the time and the temperature contributions of the

residual mass (time) function, r(t). The temperature contribution is reflected by the Arrhenius

term A exp-(Ea/(RT) ) while the time contribution reflects the chemical reaction rate (which may

be expressed as dy/dt=ky", where n is the reaction order) are embedded in the heating rate H and
eventually within the function F(R). F(R) is a function of the thermal residual mass that
eventually may contain some of the chemical details of the thermal degradation process. Ideally,
F(R) does not depend on time but may involve "averaged out" contributions related to the actual
chemical reaction paths

By comparing the equation (7") to the existing and accepted mathematical expression (8), the

following equivalences are suggested:
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1| d(EY
F(R) =—| = | Z4 d E®=_|sE 8
(R) D{dT[KBTJ] an A | A| (¥)

It is noticed that by comparing the derived expression with the existing ones, it is concluded that
the parameter & that enters into the definition of the sigmoid activation energy should be
negative. The result may be explained by observing that this parameter is related to the time
evolution of the residual mass, and longer time implies smaller time (and thermal) residual
masses.

The Friedman approximation [15] is obtained by rearranging equation (8):

Hj_l; - [F(R)]{Aexp —[IiATjJ] (8")

Taking the natural logarithm of equation 8" is obtained:

1n(HZ—1;j=1n[AF(R)]—(IiATJ (8")

Therefore by representing In[H(dR/dT)] versus the reciprocal temperature, a straight line with a
slope of Ea/(KgT) is expected [15], [4], [6]. Thus, the activation energy for the thermal
degradation is obtained from the heating rate and thermal conversion rates. While the heating
rate H in certain cases does not appear explicitly, the fingerprint of Friedman's approximation is
the linear dependence of the thermal conversion rate on the reciprocal temperature [21].

An alternative approximation may be derived based on eq. (8):

1n[j_’;j :lnF(R)+ln(%j+ln{exp(— If H (9)

Assuming that In(dr/dT)~d/dT(Inr) =0, changes eq. 9 to:

lnF(R)Jrln(%jJrln{exp—If/‘T}zO (9')

B
Such an approximation suggests that the thermal residual mass does not change rapidly as a

function of temperature. Therefore, the general expression for this thermal degradation is given:
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Or:
EA

= (o)

This model allows for the theoretical simulation and understanding of the TGA thermograms if

InH = InAF (R) -

B

data at different heating rates, H, are available. An activation energy Ea, associated with the
overall degradation process may be calculated in such a case. Eq. (9"") reveals that the
dependence of the InH versus the reciprocal temperature is a straight line with a slope equal to
Ea/KgT, [21], [1], [4], [6] assuming that A and F(R) are constants. A similar expression was
derived by Flynn-Wall-Ozawa (FWO) [15]. More detailed calculations suggested that the actual
slope within the Flynn-Wall-Ozawa approximation is 1.052 Ea/R [22], [19] or 0.4567 Ea/R [23],
[20], [24], [25] and not precisely Ea/R (where R is the ideal gas constant).

While some authors claimed that this model does not consider the details on the thermal

degradation, it is essential to note that F(y) should not depend explicitly on time or temperature.

EXPERIMENTAL METHODS
Polyethylene oxide (PEO) with a molecular mass of 900 KDa was purchased from Sigma

-----—._._.\ 1001

1251 125

£ PEO Powder 900K 2

5 10 7 10 5 PEO 900K

: 2 PEO 900 k : o

8 E 0% L0 £ 150 "C/min 4% Chloroform
%75_ s 5] joom ot < ] —40 "Cimin 8,000 RPM

g g min 10000 RPM 5 0 |—2 i

R ™ % 1 5°C/min % ] |—10 "C/min

o ™ g =

g 504 + 50 "C/min s 509 . 10 °C/mi E] o

2 - 100 Cmin 2 " 3 ¢ Clnin

3 © 300 Clin g - 20 °C/min q;) 254 1 "Clmin

59 < 400 “Clmin 7 o K
« 500 *Clmin & « 509C/min Ll
0- T T T T 0- T T T T 0- T T T T
200 400 600 800 200 400 600 800 200 400 600 800
0
Temperature [°C] Temperature [ °C ] Temperature ['C]

Figure 1. TGA of PEO powder (left), PEO nanofibers from water solution (middle), and PEO

anofibers from chloroform solution (right). Left and middle thermogram were shifted upwards
y the same quantity (as the heating rates were increased). Right panel thermograms are
epresented as recorded (i.e., normalized to 100% and not shifted).
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Aldrich. As received, powder PEO was subjected to the TGA analysis in the nitrogen atmosphere
at different heating rates. Deionized water solutions of PEO containing 10 % wt. polymer were
prepared and homogenized by stirring. Additionally, solutions of 4 % PEO in chloroform were
prepared and homogenized using the same procedure as for water solutions. Each of these
solutions was centrifugally spun in the air at room temperature using a Fiberio Cyclone L-1000M
equipment at a spinning rate of 10,000 rotations/minute (rpm) for the nanofibers obtained from
the water solution and a spinning speed of 8,000 rpm for the nanofibers obtained from
chloroform solutions. The solvents were removed from nanofibers in a vacuum oven at 50° C for
24 h, to avoid the melting of the polymer and the possible conversion of the mat of nanofibers
into a thin film. The PEO melting temperature is reported in the range 55 to 70 °C [26].
Nanofibers are obtained within a narrow range of rpms and PEO solution's concentration, which
depends on the nature of solvent.

The thermal stability of the as purchased PEO powder and PEO nanofibers obtained from water
and respectively chloroform solutions by force spinning was studied by thermogravimetric
(TGA) experiments using a TG 209 F3 Tarsus Netzsch instrument operating under the nitrogen
atmosphere, in the temperature range 50 to 1000 °C. Measurements with different heating rates

from 1 °C/min to 50 °C/min were performed on both PEO nanofibers and powder.

RESULTS AND DISCUSSION

Fig. 1 shows the TGA data for PEO powder, with a molecular mass of 900 KDa (left panel), the
thermograms for the mats of PEO nanofibers obtained by force spinning of a water solution
containing 10 % wt. of the same polymer at a spinning rate of 10,000 rotations per minute (rpms)
(middle graph of Fig.1), and the thermograms for the mats of PEO nanofibers obtained by force
spinning of a chloroform solution containing 4 % wt. PEO at a spinning rate of 8,000 rpms (see
the right graph of Fig.1). The thermal degradations were recorded at various heating rates
ranging from 1.0 to 50.0 °C/min. Thermal degradation experiments were performed in a nitrogen
atmosphere. The left and middle graphs of Fig.1 have the thermograms shifted upwards by 8 %
for a better view of the effect of the heating rate on the degradation of PEO powder and
nanofibers. The right graph of Fig. 1 shows the actual recorded thermograms, after normalization

to 100 %, performed by the software of the instrument and no shifting.
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As observed from Fig. 1, all thermograms are single simple sigmoids, irrespective of the heating

rate and morphology (powder or mats of nanofibers). It is noticed that as the heating rate was
increased, the thermograms shifted to higher temperatures. Fig. 2 magnifies Fig.1 for PEO
powder and PEO nanofibers obtained from the water solution by focusing on the temperature

region, where the strongest mass degradation occurs (temperature ranging from 250 °C to 500

°C). The data are shown in Figs.1 and 2 indicate no significant (qualitative) differences between

the thermal degradation of PEO powder and PEO nanofibers, irrespective of the nature of the

solvent. As observed from Figs. 1 and 2, in all cases, a single sigmoid-like dependence was

recorded for the dependence of the (thermal) residual mass on temperature. This dependence is

frequently referred to as thermogram.
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gure 2. Detail of TGA of PEO powder (left) and PEO nanofibers (right). Each thermogram was
shifted upwards by the same quantity (as the heating rates were increased).
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igure 3. The dependence of the residual mass on the heating rate for several
temperatures. All lines are helping the eye.

From Fig. 2, it is noticed that as the heating rate was increased, the inflection temperature shifted
to higher values. The dependence of the residual mass dependence on the heating rate at some
selected temperatures is shown in Fig. 3 for different heating rates. The data for PEO powder are
represented by full symbols and double lines, and the data for PEO nanofibers (from water
solutions) are represented by empty symbols and connected by dotted lines. The same color
stands for the same temperature; the color and symbol codes are included in Fig. (3). Some
differences between powder and nanofibers may be observed in the temperature range where the
mass loss is larger.

The simple model suggested in the previous section makes possible the fitting of each
individually recorded thermogram by a sigmoid. Consequently, it is assumed that the following
equation (which represents a sigmoidal function) may be used to describe the time and
temperature evolution of the residual mass:

C

R(T)=

K,T

B

" J (10)

1+ Dexp —[ A
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Accordingly, eq. (10) defines a quasi-empirical approach that allows for the direct estimation of
the "sigmoid activation energy", EA®

The actual TGA data were fitted in Origin Pro using the following expression (see eq.11), where
R is the thermal residual mass, A1=C, A,=D, R=8314 J/(mole*K) with Z representing the
baseline correction, Eao measured in J/mole, and S representing the slope correction.

f(t)= 4 +Z+S8*t (1)

1
+ A4, exp| —
A exp 8.3145%(1+273.15)

In the previous paragraph, the temperature dependence was introduced via an Arrhenius-like
dependence. This allowed for the quick estimation of this overall activation energy. This
"sigmoid Activation Energy," EA®®, may not coincide with other activation energies calculated
for the thermal degradation. In contrast with the standard approach [14], [15], this path does not
require any knowledge of the thermal degradation process (chemistry), and it does not need data
on the thermal degradation processes at different heating rates.

As can be observed in Fig. 4, the proposed equation (eq.11) represents very well the
experimental data for both PEO powder and nanofibers. In Fig.4, the experimental data were
represented by various symbols for PEO powder (left graph) and PEO mats obtained from water
solutions (middle graph), while the best fit was represented by dotted lines. The color identifies
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Figure 4. The dependence of the “thermal residual mass” on temperature for PEO powder
(left) PEO nanofibers spun from water solution (middle) and PEO nanofibers obtained from
chloroform solutions subjected to different heating rates. In the left and middle graphs, the
symbols identify experimental data and the dotted lines represent best fits obtained by using
equation (11). In the right panel the broader lines represent experimental data, and the
narrow darker lines represent the best fits obtained by using equation (11).
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the heating rate. The right diagram of Fig. 4 represents the dependence of the residual (thermal)
mass on temperature for the mats of nanofibers obtained from the chloroform solution. The
experimental data are represented by wider lines, while the narrower and darker lines represent
the best fit. An excellent agreement between the modeling and experimental data was observed
for all heating rates and both powder and nanofibers samples, with correlation coefficients better
than 0.99 for all dependencies.

From Fig. 5, it is suggested that there are no significant differences between EA® for powder and
the mats nanofibers obtained from the water solution, at the same heating rate and that Ex®
depends on the heating rate, increasing towards an asymptotic value as the heating rate is
increased. Fig. 5 shows the dependence of the sigmoid activation energy for mats of PEO
obtained from chloroform solutions. It is observed that the sigmoid activation energy exhibits a
weak decrease as the heating rate is increased. It is noticed that the sigmoid activation energy
from PEO mats obtained from water solution is significantly larger than the sigmoid activation
energy of PEO mats obtained from chloroform solutions. Such results-although surprising- are

not unexpected
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Figure 5. The dependence of the Sigmoid Activation Energy on the heating rate for
PEO powder and PEO nanofibers force spun from water solutions and PEO
nanofibers force spun from chloroform solutions. All samples derived from the
PEO powder with a molecular mass of 900 K.

Many authors reported important information derived from recorded thermograms, such as the
temperature at which the thermal residual mass reached a particular value [27], [28]. Frequently,
such a temperature was estimated for a thermal residual mass of 50 % [28]. It is the opinion of
the authors that such information is empirical and does not carry any physical significance. The
sigmoid line shape of thermograms indicates that their first order derivatives with respect to the
temperature possess an extremum point, which corresponds to the inflection point of the actual
dependence thermal residual mass versus temperature. The physical significance of the inflection
temperature is that at this temperature, the degradation rate (thermal mass loss) is maximum. The
rate of thermal residual mass loss is maximum at the inflection point. For a symmetric sigmoid
ranging between 0% and 100 %, the inflection temperature is reached for a thermal residual mass
loss of 50 %. The deviation of the inflection temperature from 50 % of the thermal residual mass
is an intrinsic measure of the deviation of the thermograms from the pure symmetric sigmoid
curve.

Fig.6 collects the derivative of the thermograms versus the temperature for various heating rates.

The negative sign makes positive (maxim) the extremum of the derivative of the thermograms
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Figure 6. The dependence of the temperature mass loss (conversion) rate on temperature for
PEO powder and nanofibers.

versus the temperature. It is noticed that all thermograms show a single extremum (maximum),
suggesting a single main degradation process. The position of the maximum defines the
temperature at which the mass loss is maximum or the position of the inflection point in the
representation of thermal residual mass versus temperature (see Figs. 1 and 2).

The temperature dependence of the "thermal residual mass loss rate" is shown in Figs. 6 and 7
for both powder and nanofibers at various heating rates. All dependencies look similar, showing
a single extremum (in this case, a maximum due to multiplication by -1). The single maximum
suggests that the thermal degradation of PEO is represented by a single sigmoid-like process,
irrespective of the sample's morphology (powder or nanofiber).

A more detailed analysis (see Fig. 7) reveals that as the heating rate is increased, the inflection
temperature shifts towards higher values, the Lorentzian shape associated with each
thermograms narrows, and that the amplitude of each Lorentzian increases. Quantitative
information was obtained by fitting the thermal conversion rates' dependencies on temperatures
with Lorentzian-shaped functions. The actual function used to fit the experimental data in Origin

Pro is:

y=B+S*x+(2*A/PI) *(W/(4*(x-)*(x- t) + W*W)) (12)
Where y is the residual mass derivative (i.e., residual mass loss rate) at a given temperature t, B

is the zero baseline, S describes the slope of the thermogram's derivative, A is the amplitude of
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Figure 7. Details of the dependence of mass loss (conversion) rate on temperature for PEO
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the derivative, W is the width of the Lorentzian and C is the position of the maximum mass loss
rate (velocity) on the OX (or temperature) axis. The fits were excellent and provided the most
important parameters, A, W, and C. The integral of the Lorentzian line, S, was also estimated by
assuming that the heating rate does not affect the shape.

Now it is easier to notice the effects of the heating rate on the shape of the thermal residual mass
loss rate. The increase in the heating rate shifts the position of the temperature, at which the
thermal degradation speed is highest, to higher temperatures, narrows the distribution of the
relative mass loss velocity versus the temperature, and increases the amplitude of the residual
thermal mass loss peak. Eventually, it is noticed that the thermograms are slightly asymmetric; it
is speculated that there is a tiny difference between the degradation of PEO in the amorphous and
crystalline domains.

A more detailed mathematical analysis was conducted on the derivative of these thermograms.
From Figs 6 and 7, it may be concluded that the derivative of the thermograms depends on
temperature as a single Lorentzian line shape. Although a weak asymmetry may be noticed, all
these derivatives exhibit a single maximum, suggesting that they may be simulated using a single
Lorentzian line. This was performed using Origin Pro simulation capabilities in C-Program,
corresponding to the equation (12).

The parameters corresponding to the best fit are from Figures 8A and 8B, respectively.
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It is noticed from Fig. 8A that the amplitude of the mass loss rate, A, depends linearly on the
heating rate. Within experimental errors, the area of the mass loss rate also obeys a quasilinear
dependence on the heating rate (see Fig. 8B). Fig. 8A shows that the temperature at which the
mass loss rate is highest has an asymptotical dependence on the heating rate, with an asymptotic
value of about 430 °C. The widths of these Lorentzians depend asymptotically on the heating rate
(increasing as the heating rate increases), with an asymptotic value of about 33 °C.

Fig.9 shows the dependence of the logarithm of the heating rate versus the reciprocal
temperature at different heating rates. These dependencies are characterized by a slope that is
proportional to the activation energy of the thermal degradation process within the FWO
approximation (see eq. 9). Fig. 10 shows similar data for the PEO nanofibers. In both cases, it is
observed that the dependence of InH versus 1/T is represented with a very good accuracy by

straight lines for any conversion ranging between 0.1 and 0.9. The geometrical symbols in Figs.
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Figure 9 The dependence of the logarithm of the heating rate versus the reciprocal
temperature (actually 1000/T) at constant conversion for PEO powder.
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Figure 10 The dependence of the logarithm of the heating rate versus the reciprocal
temperature (actually 1000/(273.15+t[°C]) at constant conversion for PEO nanofiber.

9 and 10 are associated with experimental data. At the same time, the dotted lines represent the
best fit for the linear dependence of the logarithm of the heating rate versus the reciprocal
temperature (at constant conversion). The corresponding activation energies and intercepts were
estimated.

Figs. 11 and 12 represent the dependence of the activation energy and intercept on the
temperature conversion rate (in normalized values). The inset shows the dependence of the
correlation coefficients on the temperature conversion. It is observed that the correlation
coefficients are very good for both PEO powder and nanofibers (above 0.95). For PEO powder,
the correlation coefficient is better than 0.95 as the temperature conversion ranges between 0.1
and 0.9 and drops very quickly beyond this range. In the case of PEO nanofibers, the correlation
coefficient decreases as the temperature conversion increases suggesting additional contributions
to the thermal degradation of PEO nanofibers.

The activation energies and the intercepts exhibit similar dependencies on the time conversion
for both PEO powder and mats nanofibers (from water solution), although their shapes are
different. For PEO powder, the average activation energy is about 240 kJ/Mole, while for PEO

nanofibers obtained from aqueous solutions, the average activation energy is about 200 kJ/Mole.
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Figure 11. The dependence of the activation energies and the intercepts on the time
conversion for PEO powder. The inset shows the dependence of the correlation coefficient
on the temperature conversion

CONCLUSIONS

A new semiempirical equation based on a sigmoid-like equation was suggested to analyze TGA
data (i.e., for the fitting of the dependence of the residual thermal mass versus temperature). The
fitting procedure provides an essential parameter: the sigmoid activation energy.

The sigmoid activation energy may be calculated for each heating rate (i.e., from a single
thermogram) and does not depend on the details of the actual chemical, thermal degradation
process.

How is this possible? The answer exists in the sigmoidal shape. The general phenomenology of
the sigmoid shape is the competition between two processes (for example, a generation process

in the short term and a recombination process in the long term). Such dependence may be
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Figure 12. The dependence of the activation energies and the intercepts on the time
conversion for the mat of PEO nanofiber obtained from water solution, calculated
using FWO model. The inset shows the dependence of the correlation coefficient on
the temperature conversion

observed for some chemical processes (some of them involved in thermal degradation). For the
simplest process triggered by the thermal degradation, which is the first-order rate process, the
sigmoid is not typically considered as it is assumed that the reservoir for this process is infinite.
Surprisingly, just by the recognition of the fact that the reservoir is finite, we are forced to
acknowledge the need for a sigmoid-like dependence. Hence, the sigmoid covers finite one-
dimensional rate processes and processes that involve competition between two opposing factors
such as generation and recombination (in some instances, transfer processes may be included).
The thermogram is an envelope for all these processes, which frequently degenerates into a
single sigmoid-like dependence. Sometimes a superposition of two or more sigmoids may be
required to explain and fit the as recorded thermograms. However, it is essential to observe that
such a simple dependence is expected for degradation processes occurring in an inert
atmosphere.

It was shown that the proposed equation describes the experimental data with excellent accuracy
and that the estimated sigmoid activation energies increased as the heating rate was increased for

both PEO and mats of nanofibers obtained from water solutions. A different behavior was
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noticed in the case of mats of PEO obtained from chloroform solutions. The complex effect of
solvents on PEO features [16], including PEO nanofibers was reported earlier [17].

The estimated average sigmoid activation energy for PEO powder and mats of PEO (from water
solutions) was approximately 600 kJ/mole. Although these are rather large values, it is important
to remind that activation energies for PEO, calculated from TGA data using the kinetic model,
were reported to range between 550 kJ/mole (for PEO50 and A0.5) and 591 kJ/mole (for PEG
and A0.5) [29].

The FWO method applied to the same experimental data resulted in an average activation energy
of about 240 kJ/mole for PEO powder. The activation energy calculated using the Flynn—Wall—
Ozawa (FWO) model was reported to increase as the molecular mass of the PEO is increased,
ranging from 110 to 210 kJ/mole.

The discrepancy between the sigmoid activation energy and the average activation energy (from
FWO) appears significant, but it is important to note that it was never claimed that the sigmoid
activation energy is identical to the activation energy. Even more, some authors suggested that
the slope of the FWO fit was not precisely the activation energy for the thermal degradation
process. If the corrected slope was 0.4567 Ea/R, then the corrected FWO activation energy
would be about 525 kJ/mole, quite close to the sigmoidal activation energy. A path to reconcile
the discrepancy is to assume that the standard analysis implies the measurement of the smaller
activation energy, while the proposed approach is consistent with a slope of 0.4567 EA® =
Ep(measured) |, (measured) jq ca]culated assuming that the slope of the graph of the logarithm of the
heating rate (in relative units) versus the reciprocal (absolute) temperature is Ea/R (which is the
activation energy). The sigmoid activation energy appears to be consistent with the definition of
the slope Ea/R provided by the FW0 model.

The TGA data are sensitive to the nature of the solvent used to obtain the nanofibers of PEO.
This was discussed in detail within this manuscript.

In contrast to the sigmoidal activation energy (for PEO powder and PEO mats obtained from
water solutions), the activation energy calculated for PEO mats obtained from water solutions,
within the Flynn-Ozawa-Wall approach, decreased with increasing temperature conversion. The
activation energy for PEO powder (estimated within Flynn-Ozawa-Wall) showed a more

complex behavior, with a weak increase as the thermal residual conversion was increased from
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0.15 to 0.30, followed by a weak decrease as the thermal residual conversion was increased
above 0.3.

The most important advantage of this approach is that it does not require the details of the
thermal degradation process and does not need an independent study of the thermal degradation
at different temperatures. Further research is needed to understand properly the strength, the
limits, and the weaknesses of this approach. A more detailed analysis of the TGA in polystyrene

1s in work.
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