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Abstract

Epoxy resins from bisphenol A of diglycidyl ether / anhydride methyl tetrahydrophthalic / 2,4,6-tris
dimethylaminomethyl phenol were prepared by mechanical mixing using a magnetic stirrer. Substitution
of synthetic catalyzer by eggshell powders provided high performance biobased materials. Chemical
character analysis of epoxy/eggshell carried out using dispersive energy spectrometry, and Fourier
transform infrared spectroscopy, acquired data indicated the eggshell membrane as a suitable catalyzer
for the cross-linking reaction, due to the presence of amines, hydroxyl and sulphur that could participate
in the cross-link reaction. The cure kinetics was investigated using differential scanning calorimetry and
applying Ozawa, Kissinger, Friedman isoconversional, Malek, and Friedman model-based, where Malek
and Friedman model-based presented the best fits to describe synthetic and biobased materials.

Keywords: Epoxy, chicken eggshell powder, cure Kinetics.

1. Introduction

Epoxies are thermosets with wide application for several industrial branches, such as electronics,
aerospace, automotive and biomaterials; due to their properties such as chemical, mechanical and
thermal resistance, adhesiveness, dimensional stability and electrical insulation; they are used in high
guality and long-lived products. Nevertheless, the epoxy resin commonly used in the industry made
from the precursor diglycidyl ether of bisphenol A (DGEBA), has a fragile character, with low impact
strength, long cross-linking times, together with non-biodegradable character, therefore improvements
fulfilling these lacks would be welcome scientific and technological advances to both academy and
industry [1-3].

In order to figure out such restrictions, fillers have been added to these polymers, as barium ferrite,
graphene, graphite oxide, multiwalled carbon nanotubes, alumoxane [4-8], however drawbacks such
as high costs, agglomeration and complex processing along with growing concern focus at
development of sustainable materials have directed researchers to seek for alternative materials, made
from natural sources [9-11].

Among natural reinforcements, chicken eggshell has been an attractive option, due to its low cost,
good thermal and mechanical resistance [9, 12, 13]. In Brazil, annually 16.000 tons of eggshell are
discarded, being considered one of the food industry byproducts, which brings environmental impacts
[14]. Therefore, the reuse of this waste becomes essential. Also, its nanoporous surface and presence
of reactive functional groups such as sulfur, amines, carboxylic acids may act as interaction bridges
with epoxy promoting its curing and mechanical performance [15].

In general, epoxy resins have high reactivity due to the unstable state of twisted oxirane rings. Thus,
even though the curing reaction is predominantly controlled by hardener and catalyzer present in the
system, dispersed loads in the matrix, such as eggshell powder, may act positively accelerating the
curing process [2, 3, 16]. Because of the complex epoxy cross-linking reactions, control of the
processing and composition conditions to achieve the final designed properties has become a
challenge. Consequently, the kinetic study of the cure reactions become an essential tool for a more
effective control of the process parameters.



Saeb et al [13] performed the kinetic study of epoxy cure with synthetic calcium carbonate (CaCO ,)

and eggshell powder. The effect of surface modification of these particles was also evaluated.
Applying Friedman and Mélek models the epoxy and epoxy/eggshell cure reactions wwere observed
to follow an autocatalytic type, which was corroborated by the sum of reaction orders (n + m) with
values higher than 1. From Friedman isoconversional model, it was verified higher levels of eggshell
without superficial modification presented lower activation energy (E,), suggesting this filler made
easier the curing process. The fit deviation between theoretical and experimental data was verified
most due to measured activation energy as the maximum peak height not representing the reaction as
awhole.

Mustata et al. [17] searched the thermal behavior of epoxy with (CaCO ,) from Rapana thomasiana

shells. From Ozawa and Kissinger models, E, and pre-exponential factor (A) were determined. The
authors observed a decrease in both kinetic parameters increasing CaCO , content, evidence of less

perfect lattice networks was also verified.

In a previous work conducted by our group [18], the feasibility of using chicken eggshell powder as a
catalyzer substitute during the cure of bisphenol A diglycidyl ether (DGEBA) was evaluated. Between

the two main structures of the eggshell, i.e., the shell composed mainly by CaCO ,, and the membrane

composed by proteins and carbohydrates, the membrane showed to be a better cure catalyzer, making
it faster and in lower temperatures. Additionally, greater tensile strength and higher deformation were
reached, translating in an attractive alternative for the development of sustainable and protective
environment materials. Based on the aforementioned, deeper investigation focused at cure kinetics of
DGEBA added with egg membrane (M) will provide properly tools to the better understanding of cure
parameters.

This work aims to study the cure kinetics of DGEBA/MTHPA upon addition of eggshell (E), or

membrane (M) powders compounds; five heating rates ranging from 1 to 20 ° C/min carried out using
differential scanning calorimeter (DSC) and Ozawa, Kissinger, Friedman and Malek models were
applied to evaluate the kinetic parameters. Besides, the chemical structure developed before and after
curing was investigated using dispersive energy spectroscopy (EDS) and fourier transform infrared
spectroscopy (FTIR).

2. Materials and Methods

2.1. Materials

Bisphenol A diglycidyl ether (DER 331) with epoxide equivalent weight of 182-192 g/eq, anhydride
methyl tetrahydrophthalic (MTHPA) and 2,4,6-tris(dimethylaminomethyl)phenol (DEH 35) were
supplied by Olin Corporation (S&o Paulo, Brazil). Chicken eggshell (E) was supplied by a local farm
(Campina Grande-PB, Brazil).

2.2. Methods

2.2.1. Eggshell powder treatment
Processing of eggshell powder (E) and membrane (M) was performed as an adaptation of
methodology proposed elsewhere [18]. E was washed in sodium hypochlorite (NaClO) and afterward

immersed in water for 2 h to remove the membrane. E and M were dried in an oven at 100 ° C for
24 h. Both materials were ground in a coffee mill B55 Botini (Bilac, SP, Brazil) and sieved through
#325 and #200 mesh, respectively.

2.2.2. Sample preparation

Epoxy compounding at 100:87 (DER 331/MTHPA/resin/hardener) with DEH 35 at concentrations 0,
1, 2, and 5 per (parts per hundred) were mixed in a magnetic stirrer for 5 min at 800 rpm.



E and M in contents of 5 and 10 pcr were added into 100:87 (DER 331/MTHPA). Afterwards, these
compounds were mixed in a magnetic stirrer from Corning (Reynosa, Mexico) for 5 min at 800 rpm at

ambient temperature ( 23 ° C). Compounds produced in this work are coded as presented in Table 1.

2.2.3. Chemical analysis applying fourier transform infrared spectroscopy (FTIR) and
dispersive energy spectroscopy (EDS)

FTIR analysis in attenuated total reflectance (ATR) mode was performed in 4000-600 cm *

wavelength range, with 16 scans and 4 cm ' resolution. The equipment used was Perkin Elmer
Spectrum 400 (Waltham, Massachusetts, USA), and data modeling was done in Spectrum software.
This analysis was performed in selected compositions before and after curing, as presented in Table 2,
where temperature profile used to produce sample tests for tensile experiments are also presented.

E and M neat powders, as well as sample tests produced with them, were submitted to EDS analysis
using backscattered electrons from scanning electron microscope (SEM) World Phenom Pro X800-
08334 (Eindhoven, The Netherlands).

2.2.4. Cure kinetic measurements

The curing process was analyzed by differential scanning calorimetry (DSC), using a DSC Q20 from
TA Instruments (New Castle, DE, USA). Samples of approximately 5 mg were tested in a standard
closed aluminum pan, under a nitrogen gas flow of 50 mL/min. The samples were heated from 30 to

400 °C, at heating rates of 1, 2, 5, 10, and 20 ° C/min.

For a deeper understanding of epoxy non-isothermal cure kinetics, one should take into account the
beginning of reaction conversion, « = 0, which is characterized by the resin in the viscous-fluid state
until it reaches the solid state, i.e., o = 1, that is the end of the polymerization/cross-linking reaction.
The degree of conversion can be computed through the integration of DSC exothermic peak, i.e., the
ratio between the peak in a given temperature range A T and the entire peak event, as described in
Equation 1 [19].

T
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The rate at which the reaction occurs is dictated by the function of conversion rate as shown in
Equation 2, which is reactant availability dependent [f («)], and the cure temperature [k (T)]. In which
k (T) is characterized by Arrhenius function, Equation 3, and f () by the reaction mechanism function
[19].
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Where, A is the pre-exponential factor, i.e., the collision among molecules of reactive functional

groups; E, the activation energy (kJ.mol *); R the universal gas constant (JK *.mol *) and T the
experiment temperature (K).

In epoxy resins, predominantly, two reaction mechanisms take place: the autocatalytic reaction
(Sestak-Bergren), Equation 4, or n-order, Equation 5 [13]. The n-order reactions are described by
slow downing processes, in which the maximum conversion rate is reached at initial moments of
reaction [20]. On the other hand, the autocatalytic reactions are characterized by acceleration of
reactive functional groups at reaction beginning, promoting an autocatalysis effect, reaching a
maximum point in a conversion range between 0.2-0.4 [13, 21]. Depending on the system, the



conversion range, and the thermal profile analyzed, the cure reaction can proceed by a single
mechanism or both concomitantly.

fa=a"1l-a" (@

fa=1-« (5)

Where m and n are reaction orders; autocatalytic and order n, respectively. Since (m + n) is the total
order reaction.

In general, the appropriate reaction mechanism choice for applying the kinetic cure models is difficult
due to the cure complexity as well as the measurement of active, reactive groups. Based on this,
isoconversional models are employed using boundary conditions in which the reaction mechanism is
not wholly determined, using constant conversion rates. The isoconversional models can be obtained
by integrating methods (Ozawa and Kissinger), derivation (Friedman), and incrementing one
(Vyazovkin) [22, 23]. In this work, Ozawa, Kissinger, and Friedman methods are applied.

Ozawa model considers E, constant throughout the conversion range. Also, the maximum reaction
rate - at the peak temperature (T,) - is independent of the heating rate (5). In this model, the activation
energy is determined by non-isothermal scans at different heating rates, from the linear regression of
log /5 versus 1000/T,, Equation 6, where E, corresponds to the linear equation slope and In [Af ()] its
intercept [24].

d Ing  —1502E,
= R (6)

Similarly, the Kissinger model provides the activation energy at a given constant conversion point.
From non-isothermal scans, the linear regression of versus 1000/T,, computing E,, and the pre-
exponential factor A by the intercept and slope of the plot, according to Equation 7 [25].
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In contrast to the two previous models, in Friedman, both kinetic parameters E, and In [Af («)]
dependent on the reaction conversion rate, thus E, is not assumed constant [19]. In the cure reaction,
there is an increase in the viscosity and decrease of reactive functional groups, changing these
parameters. Additionally, the Friedman model is limited to the evaluation of cure processes, which are
governed by more than one E,, i.e., reactions are simultaneously controlled by more than one
mechanism. Generally, this happens in the final stages of the epoxy cure reaction, where diffusion
processes can control the reaction, with deviations from the fit evaluated by Friedman model [13, 26].
From linear regressions performed at several conversion points, measurement of E, and In [Af («)]
through slope and intercept of the plot, using Equation 8. Afterwards, polynomial functions are
evaluated to identify trends [19].

In[d—a]:ln[Af a - E,
dt RT

(8)

Despite advantages of isoconversional models, some limitations are verified: (1) adoption of global E,
for the whole reactions, failing to describe systems which have changeable E, in function of
conversion, as assumed in Ozawa and Kissinger models; (2) evaluation of E, in systems with
competitive reactions. In these cases, the use of the model-based kinetic equations is advisable.



Montserrat et al. [27] proposed a model (Mélek model) that defines the appropriate reaction
mechanism, its kinetic parameters, as the conversion reaction for the system under analysis, the from
plot profiles of Z (o) versus « and y () versus o — Equation 9 and 10 — and their maximum points, «,
and apn, respectively [28].
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In which T, is the temperature at a given degree of conversion and 7r[ 2| was determined by

«

Senum and Yang [29] using numerical methods of 4™ order from integration.

«

In non-isothermal studies of epoxy resins, Z («) and Y («) functions result in concave pattern plots,
with parameters following the criterion 0 < an < o, = 0.632 characterizing an autocatalytic

) . m . .
reaction [27, 28]. Therefore, given thatp = — = 1 Y by the natural logarithm of Equations 2, 3
n

_am

and 4:
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Through In c:j—?eRT versus [a® 1—« ] plot In A is determined by the intercept, and n by its

angular coefficient. Parameter m can be evaluated using m = n*p.

In the study of thermosetting resins cure, it is possible to estimate by Friedman’s model the
mechanism of system reaction from the linearity In [Af(«)] versus (1 — «), Equation 13, in which its
angular coefficient is associated with the coefficient of order n. However, in autocatalytic reactions,
the straight line does not follow a completely linear profile with an inflection point ranging from -0.51
to -0.22, corresponding to the conversion range of 0.2-0.4. In these cases, literature reports that
threefold kinetic parameters [In A, (n + m), E,] can be calculated by multiple linear regression, least
squares or numerical computations [13, 21, 26, 30-32].

In Af « :In[d—a]+ E, =InA+nin 1—« (13)
dt ) RT

In this present work, the aforementioned models were used during the investigation of cure Kinetics in
epoxy resin and epoxy/M composites.

3. Results and Discussion
3.1. Chemical analysis by EDS



The chemical interactions between fillers and epoxy resin may be better understood through elemental
quantification of their main components, EDS is a proper tool to evaluate them as presented in

Table 3, which data were evaluated from micrographs in Figure 1 for (a) E, (b) M, (¢) S, (d) E,,, ()
EM,, e (f) M, . According to these images, E has particulate shape whereas M is fibrous, from

fractured surfaces (c) to (f) images (d) and (f), i.e., E,, and M, presented rougher surfaces than S,
characterizing ductile fracture with more energy absorption, corroborating the better tensile
performance as seen in a previous work [18].

Through EDS it was verified, the eggshell powder has oxygen (O), calcium (Ca), nitrogen (N) and
carbon (C), due to its major content of calcium carbonate (CaCO ), nitrogen is present in the inter-
crystalline proteins responsible for the mineralization of ceramic phase. These elements are also
observed in E, and EM,, systems. For the membrane composition, in addition to carbon and

oxygen, the presence of higher nitrogen content was observed, and additionally sulfur, where these
elements could constitute reactive functional groups which participate in curing reaction. Therefore,
this could be an indication that the cross-linking is more favorable in membrane systems [18, 15].

3.2. Chemical analysis by FTIR

Figure 2 presents FTIR spectra of epoxy and epoxy/eggshell strucutres, before and after curing, in
supplementary material the readers will find FTIR spectra of E, EM and M. These spectra were
gathered in order to investigate the effectiveness of cross-linking process, since both fillers have
sulfur and nitrogen, which may improve cure performance. In all compositions prior to cross-linking,
absorption bands associated to the bonding vibrations of MTHPA were identified in the bands 2942

(-CH stretching), 2872 (-CH, stretching), 1862 (symmetrical axial deformation of -C=0), 1777
(asymmetric axial deformation of -C=0), 1469 (symmetrical angular deformation of -CH , ), 908

(deformation of the RC substituent group on cyclic anhydrides) cm ~* [33, 34]. For DGEBA resin the
characteristic bands 3056 (oxirane ring -CH stretching), 2972 (-CH stretching), 2926 (-CH,

stretching), 2872 (-CH, stretching), 1608 (stretching of C=C on aromatic ring), 1509 (C-C elongation
of aromatic ring), 1132 (C-O-C elongation), 915 (oxirane C-O elongation) and 772 (folding of -CH2)
cm * were identified [34-36].

Figure 3 schematizes the crosslinking reaction of DGEBA / MTHPA catalyzer system. From the
correlation reaction with FTIR spectra, the indicatives of curing are associated by the oxirane ring

opening presenting reduction in the band associated with -CH (3056 cm ') [33, 36, 37]; conversion
of carbonyl and ether groups from anhydride in ester by esterification reactions (1872/1777 — 1729

cm ') [36-41]; opening of oxirane ring by reaction of tertiary amines producing -OH (915 — 3500
cm ') [36]; and insertion of primary and secondary amines (3500 and 3400 cm ') [38, 41].

For a quantitative analysis of the degree of conversion, a modification of Beer-Lambert law, Equation
14, was applied, taking into account the reference band area A, ot and that associated with the

functional groups converted during the cross-linking reaction A, o [36-38,41].

Al
2l

Table 4 shows « values measured by the ratio between 915 cm *, 1729 cm ' and 3056 cm ' bands
and the reference band 1510 cm ~* associated with -CH bonds of aromatic ring. Through oxirane ring
opening at C-O bond identified by the decrease of 915 cm ~* band, and formation of ester groups

a=1-

(14)



associated with the increase of 1729 cm ~* band, all compositions showed nearly complete conversion
with o values higher than 98.33% and 92.77%, respectively. Concerning the decrease of 3056 cm ~*
band related to CH elongation of oxirane ring, compositions E ;, and EM,, presented conversion
degree of 59.7% and 31.3% respectively, suggesting cross-linking was not effective for these systems.
On the other hand, among the compositions with natural catalyzers, M, presented « = 86.5%.
Therefore this filler is the best option as a catalyzer for epoxy systems investigated in this work.

3.3. Cure kinetics

In order to select the better compositions for kinetics studies, non-isothermal DSC scans through
several heating rates, acquired scans as presented in Figure 4 were used to evaluate the kinetics trends
whereas the above models were applied to determine the kinetic parameters. In a previous study, the
thermal degradation of epoxy resin started at approximately 285 ° C [18].Around this temperature, the
compositions E ;, and EM, degrade as the curing process takes place, hindering the cure kinetic

evaluation. Thus, based on FTIR and non-isothermal DSC curve results, My and Sy compounds were
selected to perform the kinetic study, due to their better cross-linking characteristics.

3.3.1. Ozawa model

Figure 5 shows the linear regression of In S versus 1000/T, of Ozawa model for Sx and My, from them
the pre-exponential factor and E, were evaluated and they are shown in Table 5. Synthetic compounds
presented smaller deviation when compared to those upon membrane addition; this trend is most due
linked to My non-linearity of T, as a function of the heating rate as seen by Souza et al. [18]. This
deviation suggests Ozawa model is inefficient to describe the cure reactions of biobased compounds
investigated in this work.

A comparison between experimental and theoretical conversion degree computed using the Ozawa
model are presented in Figure 6; for all analyzed composition failed fits were verified as also

quantitatively shown in Figure S2. For S, composition a maximum deviation of approximately 25%
between degrees of conversion in the range of 0.05-0.25 was observed, for M,, an acceptable

adjustment applying 1 “C/min and 10 ° C/min was reached, nevertheless, it is inadequate for the other
rates. Ozawa model estimates a global activation energy computed by linear regression as a function
of peak temperature, thus, for systems which have a significant deviation along the conversion, it is
believed E, changes along with the cure reactions what would explain the errors associated with Sy
and My compounds [22, 23, 26].

3.3.2. Kissinger model

Another model applied in this work was developed by Kissinger, which determines E, and the pre-
exponential factor of cure reactions from the angular and linear coefficients of log (,B/Ti ) versus
1000/T,, such regressions are shown in Figure 7. For all systems studied regressions resulted in
similar behavior to that seen for the Ozawa model, mostly due to the dependence of both

compositions on the heating and reaction rates [22, 27]. Lower deviations were observed for Sy
compounds, suggesting the Kissinger model is invalid to describe the cure of My ones.

To (in)validate the Kissinger model, plots from raw DSC scans and those acquired using this model
are shown in Figure 8. For both compositions, poor fits were observed, being more evidenced for M,

compound, which was expected due to the verified deviation in linear regressions. The discrepancy
between theoretical and experimental data is presented in Figure S3, approximately, errors of 18%
and 43% were verified for S, and M respectively, proving the isoconversional models by integration

methods, such as Ozawa and Kissinger, are unsuitable to describe Sy and My cure reactions, since
they are limited to define systems that have constant E, during the whole cure [6, 23].



3.3.3. Friedman isoconversional model

Figure 9 shows linear regression plots of In (do/dt) versus 1000/T,, at several degrees of conversion,
i.e, a=0.11,0.21,0.31 ... 0.91. From these plots, E, and the pre-exponential factor were evaluated
taking into a count the angular and linear coefficients of their equations, and these results are
displayed in Figure 10. From E, versus « and In A versus « plots is verified both presented a similar
profile since In A can be determined as a function of E, and the conversion rate. Table 5 presents the
polynomial functions of these parameters.

E. was analyzed taking conversion ranging from 0.1 to 0.9. For the synthetic compositions two steps
were verified; the first one is occurring from 0.1 to 0.6, which is characterized by a substantially
constant E, indicating fast and easy cure process due to the reactive functional groups availability and
the high and easily molecular mobility. In the second step (« = 0.6-0.9), E, increased mostly due to
competitive reactions, which led to a higher polymer viscosity increase, besides the reduction of
reactive groups. This profile is an indication for autocatalytic reactions, in which this transition
characterizes the change in the reaction which governs the system, being firstly controlled by the cure
kinetics and in the final stages by diffusion [30].

From E, plots were observed M, and M, presented distinct trends. Despite the membrane action as

catalyzer of DGEBA, for M . there was low availability of reactive groups to promote spontaneous
reaction, so initially its cure required higher E, to take place; as the polymerization proceeded reactive
sites generated by esterification reactions provided synergism with membrane action decreasing E,
along with conversion range. In contrast, M, followed similar behavior to that seen by Saeb, et al.
[13] in DGEBA / MTHPA / EPIKURE / Eggshell compounds, in which Ea increased over the whole
degree of conversion. According to the authors, as the reaction proceeds, there is a physical state

changing, initially from liquid to rubbery (defined as gelation), then from rubbery to solid (defined as
vitrification), decreasing the free volume and molecular mobility, and thus heading to higher E.,.

Through E, (¢) and In A («) functions, theoretical parameters from the Friedman model were
measured. Figure 11 displays theoretical and experimental data for investigated compounds. For Sy, a
quite good fit was reached at all applied heating rates along with the entire cure. Meanwhile, for My

good fits were verified for M at 2, 5, and 10 ° C/min, most due to distinct kinetics of cross-linking
reactions. Figure S4 illustrates quantitatively the discrepancy between experimental and theoretical
data, errors lower than 1%, and 8% were observed for M and S, compositions, respectively.

3.3.4. Friedman autocatalytic model

The reaction mechanism which best describes epoxy cure is got plotting In [Af (¢)] versus In (1-a),
such plots are shown in Figure 12 for S, and M, at indicated heating rates; for linear regressions of

S, asimilar profile is observed for the heating rates 1-20 ° C/min, showing linearity up to the
inflection point in approximately -0.61 characterizing an autocatalytic reaction; when applying

1 °C/min is verified a linearity deviation ranging from -1.6 to -4.8 which may be associated with
diffusion processes stronger evidenced during final stages of cure and for low heating rates [30]. On

the other hand, for M, despite its similar profiles with the maximum points ranging from -0.35 to

-0.13, presented deviation in In [Af (¢)] of -1.03, 6.63 and 0.99 for 1, 10 and 20 ° C/min, respectively;
suggesting for membrane’s compounds the cure kinetic changes with the heating rates.

Plots of theoretical and experimental data for S, and M, compounds, as well as the associated error

using Friedman autocatalytic model, are shown in Figure 13 and Figure S5. As above verified using
Friedman isoconversional model, for Sy theoretical and experimental plots fit quite well, which is

corroborated with a discrepancy lower than 5% for S, . For M . theoretical data fitted at 2, 5, and

10" C/min with an error close to 10%, which makes this an acceptable model to describe the curing
process of these compounds.



3.3.5. Malek model

Figure 14 shows plots of Y (o) and Z () functions over the entire investigated conversion range. To
determine the cure mechanism, the maximum points « , and a , were defined as well as the plot
profile; in both systems, Sy and My, plots presented concave profile following the criterion 0 < a
< a, = 0.632, indicating the cure for these compounds has autocatalytic character [42—44].

To evaluate the Kinetic parameters and theoretical plots, E, computed from Friedman Isoconversional
model and p data acquired from the maximum point of y («), an Were applied. Comparison between
theoretical and experimental plots as well as their discrepancy are shown in Figure 15 and Figure S6.

For this model, both systems presented a reasonable fit in all applied heating rates. For S, a

discrepancy lower than 8% at 1 and 2 ° C/min were verified whereas for M, except at 1 * C/min data
lower than 10% were obtained.

Some researchers previously applied evaluation of cure kinetics in DGEBA resins using Malek
model, Zheng et al. [43] carried out the cure kinetics analysis of DGEBA/4,4’-
methylenedianiline/multiwalled carbon nanotubes (MWCNT) system, it was observed for all
composites and investigated rates corresponding results to 0 < a, < o, = 0.632, indicating an
autocatalytic reaction, in that work the theoretical and experimental plots fitted quite well. In another
work conducted by Zabihi et al., the cure kinetics of DGEBA/polypropylenimine octaamine
dendrimer/iron oxide Il system, from Y () and Z («) functions the maximum points of o, and «, plots
were obtained, presenting 0.31 and 0.51 values, characterizing an autocatalytic reaction, theoretical
and experimental plots also fitted very well validating the model for the investigated systems.

3.3.6. Models comparison

Table 6 shows the kinetic parameters measured using several models for Sx and My compounds. For
all analyzed compounds, parameter n + m presented values higher than 1, indicating these are
reactions with a complex character, however from these models, it was not possible to define the
parameters trend [13, 21]. Membrane compositions showed E, higher than S, decreasing its value
upon increasing the filler content, suggesting the biobased rather filler amount can be a cure improver.

Related to Sx compounds E, decreased in S, whereas increased in S, nevertheless an increase of

1.68 in the frequency factor was observed when comparing S, and S., suggesting, despite S,

requiring higher E, to carry out the cure reaction, possibly there are higher collisions rate between
reactive molecules accelerating the cure.

In order to select the most appropriate model for the description of developed compounds, a
comparison between the experimental and theoretical data was made, as well as the discrepancies for

S, and M, as shown in Figure 16 and Figure 17, respectively. The fit for isoconversional models by

integration methods, Ozawa and Kissinger did not present a good fit with a maximum error of 15%.
As earlier discussed, this is a limitation of these models since they consider E, constant. Nevertheless,
it was observed in Figure 10 that this parameter varies along with the conversion rate, justified the
inadequacy of both equations. Malek, Friedman model-based, and Friedman isoconversional models
presented a good fit, with a discrepancy lower than 5%.

Zhou et al. [26] verified the nonconformity of integration isoconversional models, et al. [26] in a
comparative work using Ozawa and Friedman Models to describe the cure kinetics of DGEBA/2-
ethyl-4-methylimidazole/carborundum compound; due to the determination of constant E, Ozawa
model was not representative for describing the experimental results, while the second model gave an
E, decreasing during the cure. Contrarily, Friedman presented a good fit with small deviations at the
end of the cure being more evident in lower rates, due to the change in the reaction control where
diffusion processes are more evidenced under these conditions.

Because of E, dependence with the degree of conversion for My and Sy compounds, Ozawa and
Kissinger models did not present a good fit with errors higher than 30%, as shown in Figure 17. For
Friedman isoconversional model, it failed for some rates, which indicates the cure of My compounds



depends on E, as also the availability of reactive functional groups throughout the cross-linking
process, being the last one controlled by f (). Thus, Méalek and Friedman based models presented a
smaller error, about 10%, between theoretical and experimental data.

Saeb et al. [13] performed a Kinetic study applying several models for
DGEBA/MTHPA/EPIKURE/eggshell system in that work authors observed a poor fit for Friedman
isoconversional model, because in the final stages the reaction is diffusion controlled implying in a
changeable E,. Malek model also did not present good results, unlike what was evaluated for My
compounds, it was assumed E, constant evaluated by the Ozawa model promoting such error.
Nevertheless, Friedman model-based was able to provide a good fit between experimental and
theoretical results.

4. Conclusions

Compositions with synthetic catalyzer DEH 35 (Sx) and with natural eggshell (Ex),
eggshell/membrane (EMy), and membrane (My) bio-fillers were successfully produced and extremelly
good dispersion was reached as seen in SEM images. Both the eggshell and membrane have essential
elements for curing. However, as evident in the FTIR results, only the membrane presented a potential
application in cross-linking performance.

Related to kinetic models, Ozawa and Kissinger were not able to describe the cross-linking process of
Sx and My compounds, since these systems have changeable E,. Friedman isoconversional showed
more significant deviations for My compounds due to the change in the cure kinetic control, which in
the final stages are diffusion controlled, as also due to linearity deviation of cross-linking temperature
as a function of the heating rate. Therefore, the Friedman Model-Based and Malek models were the
most suitable for describing the Sx and My compounds.
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Figure 1: Micrographs used to evaluate chemical elements by EDS (a) E, (b) M, (¢) S, (d) E,,
() EM,, e (f) M1,

Figure 2: FTIR spectra of synthetic and biobased compositions before (black line) and after (red
line) curing. (a) S, (b) E,,, (¢) EM, and (d) M.

Figure 3: Cross-linking reactions: (1) by esterification of MTHPA and DGEBA, (2) by opening of
oxirane ring in presence of tertiary amine.

Figure 4: DSC scan of E ,/JEM,,/Mx/Sx at 10 ° C/min heating rate.

Figure 5: Ozawa linear regression log /5 versus 1000/T, for Sx and Mx compounds.

Figure 6: Comparison between experimental (line) and theoretical (symbols) data calculated using
Ozawa model at indicated heating rates, (a) S, and (b) M.

Figure 7: Kissinger linear regression log (5/T o) versus 1000/T, for Sx and My compounds.

Figure 8: Comparison between experimental (line) and theoretical (symbols) data evaluated from
Kissinger model at indicated heating rates, (a) S, and (b) M.

Figure 9: Friedman isoconversional linear regression In (da/dt) versus 1000/T, of Sx and M
compounds at indicated degrees of conversion.

Figure 10: Kinetic paramenters of Friedman isoconversional model (a) E, versus o e (b) In A
VErsus o.

Figure 11: Comparison between experimental (line) and theoretical (symbols) data measured using
Friedman Isoconversional model at indicated heating rates, (a) S, and (b) M- .

Figure 12: Plots of In[Af(«)] versus In(1-«) used to define the reaction mechanism (¢) S, —10 °
C/mine (b) M1,, -5 “C/min.

Figure 13: Comparison between experimental (line) and theoretical (symbols) data computed from
Friedman autocatalytic model at indicated heating rates, (a) S, and (b) M.

Figure 14: Malek functions y («) and z (). (@) S,: 5 *C/min and (b) M : 2 * C/min.

Figure 15: Comparison between experimental (line) and theoretical (symbols) data evaluated from
Malek model at indicated heating rates, (a) S and (b) M.

Figure 16: Comparative plots of experimental and theoretical data applying described models for
S, at 20 “ C/min (a) conversion rate versus T and (b) A versus .



Figure 17: Comparative plots of experimental and theoretical data using indicated models for M,

at 2 ° C/min, (a) conversion rate versus T and (b) A versus a

Table 1: Epoxy and Epoxy/eggshell compounds codification.

! Composition | EPoxy Resin | Hardener Catalyzer
DER 331 MTHPA | DEH 35 | Membrane | Eggshell | Eggshell+ Membrane
S, 100 87 1 0 0 0
S, 100 87 2 0 0 0
S, 100 87 5 0 0 0
M, 100 87 0 5 0 0
M, 100 87 0 10 0 0
Ey 100 87 0 0 10 0
EM,, 100 87 0 0 0 10

' S: synthetic compounds. M: composites with membrane powder. E: composites with eggshell
powder. EM: composites with eggshell and membrane powders.

Table 2: Cure temperature profiles of S, E,,, EM,,, and M,, compounds.

Time () | Temperature (°C)

2

80

120

140

160

170

190

4
2
4
2
4
2

200

Table 3: Identification of chemical elements by EDS in images presented in Figure 1.

Elements (%) | Eggshell | Membrane | s. | E,; | EM,, | My,
Carbon (C) 6.3 53.7 173 79 | 180 | 17.9
Sulfur (S) 12.6 13 | 0.3
Oxygen (O) 57.3 20.5 745|629 | 56.4 | 688
Calcium (Ca) 195 16.2 | 3.9 0.4
Nitrogen (N) 11.6 13.3 82 | 75 8.7 8.3
Chlorine (CI) 11 0.8 1.8
Sodium (Na) 2.1 14 | 2.8
Silicon (Si) 1.1 29 | 66




Phosphor (P) 1.0 0.3 0.2

Table 4: Quantification of degree of conversion in several functional groups upon 1510 cm-1
reference.

S (%) | E;y(%) | EM (%) | My, (%)

« (3056/1510) | 91.0 | 59.7 313 865
« (915/1510) | 99.8 | 99.1 98.3 99.8
« (1729/1510) | 92.8 | 995 985 97.8

Table 5: E, (o) and In A (o) functions of Sy and My compounds.

Compounds Functions

S, E, o =77.081—27.4160+ 2.409%10°a? —2.911x10°a° +1.569 *
10°a* —4.669%10°a° +8.188%10°a® —8.442x10° ' +4.734x10°® —
1.114%10%°

INA o =15.281+19.815c +451.518° —7.037 x10°a® + 4.048 x

10°a* —1.239%10°a® +2.209%10°a® — 2.301%10°a” +1.301%10°a® —
3.082x10*°

S, E, a =62.782+271.076cc—1.743%10°a” —1.691%10°a® +5.786 *

10°a* —2.588%10°® +5.634%10°a® —6.704%10° " +4.179%10°a® —
1.069%10°%°

INnA o =11.132+115.665 —887.0050° +1.923+10% > + 7.396
10°a* —5.216%10%a® +1.283%10°® —1.617 %10°a’ +1.042%10°a° —
2.725%10%a°

S, E, a =73.387+143.346a —804.1430* —1.513%10%> + 3.054
10°a* —1.308%10°a® +2.850 %10°® —3.482 %10°" +2.271%10°® —
6.150%10%°

INA o =15.3744 71.5416 —551.864a” —1.629*10°a® 4-701.877a" —

1.783*10% o® +5.160*10*a® — 7.175%10* . 4 5.060*10* n® —1.445*
10%a°

M, E, o =233.88+77.5350—1.082%10"a” +9.814 10"’ — 4.474 %
10°a* +1.171%10°° —1.834%10%® +1.701%10°" —8.626%x10°® +
1.843%10*a°

INA o =52.039+2.470cx — 2.536 % 10°v? + 2.367 x10* o® —1.091 %
10°a”* +2.873%10°a® —4.517 %10°a® +4.201%10° ¢’ —2.134%10°® +
4.566%10*a°




E, a =79.517—18.053c+3.541%10°a’ —4.022x10*a® +2.146 %
10°a* —6.352%10°a° +1.104*10°® —1.119%10°a’ +6.116%10°a® —
1.386+10%a°

INA o =12.857 +20.673a+572.04402 — 7.856 %10° ® + 4.448 x
10*a* —1.354%10°a° +2.396 x10°a® — 2.460%10° v’ +1.357 x10°a® —
3.107%10%°

Table 6: Kinetic parameters of Sx and My at indicated models.

Compounds Friedman Model- Malek | Ozawa | Kissinger Friedman
Based Isoconversional
S, E. (kJ/mol) 76.16 78.92 | 77.30 77.44 78.92
In A 17.42 1711 | 17.34 17.07 17.71
n+m 1.57 2.11 - - -
R2 0.990 - 0.888 0.921 0.995
S, | Ea (ki/mol) 70.18 71.99 | 69.61 | 69.72 71.99
In A 16.30 16.15 | 15.36 15.07 16.02
n+m 1.92 2.00 - - -
R?2 0.996 - 0.863 0.893 0.997
S, | Ea (ki/mol) 74.01 85.89 | 76.52 75.95 85.89
In A 17.98 20.00 | 17.88 17.67 20.86
n+m 1.66 2.57 - - -
R?2 0.995 - 0.912 0.910 0.990
M | E, (kJ/mol) 127.26 109.36 | 93.87 92.56 109.36
5
In A 24.92 22.47 | 17.08 16.52 20.38
n+m 1.75 1.58 - - -
R2 0.975 - 0.933 0.932 0.999
M E, (kJ/mol) 93.13 119.77 | 79.40 79.77 119.77
10
In A 17.32 14.33 | 14.04 13.86 23.49
n+m 2.50 1.69 - - -
R 2 0.897 - 0.900 0.826 0.971
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