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Obstract

In this work eggshell membrane was added as biobased curing catalyst to epoxy (DGEBA), for comparison purposes 
the synthetic catalyst DEH 35 data was reported, the curing of compounds was followed through differential scanning 
calorimetry (DSC) under dynamic conditions and their kinetics were modeled using Kissinger, Friedman, Friedman 
model based and Málek approaches. From evaluated EA and  ln A two steps of curing were verified, for the synthetic 
catalyst compound (S5) EA abruptly increased for the degree of conversion 0.7α >  the opposite trend was observed for 
the eggshell membrane compound (M10). It is supposed for S5 EA increases due to the competitive reactions leading 
to viscosity increase until reach the solid phase with decrease of the reactive groups availability, hampering the cross-
linking, whereas for M10 EA decreases at 0.7α > , hence invalidating the Kissinger model which assumes constant EA.
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1. Introduction

Epoxy resins are thermosets and represent polymers whose 
properties are considered superior to the conventional ones, 
which provide them extensive applications, ranging from 
coatings, adhesives to composites for electronics, sporting 
goods, aerospace, for instance[1,2]. Epoxies properties are 
achieved through the cross-linking reactions, which occur 
between epoxy resin and hardening agent, promoting the 
reticulated network.

In resins which high performance is needed such as 
higher operating temperatures and greater mechanical 
strength, anhydrides as hardeners are conventionally added. 
However, the reactivity between epoxy and anhydride is 
low, resulting in longer times and temperatures for the 
curing end[3]; and as a result it may initiate the degradation 
processes, impairing the epoxy polymerization as well as 
its final properties, hence catalysts addition are commonly 
used to accelerate the cure making the process feasible[4,5]. 
The reaction of epoxides with cyclic anhydrides as the case 
of this paper, initiated by Lewis bases, proceeds through 
a chain wise polymerization, which comprises initiation, 
propagation, and termination or chain transfer steps[6].

Searching sustainable alternatives for epoxy curing, 
the eggshell membrane is a natural by-product, considered 
a waste with low commercial value, however it has great 

potential to act as an catalyst, due to its biologically active 
compounds; chemically it has 90% protein, 2% glucose and 
2% mineral phases[7]. Currently the membrane is used as 
biodiesel[8,9] and bio compounds catalyst[10,11]. Its potential 
to act in the curing is linked to its constituents, since the 
carboxylic functional groups, amino acids and sulfur present 
in structural proteins may act as curing catalysts[12].

Epoxy/eggshell biocomposites have already been 
produced with the purpose of mechanical and thermal 
properties optimization[13-15]. Saeb et al.[16] carried out a 
comparative study between the non-isothermal curing 
kinetics of epoxy/CaCO3 and epoxy/eggshell. The curing 
kinetics was investigated using Friedman, Ozawa, Kissinger 
- Akahira - Sunose and Málek models. Ozawa and KAS 
showed better agreement with the experimental data in 
relation to the Málek and Friedman ones. Nevertheless, 
using membrane as a catalyst is still scarcely explored. 
Jaques et al.[17] investigated the curing kinetics of epoxies 
adding eggshell (E) or membrane (M) as curing catalysts, it 
was applied Ozawa, Kissinger, Friedman isoconversional, 
Friedman model based and Málek to model the curing. 
The results showed that only the membrane presented 
potential application as cross-linking performer. Related 
to the kinetic models, Málek and Friedman presented the 
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 best adjustments to describe the curing of synthetic and 
bio-based compounds.

Eggshell and eggshell membranes as potential enhancers 
for epoxy systems were previously investigated by our research 
group, the results showed that the membrane increased 
the curing rate, and may be used as a low-cost substitute 
for synthetic catalysts. Regarding the thermal properties, 
composites with natural catalysts showed less stability[18]. 
Aware that the final properties of epoxies depend on their 
cross-linking process, and this process is influenced by the 
cross-linkers, the processing variables (time, temperature, 
pressure), and knowing the influence that using a natural 
catalyst may provide in the epoxy curing, it is essential to 
investigate their curing kinetics.

Applying mathematical models to evaluate the curing 
kinetics helps to quantify the degree of conversion of epoxy 
compounds, in addition to providing reliable information such 
as identification of the curing mechanism, the activation energy 
(EA), collision rate among molecules (ln A). Additionally, 
from the comparison between theoretical and experimental 
data it is affordable to estimate the predictive power of 
the employed model, and afterwards its application in an 
industrial scale. Isoconversional models afford EA variable 
along with the curing progress whereas the conventional 
ones assume it constant[19-21].

Based on the above mentioned, this work aimed 
elucidating the curing kinetics of epoxy compounds 
(DGEBA)/eggshell membrane. The topic assumes great 
importance at both technological and scientific aspects since 
seldom works are focused on the membrane’s abilities into 
thermosetting compounds, as further presented a costless 
crosslinker. Additionally, the kinetics investigation was 
conducted using differential scanning calorimeter (DSC) 
under dynamic conditions and the curing modeling was 
performed applying Kissinger, Friedman, Friedman model 
based and Málek models which parameters may be used as 
control tools to reach the desired conversion for specific 
property and application.

2. Materials and Methods

2.1 Materials

Diglycidyl ether of bisphenol A (DER 383) with 
epoxide equivalent weight of 176–186 g/eq, anhydride 
methyl tetrahydrophthalic (MTHPA) and 2,4,6-tris 
(dimethylaminomethyl) phenol (DEH 35) were supplied 
by Olin Corporation (São Paulo, Brazil). Chicken eggshell 
was supplied by a local farm (Campina Grande-PB, Brazil).

2.2 Eggshell membrane processing

Processing of membrane (M) was performed as an 
adapted methodology elsewhere proposed[22]. Eggshell was 
washed in sodium hypochlorite (NaClO) and afterwards 
immersed in water for 2 h to remove the membrane. M was 
oven dried at 100 °C for 24 h. Afterwards, M was ground 
in a coffee mill B55 Botini (Bilac, SP, Brazil) and sieved 
through #200 mesh.

2.2.1 Compounding

Epoxy compounding at 100:87 (DER 383/MTHPA - 
resin/hardener) with DEH 35 at concentrations 0 and 5 phr 
(parts per hundred) were mixed in a magnetic stirrer for 
5 min at 800 rpm.

M in content of 10 phr was added into 100:87 (DER 383/
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.

2.2.2 DSC measurements

The curing was followed up through 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 °C to 400 °C, at heating rates of 1, 2, 5, 
10, and 20 °C/min. The theoretical background with the 
curing kinetics modeling information is presented in the 
Supplementary Material.

3. Results and Discussions

Figure 1 shows the DSC scans as time and temperature 
function for S0, S5 and M10 for the applied heating rates. 
During heating, an exothermic peak characteristic of the 
epoxy curing is observed. For S0, Figure 1a, at heating rates 
higher than 2 °C/min, the exothermic peak is verified on the 
half-way due to unfinished curing. Reports mention that the 
curing of DGEBA/Anhydride without catalysts takes place 
together with degradation reactions, usually at temperatures 
above 300 °C[5,23].

Additionally, to afore mentioned for the heating rates 5, 
10 and 20 °C/min an endothermic peak is observed previously 
to the curing one (exothermic peak), which may be associated 
with the hardener (MTHPA) decomposition which starts at 
Ti = 120 °C and finishes at Tf = 275 °C, assuming nitrogen 
atmosphere and 10 °C/min as the heating rate, as reported 
elsewhere[18]. For S5 (synthetic catalyst added), Figure 1b, 
the curing presented a bell shape without discontinuities, 
indicating that for this system the reaction occurs through one 
mechanism, despite presenting lower time and temperature 
curing ranges[24-26].

Upon eggshell membrane addition as the catalyst, the 
epoxy curing proceeded at intermediate times and temperatures 
related to S0 and S5, Figure 1c-1d. Quantitatively in M10, there 

Table 1. Epoxy compounds and their component contents.

*Compositions

Epoxy 
Resin Hardener Catalyst

DER 
383 MTHPA DEH 35 Membrane

S0 100 87 0 0
S5 100 87 5 0

M10 100 87 0 10
*S: synthetic compounds; M: compounds with eggshell membrane 
powder.
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is an increase of 65 °C of T0.01 related to S5 for the heating 
rate 10 °C/min (please see Table S1 of the Supplementary 
Material). Nevertheless, it is worth of mention adding the 
eggshell membrane the epoxy curing develops completely, 
occurs below 300 °C, and no degradation phenomena due to 
the MTHPA decomposition are verified. Therefore, may be 
assumed that the eggshell membrane properly acted as epoxy 
catalyst, as well as suggested that the curing initiation occurs 
through the amines and carboxyl present in the membrane 
proteins, as illustrated in Figure 2[17].

Figure 3a shows the relative degree of conversion as 
temperature function and Figure 3b the conversion rate as the 
degree of conversion function for S5 and M10 compositions.

Figure 3a illustrates epoxy compounds’ sigmoid as 
verified discontinuities are absents indicating that a sole 
process took place, this trend is typical of DGEBA curing 
under non-isothermal conditions, it may be suggested the 
curing occurred through the autocatalytic mechanism.

In general, the acquired sigmoid may be analyzed into 
three stages:

• In the first stage, 0 5%α≤ ≤ , the curing rate is slow and 
gradually increases. In this stage the curing initiation 
through catalysis and formation of the first active centers 
take place, for the epoxy compounds produced in the 

present work these phenomena may proceed by two 
mechanisms:

i) Esterification between the anhydride and the 
epoxy, whereas initially, the anhydride reacts 
with the epoxy’s hydroxyls and afterwards the 
produced carboxyl reacts with the epoxide ring. In 
S0 these processes would occur without initiator 
thus at longer times;

ii) Anhydride activation through the synthetic (DEH 
35) or natural (membrane) initiator, followed by 
the oxirane ring opening.

• In the second stage, 5 90%α≤ ≤ , the curing rate increases 
due to the reactive functional groups availability and 
easier molecular movement;

• In the third stage, 90 100%α≤ ≤ , the curing rate decreases 
due to the lower functional groups availability together 
with the viscosity increase resulted from the cross-
linking[25-28].

Comparing Figure 3a-3b it may be observed that for 
S5 the curing proceeded at lower temperatures and higher 
rates than M10, which is resulted from the higher reactivity 
of synthetic catalyst (DEH 35). Nevertheless the membrane 

Figure 1. DSC scans of (a) S0; (b) S5; (c) M10; and (d) All compositions. Heating rates indicated.
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also promoted the curing through its main constituents 
such as glycine, alanine and uronic acid, once the amine 
and carbonyl groups in these constituents are potential 
catalysts[12,29]; the catalysis process occurs similarly to the 
synthetic one but slower. Figure 2 illustrates the proposed 
scheme for the epoxy curing under addition of synthetic 
(S5) and natural (M10) catalysts. The amino acid molecules 
attack the anhydride. Nevertheless, it must be considered 
that both the secondary amine and the hydroxyl group can 
also react with the oxirane ring.

Both curing reagents and process variables are the key 
controllers, aiming to understand and define the rational parameters 
the kinetic modeling is indispensable as bellow discussed.

3.1 Kissinger’s model

Plots in Figure 4 compare the experimental and 
theoretical degree of conversion as temperature function, 
and Figure S4 displays the discrepancy between these 
data estimated using the Kissinger model, which did not 
result in proper fits, being more evident for 0 0.5 α≤ ≤  with 

Figure 2. Proposed reactions. (a) Oxirane ring opening by DEH35; (b) Oxirane ring opening by the eggshell membrane.

Figure 3. Degree of conversion (a); and Conversion rate (b) as temperature function. Heating rate 10 °C/min.
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discrepancies higher than 10% for S5; whereas for M10 it 
was approximately 17% at 2 °C/min.

The Kissinger model estimates the global activation 
energy evaluated from the slope of linear regression ( )2/  pln Tβ  
versus 1000 / pT  (see Supplementary Material, Figure S9). 
However, it is feasible to consider EA as variable and 
increasing along with the curing, because upon higher α the 
reagents content and the active centers decrease, while the 
viscosity increases, translating in higher energy expenses 
to promote the curing.

Additionally, in Kissinger model  pT is adopted to 
calculate the kinetics parameters; however EA in pT  very 
likely differs between the initial and final stages[30]. It is 
believed,  EA is function not only of temperature, but also of 
α, thus contributing to the discrepancy above verified and 
explaining the Kissinger inadequacy[26,27,31,32].

Alternatively, the Friedman Isoconversional model was 
applied aiming to evaluate EA along with  α.

3.2 Friedman’s isoconversional model

Figure 5 displays the plots of EA and  ln A as ( )  α  function. 
Analyzing EA in the range 0.7α > , S5 and M10 presented distinct 
trends while for S5 EA abruptly increases the reverse occurs 
with M10, the same trend is verified for  ln A .

It is suggested for S5 in the range 0.7α >  EA increases due 
to the competitive reactions leading to viscosity increase 
until reach the solid phase with decrease of the reactive 
groups availability, hampering the cross-linking.

Since, curing is followed by physical change of reaction 
medium. Initially, medium is a liquid composed of comonomers 
and newly formed oligomers. As the reaction progress, the 
oligomer/polymer’s molecular weight increases, as does 
the viscosity and glass transition temperature. Molecular 
mobility decreases. The most dramatic decrease in mobility 
is associated to the polymer chains crosslinking, whereas 
the medium changes from flowing liquid to solid that can 
be rubbery or glassy (gelling and vitrification). Cross-linked 

Figure 4. Comparison between the experimental (lines) and theoretical (symbols) ,α, estimated using Kissinger model at indicated rates. 
(a) S5; and (b) M10.

Figure 5. Kinetics parameters of Friedman Isoconversional model. (a) EA versus α; and (b)  ln A versus α .
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chains lose the ability to move over each other, providing 
greater molecular collision as seen in  ln A [25-27,33]. Formation of 
glassy solid (i.e., vitrification) occurs when the glass transition 
temperature rises above the actual curing temperature. In both 
cases, dramatic decrease in molecular mobility affects the 
curing kinetics which becomes controlled by the reagents 
diffusion. This curing complexity leads to complex kinetic 
behavior that can be detected in EA changes with the curing 
progress. Free volume allowing only local movements of 
chain segments providing an increase in the overall EA

[33-37].
For M10 EA increases in the range 0.1 0.7α< <  due to 

reticulations processes as above mentioned. Nevertheless, 
for the range 0.7α >  it decreases, from literature database it 
is suggested, this fact implied the rate-determining step of 
the reaction generally changed from the reaction control to 
the diffusion limitation. The reason lied in that molecular 
chains mobility of reactive species became more limited 
due to the increased junction points and gradually elevated 
glass temperature, which greatly restricted configuration 
rearrangements and cooperative motions of the network 
chains, especially as the reaction system approached its 
glassy state[34,38].

Figure 6 illustrates the theoretical and experimental plots 
of ( )  α as temperature function for S5 and M10, and Figure 
S5 (Supplementary Material) its discrepancies. Reasonable 
fits were gathered for both compounds with mean errors 
lower than 5%, exception is valid for M10 at 2 °C/min with 
deviation 13% that does not disqualify the model.

3.3 Friedman’s model based

Investigation of the curing mechanisms was also performed 
through the linear regression of ( )ln Af α   versus ( )1ln α− , 
Equation 9, these plots are displayed in Figure 7. S5 and 
M10 presented an inflexion point on the conversion range of 
0.4 and 0.23, respectively, this profile suggests compounds 
have similar curing mechanism, i.e., autocatalytic[16,24,25]. 
According to the literature, the autocatalytic mechanism 
best describes the curing of epoxy/anhydride due to OH 
formation that catalyzes the curing; these reactive functional 

groups are generated by esterification, corroborating the 
sigmoid profiles as shown in Figure 4[39-41].

Aiming to effectively confirming the autocatalytic 
mechanism through the curing of S5 e M10 the kinetics 
parameters  aE ,  ln A and n were evaluated from the linear and 
angular coefficients of ( )ln Af α   versus ( )1ln α− , (linear 
zone) which range from -6 to 0.4. Based on these parameters 
theoretical plots were built for the autocatalytic Friedman 
model which are compared with the experimental ones in 
Figure 8 and their discrepancy is showed in Figure S6. Plots 
presented quite reasonable fits with errors lower than 10%, 
exception is valid for S5 and M10 at 1 °C/min with errors 
of 12% and 23%, respectively, due to higher deviation as 
verified at lower heating rates.

3.4 Malek’s model

The functions of the Málek model ( )y α  and ( ) Z α  as 
well as their maximum mα  and pα  were measured for S5 and 
M10 at the rate 20°C/min and are illustrated in Figure 9, (the 
other data are presented in Supplementary Material) both 
plots presented concave profile and agree with the criterion 
0 0.632m pα α< < ≠ , indicating the curing is autocatalytic, 
as previously verified by autocatalytic Friedman model.

From the parameter mα  the linear regression 
( )//  . aE RTln da dt e 

  
 versus ( )1pln a a −  

, Equation 14 was 

plotted afterwards the kinetics parameters  ln A and n m+  
were estimated and are presented in Figure 10. As well 
as the autocatalytic Friedman linear regression the Málek 
regression displayed a roll with an inflection point indicating 
that the curing of S5 and M10 follows the autocatalytic 
mechanism, corroborating results already presented in 
Figure 9. Additionally, linear deviation was verified for the 
heating rates 1 °C/min and 2 °C/min, as also observed for 
the autocatalytic Friedman model.

As Málek model is unable to provide   aE  the average 
EA evaluated based on the isoconversional Friedman model 
was applied to determine the kinetics parameters  ln A, n 
and m through Equation 14. Afterwards, theoretical plots 

Figure 6. Comparison between theoretical (symbol) and experimental (lines) α computed using the Friedman Isoconversional model at 
indicated heating rates. (a) S5; and (b) M10.
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Figure 7. Linear regression of Friedman ( )ln Af α   versus ( )1ln α− , Equation 9. (a) S5; and (b) M10.

Figure 8. Experimental (lines) and theoretical (symbols) α evaluated using the autocatalytic Friedman model at the indicated heating 
rates. (a) S5; and (b) M10.

Figure 9. Málek functions y (α) and Z (α) computed at 20 °C/min. (a) S5; and (b) M10.
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were built compared with the experimental ones as shown 
in Figure 11, their deviations are displayed in Figure S7. 
From Figure 11 proper correlation is verified for the Málek 
model in all applied heating rates for S5 and M10, which is 
corroborated by a maximum error of approximately 12%.

3.5 Comparative

The kinetic parameters EA,  ln A and   n m+  evaluated using 
the applied models in this work for S5 and M10 are shown in 
Table 2. Summing up  EA displays distinct profile for S5 and 
M10 with a maximum difference of 29.85 kJ/mol through 
Friedman model based on the autocatalytic mechanism. 
Related to  ln A, with exception of autocatalytic Friedman 
model, S5 resulted in higher values with maximum difference 
of 4.9 for Málek model when compared to M10, which suggests 
in S5 there are much molecular collision. These results 
indicate the curing reaction is more favorable for S5 than 

for M10, corroborating the results of Figure 1 and Figure 3, 
confirming the greater reactivity of the synthetic initiator.

Regarding the parameter n m+  for both compositions, it 
is higher than 1 confirming the complex curing profile and 
following the autocatalytic mechanism, which justifies EA 
variation along with the whole reaction, as also discussed in 
Figure 5. Additionally, these results are on line with those 
previously reported for curing in epoxy/anhydride resins[16,42].

In order to select the most appropriate model to describe 
the curing the theoretical and experimental plots of /d dtα  
are compared in Figure 12, and their discrepancies are 
in Figure S8. Applied models displayed proper fits with 
discrepancies lower than 5%, the exception was verified 
for Kissinger which was approximately 15%.

Isoconversion models by integration such as Kissinger 
are limited to determine aE , since affords an overall aE , which 
adds errors to the evaluation. However, it was observed for 

Figure 10. Linear regression of Málek ( )//  . aE RTln da dt e 
  

 versus ( )1pln a a −  
, Equation 13. (a) S5; and (b) M10.

Figure 11. Comparison between experimental (lines) and theoretical (symbols) α estimated using Málek model at indicated heating 
rates. (a) S5; and (b) M10.
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Table 2. Kinetics parameters of S5 and M10.

Compounds Kissinger Friedman 
Isoconversional

Friedman
Model Based*

Málek

S5 Ea (kJ/mol) 69.9 ± 1.1 77.0 ± 3.81 66.7 77.0 ± 3.82

ln A (ln (1/s)) 15.6 ± 0.3 18.1 ± 0.31 15.7 15.0 ± 0.8
n+m - - 1.6 3.0 ± 1.1
R2 0.8716 0.9955 0.9979 -

M10 Ea (kJ/mol) 76.9 ± 20.3 96.6 ± 11.31 96.6 96.6 ± 11.32

ln A ln (1/s)) 13.2 ± 5.0 18.1 ± 2.81 18.9 10.1 ± 0.6
n+m - - 1.8 1.1 ± 0.4
R2 0.9329 0.9937 0.9928 -

1Average EA and ln A based on Friedman Isoconversional model. 2Average EA based on Friedman Isoconversional for Málek model. *Presented 
data are without error/uncertainty range once the used software does not provide them.

Friedman Isoconversional, as shown in Figure 5, for S5 curing, 
aE  developed in two stages, in the almost constant followed 

by the second with an ascending profile at the curing end, 
such variation invalidates the curing assessment by Kissinger.

For M10 aE  also changed along with the curing, hence 
invalidating Kissinger model. Summing up, the isoconversional 
Friedman, Friedman model based and Málek models are 
suitable for describing the curing of S5 and M10 resins.

4. Conclusion

Epoxy compounds with eggshell membrane and DEH 
35 were kinetically investigated in this work and their 
parameters were evaluated using Kissinger, Friedman, 
Friedman model based and Málek models. From the DSC 
scans in M10 the curing occurs through one mechanism, 
despite presenting higher time and temperature related to 
S5. Nevertheless, it is worth of mention adding the eggshell 
membrane the epoxy curing develops completely as verified 
on DSC scans. Therefore, may be assumed that the eggshell 
membrane properly acted as epoxy curing catalyst. Applied 
models displayed proper fits with discrepancies lower 
than 5%, the exception was verified for Kissinger which 

was approximately 15% most due to the activation energy 
changes along with the curing.
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