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Abstract

This study compares the thermal degradation and aging resistance of NBR compounds activated with ZnO or MgO-green
synthesized with the assistance of Camellia sinensis extract. Thermal degradation was studied using the Flynn-Wall-
Ozawa method. Aging resistance was investigated by the changes in crosslink density and mechanical properties before
and after the samples are exposed in a forced-air oven at 100 °C/72 h. The activation energies for NBR compounds
with MgO-green and ZnO are, respectively, 220 kJ mol! and 700-200 kJ mol"'. After oxidative-thermal aging, the
crosslink density of NBR compounds goes up by 24% with MgO-green and 120% with ZnO. Consequently, the changes
in hardness and tensile properties of the NBR with MgO-green are more subtle than those observed with ZnO. Based
on Fisher’s minimum significant difference procedure, the data analysis shows that MgO-green can be used instead of
ZnO as an activator in the vulcanization of NBR.
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1. Introduction

Nitrile rubber (NBR) is a synthetic elastomer with
excellent resistance to oil and nonpolar solvents. NBR is
used extensively in the automotive, aerospace, chemical, and
petrochemical industries, for instance for sealing purposes!!.
To produce technical goods, rubber must undergo vulcanization
to form a three-dimensional network. The vulcanization
system in rubber formulations is complex and consists of
a combination of cure agents, accelerators, and activators,
with ZnO being the most employed activator’®. Nevertheless,
the use of ZnO in rubber has faced opposition due to its
potential toxicity, particularly in aquatic environments!®.
Therefore, research efforts aimed that replacing ZnO with
alternative oxides can contribute to solving this problem!!,

Many potential alternative materials were investigated
for reducing or replacing the ZnO content in rubber
formulations, including zinc(IT) complexes!'”, zinc-based
activators incorporated into porous materials like Zn-clay
or supported on a substrate!'"!?!, and environmentally
friendly activators!'>!4. Additionally, studies are conducted
to evaluate the substitution of ZnO with MgO in natural
rubber and nitrile rubber to mitigate the associated toxicity
of the rubber compositions®!>1¢,

MgO is a metallic oxide with a well-known crystalline
phases, regular structure, ionic nature and basic properties.
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It has interesting characteristics and a wide range of
uses!!7!, In our previous paper”’, we showed that the use
of MgO produced by a green synthesis with the assistance
of Camellia sinensis extract (also referred to as MgO-green)
has the potential to replace ZnO in equivalent amounts in
phr, mainly demonstrating convincing mechanical properties
and higher cross-linking density. In the formulations with
MgO-green compared to the formulations with ZnO, shorter
initial vulcanization time, higher cross-link density, and
excellent stress relaxation values were observed in the
rheometric properties. However, further research must be
conducted to establish the viability of replacing ZnO with
MgO-green in NBR compounds.

Thermal properties are usually assessed using
thermogravimetric analysis, which can provide valuable
information about the decomposition kinetics of materials
using an appropriate test method!"”. Isothermal (constant
temperature) and/or non-isothermal (constant heating rate)
methods have been reported for calculating kinetic parameters
such as apparent activation energy (E, ), pre-exponential
factor (A), reaction order (n), and rate constant (k).
A widely used method is the Flynn—Wall-Ozawa integral
isoconversional known as a model-free approach method,
which allows the calculation of the activation energy using
the Doyle approximation of the exponential integral®!l.
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Thermal aging plays a crucial role in materials research.
Shuhaimi et al.??! studied how the efficient (EV), semi-
efficient (SEV), and conventional (CV) vulcanization
systems, in the presence of natural antioxidants, play
a key role in the thermal degradation of natural rubber
(NR) compounds. Mechanical tests including tensile and
tear essays, as well as cross-link density measurements,
were conducted both before and after aging. Thermal
aging analysis results are influenced by variations in the
vulcanization system. Sun et al.l**! studied the activation
energy for thermal air degradation of hydrogenated
nitrile butadiene rubber (HNBR) filled with carbon
black. The authors stated that the energy barrier for the
degradation of the molecular chains of HNBR under
air atmosphere increases because of the high energy of
carbon-carbon single bonds. Zhang et al.**! investigated
the thermal degradation of HNBR stated that the filling
with sodium methacrylate decreases the diffusion rate of
the decomposition products, resulting in enhancement
of the thermal stability of the composites. Furthermore,
elevating the sodium methacrylate content could improve
the activation energy of the composites.

Motivated by developing a sustainable rubber formulation
and showing the viability of replacing ZnO with MgO-
green in NBR compounds, this study aims to compare
the thermal behavior of NBR/carbon black composites,
activated with equal amounts in phr of ZnO or MgO-green.
To address this point, we used the Flynn-Wall-Ozawa integral
isoconversional method and the thermal-oxidative aging
method to investigate the NBR compounds activated with
ZnO or MgO-green, and compare their activation energy
for degradation, and changes in crosslink density, Shore A
hardness, and tensile properties.

2. Materials and Methods

2.1 Materials — Green Synthesis

Magnesium acetate tetrahydrate (Mg(CH,COO0),.4H,0)
were purchased from Neon Comercial Ltda. Dehydrated
leaves of Camellia Sinensis (green tea) were obtained from
Midori Industria de Cha Ltda. Acetone and isopropyl alcohol
was acquired from Sigma-Aldrich and Tedia Company,
respectively. The synthesis protocol and characterization
of MgO-green are described in Silva et al.®..

2.2 Materials - Rubber composite

NBR N-615 (33% acrylonitrile), carbon black N330,
sulfur (S), ZnO, stearic acid, N-tert-butyl-2-benzothiazole-
sulfenamide (TBBS) were donated by Nitriflex S.A. Inddstria
e Comércio.

2.3 Preparation of NBR/Carbon black composites

Table 1 shows the NBR formulations (based on ASTM
D3187). The compounds were prepared in a two-roll
mixing mill (Luxor, model BML 150) based on the ASTM
D3187 standard. Rubber Process Analyzer 2000 (Alpha
Technologies) was used to determine the t,, values of all
rubber composites at 160 °C in accordance with ASTM
D5289. Rubber sheets (150 x 150 x 2mm) were vulcanized
in a hydraulic press at 18 MPa of pressure, 160 °C of
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Table 1. NBR formulation (amount in phr) (Based on ASTM
D3187).

Component NBR-ZnO NBR-MgO-green

NBR 100 100
Carbon black N330 40 40
Sulfur 1.5 1.5
ZnO 3 -

MgO-green (82.4% of purity) - 3.6
Stearic acid 1 1

TBBS* 0.7 0.7

*N-tert-butyl-2-benzothiazole-sulfenamide.

temperature, and t,, time. The experimental code used was
NBR-X, where X is ZnO or MgO-green.

2.4 Flynn-Wall-Ozawa integral isoconversional method

The pyrolysis of NBR/carbon black composites was
carried out in a thermogravimetric analyzer (Q50, TA
Instruments) with a scanning temperature from 25 to
600 °C and a heating rate of 5, 10, or 30 °C/min under
nitrogen atmosphere. The activation energy of vulcanizate
decomposition was computed using Equation 1 based on
the Flynn-Wall-Ozawa method!! outlined in ASTM E1641.

Fa= (%] jﬁf J (1)

wherein £ is the estimated activation energy, R is the
universal gas constant, b is the constant assuming n=1, B is
the heating rate (°C/min), and T is the temperature of weight
loss (°C). The E, can be determined using the slope between
Inf3 and 1/T at a constant weight loss. Given that the goal
of our study is to investigate the impact of cross-linking on
pyrolysis, this analysis focused only on the beginning of the
rubber degradation. The specified weight loss values used
were 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 5.0, and 20 wt%.

2.5 Thermal-oxidative aging

The relative properties of the NBR/Carbon black
composites were investigated by comparing the changes
in crosslink density!®!, Shore A hardness (ASTM D2240),
and tensile properties (ASTM D412), before and after
thermal aging in the presence of air. The test specimens were
exposed in a forced-air oven at 100 °C for 72 h, according
to ASTM D573.

2.6 Cross-link density

The cross-link density was determined based on solvent
swelling measurements using the Flory-Rehner equation”!
(Equation 2).

[ln(l—vr)+v,, +;(v3}

[x]= 1 @
3V
R
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wherein /X7 is the cross-link density; v, is the volume fraction
of rubber in a swollen vulcanized sample in equilibrium;
V, is the molar volume of the solvent (acetone: 73.4 cm® g
mol™?); y is the interaction parameter between the solvent
and the elastomer?®’. In this determination, the volume of
carbon black, zinc and magnesium oxides was discounted
in the value of v,.

2.7 Mechanical property

Shore A hardness was measured using a Parabor hardness
meter in accordance with ASTM D2240. Tensile tests were
conducted on EMIC DL2000 according to ASTM D412.
Five Type C dumbbell specimens were used, and the rate
of grip separation was set at 500 mm min'.

3. Results and Discussion
3.1 Thermal degradation

Figure 1 shows the thermogravimetric curves for NBR-ZnO
and NBR-MgO-green at a heating rate of 10 °C min™'. These
curves show the weight loss and first derivative of weight
loss as a function of temperature, or DTG. Figure 2 shows
the only the superposition of weight loss versus temperature
curves for NBR-ZnO and NBR-MgO-green at heating rates
of 5, 10, and 30 °C min™'. As expected, the TGA curves shift
to higher temperatures as heating rates increase.

According to Figures 1 and 2, although the curves have
similar profiles, it is clear that the NBR-ZnO starts to lose mass
before the NBR-MgO-green. The temperature at which a mass
loss of 5% (T5%) occurs for the NBR-MgO-green is 12 °C
higher than the T5% for the NBR-ZnO (Figure 1). Roy et al.
I observed the same behavior for natural rubber vulcanized
with MgO in comparison to ZnO. Furthermore, at a heating
rate of 10 °C min’!, the NBR-ZnO and NBR-MgO-green
exhibit weight losses of 3.0 and 1.5%, respectively, between
150 and 300 °C (Figure 1). The temperature corresponding
to the maximum degradation rate (maximum peak in DTG
curves, T, Figure 1) is similar to the two NBR compounds
since the difference between the two NBR compounds is 4 °C.
The T, values shownin Figure | are in line with the findings

(@) NBR-znO

T150°C, T300°C, =358°C T..,=458°C
100 J—22:2% oram. W00 B

100 200 300 400 500 600
Temperature (°C)

of Lee et al.?”!, who reported a temperature of 456 °C for
NBR (34% of acrylonitrile) compounds that were filled with
55 phr carbon black and activated with 5 phr of zinc oxide.

The finding about the difference in initial thermal
degradation behavior of NBR-MgO-green and NBR-ZnO
is particularly interesting, given that the only difference
between these two samples is the type of oxide used as
activator. A possible reason for this behavior is that ZnO and
MgO drive the vulcanization processes differently, resulting
in the formation of different types of chemical links and/
or by-products, and consequently, the activation energies
required to start the degradation of NBR composite would be
different. So, to investigate the hypothesis further, a pyrolysis
kinetic study is conducted utilizing the Flynn-Wall-Ozawa
model (Equation 1), which employs a model-free kinetic
isoconversional approach!?$%),

The investigation of the pyrolysis kinetics for NBR-ZnO
and NBR-MgO-green involves plotting the In () against 1/T
graphs for weight losses in the early stages of degradation
(0.5,0.6,0.7,0.8, 0.9, 1.0, 5.0, and 20 wt%), as shown in
Figure 3. The apparent activation energy (E,) at a specific
conversion can be derived from the slop In (B) against 1/T.
The results shown in Table 2 demonstrate the very strong
correlation coefficient, showing that the model describes the
experimental data properly. Figure 4 shows the comparison
of E_ values for the two composites.

The E, values for NBR-MgO-green range around 220 kJ/
mol during the early stages of degradation, whereas E values
for NBR-ZnO tend to decrease as the conversion proceeds
from 0.5 to 5%wt. Furthermore, NBR-ZnO has greater E_
values than NBR-MgO-green, with the exception of 5 and
20%wt, when they have comparable E_ values. Liu et al.
139 said that the rubber pyrolysis initiates by the breakdown
of side or end chains and defect structures, which required
intense energy to be activated. Given that the rubber is the
same in both composites, the differences in E_ in the early
stages of pyrolysis (0.5 — 1.0%wt.) can be attributed to the
types of crosslinks or defects presents in the network; thus,
there is evidence that ZnO and MgO affect the products of
the vulcanization reaction in different ways, confirming the

(b) NBR-MgO-green
110

T150°C,
100 99.9%
00

12

T300°C,
98.4%

T,,2:=454°C

Te,,=370°C

1.0

0.8

0.6

0.4

DTG (°C/min)

0.2

0.0

100 200 300 400 500 600
Temperature (°C)

Figure 1. TGA curves of (a) NBR-ZnO and (b) NBR-MgO-green at a heating rate of 10 °C min™".
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Figure 3. Ln (B) variation as a function of 1/T for composite with: (a) NBR-ZnO and (b) NBR- MgO-green.

previous hypothesis. Ren et al.*!! investigated the effect of
conventional (CV), semi-efficient (SEV), and efficient (EV)

system curing on the thermal degradation of sulfur-cured
natural rubber using the Flynn-Wall-Ozawa method for
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Table 2. Activation energy (£) by Flynn-Wall-Ozawa method.

NBR-ZnO NBR-MgO-green
Weight loss (wt%)
E, (kJ/mol) E, (kJ/mol) R?
0.5 700 0.8314 272 0.8910
0.6 614 0.8786 242 0.9404
0.7 427 0.8975 237 0.9463
0.8 411 0.9430 215 0.9647
0.9 352 0.9493 196 0.9660
1 309 0.9623 194 0.9551
5 194 0.9991 205 0.9997
20 211 0.9954 215 0.9969
800 [ Table 3. Cross-link Density of NBR composites before (B) and
after (A) aging.
700 o Composite Crosslink Density (mol cm™?)
\ NBR-ZnO (B) 3.8E-04
600 |7 NBR-ZnO (A) 8.4E-04
NBR-MgO-green (B) 5.9E-04
%5 500 NBR-MgO-green (A) 7.3E-04
£
2 -+~ NBR-ZnO
=400 % -=- NBR-MgO-green
w
: the occurrence of extra cross-linking in both samples, but
20 I with greater intensity in NBR-ZnO.
|
i~ L g Figure 5 shows the mean plot of hardness Shore A,
I ol stress at 100% of strain, tensile strength, and ultimate
elongation of NBR-ZnO and NBR-MgO-green before and
100

0 & 10 15 20 25
Weight loss (%)

Figure 4. Activation energy (E,) behavior for NBR-ZnO and
NBR-MgO-green.

conversion rates ranging from 5 to 40%. According to the
authors, the Ea increases in the following order CV > SEV
> EV. Given that the CV system is used in this study, and
based on Ren et al.’s resultsi®!), the higher activation energy
of NBR-ZnO compared to NBR-MgO-green by only 0.5 to
1%wt (Figure 4) can be attributed to the presence of defects
in the network, and the amount of polysulfide linkages in
NBR-MgO-green may be slightly higher than in NBR-ZnO.

3.2 Thermal-oxidative aging

Thermal-oxidative aging study is an essential test for
assessing and comparing materials designed for industrial
applications. Exposure of rubber material to oxidative thermal
aging often results in changes in cross-links densities and
mechanical properties. An increase in cross-link density leads
to higher hardness and a decrease in final elongation®*3).
The cross-links densities of NBR-ZnO and NBR-MgO-
green before (B) and after (A) thermal-oxidative aging in
a forced-air oven at 100 °C for 72 h are shown in Table 3.
Prior to thermal aging, NBR-MgO-green has a slightly higher
cross-link density than NBR-ZnO. After oxidative-thermal
aging, the crosslink density of NBR-ZnO increased and
surpassed that of NBR-MgO-green. This result suggests

Polimeros, 35(1), 20250011, 2025

after thermal-oxidative aging. The intervals of mean of
mechanical properties were calculated based on Fisher’s
least significant difference (LSD) procedurel®. In this
method, if two means are the same, their intervals will
overlap 95.0% of the time.

For example, Han et al.’3 studied thermo-oxidative
aging in NBR composites through cross-link density and
mechanical properties. Thermal oxidative aging was carried
out with aging at 125, 135, and 150 °C and aging time of
10,22, 34,46, 58, and 70 h. The crosslink density increased
as the temperature and heating time increased, associated
with oxidative cross-linking reactions of unsaturated bonds
in the NBR molecular chains. Tensile strength gradually
decreased!®.

Hardness increased after thermal aging in line with
the cross-link density, observed in Figure 5a, with a more
significant increase in the NBR-ZnO composite. The stress
at 100% strain before aging the compositions had similar
values and after aging it increased for both compositions in
agreement with the increase in cross-links also after aging.
And this increase in tension at 100% strain is greater for
NBR-ZnO, observed in Figure 5b, as it presented higher
values in the crosslinking network with aging, as shown
in Table 3. The Tensile strength before heating presented
similar values for the compositions, after aging the influence
of cross-link density also influenced the increase in the
value for the NBR-ZnO composite. The increase in cross-
link density also had an effect on the ultimate elongation,
decreasing the values in both compositions after aging
(Figure 5d). Overall NBR composition with ZnO and MgO-
green exhibited good aging resistance. The NBR-MgO were
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Figure 5. Mechanical properties before (B) and after (A) Thermal Aging: (a) Shore A Hardness, (b) Stress at 100% of Strain, (c) Tensile

Strength, and (d) Ultimate Elongation.

less sensitive to changes when compared to the difference
in property values after thermal aging. This sensitivity of
the NBR-ZnO composites is related to the fact that the
difference in cross-link density after and before ageing is
much greater than for the NBR-MgO-green compositions.

4. Conclusions

The possibility of replacing the current ZnO activator
in the vulcanization system with green-MgO synthesized
by a more ecologically viable route was investigated in this
study, focusing on thermal behavior. The conclusion was
that MgO-green is a promising and valuable activator to
replace ZnO. A lower sensitivity with thermal aging when
compared to ZnO showed a potential improvement in the
thermal stability of the MgO-green, especially in general in
the mechanical properties based on Fisher’s least significant
difference (LSD) procedure.
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