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ABSTRACT: With increased awareness on the importance of
gloves arising from the COVID-19 pandemic, people are expected
to continue using them even after the pandemic recedes. This
scenario in a way increased the rubber solid waste disposal problem;
therefore, the production of biodegradable gloves may be an option
to overcome this problem. However, the need to study the shelf life
of biodegradable gloves is crucial before commercialization. There
are well-established models to address the failure properties of ‘ ‘
gloves as stated in the American Society for Testing and Material ime stabil

Real-time stability Accelerated stability
(ASTM) D7160. In this study, polysaccharide-based material-filled
natural rubber latex (PFNRL) gloves, which are biodegradable ‘

gloves, were subjected to an accelerated aging process at different
temperatures of 50—80 °C for 1—120 days. Prediction models based

on Arrhenius and shift factors were used to estimate the shelf life of the PFNRL gloves. Based on the results obtained, the estimated
time for the PENRL gloves to retain 75% of their tensile strength at shelf temperature (30 °C) based on Arrhenius and shift factor
models was 2.8 years. Verification on the activation energy based on the shift factor model indicated that the shelf life of PENRL
gloves is 2.9 years, which is only a 3.6% difference. The value obtained is aligned with the requirement in accordance with ASTM
D7160, which states that only up to a maximum of 3 years shelf life is allowed for the gloves under accelerated aging conditions.
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B INTRODUCTION

Malaysia is the world’s largest manufacturer of rubber gloves;

biodegradability of the gloves..5 In nature, microorganisms will
form the catalytic enzymes for the biodegradation process.8 In

over 200 billion gloves are manufactured annually, with a
market share of about 65%." In 2019, Malaysia exported about
182 billion gloves, while for 2020, because of the on-going
COVID-19 global pandemic, the Malaysian Rubber Glove
Manufacturers Association (MARGMA) estimates it to be as
high as 240 billion pieces. Given the acute surge in demand
and single-use personal protective equipment, it will directly
contribute to the gloves” waste disposal problems. In Malaysia,
the clinical waste including rubber gloves has risen 27% for
almost 2 months since the movement control order has been
implemented.”

Biodegradation is one of the green alternatives to overcome
the gloves’ waste disposal problem. Attempts to replace
common calcium carbonate with biofillers such as poly-
saccharides, eggshell, and chitosan in natural rubber (NR) latex
gloves are frequently discussed.”* It was reported that the
microbes as well as fungi are able to degrade the NR even
though the process is time-consuming.S’6 Therefore, the
incorporation of polysaccharides into the NR latex system is
targeted to accelerate the activities of the microorganisms, thus
enabling the gloves to degrade effectively.” The polysacchar-
ides are very beneficial for the biodegradation process where it
may serve as nutrients to the microbes, which enhanced the
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the case of biodegradable gloves, the degradation process is
accomplished by microorganism activities via enzymatic
cleavage in polysaccharides as well as the oxidation process
in the rubber backbone chain.”

Significant changes in glove formulation such as addition of
polysaccharides to the NR latex system require comprehensive
studies including product shelf life. Besides, the need to study
the shelf life of biodegradable gloves is crucial before
commercialization. Shelf life is commonly estimated using
two types of stability testing which are real-time and
accelerated stability tests.”'” For the real-time stability test, a
product is stored under predetermined storage conditions,
while for accelerated stability tests, a product is stored at
elevated stress conditions such as temperature, pH, and
humidity and the changes are monitored until it fails based on
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a specification requirement such as the time taken to reach the
threshold value.'" The shelf life determined on real-time aging
is generally preferred for an estimated value based on
accelerated data as it can provide the best data to ensure
that the product meets the specifications without degrading
over the time frame of the requirements. However, real-time
data collection is known to undergo a very slow degradation
rate at near ambient temperature. In addition, for biodegrad-
able gloves, real-time aging is impractical as it is time-
consuming for the industry to market the product, especially to
fulfil the shelflife requirement.'”'’ For more immediate
results, the short-term accelerated method offers an advantage
to estimate a more liable and conservative shelf life that
supports a practical shelf life.

Mainly, there are two models present in the literature on the
life estimation of an elastomer, namely, Arrhenius and
Williams—Landel—Ferry (WLF) models."* However, a widely
used method to predict the shelf life is through kinetic
modeling based on the Arrhenius equation.”””"” In order to
simulate the situation, the products are normally stored at a
higher temperature than room temperature under clearly
defined controlled conditions. Upon completion of the aging
test, the physical property of the products is measured, usually
at room temperature. The shelf life is then estimated by
extrapolating the property’s value from the accelerated aging at
the expected storage temperature.'® The activation energy of
the materials can be determined from the slope of the linear
Arrhenius behavior.

The prediction of butyl rubber-based composite (BRC)
service lifetime was conducted by Nguyen-Tri and co-
researchers'” based on extrapolation of the Arrhenius plot at
different temperatures. They obtained an activation energy of
157 kJ-mol™" from the Arrhenius curve where the mechanical
properties of BRC remained at acceptable values until 344 days
at 80 °C. The decrease in mechanical values was observed after
2 days at 120 °C. Meanwhile, Das and Schroeder'® used
different methods of extrapolation for shelf-life estimation of
NR latex examination gloves, which were based on the Q-factor
and Arrhenius activation energy methods. They predicted the
shelf life of nonchlorinated NR latex gloves as being up to 3.25
years at room temperature. However, it needs to be highlighted
that their work is based on the creep test using a 50 kPa load
on the fingertip of the gloves only. On the other hand, Le Huy
and Evrard” determined the shelf life and service life
estimation of a few types of rubbers (butadiene—styrene
rubber/NR; hydrogenated acrylonitrile—butadiene copolymer;
nitrile rubber/polyvinyl chloride; ethylene—propylene—diene
terpolymer) using Arrhenius and WLF models. They
concluded that the WLF model is appropriate for lifetime
predictions when the polymer is subjected to an aging
condition that is controlled by a viscoelastic process (e.g,
relaxation, creep) similar to the service life. In contrast, when
physicochemical mechanisms are dominant, the Arrhenius
model is the most widely used model for estimating an
accelerated test result concerning the effect of temperature.

Numerous studies have been published mainly focused on
the different types of biodegradable fillers with diverse
methods of improving its compatibility, mechanical strength,
and biodegradability of NR latex films.”'~>* However, little
work has been carried out on the shelf life of the biodegradable
product. In this work, the shelf life of polysaccharide-based
material-filled NR latex (PFNRL) gloves, biodegradable gloves,
was predicted via two models which are based on the
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Arrhenius and shift factor as recommended by the standard
requirement of examination gloves (ASTM D7160). The
activation energy was then verified by another approach
suggested by ASTM D7160; hence, the predicted shelf life of
PENRL gloves via this approach can be compared with those
of the earlier models used. This work aims to identify the shelf
life of PENRL gloves and to compare the variation of the
values predicted by the aforementioned models. The results
obtained were referred with the ASTM D7160 requirement for
the acceptance limit of the shelf life.

B RESULTS AND DISCUSSION

Based on our research work, the tensile strength is chosen as
the property to determine the shelf life as stated in the ASTM
D3578. The PENRL gloves’ tensile strength used in this work
is consistent with our previous research work.? Figure 1 shows
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Figure 1. Variation of the tensile strength retention of PFNRL gloves
with aging time at various aging temperatures.

the percentage retention of tensile strength at four different
temperatures within 120 days for PFNRL gloves. The
percentage of tensile strength retention was calculated based
on eq 1. A threshold value of 75% retention was chosen for this
study as recommended according to ASTM D7160.* The
threshold is chosen based on the point where the degree of
degradation approaches the minimum acceptable value for the
property being tested per product design specification. Based
on the graph, the percentage retention of tensile strength
gradually decreased with time at a degradation temperature of
50 °C before it decreased rapidly when the temperature
increased to 80 °C. From Figure 1, the time required for each
temperature to reach a threshold of 75% retained tensile
strength was tabulated in Table 1.

Based on Table 1, the time taken for the tensile strength
retention to reduce to 75% is further used to plot graphs of

Table 1. Time Required to Reach the Threshold of 75%
Tensile Strength Retention at Different Accelerated Aging
Temperatures

1000/T (1000/K)

temperature (°C) time (days) of 75% retention

N 3.10 86
60 3.00 28
70 2.92 8
80 2.83

https://dx.doi.org/10.1021/acsomega.0c04964
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In(1/¢) versus 10,000/ T as shown in Figures 2 and 3 in which
the slopes of the lines connecting the data points were used in
both models to extrapolate and predict the shelf life.
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Figure 2. Arrhenius plot using the Arrhenius model for different
accelerated aging temperatures of PFNRL gloves.
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Figure 3. Arrhenius plot using the shift factor model for different
accelerated aging temperatures of PFNRL gloves.

Arrhenius Model. For data analysis and extrapolation, BS
EN 455-4 recommends applying the method of least squares to
the experimental data.”> The Arrhenius model is also required
to find the best straight line fit through the experimental data
point as in Figure 2. A linear extrapolation of the straight line
generated allows the prediction of shelf life at a lower
temperature. To plot the graph, the term In(k) from eq 3 was
taken as In(1/t in s) and the t (time) was obtained from Table
1 for the respective accelerated aging temperature. The data
obtained reasonably fit the relationship of eq 3, which gives the
best straight line that fits through the experimental data points.
By comparing the regression equation in Figure 2 with eq 3,
the activation energy and the shelf life of PENRL gloves at 30
°C with 75% retention of tensile strength can be calculated.
The activation energy can be obtained from the slope of the
line, while the shelf life of PENRL gloves can be obtained by
solving the regression equation with T = 30 °C. The results are
tabulated in Table 4.

Shift Factor Model. The shift factor model requires the
data to be shifted to a selected reference temperature and
activation energy. In this model, the time at each respective
temperature (from Table 1) was shifted to equivalent times at
a common reference temperature by multiplying them with the
Arrhenius shift factor, ar, according to ISO 4074°° (refer to

Table 2). The shift factors were based on the activation energy
of 83 kJ/mol at a reference temperature of 30 °C. As in the

Table 2. Time Required to Reach the Threshold of 75%
Tensile Strength Retention

temperature shift factor for a reference shifted time (days) to reach
(°C) temperature at 30 °C 75% retention
50 7.69 660
60 19.46 537
70 46.63 378
80 106.34 389

previous model, a single straight line was generated to give the
best straight line, which fit through the experimental data
points (refer to Figure 3). Based on the regression equation in
Figure 3, the predicted lifetime at 30 °C with 75% retention of
tensile strength can also be calculated and the results are
tabulated in Table 4.

Verification of the Activation Energy. Because of the
differences in the activation energy from the shift factor model,
verification of activation energy was carried out to find the
actual activation energy. By using the data from ISO 4074, the
shift factor can also be calculated based on eq 5. Based on that
equation, the times taken for the tensile strength of PENRL
gloves to fall to 75% at the respective temperatures (from
Table 1) were used to obtain the shift factor. Table 3 shows
the shift factor as well as its respective activation energy, E,, for
each temperature pair. The actual activation energy was
calculated using eq 4.

Table 3. Actual Activation Energy for Every Shift Factor

shift factor” actual E, (kJ/mol)

ar, = 3.11 101.52
ar, = 3.40 116.13
ap, = 2.22 80.24

a p— p— p—
ar, = tspec/teoecs ar, = teorc/ troecs Ar, = troec/ tyooc:

Based on ASTM D7160, the shift factor needs to be
recalculated if the actual activation energy is not comparable to
the estimated value (83 + 2 kJ/mol) at all temperature ranges.
As presented in Table 3, none of the actual activation energy
met that requirement. Thus, the shift factor at shelf
temperature was recalculated using eq 4 where T is Tjpec,
T, is the lowest accelerated aging temperature, and E, is the
actual activation energy for the lowest temperature pair. In this
case, the lowest temperature pair would be ar. Based on the

shift factor at shelf temperature, the predicted shelf life can be
calculated using eq S where ¢, is t;poc and t, is the time at the
lowest accelerated aging temperature. The results are tabulated
in Table 4.

Table 4. Shelf Life and Activation Energy Prediction
According to Various Approaches

Arrhenius verification of
model shift factor model activation energy
shelf life (year) 2.8 2.8 29
activation 101.46 (activation energy was 101.52
energy based on 83 kJ/mol)

(kJ/mol)

https://dx.doi.org/10.1021/acsomega.0c04964
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Table 5. Time Required to Reach the Threshold of 85, 80, 75, 70, and 65% Retained Tensile Strength

time (days)

temperature (°C) 10,000/T (1/K) 85% retention

60 3.00 11
70 2.92 3
80 2.83 2

80% retention

75% retention 70% retention 65% retention

19 28 36 44
6 8 10 13
3 S 6

Verification of Prediction Time. A preliminary test was
conducted to verify the time predicted based on the Arrhenius
model with real time based on accelerated aging. Choosing 85,
80, 75, 70, and 65% of the retained tensile strength of PENRL
gloves as the failure criteria, the corresponding time to reach
these limits are presented in Table S. Based on the Arrhenius
model, the linear and parallel plots of reciprocal time for tensile
strength properties to fall to 85, 80, 75, 70, and 65% with
various aging temperatures (60, 70, and 80 °C) of PFNRL
gloves are shown in Figure 4. The plot is based on two
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Figure 4. Arrhenius plot of retained tensile strength at 85, 80, 75, 70,
and 65% for PENRL gloves.

postulations; (1) constant effective activation energy through-
out the experimental temperature range and (2) the change in
tensile strength during accelerated aging in accordance with
Arrhenius behavior.

Based on Figure 4, the predicted times at 50 °C with 85, 80,
75, 70, and 65% retention of tensile strength were obtained
from the regression equation of each retained tensile strength.
In comparison with real-time accelerated aging, the times
required to reach thresholds of 85, 80, 75, 70, and 65%
retained tensile strength at 50 °C were obtained from Figure 1.
Both data (real and predicted time) are presented in Figure S.

Discussion. For all temperatures tested in this study, the
tensile strength retention demonstrates a trend that decreased
with prolonged aging time (refer to Figure 1). The test carried
out at 80 °C showed a more dramatic decrease in tensile
strength compared to other temperatures. On the other hand,
lower aging temperatures need a longer time for a significant
reduction of tensile strength. The reduction of tensile strength
is governed by the degradation of the rubber backbone chain
together with the changes in the sulfur cross-link system
because of heat aging and oxidation.”” All unsaturated rubbers
are subject to degradation due to the attack by thermal
degradation and oxo-degradation. It is well established that the
aging of rubbers at elevated temperatures causes chain scission
and/or cross—linking.28
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Figure S. Tensile strength retention of PENRL gloves at 50 °C aging
temperature.

During the earlier stages of thermal aging, there is cross-links
rearrangement from a polysulfidic to a monosulfidic chain.””
Fluctuations at some points are probably caused by the
balancing between the cross-link scission and the cross-link
formation in the polymer. Both cross-link scission and cross-
link formation occur simultaneously, and these reactions occur
all the time in the aging process. The mechanism of cross-links
rearrangement leads to an increment of rubber stiffness and
embrittlement, while chain scission lowers the cross-link
density, resulting in rubber softening and loss of elastic
properties. In other words, the hardness of a rubber increases if
the cross-link density increases and decreases upon breakage of
the chains.”

On further heating, oxygen-free radicals attack the
unsaturated backbone chain, leading to main chain degrada-
tion, which caused a drastic reduction of tensile strength at the
final stage of the aging process.”’ In a work by Choudhury et
al,’” on further heating for a prolonged period at 70 °C, the
tensile strength and elongation at break properties were
drastically decreased. Besides, thermal energy also provides the
activation energy required for the initiation of oxidation, thus
accelerating the overall process of degradation.”” After different
durations of exposure to heat and oxygen, the mechanical
properties of NR films such as the deterioration of tensile
strength is observed, leading to polymer failure. If minor
changes in tensile strength have been detected, a longer shelf
life may be expected, while if appreciable changes occurred, the
shelf life may be short.””

It has been suggested that the accelerated temperature aging
should be conducted within the range of 50—80 °C.”* When
the sample is subjected to a higher temperature, significant
changes in the rate of degradation will be observed. As the
temperature increases, it becomes more feasible to estimate the
degradation behavior in a short period. However, in the case of
lower temperatures, the process requires more time for the
sample to degrade. Furthermore, ASTM D7160 has stated that
the lowest test temperature chosen needs to consider the time
taken to reach the threshold value of at least 8—10 weeks.

https://dx.doi.org/10.1021/acsomega.0c04964
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Similarly, the lowest temperature shall be chosen to ensure that
the necessary threshold value is reached. Therefore, a
maximum period of 120 days at a minimum accelerated
aging temperature of 50 °C and the retention of tensile
strength below 75% carried out in this work is an appropriate
selection of aging durations.

Figures 2 and 3 show the Arrhenius plot with two different
models of prediction. It is found that the data fit better on the
Arrhenius model compared to the shift factor model. This
might be due to the difference in the activation energy used.
Based on the Arrhenius model, the activation energy was
calculated as 101.46 kJ/mol, while for the shift factor model,
the activation energy was 83 kJ/mol, which was taken from
literature.***° Hence, further verification of the activation
energy was conducted to find the actual activation energy.

A comparison of the shelf life and activation energies derived
from various models as discussed earlier is summarized in
Table 4. Based on the results, there are rather similar values of
the shelf life and activation energies calculated in all
approaches. Both models estimated 2.8 years for the PENRL
gloves to fall to 75% of tensile strength retention at 30 °C.
Furthermore, after the activation energy was verified, the shelf
life of PENRL gloves did not differ much, calculated at 2.9
years, which is only a 3.6% difference. The value obtained is
according to the requirement of ASTM D3578, which states
that only up to a maximum of 3 years’ shelf life is allowed for
the gloves under accelerated aging conditions.”* The verified
activation energy also has a value similar to the activation
energy from the Arrhenius model, proving that the model is
valid to estimate the shelf life of PENRL gloves. Even though
the average activation energy for many chemical reactions is 83
kJ/mol, the actual values found in practice vary widely.*®
Grimm®* and Mandel et al.>® determined the activation
energies for the oxidation of NR to be in the range of 84—117
kJ/mol. Meanwhile, Mott and Roland*® found that the
activation energies of aging of NR in air and seawater were
90 + 4 and 63 + 3 kJ/mol, respectively.

Based on Table 4, a similar shelf life could be expected for
other PFNRL gloves, perhaps from a different lot, of the same
manufacturer, with a similar source of raw materials,
formulation, and manufacturing processes. The aforemen-
tioned results are also based on the temperature at 30 °C. It is
prudent to expect that there might be storage conditions above
30 °C, depending on the countries. Under such conditions, the
current set of samples would probably not survive more than 3
years according to all approaches discussed earlier. Based on
the accelerated study, a maximum of 3 years’ shelf life is
tolerable for examination gloves according to ASTM D7160.
Thus, a close monitoring of room temperature storage in some
hospitals, laboratories, and private homes in countries that
have tropical or subtropical climates needs to be done as the
temperature may vary in the range of 30—40 °C."'

As shown in Figure S, even the decrease of tensile strength
upon real-time accelerated aging was time-consuming
compared to the predicted time, but the trend obtained was
similar. Besides, the decrement of tensile strength retention is
also aligned with prolonged aging time. This indicates that the
real-time accelerated aging at 50 °C concurs with the value
determined via prediction analysis. It was supported by the
calculation of Pearson’s coefficient of correlation (eq 6), where
the R* value obtained was 0.99997. It indicates an almost
perfect positive relationship between the two data sets.

B CONCLUSIONS

In conclusion, the shelf life of PFNRL gloves was estimated at
2.8 years when its tensile strength reduced to 75% retention at
30 °C according to both Arrhenius and shift factor models
without the verification of activation energy. This gives an
overview that PFNRL gloves can survive up to 2.8 years,
provided they are stored at a similar shelf temperature with a
comparable source of raw materials, formulation, and
manufacturing process.

B MATERIALS AND METHODOLOGY

Materials. NR latex with the initial properties of dry rubber
content of 60.08 wt %, total solid content of 61.00 wt %,
mechanical stability time of 1140 s, and volatile fatty acid
number not exceeding 0.2 was purchased from Zarm Scientific
and Supplies Sdn. Bhd. (Penang, Malaysia). Meanwhile, the
dispersion of polysaccharide material was produced in-house
and other compounding ingredients such as diethyldithiocar-
bamate, zinc oxide (ZnO), 2,2'-methylene-bis(4-methyl-6-tert-
butylphenol), and sulfur were obtained from Farben
(Malaysia) Sdn. Bhd., whereas calcium nitrate [Ca(NO;),],
nitric acid 65%, chloroform, and potassium hydroxide (KOH)
were purchased from Merck Sdn. Bhd.

Latex Compound Preparation and Gloves Produc-
tion. The preparation of the NR latex compound was carried
out following a previous study. All ingredients were mixed and
stirred for 2 h at a stirring speed of 270 rpm under room
temperature. The compound was subjected to prevulcanization
at 70 °C in a water bath until chloroform number 2 (desired
degree of cross-link formation inside NR latex particles) was
achieved. The prevulcanized latex compound was left for a
maturation process for 24 h under room temperature.

The preheated formers were dipped into the coagulant tank
followed by the latex tank with the desired dwell time to obtain
a thin film of PFNRL gloves. The gloves were dried in an oven
at 110 °C until the gloves were cured. They were then taken
out from the oven and stripped off with the assistance of
calcium carbonate powder.

Accelerated Aging Test. The PFNRL gloves were
exposed to different temperatures (50, 60, 70, and 80 °C)
continuously in a hot air oven (Memmert, Germany) for 1—
120 days. The PENRL gloves were taken out after specific
durations and conditioned under room temperature for at least
16 h before being subjected to tensile strength testing. This
must be completed in 96 h from the time of removal from the
oven following ASTM D573.%

Tensile Strength Test. The tensile strength test was
carried out according to ASTM D412 using an Instron
Machine (Model 3366 USA) with a crosshead speed of 500
mm/min. The PENRL gloves were cut into dumbbell shapes
and the thickness of the samples was measured before testing.
The mean readings of tensile strength based on the average of
five samples were calculated and reported.

Retention of Tensile Strength. The percentage of tensile
strength retention with time was used to determine the
degradation rate of PENRL gloves by following eq 1

retained tensile strength (%) = [(6; — 6,)/6,] X 100 (1)

where o, is the initial tensile strength and o, is the aged tensile
strength of the PENRL gloves.

Shelf-Life Determination. Tensile strength test was
carried out according to ASTM D7160.** The product shelf
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life can be determined using the Arrhenius equation as stated
ineq 2

k=A exp[_E“/RT] (2)

where k is the reaction rate constant, A is a constant related to
the property of interest, E, is the activation energy, R is the
universal gas constant (8.314 J/K mol), and T is the
temperature of interest (in kelvin).

The first order of the Arrhenius equation was derived from
eq 2, yielding

E
Ink=-—+hA
RT (3)

Meanwhile, the shift factor, ar, can be expressed as eq 4

1

B - B
lnaT—l[k]— ~((1/T) = (/) o

where k; is the rate constant at T, and k, is the rate constant at
T, (T, < T,).

Alternatively, ar can also be determined experimentally
using eq S

4
t, ()

where ¢, is the time at T, until a threshold is reached and ¢, is
the time at T, until a threshold is reached (T; < T,).

Pearson Coefficient of Correlation, R-Value. The
Pearson correlation coefficient (Rz) for two data sets was
calculated using eq 6. The calculated value was used to
determine the characteristics and strength of the relationship
between two data sets.

ar =

corr(x, y) =

cov(X,Y 1 w(x—-X );—}_’
e

S, S,

(6)

where X and Y are the mean values for data x and ¥,
respectively, 0, and o, are the standard deviations for data x
and y, x; and y; are the data for respective datasets, and n is the

number of data in the dataset.

oo,  n-183
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