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Abstract: Common kitchen wraps like plastic and aluminum foil create significant environmental
burdens. Plastic wrap, typically made from non-renewable fossil fuels, often ends up in landfills for
centuries, breaking down into harmful microplastics. Aluminum foil, while effective, requires a
large amount of energy to produce, and recycling it at home can be impractical due to food residue.
A promising new alternative, low-nitrosamine rubber wrap film, aims to reduce waste by offering
a reusable option compared to traditional single-use plastic wrap. The film is environmentally
friendly, durable, and effective in sealing containers and keeping food fresh or crispy. The raw ma-
terials used to make the product were studied, namely fresh and concentrated natural rubber latex.
No nitrosamines were found in either the fresh or concentrated latex, which is important as nitros-
amines are known to be carcinogenic. The absence of nitrosamines in the raw materials suggests
that the universal rubber wrap film is safe for use. In this study, the rubber formulation and prop-
erties of rubber used to make rubber wrap film were studied. The content of additives affecting the
rubber properties was varied to find the optimum rubber formulation for making rubber wrap films.
The rubber formulation with the least amount of chemicals that met the following criteria was se-
lected: tensile strength of at least 15 MPa, elongation at break of at least 600%, and nitrosamine
content below 6 ppm. It was found experimentally that the optimum rubber formulation for making
a translucent rubber film had 0.7 phr zinc oxide and 1.0 phr sulfur. Performance tests revealed the
rubber wrap film’s superior sealing capabilities. Its elasticity allows for a tighter fit on containers,
effectively conforming to various shapes and creating an optimal seal compared to plastic wrap and
aluminum foil. The results of this study provide valuable information for developing a universal
rubber wrap film that is safe with low nitrosamines.
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1. Introduction

In everyday life, we often use plastic wrap or aluminum foil to shield food against
contamination by dust, dirt, or insects [1-5]. However, plastic wrap and aluminum foil
are easily torn, not durable, and cannot be reused. Aluminum foil production requires
significant energy consumption. Moreover, recycling aluminum foil often requires sepa-
ration from food residue, which can be impractical for home use. Plastic wrap is typically
derived from non-renewable fossil fuels [6]. Additionally, most commercially available
plastic wrap is not readily recyclable and can persist in landfills for hundreds of years,
contributing to microplastic pollution. This results in a large amount of waste that gener-
ates pollution and has a negative impact on the environment [7,8]. This study addresses
environmental concerns associated with traditional food wrap by developing a novel,
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environmentally friendly and sustainable rubber wrap film. Utilizing natural rubber, a
renewable resource, this innovative film is designed for reusability, minimizing waste and
environmental impact. The concept has driven the need for a 100% natural rubber wrap
film that is both eco-friendly and safe for consumers. This could reduce the use of plastic,
which takes over 600 years to decompose [9,10], by serving as a replacement for plastic
wrap and aluminum foil. Natural rubber latex (NRL) can be made into thin films with
excellent elasticity and flexibility [11]. In particular, NRL is a natural plant-based material
that is never depleted. NRL serves as a critical material in the biomedical field, with its
unique properties enabling diverse products for various applications, including tubing,
latex foam [12,13], rubber nipples, surgical gloves, and catheters [11].

This experimental study was conducted to develop a new rubber product, a rubber
wrap film. The production process is similar to that of other natural rubber products, but
the rubber wrap differs from commonly used rubber products such as gloves and finger
cots. The elasticity of rubber is such that the restoring force increases with stretching [14],
which in turn should, as a hypothesis, lead to a more effective sealing with rubber wrap
than with PE film.

The rubber wrap does not contact food or skin directly, unlike rubber gloves. There-
fore, one criterion set for the rubber wrap was to have a nitrosamine content of at most 6
ppm, which is equivalent to 6 pg/g or 0.0006%, a very small amount. Gloves, condoms,
and latex nipples for babies are regulated to have low levels of N-nitrosamines, at 10 ppb
or 0.000001% [15]. This is because these products contact food, skin, and the baby’s mouth
directly for long periods of time. Sweat on the skin and saliva in the mouth can allow N-
nitrosamines to enter the body. N-nitrosamines in rubber can be analyzed using GC-MS
[16,17]. Zinc diethyldithiocarbamate (ZDEC) is a widely used accelerator in natural rubber
latex technology due to its ability to impart desirable properties to the resulting vulcani-
zates, such as a high tensile strength, elongation at break, and tear resistance [11,18]. How-
ever, ZDEC has also been shown to release nitrosamines, which are potentially carcino-
genic compounds [19]. This study therefore investigated the possibility of reducing the
ZDEC content from 1 phr to 0.5 phr to minimize nitrosamine release. In general, increas-
ing the sulfur content (S) in natural rubber increases the tensile strength. The optimum
sulfur content for natural rubber vulcanizates is typically 2.0-2.5 phr [20-22]. This study
investigated the use of the minimum sulfur content required to achieve satisfactory prop-
erties for container-sealing applications. According to theory, zinc oxide is used in rubber
products in amounts greater than 3 phr to activate the vulcanization reaction and improve
the tensile strength of the rubber [23-25]. However, the use of zinc oxide in excess of 1 phr
can make white rubber opaque. Therefore, this study used a zinc oxide content below 1
phr to produce translucent rubber wrap film that allows the materials in the sealed con-
tainer to be seen. The reduction in the ZnO content is consistent with the current trend of
reducing ZnO use in rubber products due to its potential toxicity to aquatic organisms
[24,26-28].

This study investigated the rubber compound formulation and properties of rubber
suitable for making rubber wrap films. The effects of the choice of the natural rubber latex
type, namely concentrated latex or fresh latex, on the formation of nitrosamines in the
rubber wrap were investigated. The fresh latex was preserved with NHs and TZ (T is for
thiuram disulfide TMTD and Z is for zinc oxide ZnO). The concentrated latex was pre-
served with high and low ammonia levels (HA and LA) with stabilizers. The rubber com-
pounds with low nitrosamines were formulated and developed to obtain the desired
properties in the rubber wrap films for container sealing, to replace plastic wrap or alu-
minum foil. The amounts of zinc oxide, sulfur, titanium dioxide, and carbon black were
varied to study the effects on the properties of rubber. For example, the zinc oxide (ZnO)
content was tested at 0.5, 0.7, and 0.9 phr to study the transparency of the product, and
the sulfur (S) content was tested at 0.5, 1, and 1.5 phr to study the strength of the product.
The selection of a suitable formulation for rubber wrap is defined by threshold values for
the tensile strength (15 MPa minimum) and elongation at break (600% minimum), to
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ensure the usability of an eco-friendly and health-conscious natural rubber wrap for fu-
ture commercial applications.

2. Materials and Methods
2.1. Materials

The compounding ingredients and their suppliers used in this experiment were as
follows: zinc oxide from Chemmin Co., Ltd. (Samuthprakarn, Thailand), sulfur (5) from
Siam Chemical Public Co., Ltd. (Bangkok, Thailand), zinc diethyldithiocarbamate (ZDEC)
and tetramethyl thiuram disulfide (TMTD) from Reliance Technochem Co., Ltd. (Bang-
kok, Thailand), Lowinox CPL (antioxidant) from Sunny World Chemicals Co., Ltd. (Bang-
kok, Thailand), and potassium hydroxide from Union Science Co., Ltd. (Chiang Mai, Thai-
land). Both concentrated latex preserved with high ammonia (HA) and concentrated latex
preserved with low ammonia (LA) were obtained from Lucky Four Co., Ltd. (Bangkok,
Thailand). The natural rubber latex concentrate used in this study was tested in accord-
ance with ISO 2004:2017 [29] and was found to be free of harmful residues or heavy met-
als. Five types of standard nitrosamines were used in this study: N-nitrosodiethylamine
(NDEA), N-nitrosopyrrolidine (NPYR), N-nitrosodipropylamine (NDPA), N-nitrosopi-
peridine (NPIP), and N-nitrosodibutylamine (NDBA). The initial concentration of each
standard was 2000 ppm. The standards were purchased from 5.M Chemical Supplies Co.,
Ltd. (Bangkok, Thailand).

2.2. The Levels of Nitrosoamines in Fresh Latex and Concentrated Latex

In this study, the test samples consisted of standard nitrosamines and dry rubber
films made from fresh latex and concentrated latex. Five types of standard nitrosamines
were used as follows: NDEA, NPYR, NDPA, NPIP, and NDBA. The initial concentration
of each standard was 2000 ppm. To study the sensitivity of the analysis, the concentration
of each standard was then diluted to 100 ppm, 25 ppm, 12 ppm, and 6 ppm. The analysis
time was 40 min.

The rubber samples used in the test were (1) fresh latex preserved with NHs; (2) fresh
latex preserved with NHs and with the preservative TZ (T is for tetramethyl thiuram di-
sulfide TMTD at 0.125% and Z is for zinc oxide at 0.125% total); (3) concentrated latex
preserved with high ammonia (HA); and (4) concentrated latex preserved with low am-
monia (LA) with the preservative TZ. In the rubber industry, ammonia is used to preserve
latex. Concentrated latex of type HA has a minimum of 0.6% ammonia in the latex. Con-
centrated latex of type LA has a minimum of 0.2% ammonia in the latex with the addition
of 0.025% TZ [30]. However, in this study, TZ was used at a concentration of 0.125%,
higher than the normal 0.025%. The test samples were prepared by drying either concen-
trated latex or fresh latex, then cutting the rubber into small pieces according to the
method for preparing rubber samples for the analysis of nitrosamines as described in Sec-
tion 2.5.

2.3. Rubber Wrap Film: Preparation of the Rubber Compound

The development of a rubber latex formula for a multipurpose container film for gen-
eral use involves testing rubber formulations for properties that are most suitable for gen-
eral use while having a minimum amount of chemicals. So, the amounts of substances
that affect the properties of rubber were varied, including the amount of zinc oxide (ZnO)
setat 0.5, 0.7, and 0.9 phr, and the amount of sulfur set at 0.5, 1, and 1.5 phr, in the formu-
lations of Table 1.

The preparation of compounded latex involves adding latex to a tank and mixing it
at around 30 rpm at room temperature (25 °C). KOH, sulfur, ZDEC, Lowinox CPL, and
Zn0O are added gradually, with 10 min of stirring after each addition. The compounded
latex is stirred for another 3 days at the same speed, then tested for total solids, chloro-
form, and vulcanization level by immersion in toluene.



Polymers 2024, 16, 1499

4 of 21

To make dry rubber sheets, a square glass mold was filled with compounded latex
and allowed to dry for 3 days. Next, it was heated in an oven at 120 °C for 20 min and
removed from the mold. Finally, the vulcanized rubber was tested for key properties like
swelling, 300% modulus, tensile strength, elongation at break, and heat aging.

Table 1. The compound formulations of rubber wrap film used in the present study.

Ingredient Content, phr 2

in Formulation 1 2 3 4 5
60% HA latex 100 100 100 100 100
10%KOH 0.2 0.2 0.2 0.2 0.2
ZnO 0.5 0.7 0.9 0.7 0.7
Lowinox CPL 0.5 0.5 0.5 0.5 0.5
ZDEC 0.5 0.5 0.5 0.5 0.5
Sulfur 0.5 0.5 0.5 1 1.5

2 Parts per hundred rubber (phr).

2.4. The Production of Rubber Wrap Film to Cover Containers

The production of rubber wrap film (Figure 1a) used a 125 mL flask by dipping it 2
times for 30 s each time, waiting for the first dip to dry slightly before dipping the second
time. Then, the edge was rolled, and the film baked at 120 °C for 20 min. Thereafter, the
final product, rubber wrap film, had a truncated conical shape (Figure 1b,c). To test the
performance of the rubber wrap in a comparison with PE plastic stretch film and alumi-
num foil, the color coordinates, water evaporation, and hardness were determined.

e

Rolled ed
Ofciedge i

5.5cm

h
(b) (©)

Figure 1. (a) The production of rubber wrap film, (b) rubber wrap film for covering containers, and
(c) the size of the rubber wrap film.

The rubber wrap film for covering containers is designed to differ from those for fin-
ger cots and gloves. As shown in Figure 1c, the rubber wrap had a truncated conical shape
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with a top diameter of 6 cm, a bottom diameter of 5.5 cm, and a height of 3 cm. The bottom
portion of the workpiece, with a diameter of 5.5 cm, has a rolled edge (bead) for strength
to provide a tight seal with the container while the rubber wrap tapers on the sides (Figure
1c). Previous experiments have shown that a cylindrical rubber wrap had a lower sealing
capacity than a truncated conical rubber wrap, so the latter type was used in this experi-
ment.

2.5. Nitrosamines Testing by Gas Chromatography—Mass Spectrometry (GC-MS)

Gas chromatography-mass spectrometry (GC-MS) is an analytical technique that en-
ables the identification and quantification of organic compounds in various samples. The
equipment consists of two main components: a gas chromatograph, which separates the
sample into its constituent parts based on their volatility and affinity to the stationary
phase, and a mass spectrometer, which measures the mass-to-charge ratios in the frag-
mentation pattern of each part. The preparation of rubber samples for the analysis of N-
nitrosamine levels was based on the conditions of a gas chromatograph—-mass spectrome-
ter (GC-MS) as specified in the standards EN 12868:2017, ASTM F1313-90:1999, ISO
29941:2010, and EN 71-12:2013 [31-34].

For the extraction of rubber samples using the Soxhlet method, rubber articles were
cut into pieces of size less than 2 mm x 2 mm. Ten grams of cut pieces was Soxhlet-ex-
tracted in dichloromethane at 55 °C, followed by purification with distillation, and dilu-
tion to a volume of 2 mL with dichloromethane for analysis.

The condition of the GC-MS was assessed by dissolving the rubber extract in di-
chloromethane, a common solvent for organic compounds. Carrier gas at a pressure of 20
psi was used in the analysis by GC-MS for the separation and identification of volatile
compounds. The analysis was performed with a Clarus Model 690 gas chromatograph
(PerkinElmer, Waltham, MA, USA) coupled to a model SQ8 mass-selective detector. The
capillary column used was a PerkinElmer Elite-5MS (5% phenylmethyl polysiloxane with
a 30 m x 250 pm ID x 0.25 um film thickness) (PerkinElmer, Waltham, MA, USA). The
injector temperature was 250 °C. The oven temperature was initially held at 60 °C and
then increased at 5 °C/min to a final temperature of 250 °C. The carrier gas was purified
helium gas. Electron impact (EI) mass spectra were collected at 70 eV ionization voltage
over the m/z range 60—600. The electron multiplier voltage was 1350 V. Both ion source
and quadrupole temperatures were set at 200 °C. Volatile organic compounds released
were identified by computer search in the National Institute of Standard and Technology
(NIST) Mass Spectral Library Search Chromatogram.

2.6. Rubber Compound Properties

The properties of the rubber compounds were evaluated by three tests: the total sol-
ids content, and the degree of vulcanization by immersion in toluene and by the chloro-
form test. The total solids content (TSC) [11,35] of the rubber compound was determined
in strict accordance with ISO 124:2011(E) [36], Rubber latex —Determination of total solids
content (ISO, 2011). For the TSC of latex, a sample of 3-5 g of field latex or 2-2.5 g of
concentrated latex was accurately weighed using an electric balance with a resolution of
0.0001 g (PR224, OHAUS, Parsippany, NJ, USA) and transferred to an 8 cm diameter Petri
dish. The latex was carefully spread evenly across the dish to ensure uniform drying. The
sample was then placed in a hot-air oven (UN55, Memmert, Eagle, WI, USA) maintained
at 70 °C for a duration of 16 h to achieve complete drying. Subsequently, the samples were
transferred to a desiccator for a period of 30 min to facilitate cooling to ambient tempera-
ture. The cooled samples were then reweighed using the same balance, and the TSC was
calculated using the following Formula (1):

TSC, (%) = [(W2 - WO)/(W1 - WO)] x 100 1)
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where WO is the mass of the empty Petri dish, W1 is the mass of the Petri dish with the
latex sample before drying, and W2 is the mass of the Petri dish with the latex sample
after drying.

The degree of swelling of latex compounds (SoLC) was determined by immersion in
toluene. The test specimen was prepared by dipping a piece of paper into the rubber com-
pound and allowing it to dry for 30 min. The dried film was then cut to a diameter of 20
mm (d0). The film was then immersed in toluene for 30 s with the cap closed. The diameter
of the film (d1) was measured after immersion. The degree of cure was then calculated
using the following Equation (2):

SoLC, (%) = [(d1 - d0)/d0] x 100 @)

where d0 is the diameter of the film before immersion in toluene, and d1 is the diameter
of the film after immersion in toluene.

The degree of vulcanization of the latex compounds (LCs) was assessed using the
chloroform number (CN) test. This test involves the coagulation of the LC by mixing it
with an equal volume of chloroform. The resulting coagulum is then examined and
graded based on its texture, providing a qualitative indication of the extent of vulcaniza-
tion. The following CN grading system was employed: (1) Unvulcanized: the coagulum
is soft, sticky, and easily deformable, indicating the absence of significant cross-linking
between rubber molecules. (2) Lightly vulcanized: the coagulum exhibits slight resistance
to deformation, suggesting a low degree of cross-linking. (3) Moderately vulcanized: the
coagulum displays moderate resistance to deformation, implying a moderate degree of
cross-linking. (4) Fully vulcanized: the coagulum is firm, resilient, and resists defor-
mation, signifying a high degree of cross-linking and a well-vulcanized rubber network.
The CN test provides a rapid and convenient method for qualitatively evaluating the de-
gree of vulcanization in LCs [11].

2.7. Mechanical Properties of Rubber Wrap Film

The degree of swelling in the vulcanized specimens was assessed through a toluene
immersion test. Accurately measured specimens (3 cm x 1 cm x 2 mm) were prepared, and
their initial weights determined using an analytical balance. These specimens were sub-
sequently immersed in toluene at room temperature. At regular intervals, the specimens
were removed, carefully dried, and reweighed until a constant weight was attained. The
degree of swelling was then calculated using the following Equation (3):

Swelling, (%) = [(W2 - W1)/W1] x 100 3)

where W1 is the initial weight of the specimen and W2 is the weight of the swollen speci-
men.

This test provides a quantitative measure of the extent of cross-linking in the rubber
network. A higher degree of swelling indicates a lower degree of cross-linking, as the pol-
ymer chains can more readily absorb and expand with the solvent [37].

The tensile properties of the rubber wrap films were evaluated in strict accordance
with ISO 37:2017 [38]. Dumbbell-shaped test specimens were precisely cut from the films
and subjected to tensile testing using a computerized tensile testing machine (Instron
5566, Norwood, MA, USA) equipped with a 1 kN load cell. The crosshead speed of the
Instron machine was set to 500 mm/min to ensure consistent testing conditions. From the
acquired tensile data, the modulus at 300% elongation (M300) and elongation at break
(EB) were meticulously calculated. To ensure statistical validity, the reported values for
the tensile properties represent the mean of five independent measurements. To investi-
gate the impact of thermal aging on the mechanical properties, a subset of specimens were
subjected to an accelerated aging process within a hot-air oven maintained at 100 °C for a
duration of 22 h. Following this aging, the specimens were allowed to cool to ambient
temperature for a minimum of 16 h prior to tensile testing, to eliminate any potential ther-
mal effects [11,37].
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2.8. Performance Properties of Rubber Wrap Film

The performance properties of the rubber wrap film were evaluated by three tests:
color measurement (colorimeter), hardness measurement (hardness load), and water
evaporation test.

The color of the rubber wrap film was evaluated using a colorimeter (ColorFlex EZ
Spec-trophotometer, HunterLab, Reston, VA, USA). At least three test specimens were
prepared, each of which was thin enough to be measured by the colorimeter. The L value
was measured for each specimen, and the average was calculated. The L value is a meas-
ure of lightness, with a value of 0 indicating black and a value of 100 indicating white. In
addition, visual observations were conducted by cutting a rubber wrap film into a trian-
gular shape of approximately 2 cm in size. The film was then placed on a white sheet of
paper with black letters, and a photograph was taken with a digital camera. The clarity of
the black letters was observed.

The hardness of DOZO (rice crackers) was evaluated using a texture analyzer (CTX
Texture Analyzer, Brookfield AMETEX, Middleboro, MA, USA). At least three DOZO
were placed in a clear plastic cup with a capacity of 18 ounces and a mouth width of 9 cm.
A rubber wrap film with a bottom diameter of 5.5 cm, a plastic film, and an aluminum foil
were used to cover the cup. The samples were then kept at room temperature for 7 days.
The hardness was measured by pressing the center of the sample with a sphere probe at
a speed of 1 mm/s. The average hardness was calculated for each sample.

A water remaining content (WRC) test was conducted to compare the efficiency of
the rubber wrap film, plastic film, and aluminum foil in preventing water loss. Three Petri
dishes with a diameter of 9 cm were prepared, each containing 10 g of water. The dishes
were covered with a different type of film, and the weight of the water was measured
every day for 7 days. The percentage of the WRC was calculated using the following Equa-
tion (4):

WRGC, (%) = [(Wt - Wi)/Wt] x 100 )

where Wt is the final weight of the water and Wi is the initial weight of the water.

2.9. Statistical Analyses

Statistical analyses were performed using JMP software v.5.1.2. (SAS Institute, Tor-
rance, CA, USA). The significance level o was set at 0.05. The Tukey—Kramer HSD (hon-
estly significant difference) test was used to compare means and evaluate the significance
of differences between treatments. Standard deviation (SD) bars and SD values are pre-
sented in figures and tables, respectively.

3. Results and Discussion
3.1. The Levels of Nitrosoamines in Fresh Latex and Concentrated Latex

The results of a study on the levels of nitrosamines based on five standard nitrosoam-
ines (N-Nitrosodiethylamine (NDEA), N-Nitrosopyrrolidine (NPYR), N-Nitrosodiprop-
ylamine (NDPA), N-Nitrosopiperidine (NPIP), N-Nitrosodibutylamine (NDBA)) using a
GC-MS showed that all five compounds produced a GC peak at a concentration of 100
ppm, as shown in Figure 2a. Figure 2a shows that the GC peak at position 5.68 (i) belongs
to NDEA with a probability of 70.7%, the GC peak at position 11.29 (ii) belongs to N-NPYR
with a probability of 80.2%, the GC peak at position 11.54 (iii) belongs to NDPA with a
probability of 97.7%, the GC peak at position 12.73 (xi) belongs to NPIP with a probability
of 85.56%, and the GC peak at position 17.45 (x) belongs to NDBA with a probability of
92.5%.
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Figure 2. The chromatograms of diluted standard nitrosamines with concentrations of (a) 100 ppm,
(b) 25 ppm, (c) 12 ppm (with an extended y-axis scale), and (d) 6 ppm (with adjusted y-axis scales
for similar maximum peak heights).

When the standard nitrosamines were diluted from a concentration of 100 ppm to 25
ppm, 12 ppm, and 6 ppm, the GC peaks appeared as shown in Figure 2b-d, respectively.
As the concentration of the standard nitrosamines decreased, the height of the peak also
decreased. At 12 ppm and 6 ppm, the chromatograms were expanded to show the peaks
more clearly. Since the peak positions at 12 ppm and 6 ppm match those of the standard
nitrosamines at 25 ppm, this indicates that the GC-MS instrument can measure the
amount of nitrosamines at a concentration of 6 ppm. An amount of 6 ppm is equivalent to
6 ug/g, which is equal to 0.0006%, a very small amount. Nitrosamines other than the five
standard types can be analyzed using a GC-MS instrument if nitrosamines are present in
the sample tested. In addition, the researchers believe that if the ZDEC accelerator breaks
down into nitrosamines, it will form NDEA.

The results of a study on the types of latex used as raw materials in the production
of multipurpose wrap films are shown in Figure 3a,b. The four types of latex studied were
as follows: (1) fresh latex + NHs, (2) fresh latex + NHs + TZ, and the concentrated latexes
(3) HA and (4) LA. Figure 3a,b show that neither fresh nor concentrated latex had N-ni-
trosamines. However, in the next experiment, HA latex was used to make a rubber wrap
film. This is because fresh latex may easily undergo fungal contamination in high humid-
ity, as shown in Figure 3c. This is because fresh latex contains starch, sugar, and protein
from the latex. In contrast, concentrated latex sheets (HA and LA) do not show fungal
growth as these compounds have been removed during the concentration process. This
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i e Standard nitrosoamines

finding is consistent with previous research that has shown that fungal growth is easily
facilitated on raw rubber sheets [39]. Fungal growth on rubber sheets can lead to inferior
properties and an unpleasant odor from raw natural rubber (NR) and from products made
from it, and it can also cause environmental concerns.

Additionally, Figure 3a,b show that a large number of peaks are observed after 20
min. The analysis yielded no detectable N-nitrosamines. It is noteworthy that both the
fresh latex and concentrated latex, utilized as raw materials for rubber product manufac-
turing, exhibited an absence of N-nitrosamines. However, the presence of N-nitrosamines
has been confirmed in various finished rubber products, including gloves, balloons, con-
doms, rubber teats, and soothers [16,17,40].
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Figure 3. The GC-MS chromatograms of (a) fresh latex, (b) concentrated latex, (c) dried rubber sheets
prepared from fresh latex, exhibiting fungal growth, and (d) dried rubber sheets prepared from
concentrated latex, with no observable fungal growth.
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3.2. The Effect of Zinc Oxide (ZnO) Content on the Properties of Rubber Compounds and
Mechanical Properties

The degree of swelling of the latex compounds by toluene immersion showed SoL.C
values of 201 + 1.5%, 196 + 1.8%, and 193 + 1.4% for zinc oxide contents of 0.5, 0.7, and 0.9,
respectively. As the zinc oxide content increased, the swelling decreased, indicating a
higher degree of vulcanization. The SoLC test is more sensitive than the chloroform test
because the chloroform test yielded a grade of 2 for all three formulations. However, the
SoLC test can distinguish between the degrees of vulcanization of the different formula-
tions. The TSC test showed values of 50.62 + 0.31%, 50.52 + 0.76%, and 50.72 + 0.53% for
zinc oxide contents of 0.5, 0.7, and 0.9, respectively. It is clear that the TSC values in all
three formulations are similar.

In general, swelling is inversely proportional to cross-linking, that is, the more swell-
ing, the less cross-linking. Figure 4a shows that the swelling decreases as the zinc oxide
content increases to 0.5, 0.7, and 0.9, phr. This is because the amount of cross-linking be-
tween molecules is low at 0.5 phr, allowing toluene to penetrate the rubber chain more
than at 0.7 and 0.9 phr. As a result, the swelling percentage with 0.5 phr zinc oxide is
higher than that with 0.7 and 0.9 phr zinc oxide. According to Kim, et al. (2015) [41], zinc
oxide activates the catalyst, which in turn accelerates sulfur to cross-link with rubber mol-
ecules. Therefore, as the zinc oxide content increases, the cross-linking increases and the
swelling decreases [42].
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Figure 4. The effect of zinc oxide content on (a) swelling and (b) 300% modulus before aging and
after aging.

Figure 4b shows that the 300% modulus of before aging rubber increases slightly as
the zinc oxide content increases. This is because zinc oxide is an activator that accelerates
the vulcanization rate of rubber [43,44]. Zinc oxide (ZnO) plays a pivotal role in the vul-
canization of rubber by serving as an activator for the cross-linking reactions between sul-
fur (S) and rubber molecules. This significantly enhances the mechanical properties and
durability of rubber products. ZnO exerts its influence by promoting the activity of a key
component known as the accelerator, typically denoted by ZDEC. The free radicals result-
ing from ZDEC cleavage readily engage with sulfur atoms, giving rise to the formation of
a transient ZnO-S-ZDEC complex (Figure 8b) [25,44]. This complex acts as a bridge, facil-
itating the transfer of sulfur atoms from the complex to the rubber molecules. Conse-
quently, covalent bonds form between sulfur and the rubber backbone, leading to the
cross-linking of individual rubber chains. The increased cross-linking leads to a higher
modulus, as explained previously. The increase in the modulus is accompanied by a de-
crease in the elongation at break, as shown in Figure 5b. After aging rubber also shows a
decrease in the modulus, as heat from the accelerator further accelerates the degradation
reaction, resulting in more degradation and a lower modulus.

Figure 5a shows that the tensile strength increases as the zinc oxide content increases
for unaged rubber. This is because zinc oxide is a catalyst that increases the efficiency of
the vulcanization reaction, as previously mentioned. The increased efficiency of the
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vulcanization reaction results in more cross-linking between the rubber molecules, which
in turn increases the tensile strength. The tensile strength and 300% modulus of rubber
with a zinc oxide content of 0.9 phr showed a slight increase from 0.7 phr. This is because
the sulfur content was only 0.5 phr, which limited the increase in the tensile strength at a
zinc oxide content of 0.9 phr. Based on the results of the initial experiments, ZnO at a
content of 0.7 phr was selected for further experiments to investigate the effect of the sul-
fur content. This was because the initial experiments showed that this content of ZnO
resulted in a tensile strength of approximately 14.84 MPa, which is a desirable value. Ad-
ditionally, this dosage of ZnO is not excessive, which is important for the overall proper-
ties of the rubber.

Unaged rubber shows a slight decrease in the elongation at break with the increasing
zinc oxide content. This is consistent with the increase in the 300% modulus, which leads
to a decrease in the elongation at break. Aged rubber has a lower elongation at break than
before aging.

The stress—strain curves (Figure 5c) suggest that the rubber with a higher ZnO con-
tent (0.9 phr) has the greatest tensile strength and Young’'s modulus, while the 0.5 phr
ZnO rubber appears to have the lowest. The elongation at break seems to be highest for
the 0.7 phr ZnO rubber, followed by 0.9 phr and then 0.5 phr.
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Figure 5. The effect of zinc oxide content on (a) tensile strength, (b) elongation at break before aging
and after aging, and (c) stress—strain curves before aging.

3.3. The Effect of Sulfur Content on the Properties of Rubber Compounds and Mechanical
Properties

Regarding the properties of the rubber compounds, the SOLC by immersing in tolu-
ene gave 195 = 2.1%, 185 + 1.2%, and 180 + 1.9% at sulfur levels of 0.5, 1, and 1.5 phr,
respectively. It can be seen that when the amount of sulfur increased, the swelling de-
creased, indicating a higher level of vulcanization. The test of the vulcanization level by
immersing in toluene is more accurate than the chloroform test because when testing with
chloroform, it was found that all three formulas obtained grade 2, but when testing the
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SoLC of the rubber, it could separate the vulcanization level of each rubber formula as
mentioned above. The %TSC test showed values of 50.16 + 0.81%, 51.07 + 0.28%, and 50.92
*0.52% for sulfur contents of 0.5, 1, and 1.5 phr, respectively. It can be seen that the %TSC
values for the three formulations of latex are very close.

Regarding the mechanical properties of the rubber wrap films, Figure 6a shows that
the swelling decreased with the sulfur content. This is because a lower sulfur content re-
sults in fewer cross-links. When a specimen is immersed in toluene, the toluene can pen-
etrate the rubber chains more easily. This is consistent with Figure 5, which shows that
zinc oxide activates the accelerator, which in turn activates the sulfur. As a result, more
cross-links form when the sulfur content increases. Sulfur is a vulcanizing agent that
forms cross-links between rubber molecules at reactive sites. When sulfur is added to rub-
ber and heated, vulcanization occurs. As a result, the rubber becomes less soluble in sol-
vents. In general, the higher the sulfur content, the more cross-links form [45].

Figure 6b shows that the 300% modulus increases with the sulfur content for unaged
rubber due to the greater cross-link density, as previously mentioned [45]. Rubber that
has been aged has a lower 300% modulus than unaged rubber. This is because of the re-
version reaction that causes the rubber to deteriorate.
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Figure 6. The effect of sulfur content on (a) swelling and (b) 300% modulus before aging and after
aging.

Figure 7a shows that the tensile strength increases with the sulfur content for unaged
rubber. The increase in the sulfur content leads to an increase in the cross-link density,
which in turn leads to an increase in the tensile strength and modulus, as previously men-
tioned [45]. This is consistent with the swelling results in Figure 6a, where the higher
swelling matches the lower cross-link density and lower tensile strength. Additionally,
the tensile strength and 300% modulus of rubber containing 1.5 phr of sulfur exhibited a
slight increase compared to the values obtained with 1.0 phr of sulfur. This limited in-
crease is attributed to the low ZnO content of 0.7 phr, which restricts the extent of cross-
linking achievable at a sulfur content of 1.5 phr
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Figure 7. The effect of sulfur content on (a) tensile strength, (b) elongation at break before aging and
after aging, and (c) stress—strain curves before aging.

Figure 7b shows that the elongation at break decreased with the sulfur content for
unaged rubber. This is the opposite of the trend for the 300% modulus, as shown in Figure
6b. This is because the increasing cross-link density results in stiffer rubber, which reduces
the elongation at break. Aged rubber, on the other hand, is softer and more ductile after
being heated during the accelerated aging process. As a result, the tensile strength of aged
rubber is lower than that of unaged rubber. However, all three formulations of rubber,
both aged and unaged, meet the requirements for rubber wrap films.

As the sulfur content increases from 0.5 phr to 1.5 phr in the rubber, the stress—strain
curves (Figure 7c) should generally show an increase in the tensile strength and Young’s
modulus. This is because more sulfur leads to more cross-links between rubber chains.
These cross-links restrict the mobility of the chains under stress, requiring a greater force
to deform the rubber, resulting in a higher tensile strength. A stiffer material with a higher
Young’s modulus would also be expected due to the restricted chain movement.

A formulation with 1.0 phr of sulfur and 0.7 phr of ZnO was selected for testing to
determine the levels of N-nitrosamines both before and after aging. The results are shown
in Figure 8.
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Figure 8. (a) The levels of N-nitrosamines in a formulation that used a low-sulfur vulcanization
system, before aging and after aging, and (b) the proposed mechanism of nitrosamine formation in
rubber.

Figure 8a shows that no N-nitrosamines were detected in the formulation with 1.0
phr of sulfur and 0.7 phr of ZnO, either before or after aging. After 20 min, peaks were
observed, but the analysis showed that they were not N-nitrosamines. Based on the
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results, a formulation with 1.0 phr of sulfur was selected for further testing because it had
the lowest chemical content and met the requirements.

Current research has not shown a link between the use of natural rubber gloves and
cancer in humans. There is also no clear evidence of how N-nitrosamines are formed in
rubber from ZDEC accelerators. However, it is thought that they can be formed from the
use of accelerators (that contain secondary amines in their structure) in the rubber com-
pound used to make gloves. Types of accelerators that may cause N-nitrosamines include
ZDMC: zinc dimethyldithiocarbamate, OTOS: N-oxydiethylene -thiocarbamyl-N-oxydi-
ethylsulfenamide, DTDM: 4,4’-dithiodimorpholine, and TMTD: tetramethyl thiuram di-
sulfide. N-nitrosamines are a type of N-nitroso compound that are formed from the reac-
tion of secondary amines with nitrogen oxides [46]. Secondary amines may be formed
from the breakdown of accelerators during the vulcanization of rubber at temperatures of
approximately 100-150 °C. The breakdown may occur at a level of 0.0000010%, which is a
very small amount. Previously, many researchers thought that ZDEC breaks down into
secondary amines, but there is no clear research showing how N-nitrosamines are formed
in rubber compounds from ZDEC accelerators. Shi et al. (2021) proposed a mechanism for
the ZDMC (zinc dithiocarbamate) accelerator during rubber vulcanization [44]. However,
this mechanism does not show that ZDMC breaks down into secondary amines (Figure
8b Main reaction). In addition to the fact that the formation of secondary amines in rubber
compounds is relatively difficult, the formation of nitrogen oxides is also difficult in rub-
ber compounds. Nitrosating agents may be derived from NaNOz, which is not typically
added to rubber products. Additionally, NaNO:2 must be in an acidic environment to react
and become a nitrosating agent (Figure 8b Side reaction) [47]. However, TMTD and ZDEC
are still used as accelerators in latex products and in the research of new rubber products
[48-51]. Moreover, zinc diethyldithiocarbamate, a disulfiram metabolite, exhibits robust
anti-cancer activity in vitro, potentially through mechanisms linked to its role in disulfi-
ram’s anti-alcoholism action [52].

As shown in Figure 8b, the main reaction of the vulcanization process is the formation
of a complex between zinc oxide (ZnO), sulfur (S), and zinc diethyldithiocarbamate
(ZDEC). This reaction occurs when the rubber is heated to 120 °C for 20 min in a hot-air
oven. The sulfur atoms in the ZnO-5-ZDEC complex cross-link the rubber molecules to-
gether [25,44], forming a three-dimensional network structure. After vulcanization is com-
plete, the ZDEC is released back to its original form.

Regarding the Side reaction, the proposed mechanism for the formation of nitrosa-
mines in rubber involves the reaction of secondary amines with nitrosating agents (NO).
However, the direct reversal of zinc diethyldithiocarbamate (ZDEC) back to its original
components—diethylamine (DEA), carbon disulfide (CS;), and zinc (Zn)—is not a
straightforward process under typical conditions. ZDEC is a stable compound, and the
energy required to break bonds in the molecule is high. There are several potential ap-
proaches to achieve a partial or indirect decomposition of ZDEC, depending on the de-
sired outcome and specific conditions [53-55]. These include thermal decomposition on
heating ZDEC at a high temperature (around 180 °C or higher), which can lead to its de-
composition. However, this approach is likely to yield a complex mixture of products be-
yond just DEA, CS;, and Zn. The specific products and their relative amounts will depend
on the exact temperature and other factors like the pressure and presence of other chemi-
cals. An alternative is acidic hydrolysis by treating ZDEC with strong acids like hydro-
chloric acid (HCI). This reaction can potentially lead to the formation of DMA, CS,, and
Zn salts. However, the reaction might not be complete, and other byproducts could be
formed depending on the specific acid used and on the reaction conditions. In addition,
the formation of nitrosating agents in rubber is a relatively difficult process [56-58], as
mentioned previously. Nitrosating agents may be contaminants, non-rubber compounds,
or they may have formed by oxidation. Further experiments will be conducted later to
understand this process better.
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3.4. Results on the Performance of Rubber Wrap Films in Actual Use

To measure the color of a rubber wrap film, the reflectance of light was measured
first. This measurement provides a lightness (L) on a scale from 0 (black) to 100 (white). It
is a unitless quantity representing relative darkness or lightness. The thickness of the spec-
imen was measured before the reflectance measurement. The thicknesses of rubber wrap
films with zinc oxide contents of 0.5, 0.7, and 0.9 were measured to be 0.36, 0.29, and 0.28
mm, respectively.

Visual observation (Figure 9a) showed no difference in the translucence by zinc oxide
content. However, Figure 9c shows that the lightness increased at a zinc oxide content of
0.9 phr. This suggests that ZnO increased the reflectance. In Figure 9b, visual observation
showed that there was no difference in the transparency between rubber wrap films by
sulfur content. The color measurements (Figure 9d) also showed that increasing the sulfur
content did not affect the lightness because of the reflectance contribution of sulfur is
lower than that of zinc oxide. The experiment is consistent with theory [23]. It is known
that a ZnO content greater than 1 phr will make white rubber opaque. This can be ob-
served from the reference sample (ref.), which is a general-purpose glove. The ref. sample
may contain more than 1 phr of ZnO, making it difficult to see the letters below the rubber
film. This is in contrast to rubber wrap films with less than 1 phr ZnO, which are more
translucent. Also, reducing the use of ZnO from the normal content of 3 phr to 0.7 phr can
reduce toxicity to aquatic organisms, as previously mentioned. The yellow color of rubber
films is due to the presence of carotenoids in natural rubber latex [59].
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Figure 9. Effect of (a) zinc oxide content and (b) sulfur content on visual observation; and effect of
(c) zinc oxide content and (d) sulfur content on lightness color coordinate of rubber wrap films.

Figure 10a shows the results of a water evaporation test. In the test, 10 g of water was
placed in a Petri dish and sealed with a rubber wrap film containing 1.0 phr sulfur and
ZnO at 0.7 phr. The Petri dish was then weighed daily for one week. The results showed
that the rubber wrap film sealed the Petri dish more tightly than the PE plastic film or
aluminum foil. This is due to the tapered shape of the rubber wrap film, which has a nar-
rower opening than the Petri dish. It was observed that a rubber wrap film with a base
diameter of 5.5 cm was able to seal a Petri dish with a diameter of 9 cm. The calculated
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stretch ratio was approximately 163%. A rubber with a high elongation will have a high
tensile force due to the greater amount of energy stored in the stretched rubber [14].
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Figure 10. The results of (a) the water remaining content and (b) the hardness of stored cracker,
when comparing rubber wrap film, PE plastic film, and aluminum foil. (c) The rubber wrap film can
be used to seal any shape of container, and (d) rubber wrap film before and when used to cover
container.

Figure 10b shows that the initial hardness of the snack was 34.45 (Ref.). When the rice
crackers were removed from the package and closed with various materials for 7 days,
the hardness decreased significantly. This was attributed to the snack being exposed to air
and accumulating moisture. The hardness of the snack stored in a plastic cup and closed
with a rubber wrap film containing 1.0 phr sulfur and 0.7 phr ZnQO, as compared to the PE
plastic film and aluminum foil, was tested using a Brookfield Ameter. The results showed
that the snack stored in a plastic cup and closed with a rubber wrap film had the highest
hardness and was the crispest. In real-world tests, it was found that the rubber wrap film,
which is translucent, can seal the mouth of a container more tightly than PE plastic film
or aluminum foil. This is because rubber is elastic, which allows the rubber wrap film to
seal the mouth of the container more tightly. The rubber wrap film containing 1.0 phr
sulfur and 0.7 phr ZnO had a tensile strength of approximately 18 MPa, which is sufficient
to seal the mouth of a container tightly. If the tensile strength is greater than this, it will
require more force to stretch the rubber to seal the mouth of the container. In addition,
one possible mechanism by which food films preserve food crispness is by regulating the
moisture absorption of the food. Excessive moisture can lead to sogginess and loss of
crispiness, particularly for starchy foods like rice crackers. Moisture plays a critical role in
the texture of starch-rich foods. Excessive moisture exposure leads to the softening of the
starch network and a significant loss of crispness. This is consistent with the findings of
previous studies (Figure 10a), which showed that the rubber film retained moisture better
than plastic wrap and aluminum foil. The performance tests reveal the rubber wrap film's
superior sealing capabilities compared to plastic wrap and aluminum foil, potentially ex-
tending food shelf life and preserving crispness.
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In addition, rubber wrap film is easier to use than plastic wrap or aluminum foil as
food wrapping. It can be used to seal any shape of container, including rectangular, trian-
gular, circular, etc., as shown in Figure 10c, due to the high elasticity of rubber. The rubber
wrap film is designed to be different from gloves and finger cots. The sides of the rubber
wrap film are tapered to allow the rubber wrap film to be tightly secured on the container.
As shown in Figure 7b, the elongation at break of the rubber wrap film is more than 800%.
However, in actual use, the rubber will not be stretched to 800%. As shown in Figure 10d,
a rubber wrap film with a bottom diameter of 5.5 cm can seal the opening of a container
with a 10 cm diameter: the calculated stretch is approximately 182%. This indicates that a
rubber wrap film with a diameter of 5.5 cm can seal the opening of containers with a size
of 7-10 cm or a stretch of approximately 127-182%. If the opening of a container with a
size less than 7 cm is sealed, the sealing force will be low due to the small elongation of
the beaded edge [14]: it is necessary to change to a smaller size rubber wrap film to cap a
smaller container, to maintain a tight seal. The rubber wrap can cover the mouth of the
container of any shape, whether it is a hexagon, triangle, circle, etc. The rubber wrap film
is currently in a patent application, in Thailand. While the current study presents a prom-
ising alternative with reusability and potentially lower nitrosamine content, a complete
picture of its environmental impacts requires a broader analysis of its life cycle. Further
research is needed to assess the environmental impacts of natural rubber latex harvesting,
processing, film production, use, and disposal.

4. Conclusions

This study investigated a novel application of natural rubber latex, namely as a reus-
able wrap film designed for covering containers. The production process for this rubber
wrap film is similar to other natural rubber latex products. However, the formulation dif-
fers from those used in widely available items like gloves, condoms, and baby nipples.
Since the wrap film does not directly contact food or skin, regulations regarding the ni-
trosamine content are less stringent, allowing up to 6 ppm. Analysis of both fresh and
concentrated natural rubber latex as raw materials revealed no contribution to the nitros-
amine levels, ensuring the final product remained below the 6 ppm limit. The focus of this
study was to develop a rubber formulation specifically tailored for use as a container wrap
film. This formulation prioritized minimal chemical content while achieving the essential
physical properties. The target criteria included the following: tensile strength of at least
15 MPa, elongation at break of at least 600%, and nitrosamine content below 6 ppm. Eval-
uation identified a suitable formulation for producing a translucent rubber wrap film. This
formulation incorporated 0.7 phr of zinc oxide and 1.0 phr of sulfur, achieving the desired
properties with no detectable nitrosamine. Compared to traditional PE plastic wrap and
aluminum foil, the newly developed rubber wrap film demonstrated superior sealing ca-
pabilities when closing container mouths. Additionally, the rubber film offered greater
user convenience. Its adaptability allowed it to effectively cover containers of various
shapes, including hexagonal, triangular, and circular. The tapered design, a key distinc-
tion from finger cots and gloves, ensures a tight fit around container edges. This study
demonstrates the potential for formulating safe, environmentally friendly, and commer-
cially viable natural rubber wrap films for future consumer use.

Author Contributions: Conceptualization, S.B.; methodology, S.B. and S.S.; investigation, S.B. and
S.S.; writing —original draft preparation, S.B.; writing —review and editing, S.B. and S.S.; validation,
formal analysis, S.B. and S.S.; visualization, S.B. and S.S.; project administration, S.B.; supervision,
S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the National Science, Research and Innovation
Fund (NSRF) and Prince of Songkla University (PSU) under grant numbers SIT6601209S and
SIT6701127a.

Institutional Review Board Statement: Not applicable.



Polymers 2024, 16, 1499 19 of 21

Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries about the data can be directed to the corresponding authors.

Acknowledgments: Seppo Karrila assisted in improving a draft manuscript, which is deeply appre-
ciated. This research work was also partially supported by Maejo University.

Conflicts of Interest: The authors declare that there are no conflicts of interest regarding the publi-
cation of this paper.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Liu, J.-M.; Li, C.-Y.; Zhao, N.; Wang, Z.-H.; Lv, S.-W,; Liu, J.-C.; Chen, L.-].; Wang, ].; Zhang, Y.; Wang, S. Migration regularity
of phthalates in polyethylene wrap film of food packaging. J. Food Sci. 2020, 85, 2105-2113. https://doi.org/10.1111/1750-
3841.15181.

Viljoen, S.J.; Brailsford, F.L.; Murphy, D.V.; Hoyle, F.C.; Chadwick, D.R.; Jones, D.L. Leaching of phthalate acid esters from
plastic mulch films and their degradation in response to UV irradiation and contrasting soil conditions. ]. Hazard. Mater. 2023,
443, 130256. https://doi.org/10.1016/j.jhazmat.2022.130256.

Songue Same, O.; Nobosse, P.; Ngolong Ngea, G.L.; Piveteau, C.; Lemdani, M.; Kamga, R.; Deprez, B. Migration study of
phthalates from non-food plastic containers used in food preservation. Heliyon 2023, 9, €20002. https://doi.org/10.1016/j.heli-
yon.2023.e20002.

Lamberti, M.; Escher, F. Aluminium Foil as a Food Packaging Material in Comparison with Other Materials. Food Rev. Int. 2007,
23, 407-433. https://doi.org/10.1080/87559120701593830.

Bassioni, G.; Mohammed, F.S.; Al Zubaidy, E.; Kobrsi, I. Risk assessment of using aluminum foil in food preparation. Int. J.
Electrochem. Sci. 2012, 7, 4498-4509.

Alabi, O.A.; Ologbonjaye, K.I.; Awosolu, O.; Alalade, O.E. Public and environmental health effects of plastic wastes disposal: A
review. J. Toxicol. Risk Assess. 2019, 5, 21.

MacLeod, M.; Arp, HP.H.; Tekman, M.B.; Jahnke, A. The global threat from plastic pollution. Science 2021, 373, 61-65,
https://doi.org/10.1126/science.abg5433.

Evode, N.; Qamar, S.A.; Bilal, M.; Barceld, D.; Igbal, HM.N. Plastic waste and its management strategies for environmental
sustainability. Case Stud. Chem. Environ. Eng. 2021, 4, 100142. https://doi.org/10.1016/j.cscee.2021.100142.

Kachhawa, K.S.; Singh, T.P.; Awasthi, Y. Methods of detection of micro-plastic in environment with effect. [IMS8I Int. |. Inf.
Commun. Comput. Technol. 2022, 10, 620-627.

Obebe, S.; Adamu, A. Plastic pollution: Causes, effects and preventions. Int. |. Eng. Appl. Sci. Technol. 2020, 4, 85-95.

Boonrasri, S.; Sae-Oui, P.; Rachtanapun, P. Chitosan and Natural Rubber Latex Biocomposite Prepared by Incorporating Neg-
atively Charged Chitosan Dispersion. Molecules 2020, 25, 2777.

Lin, L.; Zheng, Z.; Li, X,; Park, S.; Zhang, W.; Diao, G.; Piao, Y. Design strategy for porous carbon nanomaterials from rational
utilization of natural rubber latex foam scraps. Ind. Crops Prod. 2023, 192, 116036. https://doi.org/10.1016/j.indcrop.2022.116036.
Zhang, W; Lin, L.; Zhang, L.; Wang, Y.; Zhuang, Y.; Choi, Y.; Cho, Y.; Chen, T.; Yao, H.; Piao, Y. 3D Nanoconductive Network
Based on the Microstructure of Latex Foam for Superior Performance Piezoresistive Sensors. ACS Appl. Polym. Mater. 2022, 4,
54-63. https://doi.org/10.1021/acsapm.1c00834.

Jiang, B. Effect of the microstructure of a filled rubber on its overall mechanical properties. Acta Mech. 2014, 225, 1121-1140.
https://doi.org/10.1007/s00707-013-1049-1.

Pinprayoon, O.; Mae, W. Migration of N-nitrosamines from rubber gloves for handling food-Effect of extraction media. In IOP
Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2019; p. 012022.

Feng, D.; Liu, L.; Zhao, L.; Zhou, Q.; Tan, T. Evaluation of simulant migration of volatile nitrosamines from latex gloves and
balloons by HS-SPME-GC-MS. |. Chromatogr. Sci. 2012, 50, 733-738.

Mutsuga, M.; Yamaguchi, M.; Kawamura, Y. Analysis of N-nitrosamine migration from rubber teats and soothers. Am. J. Anal.
Chem. 2013, 4, 33424.

Rojruthai, P.; Sakdapipanich, J.; Wiriyanantawong, J.; Ho, C.-C.; Chaiear, N. Effect of Latex Purification and Accelerator Types
on Rubber Allergens Prevalent in Sulphur Prevulcanized Natural Rubber Latex: Potential Application for Allergy-Free Natural
Rubber Gloves. Polymers 2022, 14, 4679.

Travas-sejdic, J.; Jelencic, J.; Bravar, M.; Frobe, Z. Characterization of the natural rubber vulcanizates obtained by different ac-
celerators. Eur. Polym. ]. 1996, 32, 1395-1401. https://doi.org/10.1016/S0014-3057(96)00114-0.

Sasidharan, K.K; Joseph, R.; Palaty, S.; Gopalakrishnan, K.S.; Rajammal, G.; Pillai, P.V. Effect of the vulcanization time and
storage on the stability and physical properties of sulfur-prevulcanized natural rubber latex. |. Appl. Polym. Sci. 2005, 97, 1804~
1811. https://doi.org/10.1002/app.21918.

Claramma, N.M.; Mathew, N.M. Effect of temperature on sulfur prevulcanization of natural rubber latex. J. Appl. Polym. Sci.
1997, 65, 1913-1920. https://doi.org/10.1002/(SICI)1097-4628(19970906)65:10<1913::AID-APP8>3.0.CO;2-L

Boonrasri, S.; Sae-Oui, P.; Reungsang, A.; Rachtanapun, P. New Vegetable Oils with Different Fatty Acids on Natural Rubber
Composite Properties. Polymers 2021, 13, 1108.



Polymers 2024, 16, 1499 20 of 21

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Blackley, D.C. Latex compounding ingredients. In Polymer Latices: Science and Technology Volume 3: Applications of Latices; Black-
ley, D.C., Ed.; Springer: Dordrecht, The Netherlands, 1997; pp. 34-154.

Alam, M.N.; Kumar, V.; Park, S.-5. Advances in Rubber Compounds Using ZnO and MgO as Co-Cure Activators. Polymers
2022, 14, 5289.

Junkong, P.; Morimoto, R.; Miyaji, K.; Tohsan, A.; Sakaki, Y.; Ikeda, Y. Effect of fatty acids on the accelerated sulfur vulcanization
of rubber by active zinc/carboxylate complexes. RSC Adv. 2020, 10, 4772-4785. https://doi.org/10.1039/CORAT0358A.

Anand, K.; Varghese, S.; Kurian, T. Effect of Micro and Nano Zinc Oxide on the Properties of Pre-Vulcanized Natural Rubber
Latex Films. Prog. Rubber Plast. Recycl. Technol. 2015, 31, 145-156. https://doi.org/10.1177/147776061503100301.

Mostoni, S.; Milana, P.; Di Credico, B.; D’ Arienzo, M.; Scotti, R. Zinc-Based Curing Activators: New Trends for Reducing Zinc
Content in Rubber Vulcanization Process. Catalysts 2019, 9, 664.

Sreethu, T.K,; Das, M.; Parathodika, A.R.; Bhattacharya, A.B.; Naskar, K. Understanding the role of ZnO as activator in SBR
vulcanizates: Performance evaluation with active, nano, and functionalized ZnO. ]. Appl. Polym. Sci. 2023, 140, €53257.
https://doi.org/10.1002/app.53257.

ISO 2004; Natural Rubber Latex Concentrate- Centrifuged or Creamed, Ammonia-Preserved Types—Specifications. Interna-
tional Organization for Standardization: Geneva, Switzerland, 2017.

Somarathna, Y.R.; Samarasinghe, L.H.K.; Siriwardena, S.; de Silva, D.; Mallikarachchi, D.V.D. Effect of nanoZnO over conven-
tional ZnO on preservation of concentrated natural rubber latex. ]. Rubber Res. Inst. Sri Lanka 2018, 98, 65-79.
https://doi.org/10.4038/jrrisl.v98i0.1876.

EN 12868; Child Use and Care Articles—Methods for Determining the Release of N-Nitrosamines and N-Nitrosatable Sub-
stances from Elastomer or Rubber Teats and Soothers. European Committee for Standardization (CEN): Brussels, Belgium, 2017.
ASTM F1313-90; Standard Specification for Volatile N-Nitrosamine Levels in Rubber Nipples on Pacifiers. ASTM International:
West Conshohocken, PA, USA, 1999.

ISO 29941; Condoms—Determination of Nitrosamines Migrating from Natural Rubber Latex Condoms. International Organi-
zation for Standardization (ISO): Geneva, Switzerland, 2010.

EN 71-12; Safety of Toys—Part 12: N-Nitrosamines and N-Nitrosatable Substances. European Committee for Standardization
(CEN): Brussels, Belgium, 2013.

Martwong, E.; Thusanaphoom, P.; Naktham, A.; Jitcharoen, J.; Wongnongwa, Y.; Sukhawipat, N. Asymmetric Crosslinked Pol-
yacrylamide/Natural Rubber Semi-IPN Hydrogel for Application of Methyl Orange Dye Removal: Combined Experimental
and DFT Study. J. Polym. Environ. 2023. https://doi.org/10.1007/s10924-023-03110-7.

ISO 124 (E); Latex, Rubber —Determination of Total Solids Content. International Organization for Standardization (ISO): Ge-
neva, Switzerland, 2011.

Boonrasri, S.; Thipchai, P.; Sae-Oui, P.; Thanakkasaranee, S.; Jantanasakulwong, K.; Rachtanapun, P. Property Improvements
of Silica-Filled Styrene Butadiene Rubber/Butadiene Rubber Blend Incorporated with Fatty-Acid-Containing Palm Oil. Polymers
2023, 15, 3429.

ISO 37; Rubber, Vulcanized or Thermoplastic—Determination of Tensile Stress-Strain Properties. International Organization
for Standardization (ISO): Geneva, Switzerland, 2017.

Nun-Anan, P.; Suchat, S.; Mahathaninwong, N.; Chueangchayaphan, N.; Karrila, S.; Limhengha, S. Study of Aquilaria crassna
Wood as an Antifungal Additive to Improve the Properties of Natural Rubber as Air-Dried Sheets. Polymers 2021, 13, 4178.
Feng, D.; Liu, L.; Zhao, L.; Zhou, Q.; Tan, T. Determination of volatile nitrosamines in latex products by HS-SPME-GC-MS.
Chromatographia 2011, 74, 817-825.

Kim, Y.; Choi, S.-S.; Bae, ].W.; Kim, J.-S. Effects of ZnO content on microstructure and properties of maleated EPDM)/zinc oxide
composites. Polym. Bull. 2015, 72, 1163-1175. https://doi.org/10.1007/s00289-015-1330-7.

T.K, S.; Naskar, K. Zinc oxide with various surface characteristics and its role on mechanical properties, cure-characteristics,
and morphological analysis of natural rubber/carbon black composites. J. Polym. Res. 2021, 28, 183.
https://doi.org/10.1007/s10965-021-02536-8.

Hou, Z.-B.; Xie, W.-L.; Liu, G.-X;; Liao, S.; Luo, M.-C. Design of Vulcanization Intermediates with Low Steric Hindrance Con-
tributing  to  Vulcanization = Network  Formation. = ACS  Appl.  Polym.  Mater. 2023, 5,  4509-4516.
https://doi.org/10.1021/acsapm.3c00624.

Shi, F.; Li, X,; Bai, Y.; Li, L.; Pu, M.; Liu, L.; Lei, M. Mechanism of the Zinc Dithiocarbamate-Activated Rubber Vulcanization
Process: A  Density  Functional Theory Study. ACS Appl. Polym.  Mater. 2021, 3, 5188-5196.
https://doi.org/10.1021/acsapm.1c00902.

Wang, Y,; Liao, L.; Wang, R.; Yu, H.; Zheng, T.; Lian, Y.; Luo, M.; Liao, S.; Liu, H.; Peng, Z. Research of strain induced crystalli-
zation and tensile properties of vulcanized natural rubber based on crosslink densities. Ind. Crops Prod. 2023, 202, 117070.
https://doi.org/10.1016/j.indcrop.2023.117070.

Carvalho, L.R; Venturelli, L.G.; Lopes, T.C; Filho, E.V.; Fontenelle, V.G.S.; de Lima, G.F.; Visconte, L.L.Y.; Tavares, E.d.C. Tetra-
phenylphosphonium Allyldithiocarbimates: A Novel Safe Amine Class of Morita—Baylis—-Hillman-Derived NBR Vulcanization
Accelerators. ACS Sustain. Chem. Eng. 2023, 11, 14507-14517. https://doi.org/10.1021/acssuschemeng.3c03586.

Park, J.-E.; Seo, ].-E.; Lee, J.-Y.; Kwon, H. Distribution of seven N-nitrosamines in food. Toxicol. Res. 2015, 31, 279-288.



Polymers 2024, 16, 1499 21 of 21

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Boonying, P.; Boonpavanitchakul, K.; Kangwansupamonkon, W. Green Bio-composite Coating Film from Lignin/Pre-vulcan-
ized Natural Rubber Latex for Controlled-release Urea Fertilizer. J. Polym. Environ. 2023, 31, 1642-1655.
https://doi.org/10.1007/s10924-022-02706-9.

Hayeemasae, N.; Salleh, S.Z.; Ismail, H. Sustainable Use of Chloroprene Rubber Waste as Blend Component with Natural Rub-
ber, Epoxidized Natural Rubber and Styrene Butadiene Rubber. ]. Polym. Environ. 2019, 27, 2119-2130.
https://doi.org/10.1007/s10924-019-01503-1.

Abraham, E.; Thomas, M.S.; John, C.; Pothen, L.A.; Shoseyov, O.; Thomas, S. Green nanocomposites of natural rubber/nanocel-
lulose: Membrane transport, rheological and thermal degradation characterisations. Ind. Crops Prod. 2013, 51, 415-424.
https://doi.org/10.1016/j.indcrop.2013.09.022.

de Lima, D.R; Vieira, LR.S.; Dutra da Rocha, E.B.; Furtado de Sousa, A.M.; Augusto da Costa, A.C.; Furtado, C.R.G. Biodegra-
dation of natural rubber latex films by highlighting the crosslinked bond. Ind. Crops Prod. 2023, 204, 117290.
https://doi.org/10.1016/j.indcrop.2023.117290.

Kaya, A.; Arafat, B.; Chichger, H.; Tolaymat, I.; Pierscionek, B.; Khoder, M.; Najlah, M. Preparation and Characterisation of Zinc
Diethyldithiocarbamate&ndash;Cyclodextrin Inclusion Complexes for Potential Lung Cancer Treatment. Pharmaceutics 2024,
16, 65.

Lim, J.Y.C,; Lin, Q.; Liu, C.K,; Guo, L.; Xue, K; Loh, X.J. Zinc diethyldithiocarbamate as a catalyst for synthesising biomedically-
relevant thermogelling polyurethanes. Mater. Adv. 2020, 1, 3221-3232. https://doi.org/10.1039/DOMA00734].

Dirksen, A.; Nieuwenhuizen, P.]J.; Hoogenraad, M.; Haasnoot, ].G.; Reedijk, J. New mechanism for the reaction of amines with
zinc dithiocarbamates. |. Appl. Polym. Sci. 2001, 79, 1074-1083. https://doi.org/10.1002/1097-4628(20010207)79:6<1074::AID-
APP110>3.0.CO;2-L.

Hogarth, G. Metal-dithiocarbamate complexes: Chemistry and biological activity. Mini Rev. Med. Chem. 2012, 12, 1202-1215.
Weiss, B. Evidence for Mutagenesis by Nitric Oxide during Nitrate Metabolism in Escherichia coli. ]. Bacteriol. 2006, 188, 829-833,
https://doi.org/10.1128/jb.188.3.829-833.2006.

Liu, Y.D.; Zhong, R.G. Structure-activity relationship of nitrosating agents in the nitrosation reactions of ammonia: A theoretical
study. Theor. Chem. Acc. 2009, 124, 261-268. https://doi.org/10.1007/500214-009-0606-0.

Ramesh, K.; Kim, H.Y.; Oh, K. Catalytic Aerobic N-Nitrosation by Secondary Nitroalkanes in Water: A Tandem Diazotization
of Aryl Amines and Azo Coupling. Org. Lett. 2023, 25, 449-453. https://doi.org/10.1021/acs.orglett.2c04353.

Lv, M,; Fang, L.; Yu, H.; Rojruthai, P.; Sakdapipanich, J. Discoloration Mechanisms of Natural Rubber and Its Control. Polymers
2022, 14, 764.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



