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Abstract

The production process of latex products requires the preparation of
latex compounds by mixing latex with chemicals in a dispersion
state. This experiment investigated the influence of added zinc oxide
and silver nanoparticles on the properties of latex compounds and
vulcanized rubber. It was found that increasing the amount of zinc
oxide in the rubber compound resulted in a rise in the viscosity of
the latex over the storage period. Increasing the zinc oxide content
also led to a higher degree of crosslink noticed by a faster
chloroform number determination of the vulcanization level and the
opposite effect on the swell value of the rubber film with reduced
swelling. The amount of 2.0 phr of ZnO as an activator gave the
highest value of the tensile strength. The increasing amount of silver
nanoparticles caused a decrease in the viscosity and exhibited a
slower chloroform number with a decrease in the swelling of the
rubber film. The amount of silver nanoparticles in the study period
(0.0010-0.0022 phr) had little effect on mechanical properties but a
significant effect on antibacterial activity. The 0.0010 phr of silver
nanoparticles showed sufficient potential in inhibiting
Staphylococcus aureus and Escherichia coli.
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1. Introduction

Natural rubber latex (NRL) is the cytoplasm of laticiferous cells from a plant called Hevea
brasiliensis. It contains rubber and non-rubber particles. The amount of these constituents depends
on various factors including soil conditions, quality of fertilizers, tapping systems, seasons, and so
on [1]. The rubber particles are colloids in the range of 30-45% by volume; the other 10-20% (by
volume) makes up the luteoid part. The particle and serum phases contain biochemical constituents
such as minerals, soluble carbohydrates, and proteins [2]. The rubber particles dispersed in the serum
phase are encapsulated by phospholipids that perform a stabilizing function [3]. Although rubber
particles contain phospholipids that serve to maintain their natural state, they tend to become clumpy
when left to dry. Due to bacterial decomposition of carbohydrates and lipids, acidic substances are
released, causing the field latex's pH to decrease from 6.5 to 5.2 within 24 h. The main bacteria in
field latex are Bacillus, Lactococcus, Enterobacter, Serratia, Streptomyces, and Micrococcus [4].
As a preservative of the latex, an ammonia solution is often added to the latex to inhibit the activity
of bacteria, which occurs due to the higher pH of the latex and hydrolyzed fatty acids present to
form soap, which stabilize the rubber particles [5]. However, using field latex to prepare products
often has problems with the consistency of the product. Therefore, latex products are often made
from concentrated latex which has a dry rubber concentration of 60%, and can be produced in four
ways: evaporation, creaming, electrolysis, and centrifugation. Centrifugation is a popular industrial
method [6]. Latex concentrates are mixed with chemicals to form latex compounds for immersion
or casting products. The rubber compound has a chemical composition that causes the rubber
molecules to be crosslinked. The resulting properties such as viscosity and degree of crosslinking
changed over time [7]. These factors affected the latex processing system and product quality.

Zinc oxide (ZnO) is widely used in the rubber industry. ZnO and TMTD
(tetramethylthiuram disulfide) have been used as stabilizers in low ammonia concentrated latex [8].
ZnO is often used as a secondary gelling agent in conjunction with diphenyl guanidine (DPG) to
make rubber foam from natural latex [9]. ZnO is also an essential component in the crosslinking
reaction, activating the crosslinking of rubber molecules via sulfur or sulfur-donor system [10], thus
affecting the properties of latex, including the product's characteristics.

Silver is a naturally occurring element slightly harder than gold, which is tough and
bendable. Pure silver can conduct electricity and heat well when compared to other metals. In nature,
silver exists in compounds such as sulfide bicarbonate or sulfate compounds, or complexes of
chlorides and sulfates [11]. Currently, silver nanoparticles have attracted much interest in
antimicrobial applications. Products incorporating nanosilver include clothing, water filtration
systems, medical equipment, cosmetics, electrical equipment, and home appliances [12, 13].
Materials such as metal nanoparticles, metal oxide nanoparticles, carbon nanomaterials, and their
composites have been intensively used as new antibacterial agents due to their small particle sizes,
unique chemical and physical properties, and high specific surface area. Additionally, silver
nanoparticles stand out among other nanomaterials. Silver nanoparticles have demonstrated
exceptional antibacterial properties, leading to their extensive utilization in biomedicine, pharmacy,
and the cosmetic industry. They exhibit excellent antimicrobial properties, lower toxicity, and better
biocompatibility than other metallic particles [14, 15]. Silver nanoparticles were reported to be used
as an ingredient in latex to prepare a rubber product with antibacterial activity. It was found that
rubber formulations with a small amount of nanosilver effectively inhibited E. coli and S. aureus
bacteria [16, 17].

ZnO is used as a common chemical in the rubber industry. However, the effect of ZnO
content on the properties of latex compounds over storage time was negligible. ZnO is similar to
silver nanoparticles in that it also has antibacterial properties and thus is used as an antibacterial
agent in rubber products. At the same time, the influence of silver nanoparticles on various latex



Curr. Appl. Sci. Technol. 2024, Vol. 24 (No. 4), e0259474 Artchomphoo et al.

compound properties, especially the degree of crosslink during the storage time, has not been
reported. In this research, we are interested in studying the influence of ZnO and silver nanoparticle
content in rubber films on the level of crosslink properties, mechanical properties, and also the
antibacterial properties.

2. Materials and Methods
2.1 Latex and chemicals

Natural rubber latex with high ammonia concentration (HANR) with 60% dry rubber content from
the TT Latex and Product Co., Ltd. was used throughout this study. Chemicals for the preparation
of latex compounds were: 20% potassium oleate, 50% sulfur, 50% zinc diethyldithiocarbamate
(ZDEC), 50% Wing stay L, 50% zinc oxide (ZnO) were purchased from Thanodom Trade Co., Ltd.
and Ding Co., Ltd. Potassium hydroxide (KOH) was from Carloerba Co., Ltd., toluene,
dichloromethane and silver powder particle size <150 nm were purchased from Sigma-Aldrich Co.,
Ltd.

2.2 Preparation of latex compound

The latex compounds were prepared by mixing chemicals with 60% high ammonia concentrated
latex to form a dispersion. First, 50% potassium oleate and 10% KOH were added into the latex
tank and stirred at a constant speed at 120 rpm for 1 h. After that, 50% Wing stay L, 50% ZnO, 50%
ZDEC, 50% sulfur, and 0.001% silver nanoparticles were added. Details on the chemical ingredients

and preparation process for various prepared latex compounds are presented in Table 1 and Figure
1, respectively.

Table 1. Formulation of latex compounds for study of the influence of ZnO and silver nanoparticle
on various latex compound properties

Contents (phr)
Components
F1 F2 F3 F 4 F5 Fo F7 F8 F9
60% HA Latex 100 100 100 100 100 100 100 100 100
20% K-Oleate 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
10% KOH 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

50% Wingstay L 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

50% ZDEC 075 075 075 075 075 0.75 0.75 0.75 0.75
50% Sulphur .75 175 175 175 175 175 1.75 1.75 1.75
50% ZnO 0.5 1.0 1.5 2.0 2.5 2.0 2.0 2.0 2.0
0.1% Silver nano - - - - - 0.001 0.0014 0.0018 0.0022

phr = Parts per hundred rubber
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Figure 1. The preparation process for latex compounds
Remark: The concentration of all ingredients was calculated in percentage by weight

2.3 Preparation of vulcanized rubber sheet

Silver nano

+

10% K-oleate

The latex compounds were stirred for one day was cast in a glass mold, sized 25 x 25 x 0.2 cm. They
were gradually poured into the mold to prevent air bubbles formation and left to dry at room
temperature for 10 days.

2.4 Testing

2.4.1 Viscosity test

The viscosity of rubber compounds was measured with a Brookfield model DV-2T, rotor size LV-

02 (62).
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2.4.2 Chloroform number test

The chloroform number assay was conducted through the coagulation of a latex sample by mixing
with an equivalent volume of chloroform. After 2-3 min, the coagulum was checked and classified
by coagulum texture. The chloroform number was expressed as follows: (1) unvulcanized, (2)
lightly vulcanized, (3) moderately vulcanized, and (4) fully vulcanized.

2.4.3 Swelling and crosslink density test

The objective of the swelling test is to find the weights of vulcanized rubber when exposed to
organic solvents. The vulcanized rubber samples (1 cm x 3 cm) were weighed using an electrical
balance and then swollen in toluene until equilibrium, which took 72 h at room temperature. The
toluene was removed from the surfaces of the samples. The weight was determined, and the swelling
property was calculated using equation (1). Then, the sample was dried in an oven at 60°C until
constant weight was achieved. The weight of the unswollen network at equilibrium was recorded.
Equation (2) was used to determine the volume fraction of rubber films in their swollen state, V7
[18].

W, — W
Swelling (%) = —— x 100 (M
1

Where W, is the initial weight of the rubber samples (g), and > is the weight of the rubber
samples (g) after immersion.

Ws/p1 2)

v X100

r =
W-
o1+ Wo = Ws/p2)

Where W3 is the weight of unswollen rubber sample after drying; p 1 is density of the
rubber samples; p 2 = density of toluene (0.867 g/cm?)
The rubber films' crosslink density, x, was then determined using Flory-Rehner in equation

).

_ —~{In(1 =Vr) + Vr + xVr? 3)
B Vs(Vrl/3 —vr/2)

Where yis the interaction parameter for the rubber-toluene system (0.39); V7 is the volume
fraction of the rubber films in a swollen state; and Vs is the molecular volume of toluene (106.2
cm’/mol).

2.4.4 Tensile property test

The purpose of the tensile test is to determine the elastomeric behavior under an axial load at room
temperature. Test data can be used to determine modulus of elasticity, tensile strength, and
percentage elongation. Tensile testing with ASTMD 412 was performed by cutting dumbbell die C
specimens with a tensometer, pulling the specimen at a speed of 500 mm/min, and measuring the
tensile strength and elongation at break (300% and 500% modulus).
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2.4.5 Morphology

The chemical dispersion in the rubber matrix with silver nanoparticles in the cross-sectional
structures was examined using scanning electron microscopy (SEM) with a Zeiss Merlin compact
instrument from Germany. The vulcanized rubber samples were frozen in liquid nitrogen,
cryogenically fractured, and dried under vacuum. The samples were then coated with a thin layer of
gold and imaged at 5 kV.

2.4.6 Thermal stability

A thermogravimetric analyzer (TGA) was utilized for the study. A TGA?7, Perkin Elmer, USA, was
employed to determine the decomposition temperature of the samples. A film sample weighing 9 to
10 mg was heated in a nitrogen (N2) atmosphere, with temperature ranging from 35°C to 600°C,
and with a gradual heating rate of 10°C/min.

2.4.7 Antibacterial test

The antibacterial activities of silver nanoparticles mixed in rubber film were characterized by the
inhibition zone assay [16]. The antibacterial activity was examined by the Center of Measurement
and Standard Accreditation, Faculty of Science, Prince of Songkla University. The rubber films
were cut into 0.5 cm diameter spheres and placed on the inoculated agar surfaces. The test plates
were incubated at 37°C for 24 h. After incubation, the agar plates were observed, and the mean
values of the inhibition zone diameters were calculated. The tests were performed in triplicate.

3. Results and Discussion
3.1. Effect of the zinc oxide contents
3.1.1 Viscosity

The viscosity properties of the latex compounds with different amounts of ZnO are shown in Figure
2. Over the first 4 days of storage, the viscosity of the latex compounds tended to decrease. After
that, the viscosity of the latex compounds gradually increased until 16 days, and then it gradually
stabilized. This was because stabilizing substances, such as K-Oleate and KOH, were added to the
latex, making it more stable at the beginning of storage, resulting in a lower viscosity. After storage
of the latex for 4 days, the degree of vulcanization increased, resulting in the latex viscosity
gradually increasing. The viscosity of the latex compounds began to stabilize after storage for 16
days and remained stable due to no change in vulcanization level. The results showed that the
viscosity of the latex compounds tended to increase with the amount of ZnO due to ZnO acting as a
vulcanizing activator. Increasing ZnO content leads to faster vulcanization of rubber. As a result,
the increase in viscosity of the latex compounds was in accordance with the experimental results of
Anand et al. [19], who reported the effect of nanoparticles of ZnO on the viscosity of the latex
compounds at 0.05, 0.1, and 0.5 phr. The viscosity of the latex compounds tended to increase with
the amount of ZnO. From our experimental results, the latex compound at a storage time of 4 days
that contained ZnO at 1.0 phr showed the highest viscosity. It is likely that the ZnO was well
dispersed at this level and supported the vulcanization reaction, which resulted in high viscosity
values. Using more ZnO may cause particle agglomeration, which reduces the effectiveness of the
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Figure 2. Viscosity of latex compounds at different levels of ZnO

ZnO. However, when the storage time of the latex compounds was increased to 10 days, the
viscosity of the latex compounds tended to increase with the amount of ZnO. This extended storage
period gives the chemicals dispersed in the latex enough time to vulcanize.

3.1.2 Chloroform number

A chloroform number test was used to determine the degree of pre-vulcanization of the latex
compound. The chloroform number level of the latex compound increases with the storage period.
The chloroform numbers of 0.5, 1.0, and 1.5 phr ZnO rubber compounds reached level 4 after
storage for 25, 19, and 16 days, respectively. The latex compounds containing ZnO content of 2.0
and 2.5 phr had chloroform levels of 4 after being stored for 13 days. The experimental results are
shown in Table 2. ZnO acts as an activator to activate the vulcanization reaction in the sulfur system.
This makes the vulcanization reaction faster and increases crosslinking efficiency between rubber
molecules [20]. Therefore, increasing the amount of ZnO in a latex compound promotes
vulcanization. However, latex compounds vulcanized to chloroform level 4 are unsuitable because
of the high vulcanization level. This experiment demonstrated that increasing the ZnO content in
the rubber compounds resulted in a shorter retention time of the latex, especially in the case of latex
with 2.0 ZnO and 2.5 phr added. It took 13 days to get to level 4.

3.1.3 Swelling and crosslink density

Swelling is caused by organic solvents diffusing into the rubber, weakening the bonds between the
rubber molecules [21]. These organic solvents are typically inserted into the rubber. The
crosslinking density between rubber molecules limits swelling. A high crosslink density is the
reason for reduced swelling. The experimental results in Figure 3 show that swelling of the rubber
decreases with increasing ZnO content due to the increased crosslink density. This finding is
consistent with the experimental results of Chukwu et al. [20].
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Table 2. Chloroform number level of latex compounds with various ZnO contents and storage times

Storage Time (days)
ZnO contents (phr)

1 4 7 10 13 16 19 22 25
0.5 1 1 1 2 3 3 3 3 .
1.5 1 2 2 2 3 4 4 4 4
2 1 2 3 3 4 4 4 4 4
2.5 1 2 2 3 4 4 4 4 4
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Figure 3. The swelling and crosslink density of vulcanized rubber with a variety of ZnO contents

3.1.4 Tensile properties

The tensile properties tested included 300% and 500% tensile modulus, tensile strength, and
elongation at break of the rubber sheet with ZnO content of 0.5, 1.0, 1.5, 2.0, and 2.5 phr. As
displayed in Figures 4 and 5, it was found that the modulus tended to rise slightly with an increase
in ZnO content. The 300% modulus was in the range of 1.3-1.4 MPa, while the 500% modulus was
in the range of 1.5.-1.7 MPa. The tensile strength was highest when using 2.0 phr ZnO because ZnO
is an activator that acts as a support agent for the vulcanization reaction, resulting in better
vulcanization of the rubber strength. However, using ZnO in amounts greater than 2.0 phr led to
poor diffusion of ZnO particles, resulting in agglomeration and reduced efficiency. This finding is
similar to the finding of Anand et al. [19], who reported the use of nanometer sized ZnO as an
activator for rubber vulcanization with a sulfur system improved the tensile properties of the rubber
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Figure 4. 300% and 500% modulus of vulcanized rubber sheets at various ZnO contents
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Figure 5. Tensile strength and elongation at break of vulcanized rubber sheets at various ZnO
contents

when the amount of ZnO increased [19]. There are also reports of using ZnO mixed with natural
rubber in the dry rubber state. Increasing ZnO activates the efficiency of crosslink reactions and
provided higher mechanical properties and the best properties was at 5 phr of ZnO [20].
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3.2 Effect of silver nanoparticle content
3.2.1 Viscosity

The viscosity of the latex compound with dosages of silver nanoparticles was in the range of 0.0010-
0.0022 phr, as shown in Figure 6. The viscosity is plotted against the storage time of the latex
compound. It can be seen that the viscosity of the latex compounds increased with a rise in storage
time. Moreover, the latex compounds show a significant decrement with the increasing loading level
of silver nanoparticles. Silver nanoparticles have been identified as having antibacterial properties
[16, 17]. Natural rubber latex contains non-rubber components such as glucose, protein, and fat.
These components are decomposed by bacteria in nature, releasing volatile fatty acids and causing
latex particles to aggregate, making the latex gradually more viscous and eventually coagulating.
The addition of silver nanoparticles, which effectively inhibit bacteria, leads to fewer volatile fatty
acids forming. The latex becomes stable, and the viscosity decreases as silver nanoparticles increase.

250
00.001 80.0014 £0.0018 ©0.0022

1

200

150 A IR RN

100

1

Viscosity (cP)
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1

A AN
AN

0 |

Storage time (days)
Figure 6. The viscosity of latex compounds with different silver nanoparticle contents
3.2.2 Chloroform number
Experimental results on the effect of silver nanoparticles in the latex compounds on the chloroform
number are presented in Table 3. It was noted that the chloroform number tended to increase over
the storage period. The findings indicated that adding silver nanoparticles produced a slow level of

vulcanization as determined by the chloroform number method. This had benefits in terms of the
longevity of the latex compound.

10
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Table 3. Chloroform number level of latex compounds with various silver nanoparticle contents
and storage time

Silver Nanoparticle Storage Time (days)

Contents (phr) 1 4 7 0 13 16 19 22
0.0000 1 2 3 3 4 4 4 4
0.0010 1 1 2 2 2 3 3 4
0.0014 1 1 2 2 2 3 4 4
0.0018 1 1 1 2 2 2 3 4
0.0022 1 1 1 2 2 2 3 4

3.2.3 Swelling and crosslink density

The swelling and crosslink density of rubber with various silver nanoparticles are indicated in Figure
7. Swelling of the vulcanized rubber sheets tends to decrease with the rising quantity of silver
nanoparticles. This is probably because silver nanoparticles improve the vulcanization of rubber.
Consequently, the crosslinking density between rubber molecules is higher, which limits the
movement of molecular chains. Adding silver nanoparticles in natural rubber increases the crosslink
density. The nanoparticles provide more reactive sites on the rubber molecules for the crosslinking
reaction. The silver nanoparticles can also act as co-activators during the chemical vulcanization
process, increasing the crosslink density between the rubber molecules. It has been reported that
metal powder can increase the crosslink density between rubber molecules. Vinod et al. [22]
reported that mixing natural rubber with 40 phr aluminum powder resulted in less swelling of
vulcanized rubber than commercial fillers. This is because rubber mixed with aluminum powder has
a higher crosslinking density than rubber mixed with other commercial fillers. Doma et al. [23]
reported that lead metal powder could increase the crosslink density of lead/NR composite due to
the decrease in volume fraction of the amorphous swollen phase (NR).

600 5
590 A —e—swelling - -3 - crosslink density
580 1
570
560
550
540
530
520 il
510
500

Swelling (%)
Crosslink density ( x10-5 mol/cm?)

4.2

0 0.0005 0.001 0.0015 0.002
Silver nanoparticle contents (phr)

Figure 7. Swelling of vulcanized rubber with various silver nanoparticle contents
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3.2.4 Tensile properties

The study of the tensile properties of vulcanized rubber at various silver nanoparticle levels
indicated that 300% modulus, 500% modulus were in ranges of 1.1-1.8 MPa and 1.1-1.5 MPa,
respectively (Figure 8). Figure 9 shows the tensile strength and elongation at break at 26.7-28.0 MPa
and 883-900%, respectively. In general, fillers with small particle sizes have good reinforcement
performance of polymers due to the high surface area between the polymer and filler [24]. In this
experiment, small amounts of silver nanoparticles (0.001-0.022 phr) did not affect the reinforcement
of vulcanized rubber. Naphon et al. [25] reported the effect of nanoparticles, namely titanium
dioxide, on the tensile strength of natural rubber and the small amounts of titanium oxide
nanoparticles did not affect the tensile strength of rubber. The tensile strength of natural rubber
increases with titanium dioxide nanoparticles of 0.4 phr and above [25].

3

25 | ——300% modulus - -3 - 500% modulus

[\
1

—
V)]

Modulus (MPa)

o
(9]
]

0 0.0005 0.001 0.0015 0.002

Silver nanoparticle contents (phr)

Figure 8. 300% Modulus and 500% Modulus of rubber film at various silver nanoparticle
contents

12
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Figure 9. Tensile strength and elongation at break of rubber film with various silver nanoparticle
contents

3.2.5 Thermal stability property

The thermogravimetric analysis (TGA) results in Table 4 and Figure 10 demonstrate that natural
rubber with and without silver nanoparticles exhibited a weight reduction of 5% within the
temperature range of 100 to 250°C. This reduction is ascribed to the liberation of water molecules
and the occurrence of crosslinking and chain scission of non-rubber components within the rubber
structure. Notably, upon closer inspection of the 250-330°C and 380-450°C temperature intervals,
it becomes apparent that the inclusion of silver nanoparticles enhances the thermal stability of the
rubber. The degradation sequence, occurring from approximately 250°C to around 400°C, indicates
the breakdown of isoprene and its resultant byproducts, including amides, amines, proteins,
carbohydrates, and other compounds [26].

Table 4. Comparison of thermal degradation temperatures obtained by analysis of TG technique for
vulcanized natural rubber with and without silver nanoparticles

Silver‘ Degradation Temperature (°C)
Nanoparticles
Content Being of Temperature End step of
(phr) Degradation Maximum Degradation
0.0000 352.25 369.00 423.30
0.0018 353.69 369.66 423.61

13
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Figure 10. TG analysis of natural rubber with and without silver nanoparticles
3.2.6 Morphology

Figure 11(a) shows the morphology of silver nanoparticles of less than 150 nanometers. The
distribution of chemical particles in the main phase is important, affecting the product's properties.
This experiment examined the morphology with SEM to evaluate the dispersion of chemicals,
especially the dispersion of silver nanoparticles. The silver nanoparticles were well dispersed
without aggregation and embedded in the rubber phase, although silver nanoparticles were inorganic
particles, as shown in Figure 11(b). ZnO is commonly used in the micrometer particle range as an
activator in the rubber industry. The particle size of ZnO after the ball mill digestion process remains
in the micrometer range. The particles of ZnO were dispersed with some aggregation, as shown in
Figure 11(c) because their particle size was larger than silver nanoparticles. The characterization of
chemical particles in vulcanized natural rubber consisted of ZnO, ZDEC, Wing stay-L, and sulfur,
which are chemicals often used in the rubber industry; almost all chemicals exhibited particle
dispersion in the range of micrometers, while silver nanoparticles presented with particle sizes in
the nanometer range. According to the experimental results, micrometer-sized particles in Figure
11(d) may be particles of ZnO, ZDEC, and sulfur, which were in excess from vulcanization
reactions, or Wing stay-L particles in the matrix, while nanometer particle sizes, possibly scattered
silver nanoparticles, were also found.

3.2.7 Antibacterial properties
The inhibition zone diameters of S. aureus and E. coli of the rubber films (filled and unfilled silver

nanoparticles) tested are shown in Table 5, Figures 12 and 13. The results showed that the rubber
film filled with silver nanoparticles exhibited antibacterial activity against all bacteria tested.

14
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Figure 11. Morphology images (a) Silver nanoparticles, (b) Distribution of 0.0018 phr of silver
nanoparticles in rubber matrix, (c) Distribution of 0.0020 phr of zinc oxide in rubber matrix, and
(d) Distribution of all chemical ingredients in vulcanized rubber matrix

Table 5. The diameter of zones of inhibition (mm) of various concentrations of silver nanoparticles
in rubber films against microorganisms

Clear Zone Diameter (mm)
Silver Nanoparticle Contents (phr)

S. aureus E. coli
0.0000 0.00 0.00
0.0010 12.36+0.23 11.4+0.76
0.0014 12.38+0.33 11.96+0.54
0.0018 12.28+0.74 10.38+1.31
0.0022 12.25+0.56 12.46+0.84

15
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(b)

(d)

Figure 12. Growth inhibition of S. aureus bacteria in rubber films with filled and unfilled silver
nanoparticles: (a) without silver nanoparticles (b) 0.0010 phr (c) 0.0014 phr (d) 0.0018 phr and (e)
0.0022 phr

16
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Figure 13. Growth inhibition of E. coli bacteria in rubber films with filled and unfilled silver
nanoparticles: (a) without silver nanoparticles (b) 0.0010 phr (c) 0.0014 phr (d) 0.0018 phr and (e)
0.0022 phr

Moreover, silver nanoparticles present in the rubber films showed inhibition against S. aureus as
well as E. coli. However, some scientific theories explain the possible mechanism as follow: 1)
When coming in contact with the bacterial cell wall, the silver nanoparticles penetrate the cell wall
into the interior, resulting in cell wall leakage and damage, leading to bacterial death: 2) The
bacterial cell is damaged with free radicals formed by silver nanoparticles contacting bacteria; and
3) Silver ions released from silver nanoparticles are soft base, and can react with sulfur and
phosphorus of the elements which obstruct bacterial DNA replication, resulting in bacterial death
[12].

4. Conclusions

Zinc oxide affects latex compound properties. Increasing the amount of zinc oxide in the latex
compound resulted in a higher viscosity of the compound latex and greater mechanical properties
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of the rubber film. However, the swelling properties of the solvent in the rubber film tended to
decrease. As for the mixing of silver nanoparticles with the latex compounds, viscosity decreased
as the amount of silver nanoparticles increased. Moreover, the viscosity increased with the storage
time. The chloroform number increased slowly when the amount of silver nanoparticles rose. The
swelling of the rubber film in the solvent tended to decrease. Silver nanoparticles in the dosage range
0.0010-0.0022 phr did not cause much change in mechanical properties. However, the rubber films
filled with silver nanoparticles can inhibit both bacteria (S. aureus and E. coli).
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