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2.1.11 Kanking S, Niltui P, Wimolmala E & Sombatsompop N (2012) Use of Bagasse Fiber Ash
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2.1.12 Kaiyaded W, Wimolmala E, Harnnarongchai W, Sithicharoen W, Intawong N-T, &
Sombatsompop N (2012) Rotating Die Technique for Sharkskin Minimization in Highly
Viscous Wood/PP Composite Melt in an Extrusion Die — Journal of Applied Polymer
Science 125 (3): 2312-2321 [JIF = 1.289]. 9nlasinseasg WPC and PPR
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Filaments Affected by the Die Design and Process Conditions — Journal of Applied
Polymer Science 124 (5): 3751-3764. [JIF = 1.289]. NnlAsIMSEay PPR

2.1.15 Chaochanchaikul K, Jayaraman K, Rosarpitak V & Sombatsompop N (2012) Influence of
Lignin Content on Photodegradation in Wood/HDPE Composites under UV Weathering —
BioResources 7 (1): 38-55 [JIF = 1.328]. NnlAsINSsEas WPC

2.1.16 Hatthapanit K, Nillawong M, Sombatsompop N, Sirisinha C & Saeoui P (2011) Rubber-
filler Interaction, Cure and Viscoelastic Properties in Black Filled Nitrile Rubber (NBR)
Compounds Modified by Functionalized Liquid Polybutadiene — KGK - Kautschuk
Gummi Kunststoffe 64 (10): 54-60 [JIF = 0.345]. NnnlasaNseag RCT
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.17 Threepopnatkul P, Teppinta W & Sombatsompop N (2011) Effect of Co-monomer Ratio

in ABS and Wood Content on the Processing and Properties in Wood/ABS Composites —
Fibers and Polymers 12 (8): 1007-1013. [JIF = 0.8386]. NnnlasaNseas WPC

.18 Harnnarongchai W, Sithicharoen W, Intawong N-T & Sombatsompop N (2011)

Mechanical Strengths of Molten and Solidified LLDPE/LDPE Blends and Wood/LDPE
Composite under Tensile Deformation — Journal of Vinyl & Additive Technology 17 (3):
164-176. [JIF = 0.878]. :nlAsemstias PPR

.19 Chaochanchaikul K, Rosarpitak V & Sombatsompop N (2011) Structural and Thermal

Stabilizations of PVC and Wood/PVC Composites by Metal Sterates and Organotin —
BioResources 6 (3): 3115-3131. [JIF = 1.328]. NnlAsINseas WPC

.20 Chaochanchaikul K & Sombatsompop N (2011) Stabilizations of Molecular Structures and

Mechanical Properties of PVC and Wood/PVC Composites by Tinuvin and TiO,
Stabilizers — Polymer Engineering and Science 51 (6): 1354-1365 [JIF = 1.302]. 210
Tassmstias WPC

.21 Harnnarongchai W, Intawong N-T & Sombatsompop N - Effects of Roller Speed,

Temperature, Volumetric Flow Rate and Multiple Extrusions on Mechanical Strength of
Molten and Solidified LDPE under Tensile Deformation— Journal of Macromolecular

Science: Part B. Physics 50 (6): 1074 — 1086. [JIF = 0.739]. nnlasemstas PPR

.22 Pulngern T, Padyenchean C, Rosarpitak V, Prapruit W & Sombatsompop N (2011)

Flexural and Creep Strengthening for Wood/PVC Composite Members using Flat Bar
Strips — Materials and Design 32 (6): 3431-3439 [JIF = 2.200]. MnlasaMstas
WPC

.23 Silapasorn K, Sombatsompop K, Kositchaiyong A, Markpin T & Sombatsompop N

(2011) Effect of Chemical Structure of Thermoplastics on Anti-bacterial Activity and
Physical Diffusion of Triclosan Doped in Vinyl Thermoplastics and Their Composites with
CaCO,- Journal of Applied Polymer Science 121 (1): 253-261 [JIF = 1.289]. 21N
Tassmstias WPC

.24 Intawong N-T, Kantala C, Toataison W & Sombatsompop N (2011) A Die Rotating

System for Moderations of Extrusion Load and Pressure Drop Profiles for Molten PP and
Wood/PP Composites in Extrusion Processes — Journal of Applied Polymer Science, 120

(2):1006-1016. [JIF = 1.289]. NNlA5IN5E08 PPR thaz WPC

.25 Sithicharoen W, Intawong N-T & Sombatsompop N (2010) An Experimental Apparatus

for Measurement of Elongational Flow Properties for LDPE Melt and the Effect of Testing
Conditions — Polymers and Polymer Composites 18 (7): 359-368 [JIF = 0.326]. 20N
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Materials Research, Vol. 410: 75-78. (Presented at Twentieth International
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15-18 December 2011, Hong Kong, Paper No. PFAM-033

Prapruddivongs C & Sombatsompop N (2012) Effect of wood flour on structural and
thermal properties and antibacterial activity of PLA filled with triclosan - Advanced
Materials Research, Vol. 410: 67-70. (Presented in Twentieth International
Symposium on Processing and Fabrication of Advanced Materials (PFAM XX),
15-18 December 2011, Hong Kong, Paper No. PEFAM-027

Taptima K & Sombatsompop N (2012) UV Weathering Effect on Antibacterial
Performance in Silicone Rubber Compounds-Advanced Materials Research, Vol.410:
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Hong Kong, Paper No. PFAM-031

Kulnida Taptim and Narongrit Sombatsompop (2011) Mechanical properties and
antimicrobial performance evaluations for silicone rubber compounds, 5" International
Conference on Materials Processing Technology, June 2-3, 2011, Phuket, Thailand.
Chaochanchaikul K, Sombatsompop N & Rosarpitak V (2011) Thermal Stabilizations
of PVC and Wood/PVC Composites under Thermal Ageing by Metal Stearate and
Organotin - Processing and Fabrication of Advanced Materials XIX: 14-17 January
2011, The University of Auckland, Auckland, New Zealand, pp. 986-997.
Sitticharoen W, Intawong N, Harnnarongchai W & Sombatsompop N (2011) Radial
Velocity Profiles and Melt Strength of LDPE Melt under Elongational Flow in Circular
Die - Processing and Fabrication of Advanced Materials XIX: 14-17 January 2011,
The University of Auckland, Auckland, New Zealand, pp. 322-333.

Thongsang S, Vorakhan W, Wimolmala E & Sombatsompop N (2011) Dynamic
Mechanical Analysis and Tribological Properties of Fly Ash/Precipitated Silica Hybrid
Filled-NR Composites - Processing and Fabrication of Advanced Materials XIX:
14-17 January 2011, The University of Auckland, Auckland, New Zealand, pp.
264-275.
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Abstract

2-Hydroxypropyl-3-Piperazinyl-Quinoline Carboxylic Acid Methacrylate (HPQM) was used
as biocide in silicone rubber compound. Antibacterial and mechanical performances of
silicone rubber compound were assessed before and after exposure to UV light at different
times. Drop-plate and halo tests were employed to qualitatively and quantitatively evaluate
the antibacterial performance of silicone rubber compound against Escherichia coli (E.coli,
ATCC 25922) and Staphylococcus aureus (S.aureus, ATCC 25923). The results suggested
that the cure characteristics, and physical and mechanical properties for the HPQM added
silicone rubber compound were strongly affected by the UV light. The tensile properties and
hardness increased with UV aging. The lightness (L*) for the silicone rubber compound
without HPQM did not change with UV light, whereas that for the silicone with HPQM
decreased with UV light. The longer the contact time the better the killing ability of the
bacteria. Experiencing the initial UV aging of 3 days, the rubber compound with HPQM
showed an effective killing ability of bacteria. However, under prolonged UV exposure, the
antibacterial efficacy reduced as a result of HPQM removal from the rubber surface during
the condensation stage, and a post-curing reaction of the residual peroxide in the rubber
compound. The silicone rubber compound with HPQM under UV light had more preference

for killing the E.coli.

Key words: Silicone rubber, Crosslink density, Anti-microbial activities, UV weathering

aging
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Introduction
Silicone rubber is excellent for oil resistance, thermal stability, oxidation resistance, and
biocompatibility due to strong silicon-oxygen (Si-O) and carbon-carbon (C-C) bonds. As a
result, it is often used in food packaging, and medical house-ware applications (children’s
toys, computer keyboards, phone keypad, ear plugs, ear phones and watch) which are likely
to contact with the human body. Therefore, antimicrobial performance of the silicone rubber
appears to be very important in order to prevent infection of harmful microorganism.
Microorganisms are usually referred to as bacteria, algae and fungi that are commonly found
in the ground, water, air, and in other living organisms. For example, the infection of
Escherichia coli (E.coli) can result in food poisoning problem.[1-2] Most species of bacteria
can be grouped into two categories based on their membrane structure and their responses to
a laboratory technique, these being referred to as gram-positive and gram-negative

bacteria.[3-4]

One of the most common techniques to achieve antibacterial properties in materials is to
incorporate an antibacterial agent into the material. Antibacterial agents are, in general,
divided into 2 types that are inorganic and organic agents. The inorganic antibacterial agents
are used for hundreds of years in human history, such as, ammonium salts, metal salt
solutions, antibiotics and nano silver particle, whereas the organic antibacterial agents are
most widely used such as alcohol solution applications. Such antibacterial agent can kill both
gram-positive and gram-negative bacteria by attacking cell walls, destroying bacteria
metabolisms and interacting with functional DNA inside Prokaryotic cell of bacteria.[5] One

good thing is that these bacterial agents do not have an effect on the human body.[6-7]
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Available studies in the literature [8-10] have used a wide range of antibacterial agents in
polymers, both thermoplastics and rubbers, for achieving the antibacterial performances
which led to some value-added polymers. The antibacterial agents used including nano-Ag
colloids, silver substituted Zeolite compound (SSZ) and 2-Hydroxypropyl-3-Piperazinyl-
Quinoline Carboxylic Acid Methacrylate (HPQM). In terms of silicone rubber compound,
work by Taptim and Sombatsompop [8] clearly suggested that HPQM was the most effective
antibacterial agent when comparing with nano-silver colloids and SSZ agents due to its
organic structure and chemical compatibility with the silicone. This statement contradicted
with the work of Kaali et al [11] who found that addition of Ag+ loaded zeolite in silicone
rubber improved the anti-microbial performance of the silicone which was caused by the

formation of OH bond occurring due to moisture contact with Ag+ loaded zeolite.

It is essential to know of how long the added antibacterial agent could be effective in
polymers, specifically in silicone rubber compound. The question has been approached by a
number of studies under the effects of aging under a wide range of conditions [12-14]. Work
by Oldfield and Symes [12] studied long-term natural aging in hot-wet and hot-dry
environments using different silicone elastomers. A satisfactory durability for prolonged
antibacterial performance was found at room temperature aging. Gorur et al [13] studied the
effect of outdoor aging on physical and chemical changes in silicone rubber, and observed
some permanent changes, which included a depletion of low molecule weight polymer
change on surface, de-polymerization, surface roughness, increased surface crystallization.
The damaging and degradation mechanisms, resulting in deteriorations in mechanical
properties of silicone rubber, via proton radiation were suggested by Zhang et al [14] and

Belhaneche-Bensemra [15], Benavides et al [16].
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This present work was an extending part of ongoing investigations into mechanical and anti-

microbial properties for silicone rubber compound cured by peroxide [8]. This present study
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Experimental

Materials and Chemicals

The rubber used in this study was silicone rubber (KE-951-U), which was supplied by Shin-
Etsu Chemical Co., Ltd., (Japan). The curing agent, 2,5-Dimethyl-2,5-di(tert-butylperoxy)
hexane (designated as TRig0n0X®101—45s—ps) was supplied by Akzo Noble Polymer
Chemicals Ltd., (Shanghai, China). The antibacterial agent was 2-Hydroxypropyl-3-
Piperazinyl-Quinoline Carboxylic Acid Methacrylate (designated as HPQM), that was
supplied by Micro Science Tech Co., Ltd, (South Korea). The HPQM was supplied in liquid
form which had a pH value of 12. Escherichia coli (E.coli, ATCC 25922) and

Staphylococcus aureus (S.aureus, ATCC 25923) were used as testing bacteria.

Sample preparation

In order to produce silicone rubber vulcanizates, 100 phr silicone rubber were added with
required contents (0.5, 1.0 or 1.5 phr) of 2,5-Dimethyl-2,5-di(tert-butylperoxy) hexane and
then mixed on a two roll mill (Yong Fong Machinary Co., Ltd., Thailand). The silicone
rubber was first masticated for 5 minutes, and then compounded with peroxide and HPQM
for a further 10 minutes before being cured using a hydraulic hot press (LAB TECH Co.,
Ltd., Bangkok, Thailand) at a 90% cure, using a curing pressure of 170 kg/cm® with 165°C
curing temperature in order to produce vulcanized silicone rubber compound. After that, the
silicone rubber vulcanizates were placed in UV weathering machine (Q-Panel Lab Products
Co., Ltd., USA) which followed ASTM G 154 (2006) whose conditions were UVA 0.77
W/m*/nm aging at 60 °C for 6 h and condensation at 60 °C for 8 h. The aging time was varied

at 1, 3,5, 7, 14 and 21 days.
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Cure characteristics and crosslink density
Cure time and delta torque (differences in maximum and minimum torques) of the silicone
rubber compounds were assessed using an Oscillating Disk Rheometer (Model ODR GT
7070-S2, GOTECH Testing Machine, Inc., Taiwan) at a test temperature of 165°C. After that,
the vulcanized silicone rubber sample was cut into 2 cm width x 2 cm length before being
immersed into toluene and the crosslink density was calculated using Flory-Rehner equation
as expressed by Equation 1 [17]

72)

| 21
Vo TV AV

17 — —Z7. 1/, — (Eqn 1)
2Vy (v, v, " —v42/2)

where v is the moles of crosslinks per unit volume of polymer, 1, is the volume fraction of
polymer in the swollen sample, V; is the molar volume of the solvent and % is the volume

fraction of polymer at the time of crosslinking. The 17; term is used to correct for material that

is extracted by the solvent. ¥ is the rubber-solvent interaction parameter (0.499 in this case).

Mechanical properties

Tensile modulus at 200% elongation, tensile strength and elongation at break were of our
interests for mechanical property evaluations, following the ASTM methods (ASTM D 412-
92(1998)) using dumbbell-shaped samples and a universal testing machine (Auto-graph AG-
I, Shimadzu, Tokyo, Japan). A hardness durometer (Shore A) Model 475, PTC instruments,
(MA, USA) was used for hardness evaluation in accordance with ASTM D 2240-03 (2003).

All reported data were averaged from at least five independent experiments.

Antibacterial performance
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The anti-microbial performance for the silicone rubber compounds were examined

quantitatively and qualitatively through Drop-plate and Halo test methods, respectively.

Escherichia coli (E.coli, ATCC 25922) and Staphylococcus aureus (S.aureus, ATCC 25923)

were used as testing bacteria. Both of bacteria were first incubated in nutrient broth for 24 h

at 37 °C prior to use.

Halo test: The test was commenced by mixing the nutrient agar and the nutrient broth
(1:1 in ratio) and incubated testing bacterial solution (ODgpp = 0.1). The mixture was then
poured into sterilized Petri dishes. The silicone rubber samples of 6 mm in diameter were
gently placed over the solidified agar. After that, Petri dishes were incubated at 37 °C for
24 h for inhibition zone measurement.

Drop-plate-method: The method followed ASTM E 2149 (2001). That was, 5 mL of
incubated bacteria were diluted with 45 mL of peptone water in a flask. The silicone
rubber sample of 5x5 cm in dimensions was dropped into the flask. The flask was then
shaken by 30, 90, 150 and 210 minutes. Dilution factors of n4 and n5 were considered
depending on the preferred number of initial bacteria colony (which should range from 3
to 30 colonies when n is a dilution factor). 10 uL of the solution was dropped on agar into
sterilized Petri dishes incubated at 37 °C for 24 h. The results were reported in terms of

viable cell count of the bacteria

Discoloration testing

UV-Vis Spectrophotometer Model UV-3100, Shimadzu Co., Ltd. (Japan) was utilized to

monitor color changes of silicone rubber samples with the addition of HPQM agent through

the CIELAB color system. Values of L*a*b* coordinates of silicone rubber specimens were

considered based on a D65 light source. L* represents the lightness whereas a* and b* are the
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chromaticity coordinates. In this work, only lightness (L*) change of the silicone rubber with
various HPQM loadings and UV aging times were of our interests. The higher the L* value
the lighter the rubber sample. All reported experimental data were averaged from at least five

independent determinations.

Measurement of water contact angle

Contact angle measurements indicate quantitaive changes in sensitivities of material surface
properties which are usually referred to as roughness and chemistry modifications. In this
work, the contact angle of deionized water on silicone rubber surfaces was assessed by a drop
method using a Contact Angle Goniometer (Model 100-00 from Ramé-hart Instrument Co.,
Ltd, New Jersey, USA). The wettability was evaluated comparing between neat silicone
rubber and silicone rubber added with HPQM agent with and without experiencing the UV
light. The results were given by microscopic images and the contact angle values for

advancing stages of drops for 5 times/100 uL droplets with three independent samples.
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Results and Discussion

Cure characteristics, and physical & mechanical properties

Table 1 shows the effect of HPQM loading on cure time, delta torque, torque maximum,
torque minimum and crosslink density (before and after UV light of 21 days), for the silicone
rubber vulcanizates using the peroxide content of 0.5 phr. It can be seen that the addition of
HPQM had an impact on the vulcanizing reaction, which was evidenced by significant
changes in 90% cure time and delta torque. The addition of HPQM at 15 phr increased the
cure time from 2:20 to 3:18 min:sec, and decreased the delta torque from 53.08 to 47.79
dN/m. The decreases in the delta torque probably involved a plasticization effect occurring.
During the compounding process, the silicone rubber became softened while blending with
the HPQM. This was also evidenced by the decreases in minimum torque with HPQM
content. When considering the crosslink density results in Table 1, it can be seen that the
crosslink density of the neat silicone vulcanizates before and after UV ageing were not
different as compared with those for the HPQM added silicone vulcanizates. The reason was
because the peroxide left in the neat silicone vulcanizates was unlikely to generate free
radicals at low temperature (at 60°c in the UV weathering machine), and thus the post-curing
effect was insignificant. However, in the case of the HPQM added silicone vulcanizates, the
post-curing effect appeared to be apparent due to that the HPQM could induce the free
radicals generation of the peroxide added. The work by Su et al [18] suggested that the
addition of peroxide in basic condition (OH") would result in generation of free radicals to
induce crosslinking process whose chemical reaction is given in Equation 2. In relation to
this work, the silicone rubber with HPQM would be more likely to encounter a post-curing
effect under UV aging as compared with the rubber without HPQM. This was because the
HPQM could promote the basicity in the compound, and then generate the free radicals from

the peroxide. This was why the increase in crosslink density of the silicone rubber with
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HPQM was observed after 21 days of UV light. This clearly suggests that HPQM play an
important role on the changes in material properties after UV aging rather than the silicone
rubber itself. It may also be related to the pH of HPQM which was experimentally measured

to be 12.

R R R R
R cI 0—0 é R Heat R cI 0" +'0 cI R Eqn. 2
————— _— —C— + —C— n.
| | OH | | (Eqn. 2)
R R R R

Figure 1 shows the results of ultimate tensile strength and elongation at break for the silicone
rubber vulcanizates at different loadings of HPQM before and after UV aging at 21 days. It
was found that HPQM loading had no effect on the changes in ultimate tensile strength and
elongation at break. On the contrary, UV light at 21 days exhibited a significant effect by
improving the tensile properties, especially the elongation at break. The increased tensile
properties may be caused by the increase in crosslink density as mentioned in Table 1.
Figure 2 shows tensile modulus at 200% elongation and hardness for the silicone rubber
vulcanizates at different loadings of HPQM agent before and after UV aging at 21 days. It
can be seen that the tensile modulus at 200% elongation and the hardness of the silicone
rubber vulcanizates increased with UV light because of the increase in crosslink density as
previously discussed. In summary, the results suggested that the UV light improved the

tensile and hardness properties.

The physical appearances of the silicone rubber compounds were considered by lightness
(L*). The color changes for silicone rubber vulcanizates before and after UV aging for 21

days are shown in Table 2. It was clearly observed that the lightness (L*) for the silicone
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rubber without HPQM did not change with UV light, whereas that for the silicone with
HPQM decreased with UV light. In general, silicone rubber has relatively excellent resistance
to UV light [19]. The decrease in the lightness by the HPQM addition may be caused by a

degradation of HPQM on the rubber surface under UV aging.

Antibacterial performance

Figures 3a and 3b show the results of inhibition zone from halo test for silicone rubber
vulcanizates incorporated with a fixed HPQM of 15 phr at various UV aging times of 0, 3, 5,
7, 14 and 21 days against E. coli and S. aureus bacteria, respectively. For comparison
purposes, a filter paper doped with CuSO, (positive control, C*) and a blank filter paper
(negative control, C’) were employed. It was observed that without UV light (0 days), a large
inhibition zone was apparent, but as the aging time was increased the inhibition zone
decreased noticeably, suggesting that the UV light worsened the ability of the HPQM to
bacteria killing. The inhibition zone seemed to disappear when the UV aging times after 7
and 1 days for E. coli and S. aureus bacteria, respectively. This indicates that the UV aging
had a prolonged effect on the killing of E. coli. This may be expected since the peptidoglycan
thickness of E. coli is far thinner than that of S. aureus structure, and this would then be much
easier for HPQM to penetrate into the cell to kill the E.coli. [20] The quantitative results for
antibacterial performances of silicone rubber vulcanizates added with different loadings of
the HPQM are given in Figure 4, the results being assessed as a function of aging time and
contact time. The results suggested that the cell counts for E. coli appeared to decrease with
increasing contact time, but this was not the case for S. aureus. This re-stressed the above
statement that the E.coli was more sensitive to the HPQM and UV effect than the S. aureus.
With presence of HPQM, the cell counts of E. coli and S. aureus bacteria were much lower.

This indicates that the bacteria’s killing has occurred for the silicone rubber vulcanizates with
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HPQM without UV. It was interesting to note that the viable cell counts decreased at the
initial stage of UV exposure of 3-5 days and then started to increase, but still lower than the
rubbers without aging. This observation from the drop-plate test corresponded to that from
the halo test in Figure 3. No bacteria’s killing was observed under UV exposure for
S.aureus. The cell count for E.coli after UV aging was lower than that for S. aureus. The
reason was based on the thinner peptidoglycan thickness of E. coli structure as compared

with that of S. aureus structure. [20]

The experimental results in Figures 3 and 4 clearly indicate that the antibacterial activities of
silicone rubber vulcanizates with HPQM loading significantly reduced with increasing UV
aging time. Therefore, it is very essential to introduce the causes for this observation. In this
work, two possible reasons were proposed; (i) HPQM removal on the rubber surface and (ii)
post-curing effect as a result of residual peroxide in the rubber samples.

e The first reason could be experimentally proven by considering the contact angle on
the silicone surface. Table 3 shows the contact angle values for the silicone rubber
vulcanizates without and with HPQM loading of 15 phr, before and after UV aging at
21 days. It was found that the contact angle values for the silicone rubbers with
HPQM significantly decreased from 111.8°+2.3 to 67.2°+5.3, indicating more
hydrophilic structure of the HPQM/silicone compound since HPQM is a hydrophilic
structure whereas the silicone is hydrophobic in nature [21]. Therefore, the contact
angle reduction in this case may imply a migration of the HPQM to kill the bacteria
on the silicone rubber surface. This explains why the antibacterial efficacy of the
silicone rubber was improved with the HPQM. However, when experiencing the UV
light at 21 days, the contact angle value appeared to increase from 67.2°+5.3 to

06.9°+4.1, but still lower than the neat silicone rubber (111.8°+2.8).This was because
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that UV-conditioning of the silicone rubber had removed the HPQM resided on the
silicone rubber surfaces, probably occurring during the condensation stage at 60 °C
for 8 h. This explains why the antibacterial efficacy decreased with increasing UV
aging.

The second explanation for the antibacterial efficacy reduction by UV aging was
associated with the post-curing reaction. In order to substantiate this claim, an
additional and independent experiment was carried out by producing silicone rubber
vulcanizates with different crosslink densities. This was achieved by varying the
peroxide loadings (TRigonox®101-45s-ps) from 0.5 to 1.5 phr, and the antibacterial
performance (via both halo and drop plate tests) was re-evaluated against E.coli and
S.aureus. The results are given in Figures 5 and 6 for inhibition zone and viable cell
count tests, respectively. Table 4 shows the cure characteristics of the silicone rubber
vulcanizates incorporated with 10 phr of HPQM for different peroxide loadings. It
was anticipated that the delta torque and crosslink density increased as a direct
function of peroxide loading. The results in Figure 5 shows that the inhibition zone
apparently decreased with increasing peroxide content, confirming that the higher the
crosslink density the lower the antibacterial performance. This claim was re-
confirmed by a slight increase in viable cell count with increasing peroxide content
especially at the contact times of 150 and 210 min, as illustrated in Figure 6. Again,
as expected, the viable cell counts for S.aureus were higher than those for E.coli for
any given peroxide contents and contact times. In relation to the results in Figures 3
and 4, it was suggested that increasing the crosslink density in the silicone rubber
made it more difficult for the HPQM to transfer onto the silicone surface to kill the
bacteria. Figure 7 shows a model of HPQM transfer from the inside of silicone rubber

sample to the surface to kill the bacteria with (left) low peroxide content or crosslink
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density, and (right) high peroxide content or crosslink density, the right sample being

the case for the cured silicone sample under the prolonged UV light.
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Conclusions

The experimental results in this work suggested that the UV light had a greater effect on cure
characteristics, and physical and mechanical properties for the HPQM added silicone rubber
compounds as compared to the neat silicone rubber compound. The tensile properties and
hardness were found to improve with UV aging. The lightness (L*) for the silicone rubber
was affected by HPQM addition, and decreased with UV light. The antibacterial performance
was improved by HPQM loading and by increasing contact time. The silicone rubber with
HPQM under UV light had ability to kill the E.coli in the initial stage, and the E.coli killing
efficacy became diminished under prolonged UV aging of longer than 3 days. The rubber
compound with HPQM under UV aging showed a better killing efficacy for the E.coli as
compared with that for the S. aureus. The antibacterial performance reduction was caused by
HPQM removal from the silicone rubber surface during the condensation stage of the UV

exposure, and a post-curing reaction of the peroxide-cured silicone rubber compound.
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Figure 1 Tensile strength and elongation at break for silicone rubber vulcanizates filled with
HPQM before (solid line) and after (dashed line) UV aging of 21 days
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Figure 2 Tensile modulus at 200% elongation and hardness for silicone rubber vulcanizates
filled with HPQM before (solid line) and after (dashed line) UV aging of 21 days
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Figure 3 Effect of UV aging time on clear zone for silicone rubber vulcanizates with HPQM
of 15 phr for various UV aging times for (a) E.coli, and (b) S. aureus
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Figure 5 Effect of peroxide loading on clear zone for silicone rubber vulcanizates with
HPQM of 10 phr for various UV aging times for (a) E.coli, and (b) S. aureus
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Figure 6 Viable cell count for £. coli (a) and S. aureus (b) colonies as a function of peroxide
loading at 0.5, 1.0 and 1.5 phr
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Figure 7 Releasing model of HPQM particles from silicone rubber various peroxide contents

OO AR DMDEABEDIMDIEDEDNOWWWWWWWWWWNNNDNDNNDDNDN
QUOWONOUTRARWNRPFPOOONOODUBRAWNRPOOONOUOPRARWNRPOOONOOOIE,WN

John Wiley & Sons



©Co~NOOOR,WNE

OO AOrBDEBRAMDMDAEBREMDIMDIEDAEDNWOWWWWWWWWWWNNNNNNNNNNRPRPERPRPEPERPERPERERRER
QUOWONOUTAWNRPFPOOONOODUOPRARWNPOOONOUOOPRRWNRPOOO~NOUIARWNPFRPOOO~NOORWNEO

Journal of Vinyl and Additive Technology Page [TJof 31

Table 1 Cure time, delta torque, maximum torque, minimum torque and crosslink density for
silicone rubber vulcanizates with various HPQM loadings

Compound with anti-bactenal agent content (phr)

Properties MNeat Silicone HPQM
Rubber
5 10 15

90% Cure time (min:sec) 2:20 2:56 2:41 3:18
Delta torque (dh/m) 53.08 50.37 48.06 47.79
Maximum torque (dMN/m) 60.54 58.36 55.79 54 44
Minimum torque (dN/m) 7.46 7.99 7.73 6.65
*Crosslink density (=10 mole/cm?) 294 297 321 3.20
*Crosslink density of aging sample 298 3.33 3.45 3.60

21 days (=10 mole /cm?)

*Crosslink density of sample was calculated by Flony-Rehner equation

John Wiley & Sons
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Table 2 Lightness changes for silicone rubber vulcanizates with HPQM loadings and UV
aging times

Lightness (L*)

Compound UV Aging (day)
MNon aging
1 3 5 7 14 21
Neat Silicone Rubber 46.66 46.94 4754 47.86 48.17 48.23 48.80
5 54.25 53.32 51.14 50.70 48.39 47.90 45.42
£
Silicone Rubber =4 65.61 57.47 54.21 53.03 49.88 48.72 4537
wihHPQM £
o
o
15 66.73 57.62 53.00 49.95 47.82 4765 4310
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Table 3 Contact angle values for silicone rubbers filled with HPQM at 15 phr with and
without UV aging
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Table 4 Cure time, delta torque and crosslink density for silicone rubber vulcanizates with
different peroxide loadings

©CoOo~NOOOA,WNE

10 Compound with HPQM 10 phr with peroxide (phr)
11 Properties

0.5 1.0 1.5

16 Cure time (min:sec) 4:52 3:59 2:60

19 Delta torque (dN/m) 43.79 48.47 56.27

22 *Crosslink density
23 (=10 mole/cm?) 3.45 3.7 3.96

26 *Crosslink density of sample was calculated by Flory-Rehner equation

John Wiley & Sons
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ABSTRACT: Improvement in rubber—filler interaction is
desirable for rubber technologists due to its influence on
numerous properties of rubber compounds and vulcani-
zates. In practice, there are coupling agents commercially
available for the improvement of silica—rubber interaction.
Surprisingly, only a limited number of works have been
focused on interaction enhancement between carbon black
(CB) and rubber. Thus, in the research presented in this
article, attempts to improve interaction between ethylene—
propylene rubber (EPM) and carbon black (CB) have been
made by the use of either p-phenylene diamine (p-PDA) or
N-tert-butyl-2-benzothiazole sulfenamide (TBBS) as an
interaction modifier. Bound rubber content (BRC), used as
an indicator for rubber—filler interaction and viscoelastic
behavior of CB masterbatches and CB-filled EPM com-
pounds were investigated and correlated. Results from the
measurement of BRC in the CB masterbatches revealed

that p-PDA was more effective in the enhancement of rub-
ber-CB interaction than TBBS. Such improved interaction
led to a decrease in magnitude of CB percolation (Payne
effect). In respect of viscoelastic behavior, the interaction
modifiers affected G’ only in the small strain region (<1%
strain) by slightly raising the value of G'. However, as
strain was increased (>1%), G’ for all compounds was
coincident implying a disruption of weak interaction
between CB and rubber. In the case of EPM vulcanizates,
p-PDA yielded greater enhancement in mechanical proper-
ties than TBBS. The results of BRC, viscoelastic behavior,
and mechanical properties were apparently in good agree-
ment. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 126: E315-
E321, 2012

Key words: rubber—filler interaction; carbon black; bound
rubber; viscoelastic behavior; EPM

INTRODUCTION

Dynamic mechanical properties of rubber are known
to be important in numerous engineering products
including tires and vibration isolators. To achieve
good dynamic properties with low hysteresis, a
high-elastic contribution is required and viscoelastic
effects had to be minimized." Practically, the rein-
forcing fillers particularly carbon black (CB) and pre-
cipitated silica (PSi) are incorporated into rubber to
enhance mechanical properties of the vulcanizates.
However, with poor rubber—filler interaction, molec-
ular slippage of the rubber molecules can take place
at the filler surfaces leading to a viscous contribution
and thus to heat build-up (HBU).> Fortunately, in
PSifilled systems, enhancement of rubber-PSi inter-

Correspondence to: C. Sirisinha (sccsr@mahidol.ac.th).

Journal of Applied Polymer Science, Vol. 126, E315-E321 (2012)
© 2012 Wiley Periodicals, Inc.

action is practically achieved by the use of a silane
coupling agent (SCA). Typically, the SCA is com-
posed of two functionally active end groups, i.e., the
readily hydrolysable alkoxy group for reacting
chemically with the silanol groups on silica surfaces
and the organo-functional group for being compati-
ble with rubbers. By this means, the strong chemical
linkages between silica and rubber are developed,
resulting in a decrease in molecular slippage at the
silica surfaces. For CB, its surface reactivity comes
mainly from the oxygen-contained functional groups
including ketone, aldehyde, and hydroxyl, which
provide interaction between CB and the rubber
matrix.’ In general, the interaction between CB and
rubber takes place through Van der Waals forces,
which are weaker than the covalent bonds found in
silane-treated silica systems. Molecular slippage of
rubber molecules at CB surfaces can therefore easily
take place, especially at high strains. The energy dis-
sipation process occurring from such slippage leads
to the development of heat under cyclic deformation,
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which is undesirable. This is usually termed heat
build-up (HBU). Attempts to improve interaction
between CB and rubber have been carried out using
various approaches such as modification of CB sur-
face* or rubber matrix’ and synthesis of coupling
agent.®” Some published work has reported that CB
dispersion can be enhanced by grafting polymers
onto CB surfaces via polycondensation reaction to
produce functionalized CB.*'* In addition, it has
been shown that the CB surface oxidation by oxygen
plasma or oxidizing agents to generate the oxygen-
containing functional groups on CB surfaces pro-
motes their reactivity."* However, these techniques
are not yet practical due to the complication in treat-
ment conditions and therefore the solid-state modifi-
cation of CB surfaces or in situ method has gained
interest recently. For example, CB modification based
on the radicals generated from the rubber matrix as a
result of mechanical force has been reported.'”"”
In addition, some amine-based reagents, including
p-aminobenzenesulfonyl azide and dinitrosodiamine,
have been found to provide CB-rubber interaction
enhancement via a coupling reaction.*'® Thus, the
aim of the research described in this article is to
improve interaction between ethylene—propylene rub-
ber and carbon black by the use of maleic anhydride
grafted liquid polybutadiene (Ricon 130MAS) in asso-
ciation with either p-phenylene diamine (p-PDA) or
N-tert-butyl-2-benzothiazole sulfenamide (TBBS). It is
anticipated that the rubber-carbon black interaction
to be developed in the present work is the result of
interactions among amine groups of p-PDA or TBBS,
active functional group on carbon black surfaces (e.g.,
lactone, aldehyde, and carboxyl groups), maleic anhy-
dride (MA) groups of Ricon130MA8 and an EPM
matrix. Bound rubber content (BRC, as an indication of
rubber—filler interaction) and viscoelastic behavior of
rubber compounds were investigated and correlated.

EXPERIMENTAL
Materials

All mixing ingredients were used as-received. Ethyl-
ene—propylene rubber (EPM, Keltan 520 with 60%
ethylene content) was supplied by DSM elastomers
Asia, The East Asiatic (Thailand), Thailand. The
N330 carbon black was manufactured from Thai
Carbon Products, Thailand. Functionalized liquid
polybutadiene (Ricon 130MAS8) was purchased from
Chemical Innovation, Thailand. As claimed by the
manufacturer, there is 8% maleic anhydride adducted,
20-35% 1, 2 vinyl content and 3,100 g/mol number-
average molecular weight. The N-tert-butyl-2-benzo-
thiazole sulfenamide (Santocure-TBBS) was purchased
from Reliance Technochem (Flexsys), Thailand. The
p-phenylene diamine (p-PDA) was purchased from

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Chemical structures of: (a) Ricon130MAS, (b)
p-PDA, and (c) TBBS.

Sigma-Aldrich, India. Dicumyl peroxide 40% dis-
persed in kaolin (Luperox DC40KE) was received
from Akema, India. Chemical structures of Ric-
onl130MAS, p-PDA, and TBBS are shown in Figure 1.

Compound preparation

The preparation procedure of EPM compounds was
carried out using a two-stage mixing process and com-
pound formulations are illustrated in Table I. Mixing
was performed using a laboratory-scale internal mixer
(Brabender Plasticorder, Germany) at a rotor speed, set
temperature and fill factor of 40 rpm, 140°C and 0.7,
respectively. In the first stage, 100 phr CB was mixed
with pre-masticated EPM for 4 min followed by the
addition of 50 phr Ricon 130MAS8. The mixing was con-
tinued for 5 min and then various constituents, ranging
from 0 to 0.20 phr, of either p-PDA or TBBS were added
and mixed further until 15 min of mixing time had
elapsed. The mix was discharged from the mixing
chamber and denoted as “CB masterbatch (CB-M/B).” In
the second stage of mixing, the CB-M/B was diluted
with raw EPM to achieve final CB loading of 45 phr.
The mixing was performed at a mixing temperature of
60°C for 2 min. Finally, Luperox DC40KE was added
into the compound 3 min prior to being discharged. The
mix was then sheeted on a two-roll mill (Collin W100T,
Germany) and denoted as “EPM compound.” It had to
be noted that during the experiment, a wide range of p-
PDA loadings were used, but the maximum loading of
p-PDA to be used in this work was 0.2 phr. The EPM
compounds with higher p-PDA loadings above 0.2 phr
were carried out, but found to have encountered cure
suppression phenomenon, which was caused by the ex-
cessive amine group acting as a radical scavenger dur-
ing the peroxide vulcanization process."”

Testing of rubber compounds

The determination of BRC was based on the dissolu-
tion technique. The preweighed rubber compounds
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TABLE 1
Compound Formulations

Materials Loading (phr)

Carbon black masterbatches (CB-M/B)

EPM (Keltan 520) 100
CB N330 100
Ricon 130MA8 50
p-PDA 0-0.20
TBBS 0-0.20
EPM compounds

EPM (Keltan 520) 55
CB-M/B 112.5
Luperox DC40KE 5

were immersed in toluene, an appropriate solvent
for EPM, to dissolve the unbound rubber. The disso-
lution was carried out at the temperature of 85°C
for 1 day. The insoluble part was then filtered and
dried overnight at 70°C prior to weighing. There-
after, the rubber content in the insoluble part was
measured using a thermogravimetric analyzer (TGA,
Mettler SDTA851) over a temperature range of 40-
600°C at a heating rate of 20°C/min. The value of
BRC was calculated using eq. (1).°

BRC(%) = WdR_ F 100 1)

where W, was the weight of the dried gel.

F was the weight of the filler in the gel (same as
weight of the filler in the original sample) and R was
the weight of the polymer in the original sample.

Viscoelastic behavior of compounds was moni-
tored by the use of an oscillatory rheometer, namely,
Rubber Process Analyzer (RPA2000, Alpha Technol-
ogy). Strain and frequency sweep tests were con-
ducted by varying strain from 0.5 to 1000% at a test
frequency of 10 rad/s and by varying frequency
from 0.1 to 100 rad/s at a given strain of 1% (within
the linear viscoelastic region), respectively. The
dynamic storage moduli (G') as functions of strain
and angular frequency at 100°C were then recorded.
The difference in storage moduli at low and high
strains (AG'), termed the “Payne effect,” is used to
represent the degree of filler—filler interaction.*

Cure characteristics were determined using a
moving die rheometer (TechPro RheoTech MD+) at
160°C. The torque difference (My—M;) was used to
represent the crosslink density of the vulcanizates.

Mechanical properties of rubber vulcanizates
measured in this work include hardness and tensile
properties, and dynamic loss. The tensile test was
conducted using a universal testing machine (Instron
model 5566, USA). Tensile strength, elongation at
break, and modulus at 100% strain (M;qy) were
determined as per ASTM D412. The hardness was
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determined according to ASTM D2240 using a Wal-
lace Shore A durometer (Wallace Cogenix, UK).

RESULTS AND DISCUSSION
Bound rubber content

Typically, the degree of interaction between filler
and rubber could be quantified by a measure of
BRC.*** Higher BRC implies the greater interaction
between rubber (i.e., EPM in this case) and CB.
Figure 2 reveals that, with increasing p-PDA based
modifier, BRC of the CB-M/B tends to increase con-
tinuously. The results imply that the development of
rubber-CB interaction could be enhanced by the
addition of p-PDA. Probably, the amine groups of
p-PDA could act as connections between maleic
anhydride (MA) group of Riconl30MAS8 and the
functional groups (e.g., lactone, carboxylic, or
hydroxyl groups) on the carbon black surface. Since
the number of active groups on a CB surface is
reported to be relatively small (e.g., 1-2% active oxy-
gen in furnace blacks),”* the magnitude of a BRC in-
crement is not very high. Unlike p-PDA, TBBS does
not appear to significantly alter BRC. The greater
rubber—filler enhancement efficiency of p-PDA might
be caused by the relatively low magnitude of steric
hindrance leading to the relatively high opportunity
for amine groups to react with active sites on CB
surfaces (e.g., lactone, aldehyde, and carboxyl
groups) and MA groups of Ricon 130MAS.

Figure 3 represents the BRC results of the EPM
compounds prepared by diluting the modified CB-
M/B with virgin EPM. It is evident that, at any
given modifier loading, BRC of the EPM compounds
is slightly higher than that of the CB-M/B. Such
additional interaction found in the EPM compounds
might be attributed to the free radicals generated
during the mixing process. Also, the interaction
developed from such radicals in a large EPM matrix
might govern the total magnitude of bound rubber
formation in the EPM compounds. It is evident that

Figure 2 Bound rubber content (BRC) of carbon black
masterbatches (CB-M/B) modified with various loadings
of p-PDA and TBBS.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Bound rubber content (BRC) of EPM com-
pounds modified with various loadings of p-PDA and
TBBS.

the BRC of the EPM compounds increases progres-
sively with increasing loading of the modifiers,
regardless of modifier type.

Viscoelastic behavior

Figures 4(a) and 4(b) show viscoelastic behavior of
the CB-M/B modified with various loadings of
p-PDA and TBBS, respectively. It is evident that
there is no torque rise with time indicating no sign
of crosslink development by the incorporation of
p-PDA or TBBS into the CB-M/B. In other words,
the increase in BRC by the use of interaction modi-
fier as reported previously appears not to be caused
by the scorch phenomenon of the CB-M/B. How-
ever, it could be that the thermal degradation gives

Figure 4 Viscoelastic behavior of carbon black master-
batches (CB-M/B) modified with various loadings of: (a)
p-PDA and (b) TBBS.
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Figure 5 Viscoelastic behavior of carbon black master-
batches (CB-M/B) modified with 0.16 phr of p-PDA and
TBBS prepared at 140 and 60°C.

rise to the misleading torque results observed. To
clarify this point, the modification process tempera-
ture was reduced from 140 to 60°C, so that the ther-
mal degradation effect could be minimized. Accord-
ing to the Arrhenius concept, the systems with no
thermal degradation should demonstrate relatively
high bulk viscosity due to the minimal magnitude of
thermal degradation. As shown in Figure 5, the sys-
tem prepared at the high temperature of 140°C still
revealed higher torque than that at 60°C, supporting
the development of rubber—filler interaction at high
temperature.

Figure 6 exhibits the results of strain-dependent
modulus (AG’) which is an indication of the Payne
effect of the CB-M/B modified with different modi-
fiers. As reported elsewhere, the decrease in magni-
tude of AG’ is used as an implication of reduction in
fillerfiller interaction and thus CB percolation. Such
AG' reduction would then lead to an improvement
in filler dispersion degree.”’* Thus, as evidenced
from Figure 6, both modifiers gave decreasing in
AG' of the CB-M/B implying the enhancement in the
degree of filler dispersion. The magnitude of AG’
tended to decrease with increasing modifier loading
and approached the minimum at 0.12 and 0.16 phr
of p-PDA and TBBS, respectively. The results imply

Figure 6 Magnitude of the Payne effect of carbon black
masterbatches (CB-M/B) influenced by either p-PDA or
TBBS.
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Figure 7 Strain sweep test results of the EPM com-
pounds with various loadings of (a) p-PDA or (b) TBBS as
interaction modifier.

that the presence of p-PDA or TBBS in the carbon
black-filled EPM could enhance the degree of CB
dispersion to some extent. However, in the case of
the EPM compounds where the modified CB-M/B
was diluted by raw EPM, it is evident from Figure 7
that only a slight increase in G’ was observed, spe-
cifically in the small strain region (<1%). Beyond
this point, G’ for all compounds is coincident. The
drop in G’ at high strain is probably caused by the
disruption of filler network and/or filler-rubber
interaction.’®*” The similarity in G’ results of the
EPM compounds regardless of modifier type is in
good agreement with the BRC results as shown pre-
viously in Figure 3.

Figure 8 illustrates cure behavior of the EPM com-
pounds with various contents of p-PDA or TBBS as
interaction modifiers. It appears that no significant
change in cure behavior was observed in the pres-
ence of p-PDA and TBBS. An exception was found
in the cure curve of the compound having 0.2 phr of
p-PDA as a modifier, in which the torque rise is
greater than the others. In fact, at high loading of
p-PDA, larger amounts of amine groups are avail-
able to react with MA group in Ricon130MAS. It is
widely accepted that the MA group is a very reac-
tive group which could react rapidly with perox-
ide”®* and thus the presence of MA in rubber mole-
cule could retard the peroxide vulcanization. At 0.2
phr of p-PDA, it is thought that all of the MA
groups in Ricon130MAS8 might fully be reacted with
amine groups. More free radicals from peroxide
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Figure 8 Cure behavior of EPM compounds modified
with various loadings of: (a) p-PDA and (b) TBBS.

were therefore available for crosslink reaction partic-
ularly in the Ricon130MAS8 phase leading to greater
state-of-cure. At low loadings of p-PDA, some MA
groups were still available in the Ricon130MAS result-
ing in a relatively low degree of crosslink density in
the Ricon130MAS phase. The cure curve characteristics
were thus mainly controlled by the crosslink of the
EPM phase. No significant change in cure curve char-
acteristics was therefore observed. A similar explana-
tion is also applied to the TBBS. As TBBS has only one
groups of amine per molecule, it is believed that
0.2 phr of TBBS was not enough to fully remove the
MA groups in Ricon130MAS phase. No significant dif-
ference in cure curve was therefore observed.

To support the proposed explanation of cure
behavior affected by interaction modifiers, the cure
characteristics of the following systems were

Figure 9 Cure behavior affected by interaction modifiers.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Comparison of Mechanical Properties of EPM Vulcanizates with Various Loadings of p-PDA or TBBS
as Interaction Modifiers

Loading (phr) TS (MPa) EB (%) Mo (MPa) Hardness (Sh A)
Control 0.00 3.73 £ 0.64 3425 = 129 1.64 = 0.01 62.1 = 1.0
p-PDA 0.08 5.36 £ 0.27 4119 = 155 1.61 = 0.02 61.6 = 04
0.12 4.99 + 0.05 3723 = 8.8 1.71 = 0.02 62.8 = 0.5
0.16 6.31 £ 0.14 429.1 = 11.7 1.63 = 0.01 63.1 = 0.7
0.20 7.17 = 0.09 429.0 = 10.9 1.73 = 0.01 65.2 = 0.7
TBBS 0.08 4.99 = 047 380.7 = 12.7 1.61 = 0.01 63.6 =09
0.12 5.00 = 0.44 380.5 = 19.7 1.57 = 0.01 62.3 £ 0.5
0.16 5.04 = 0.15 393.6 = 9.7 1.57 = 0.02 623 = 0.7
0.20 4.88 = 0.20 403.9 = 10.0 1.48 = 0.03 627 =13

measured: System (I) containing EPM with unmodi-
fied CB; System (II) having EPM with CB and Ric-
on130MAS; System (IlI) containing EPM with CB,
Ricon130MAS8 and p-PDA; System (IV) having EPM
with CB, Ricon130MAS, and TBBS. As illustrated in
Figure 9, the System (I) as a control system exhibited
the highest state-of-cure. By the presence of Ric-
onl30MAS, the state-of-cure observed in System (II)
reduced drastically, implying the cure retardation
phenomenon of EPM matrix by the Ricon130MAS.
The incorporation of p-PDA could reduce the magni-
tude of the cure retardation phenomenon (see System
III). Unlike p-PDA, the TBBS does not appear to have
given any significant change in magnitude of cure re-
tardation. All results agreed very well with the cure
behavior as discussed previously in Figure 8.

Mechanical properties of EPM vulcanizate

Table II depicts the mechanical properties of the
EPM vulcanizates modified with various types and
loadings of interaction modifiers. It is evident that
all mechanical properties, especially tensile strength
and elongation at break, increased significantly with
increasing p-PDA content. Since the addition of
p-PDA up to 0.16 phr caused no significant change
in crosslink density (as evidenced from the cure
curve characteristics), it could be summarized that
the enhancement in mechanical properties found in
the system with p-PDA was mainly the result of
improvements in rubber—filler interaction and degree
of filler dispersion rather than the increased cross-
link density. However, the greatest improvement in
the mechanical properties found at 0.2 phr of p-PDA
may have arose from the combined effects of the
enhanced filler dispersion, the improved rubber—
filler interaction and the increased crosslink density,
particularly the co-crosslink between Ricon130MAS
and EPM phases. Unlike p-PDA, the presence of
TBBS gave a significant improvement in elongation
at break in association with a slight enhancement in
tensile strength. As TBBS had no significant effect
on crosslink density, the improvement in tensile

Journal of Applied Polymer Science DOI 10.1002/app

strength might be attributed to the improved filler
dispersion and the enhancement of rubber—filler
interaction. Surprisingly, the modulus of the vulcani-
zate was found to reduce with increasing TBBS con-
tent. The reduction of modulus is thought to be the
consequence of improved filler dispersion which
dominates the small improvement of rubber—filler
interaction found when TBBS is used as a modifier.

CONCLUSION

The attempt to develop interaction between ethyl-
ene-propylene rubber (EPM) and carbon black (CB)
as reinforcing filler was conducted by the use of
either p-PDA or TBBS as interaction modifiers.

Results of the CB-M/B suggest that BRC as an in-
dication of rubber—CB interaction was increased
with increasing loading of the interaction modifiers,
especially p-PDA. Magnitude of the Payne effect
decreased with the increased loading of p-PDA
which was in line with the BRC data. The enhance-
ments in mechanical properties particularly tensile
strength and elongation at break of EPM vulcanizates
modified with p-PDA were observed. Compared with
p-PDA, TBBS has a lesser effect on the mechanical
properties of the vulcanizates. Such enhancements
were mainly governed by the improved interaction
between CB and the EPM matrix.

The authors thank the Thailand Research Fund (TRF Research
Senior Scholar; RTA5280008), the Center of Excellence for
Innovation in Chemistry (PERCH-CIC) and the National
Research University Program by Office of Higher Education
Commission for financial support throughout this study.

References

1. Leopoldes, J.; Barres, C.; Leblanc, J. L.; Georget, P. ] Appl
Polym Sci 2004, 91, 577.

2. Choi, S S. ] Ind Eng Chem 2001, 7, 389.

3. Bandyopadhyay, S.; De, P. P.; Tripathy, D. K.; De, S. K. ] Appl
Polym Sci 1995, 58, 719.

4. Ganguly, S.; Bhattacharya, P.; Banerjee, A. N. Indian ] Chem
Tech 2005, 12, 695.

5. Shanmugharaj, A. M.; Kim, J. K;; Ryu, S. H. Appl Surf Sci
2006, 252, 5714.



RUBBER-CARBON BLACK INTERACTION

10.

11.
12.
13.
14.
15.
16.
17.

. Gonzalez, L.; Rodrfguez, A.; De Benito, J. L.; Marcos, A. Rub-

ber Chem Tech 1996, 69, 266.

. Klasek, A.; Spacek, J.; Curik, R.; Kafka, S. ] Appl Polym Sci

1996, 61, 1137.

. Takamura, M.; Yamauchi, T., Tsubokawa, N. React Funct

Polym 2008, 68, 1113.

. Hayashi, S.; Naitoh, A.; Machida, S.; Okazaki, M.; Maruyama,

K.; Tsubokawa, N. Appl Organomet Chem 1998, 12, 743.
Tsubokawa, N.; Hosoya, M.; Kurumada, J. React Funct Polym
1995, 27, 75.

Tsubokawa, N.; Kobayashi, K.; Sone, Y. Polym Bull 1987, 17, 87.
Chakraborty, S.; Ganguly, S. Rubber World 2003, 38.

Xu, H;; Han, J.; Fang, L.; Shen, F.; Wu, C. Polym Bull 2007, 58, 951.
Park, S. J.; Cho, K’ S,; Ryu, S K. Carbon 2003, 41, 1437.

Dai, S.; Ao, G.; Kim, M S. ] Ind Eng Chem 2007, 13, 1162.

Xu, H; Li, B.; Wu, C.; Polym ] 2006, 38, 807.

Li, Q; Yu N.; Qiu, Z.; Zhou, X.; Wu, C. F. Colloid Surf A
2008, 317, 87.

18.
19.

20.
21.
22.
23.
24.
25.

26.
27.

28.
29.

E321

Hatanaka, T.; Takeshita, M. US Patent 4,764,547, 1988.
Sirisinha, C., Phoowakeereewiwat, S., Saeoui, P. Eur Polym J,
2004, 40, 1779.

Hu, H.; Han, J.; Fang, L.; Shen, F.; Wu, C. Polym Bull 2007,
58, 951.

Reuvekamp, L. A. E. M,; Brinke, J. W. T.; Swaaij, P. J. V.;
Noordermeer, J. W. M. Rubber Chem Tech 2002, 75, 187.
Sae-Oui, P.; Sirisinha, C.; Thepsuwan, U.; Hatthapanit, K. Eur
Polym ] 2006, 42, 479.

Rigbi, Z. Adv Polym Sci 1980, 36, 21.

Parkinson, D. ] Appl Phys 1951, 273, 273.

Sae-Oui, P.; Sirisinha, C.; Hatthapanit, K.; Phewthongin, N.
J Appl Polym Sci 2008, 107, 2638.

Donnet, J. B.; Vidal, A. Adv Polym Sci 1986, 76, 103.
Wongwitthayakool, P.; Sirisinha, C.; Sae-Oui, P. KGK-Kaut
Gummi Kunst 2010, 63, 506.

Oostenbrink, A. J.; Gaymans, R. J. Polymer 1992, 33, 3086.
Ghaemy, M.; Roohina, S. Iran Polym ] 2003, 12, 21.

Journal of Applied Polymer Science DOI 10.1002/app



Journal of Vinyl and Additive Technology

Cure Behavior and Antimicrobial Performance of Sulfur-
Cured NR Vulcanizates Containing 2-Hydroxypropyl-3-
Piperazinyl-Quinoline Carboxylic Acid Methacrylate or Silver
Substituted Zeolite

Journal: | Journal of Vinyl and Additive Technology

Manuscript ID: | VNL-11-050.R1

Wiley - Manuscript type: | Research Article

Date Submitted by the Author: | n/a

Complete List of Authors: | Jai-eau, Kanisorn; KMUTT, School of Energy, Environment and Materials
Wimolmala, Ekachai; KMUTT, School of Energy, Environment and Materials
Sombatsompop, Narongrit; King Mongkut's University of Technology
Thonburi (KMUTT), School of Energy, Environment and Materials

Keywords: | Natural rubber, Curing system, Anti-bacterial performance, Crosslinking

John Wiley & Sons




Page 1 of 33 Journal of Vinyl and Additive Technology

Cure Behavior and Antimicrobial Performance of Sulfur-Cured NR
Vulcanizates Containing 2-Hydroxypropyl-3-Piperazinyl-Quinoline Carboxylic
Acid Methacrylate or Silver Substituted Zeolite

©CoOo~NOOOA,WNE

[l S e
WN RO

Kanisorn Jai-eau, Ekachai Wimolmala, Narongrit Sombatsompop*

Polymer Processing and Flow (P-PROF) Group,

[Nl
~No o

Division of Material Technology,

=
(0]

School of Energy, Environment and Materials,
King Mongkut’s University of Technology Thonburi (KMUTT),
Bangmod, Bangkok 10140, Thailand.

WWWWWWWWNNNNNNNNNDNE
~NO O PR WNRPOOONOOOUIA,WNE OO

w W
© 00

*To whom correspondence should be addressed (N Sombatsompop)

HOD
= O

Email: narongrit.som@kmutt.ac.th

Tel: (662) 470-8645 Fax: (662) 470-8647

oo abhbdbbdADdDDDNDD
QUOWONOURARWNRPFPOOONOOODOP~MWN

John Wiley & Sons Jai-eau et al



©CoOo~NOOO,WNE

U OO AR DIMDAEBRMDIMDIEDAEDNWWWWWWWWWWNNNNNNNNNNRPRERREPERPRPERPRERER
QUOWONOUIAWNRPFPOOONOODUPRARWNPFPOOONOUOOPRRWNRPOOO~NOUOIRARWNRPRPOOO~NOUORWNEO

Journal of Vinyl and Additive Technology

Abstract

This work used 2-hydroxypropyl-3-piperazinyl-quinoline carboxylic acid methacrylate
(HPQM) or silver substituted zeolite (SSZ) as an antibacterial agent for improving the
antibacterial performance of natural rubber (NR) compounds vulcanized by conventional
vulcanization (CV), semi-efficient vulcanization (Semi-EV) and efficient vulcanization (EV)
systems. The cure behavior and anti-bacterial performance for the NR vulcanizates were
studied by varying loadings of HPQM or SSZ, contact times and vulcanization systems. The
antibacterial performance for the rubber compounds was examined by Halo test and Plate-
Count-Agar (PCA) methods against Escherichia coli (E.coli, ATCC 25922) and
Staphylococcus aureus (S.aureus, ATCC 25923) as the testing bacteria. It was found that
the cure time and crosslink density were dependent on the vulcanization recipe used, but were
not affected by the addition of HPQM or SSZ agent. Diphenylguanidine (DPG) at 1.0 phr in
the NR vulcanizates by the EV system had the ability to kill the E. coli and S. aureus
bacteria. The NR vulcanizate by CV system showed the most pronounced anti-bacterial
performance, as compared with the other two vulcanization systems, via migration and
diffusion processes of HPQM or SSZ agent onto the NR surfaces, this being identified by the
relatively high reduction of contact angle values. It was found in this work that HPQM
showed the most preference for NR compounds with the CV system with the contact time of
120 min or longer to achieve bacteria killing efficacy of 99.0-99.9%, the efficacy being more

effective for E.coli bacteria.

Key words: Natural rubber, Curing system, Anti-bacterial performance, Crosslinking.
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Introduction

Natural rubber (NR) is a linear polymer of an unsaturated isoprene, and primarily obtained
from the Hevea brasiliensis tree, and is used extensively in many applications and products,
such as, rubber bands, tires, conveyor belts, football bladders, and rubber tubes. In house-
ware applications, natural rubber is used for making children’s toys, gloves, stationary and
kitchen equipment. Since the natural rubber consists of protein, amino acid, carbohydrate and
fat [1] some bacteria are able to grow in it. Most species of bacteria can be classified into two
categories, gram positive and gram negative bacteria, based on their responses to a laboratory
technique, and the most common harmful bacterial diseases are respiratory infections [2-3].
In this respect, the bacterial contaminations are of main concern in natural rubber products,
especially when used in contact with humans. The addition of antimicrobial agents into the
rubber products is one of the preferred methods to prevent the natural rubber products from

microbial contaminations.

Antibacterial agents that are widely used include heavy metals, metal oxide, nano-materials
and organic substances. Silver metal is one of the widely used antibacterial metals for quite
some time. The antibacterial performance of silver is dependent on the silver ion (Ag'),
which usually interacts with the available sulfur, oxygen or nitrogen in bio-molecules to
inactivate the bacteria [4-5]. Another form of silver that exhibits an excellent antibacterial
activity is silver substituted zeolite (SSZ) [6]. The antibacterial mechanism of SSZ occurs
when contacting with moisture or liquid to initiate ion exchange and producing silver ion
attached to the bacteria [7-8]. The antibacterial efficiency also depends on the categories and
structures of bacteria. Another widely used anti-bacterial agent is 2-hydroxypropyl-3-

piperazinyl-quinoline carboxylic acid methacrylate (HPQM) which is an organic substance
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containing multi-functional groups to prevent the growth of bacteria by inhibiting cell wall or

DNA synthesis in the rubber products [9].

Based on available evidences for natural rubber research [10-14], most studies aim to
improve the properties of natural rubber compounds by focusing on physical, mechanical,
thermal and stability properties in various forms of natural rubbers, such as homopolymers,
blends and thermoplastic elastomers, coated rubber substrates, but very rarely give concern to
the anti-bacterial properties. The natural rubber products can be value-added if they have
abilities to prevent the bacterial growth. Recent works [8, 15-23] have indicated that silver
ions and HPQM have been given attentions and used for preventing the bacteria growth in
rubbers and their blends. Bakar et al. [15] studied the effect of silver nanoparticles added
with natural rubber latex prepared by latex-salt mixing and casting on a microscope glass
substrate, and found a formation of silver nanoparticles in the natural rubber film at the
interface area of the rubber particles. They also found that protein was necessary for
stabilization of the silver nano-particles in the natural rubber. Lever et al. [8, 23] studied the
antibacterial activity of natural rubber added with Ag’ based zeolite (Zeomic) against
S. aureus and K. pneumoniae. It was found that the natural rubber added with Zeomic could
not kill S. aureus whereas K. pneumonia decreased when adding Zeomic agent. Kaali et al.
[16] reported the anti-bacterial properties of polyurethane and silicone rubber products with
addition of Ag” based zeolite against S. aureus and P. aeruginosa bacteria, which was found
to improve with increasing the loading of Ag" based zeolite. The addition of silver particles
and HPQM could also give the antibacterial effect in plastics, such as polypropylene [17],

polycarbolatone [18] polyethylene [19-20], polyamide [21], and poly(lactic acid) [22].
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It has been widely known that the properties of natural rubber compounds are very much
dependent on their curing characteristics since it has been widely known that the rubbers can
be vulcanized in different ways [24]. These are mainly referred to type and degree of
crosslinkings in the rubber products (i.e., products with sulfur or non-sulfur cure, and with
different crosslink densities). Based on the existing literatures [8, 15-23], none of the
published evidence has studied the effect of curing characteristics on the anti-bacterial
activities of mnatural rubber compounds. Therefore, a relationship between curing
characteristics and antibacterial properties of natural rubber filled with selected anti-bacterial
agents was established for the first time in this work. The HPQM and SSZ with various
loadings added into the natural rubber compounds with different vulcanization systems were
prepared and their antibacterial performance was examined. Halo and Plate-Count-Agar
(PCA) methods were selected as qualitative and quantitative measurements against E. coli
and S. aureus bacteria. The surface analysis on the rubber compounds before and after anti-
bacterial agent loading was investigated by contact angle technique in order to substantiate

the antibacterial activity results.
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Experimental

Materials and chemicals

Natural Rubber (Standard Thai Rubber, STR-5L, supplied by PI Industry Co., Ltd., Bangkok,
Thailand) was used as polymeric matrix, and zinc oxide (ZnO) (supplied by Thai Lysaght
Co., Ltd., Bangkok, Thailand) and stearic acid (supplied by Imperial Industry Co., Ltd.,
Thailand) were used as activators. Mercaptoben zothaiazole (MBT), supplied by Zeon
Advanced Polymix Co., Ltd., (Bangkok, Thailand) and diphenyl guanidine (DPG), supplied
by Siam Chemi Co., Ltd., (Bangkok, Thailand) were used as accelerators. Sulfur, supplied by
Zeon Advanced Polymix Co., Ltd., (Bangkok, Thailand) was used as main curing agent.
Silver substituted zeolite (designated as SSZ and supplied by Yamamoto Trading Co., Ltd.,
Bangkok, Thailand) and 2-hydroxypropyl-3-piperazinyl-quinoline carboxylic acid
methacrylate (designated as HPQM and supplied by Koventure Co., Ltd, Bangkok, Thailand)
were used as anti-bacterial agents, the chemical structure of HPQM being given in Scheme 1.
The testing bacteria used in this work were Escherichia coli (ATCC 25922) and
Staphylococcus aureus (ATCC 25923). E.coli is one of the major causes for severe anemia,
kidney failure, while S.aureus causes nosocomial infections, pyoarthritis, endocarditis and

other disorders.

Preparation of natural rubber test-pieces

The natural rubber (NR) compounds were vulcanized in three different systems; namely:
conventional vulcanization (CV), semi-efficient vulcanization (Semi-EV) and efficient
vulcanization (EV) whose chemical formulations and quantities are given in Table 1. The NR
test-pieces were prepared through mastication, compounding and vulcanization processes.
The natural rubber was first masticated on a laboratory two roll mill (Yong Fong Machinary

Co., Ltd., Thailand) for 5 min, before compounded with zinc oxide, stearic acid, MBT, DPG
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and sulfur for another 25 min. Then the rubber was compounded with an anti-bacterial agent
and continued mixing on the two-roll mill for another 5 min. The total times for masticating
and compounding the rubber with the required chemicals were 35 min and this was the same
for all vulcanization systems. In vulcanization process, the rubber compounds were then
compression-molded using a hydraulic press (LAB TECH Co., Ltd., Bangkok, Thailand) at
pressure of 180 kg/cm® with a cure temperature of 160°% to produce vulcanized natural
rubber. The cure time used for completion of the vulcanization process used the time for 90%

cure which was determined by an Oscillating Disk Rheometer (ODR).

Cure characteristics and crosslink density

The mixing torque difference and cure time 90% (t.90) of the natural rubber compounds for
each vulcanization system were determined using an ODR (Model ODR GT 7070-S2,
GOTECH Testing Machine, Inc., Taiwan) at a test temperature of 160°C. This temperature
was the same as used for vulcanizing the rubber compounds as stated earlier. The
determinations of the crosslink density for the vulcanized natural rubbers were carried out

through the Flory-Rehner model whose calculations are expressed as Eqn. 1. [25]

T -
L= (Eqn. 1)

SWELL ' f l

—In{1 —V)I—V —vV2 =2Vn__
A T T Fo -

where v is the moles of crosslinks per unit volume of polymer, 1, is the volume fraction of
polymer in the swollen sample, ¥ is the molar volume of the solvent and %, is the volume
fraction of polymer at the time of crosslinking. The 17, term is used to correct for material that

is extracted by the solvent. ¥ is the rubber-solvent interaction parameter (0.3795 in this case).
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Antibacterial performance

The anti-microbial performance for the natural rubber compounds was studied by both
qualitative and quantitative aspects, these being referred to as Halo test and Plate-Count-Agar
(PCA) methods, respectively. The Halo test was used as qualitative assessment of anti-
bacterial activity and initiated by mixing the nutrient agar and the nutrient broth in ratio 1:1
and incubated testing bacterial solution (ODgyy = 0.1) onto sterilized Petri dishes. The
vulcanized rubber samples, which were cut into disc form of 6 mm in diameter, with and
without antibacterial agents, were gently placed over solidified agar. The Petri dishes were
then incubated at 37°C for 24 hr before investigating and measuring the inhibition

dimensions.

Plate-Count-Agar (PCA) method is regarded as quantitative assessment of bacterial reduction
and this work followed the ASTM E 2149 (2001) standard test. Nutrient broth was used as a
growing medium of E. coli and S. aureus bacteria in overnight inoculums. After that it was
diluted by peptone solution and cultivated bacteria 5 ml shaken on a reciprocal shaker at the
speed of 100 rpm at 37°C for contacted time of 30, 60, 120, 180 and 240 min, respectively.
Dilution factor of n4 and n5 were considered, depending on the preferred number of initial
bacteria colony which usually ranges from 30 to 300 colonies (where n is a dilution factor).
100 pl of bacterial solution were placed over the agar into sterilized Petri dishes. The
inoculated plates were cultivated at 37°C for 24 h before counting the active or survival
bacteria and the evaluation of the anti-bacterial efficacies in terms of Colonies forming unit

per milliter (cfu/ml) was expressed as Eqn. 2. [26]

cfu/ml =- _{ — (Eqn. 2)
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where A is number of counting bacteria, n is dilution times, and B is volume of solution

bacteria(100 pl).
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Surface characterization by contact angle measurement
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Results and Discussion

Cure behavior

Figure 1 shows the cure times at 90% cure (t.90) for three natural rubber (NR) vulcanization
systems (CV, Semi-EV and EV) with various loadings of HPQM or SSZ. It should be noted
that the differences in cure times between the three vulcanization systems should not be
compared directly since these three systems had different amounts of curing agents (sulfur,
DPG and MBT), but only the effect of HPQM or SSZ addition on the changes in cure times
was of interest. In general, it was found that the addition of HPQM or SSZ had a small effect
on the cure time, the changes being less than one minute and within the experimental errors
(+/-5.0%). Therefore, it could be said that the vulcanization reactions were not interfered with
the addition of HPQM or SSZ. To substantiate this claim, the results of ODR torque
difference and Flory-Rehner crosslink density for same experimental systems are given in
Figure 2. The variations in the torque difference and crosslink density results were caused by
the different amounts of the major vulcanizing agents used. It was found again here that the
addition of HPQM or SSZ did not change the torque difference and crosslink density results,
the small differences being within the experimental deviations of +/-5.0%. However, it was
interesting to mention that the torque differences and crosslink densities for CV and Semi-EV
systems were very much higher than those for EV system. This was expected since the
amount of sulfur added in the CV vulcanization system was higher. The decreasing sequences
of crosslink density and torque difference were the same as those of sulfur content in these

three vulcanization systems (see Table 1).
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Anti-bacterial performance

Qualitative evaluation by Halo test

Figure 3 and Table 2 shows inhibition zone results from the Halo test for the three NR
vulcanization systems filled with HPQM or SSZ against E. coli and S. aureus bacteria. The
inhibition zone results from neat NR, a filter paper doped with CuSOy (as positive control
sample) and a blank filter paper (as negative control sample) were also considered for
comparison purposes. It was found that NR alone could not kill the E. coli and S. aureus
bacteria, but the NR with HPQM or SSZ exhibited the killing performance at the loadings of
3 and 5 phr for E. coli only. Based on the quantitative clear zone radius, the NR vulcanizate
with 5 phr HPQM or SSZ was more effective than that with 3phr. The occurrence of
inhibition zone for the NR vulcanizates with HPQM or SSZ agent clearly indicated that these
two anti-bacterial agents were diffusible in the NR matrix. The addition of HPQM or SSZ
agent did not give any inhibition zone for S. aureus. For the effect of vulcanization system, it
was found that the CV vulcanization system exhibited the greatest inhibition zones followed
by the semi EV and the EV systems. The reason for this was related to the amount structure
of the crosslinks formed for each vulcanization system. It has been widely accepted [24, 27-
28] that the majority of crosslink type in the CV system for natural rubber is polysulfidic
crosslink while the EV system mostly contains mono- and di-sulfidic crosslinks. For any
given crosslink densities, the vulcanizates with highly polysulfidic crosslinks would have
greater free volumes within the crosslink structures, allowing any small molecules (such as,
particles, gas, and fluids) to penetrate more easily than those with high amounts of mono- or
di-sulfidic crosslinks. If this was the case, the relatively higher diffusion of HPQM or SSZ
agent within the NR vulcanizates with the CV system was reasonable and thus, greater
effectiveness in killing the bacteria as compared with those with the semi-EV and EV

systems. However, it should be noted that the Halo test is only a qualitative evaluation which
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is relatively simple and quick for evaluating diffusion abilities of anti-bacterial agent to kill
the bacteria on solidified agar. The Halo test usually needs to be confirmed by other testing

methods which allow survival bacteria to be counted quantitatively [29-30].

The diffusion of HPQM or SSZ agent could be confirmed physically by the determination of
chemistry change on the NR surface whether or not there were HPQM or SSZ agent on the
NR surface, this being carried out though a contact angle test. The maximum loading of
HPQM or SSZ at 5 phr was used and the results were compared with the NR vulcanizates
without adding the HPQM or SSZ. Table 3 shows the contact angle values of neat NR, and
NR with either HPQM or SSZ for three different vulcanization systems. It can be observed
that the initial contact angle values of neat NR vulcanizates for three vulcanization systems
were different (CV=115.94°+3.90, Semi-EV=128.50°+4.48 and EV=121.05°+2.22), this
being due to differences in the amount of vulcanizing chemicals with each vulcanization
system as already given in Table 1. In order to observe the chemistry changes on the rubber
surface, the contact angle values of the same vulcanization must be considered. It was
observed that adding either HPQM or SSZ decreased the contact angle values of the NR
vulcanizates, suggesting greater hydrophilicity of the NR. The changes in the contact angle of
the NR compounds with HPQM were more pronounced than those with SSZ., the most
obvious decrease in contact angle value being observed for the CV system with 5 phr HPQM
(about 82.86°+2.93). This was because of the easiest migration of the HPQM onto the NR
surfaces to contact and eventually kill the bacteria. These contact angle results were found to
correspond well to the greatest inhibition zone (diffusability) of the CV system as earlier

presented in Table 2.

Quantitative evaluation by PCA test
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Since there were some published evidences [30-31] claiming that some vulcanizing recipes
had abilities to kill the E. coli and S. aureus bacteria it would be essential in this present work
to determine whether or not the chemicals used in the vulcanization recipes in this work had
abilities to kill the bacteria. Figure 4 shows percentage survivals of E. coli and S. aureus
bacteria over 0-240 min contact times from the PCA method for NR compounds vulcanized
by CV, semi EV and EV systems without adding HPQM or SSZ agent. It can be seen that
there were no changes in bacteria survivals for CV and Semi-EV systems, suggesting that
there were no occurrence of bacteria killings in the CV and Semi-EV systems. However, it
was obvious that the bacteria (especially E. coli) progressively decreased with contact time
for EV system, indicating a bacteria killing in the EV vulcanization system. In order to clarify
this, all the chemicals (except for HPQM and SSZ) were used in “neat form” (without adding
them into the rubber compounds) and were considered individually for their anti-bacterial
performance. The results of bacteria survival (in cfu/ml) for each chemical are given in
Figure 5 and the control flask (shaken without rubber sample) was also considered for
comparison purposes. It was shown that ZnO, Stearic acid, MBT and sulfur samples gave
bacteria survivals, suggesting that they were not effective chemicals for killing the bacteria.
But, DPG killed the E. coli and S. aureus very effectively. Therefore, the results and
conclusion in Figure 5 became the answer or reason for the decrease in bacteria survivals in

Figure 4.

Figures 6 and 7 show the percentage survivals for £. coli as a function of contact time for
NR compounds vulcanized by three different vulcanization systems added with HPQM or
SSZ, respectively. It was found that the percentage survivals of E. coli for NR vulcanizates
with CV and Semi-EV systems were very similar. That was, the E. coli survivals decreased

with increasing HPQM or SSZ agent from 1 to 5 phr. the E.coli survivals in most cases were
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greater than 99%. This suggested that HPQM and SSZ had effective abilities in killing the
E. coli. The effective contact time for reducing the E. coli survivals was greater than 120 min.
For the NR vulcanizate with EV system, it was found that the effect of addition of HPQM or
SSZ was insignificant; the E. coli survival for the NR vulcanizate with HPQM agent was the
same as that without HPQM. The reduction of E. coli survival for the vulcanizate without
HPQM was caused by the anti-bacterial property of the high DPG loading in the EV system
as already proved with the experimental data and discussed in Figure 5. However, the effect
of HPQM became more significant and sufficiently pronounced to suppress the effect of DPG
in the vulcanizate when adding high dosage of the HPQM (3- 5 phr) under the contact times
of greater than 180 min. Similar behavior was also observed for the NR vulcanizates with

SSZ agent.

Figures 8 and 9 show the percentage survivals for S. aureus with varying contact times for
three different NR vulcanization systems added with HPQM and SSZ, respectively. The
results were very similar to those for the E. coli bacteria as given in Figures 6 and 7, with
additional observation in that the effect of HPQM or SSZ loading appeared to be more
sensitive to the E. coli as compared with to the S. aureus. This was because that the E. coli in
general have higher growth rate as compared to the S. aureus. Besides, in PCA method which
was performed in peptone solution, the bacteria had made contacts very thoroughly with
HPQM or SSZ. The newly grown E. coli during the shaking in peptone was probably weak,
and was easily killed by the HPQM or SSZ as compared to the S. aureus which have lower
growth rate. This claim was in good agreement with Zhang et al. [32] and Silapasorn et al.
[33]. Finally, it was found that the minimum and recommended loading for HPQM or SSZ
for effective killings of the S. aureus was about 5 phr, but the S. aureus survivals in most

cases were still lower than 99%.
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Conclusions
HPQM or SSZ anti-bacterial agent was loaded at different amounts into natural rubber
compounds vulcanized by three different systems, and their cure characteristics and
antibacterial performance were monitored. The results suggested that the addition of HPQM
or SSZ had a small effect on the cure time change and did not change the torque difference
and crosslink density results. Neat NR vulcanizates could not kill the E. coli and S. aureus
bacteria, but relatively high dosage of diphenylguanidine (DPG) at 1.0 phr in the EV system
could result in bacteria reduction. HPQM or SSZ agent had abilities to diffuse through the
NR compound, the diffusion process being more pronounced for HPQM and with the NR
vulcanizates by CV system, this claim being substantiated by the relatively high reduction of
contact angle values. The NR vulcanizates by CV system exhibited better anti-bacterial
performance than those with Semi-EV and EV systems. Based on the results in this work,
HPQM showed a most preference for NR compounds with CV system with the contact time
of 120 min or longer, while SSZ was most suitable for the NR compounds with EV system at
the contact time of 180 min or longer in order to achieve bacteria killing efficacy of 99.0-
99.9%. These two anti-bacterial agents (HPQM and SSZ) were quite effective for E. coli

bacteria.

John Wiley & Sons Jai-eau et al



©Co~NOOOR,WNE

OO AOrBDEBRAMDMDAEBREMDIMDIEDAEDNWOWWWWWWWWWWNNNNNNNNNNRPRPERPRPEPERPERPERERRER
QUOWONOUTAWNRPFPOOONOODUOPRARWNPOOONOUOOPRRWNRPOOO~NOUIARWNPFRPOOO~NOORWNEO

Journal of Vinyl and Additive Technology Page [T]of 33

16

Acknowledgments

The authors thank the Thailand Research Fund (Co-granting codes: RDG5250068 and

RTAS5280008), Office of the Higher Education Commission under National Research

University (NRU) Program for financial supports. We also thank College of Industrial

Technology, King Mongkut’s University of Technology North Bangkok for instruments,

and Dr. B. Prapagdee, Mahidol University for her useful advice and suggestions.

10.

11.

12.

13.

14.

References

. K. Booten, A.H.B. Yatim, M. Singh, US 2010/0204367 (2010)

S.J. Binnerup, O. Hojberg, J. Sorensen, J. Microbiol. Meth. 31, 185 (1998)

P. Samuelson, E. Gunneriusson, P. Nygren, S. Stahl, J. Biotechnol. 96, 129 (2002)

D.P. Dowling, A.J. Bettsa, C. Popea, M.L. McConnella, R. Eloyb, M.N. Arnaudb, Surf.
Coat. Technol. 163-164, 637 (2003)

Q.L. Feng, J. Wu, G.Q. Chen, F.Z. Cui, T.N. Kim, J.O. Kim, J. Biomed. Mater. Res. 52,
662 (2000)

H. Pehlivan, D. Balkose, S. Ulku, F. Tihminliog, Compos. Sci. Technol. 65, 2049 (2005).

C. Radheshkumar, H. Miinstedt, Mater. Lett. 59, 1949 (2005)

. J.G. Lever, G.R. Haas, B. Patel, W.O. Burke, R.C. Kerr, US Patent 6448306 (2002).

H. Yang, E. Park, Macromol. Mater. Eng. 291, 621 (2005)

H. Ismail, N.F. Omar, N. Othman, J. Appl. Polym. Sci. 121, 1143 (2011)

S.S. Idrus, H. Ismail, S. Palaniandy, Polym-Plast. Technol. Eng. 50, 1 (2011)

C. Bendjaouahdou, S. Bensaad, J. Vinyl Addit. Technol. 17, 48 (2011)

J. Wang, K. Yang, X. Zheng, J. Polym. Res. 16, 427 (2009)

S. Taghvaei-Ganjali, M. Malekzadeh, M. Farahani, A. Abbasian, M. Khosravi, J. Appl.

Polym. Sci. (in press, 2011)

John Wiley & Sons Jai-eau et al



Page [1Jof 33

©CoOo~NOOOA,WNE

U OO ARrBDEBRMDMDAEBREMDIMNDIEDAEDNWOWWWWWWWWWWNNNNNNNNNNRPERPREPERPERPERRERER
QUOWONOUITAWNPFPOOONOODUOPRAWNPFPOOONOUOOPRRWNRPOOO~NOURAWNRPRPOOO~NOORWNEO

Journal of Vinyl and Additive Technology

17

15. N.H.H.A Bakar, J. Ismail, M.A. Bakar, Mater. Chem. Phy. 104, 276 (2007)

16. P. Kaali, E. Stromberg, E.A. Ragnhild, G. Cz¢l, D. Momcilovic, S. Karlsson, Polym.
Degrad. Stab. 95, 1456 (2010)

17. S.H. Jeong, Y.H. Hwang, S.C. Y1i, J. Mater. Sci. 40, 5413 (2005)

18. A. Sarasam, S.V. Madihally Biomaterials 26, 5500 (2005)

19. J. Simmons, Plast. Addit. Compound 3, 16 (2001)

20. P. Chammanee, K. Sombatsompop, A. Kositchaiyong, N. Sombatsompop, J. Macromol.
Sci. Phy. 48, 755 (2009).

21. R. Kumar, S. Howdle, H. Miinstedt, J. Biomed. Mater. Res. 75B, 311 (2005)

22. A. Fernandez, E. Soriano, P. Hernandez-Mufoz, R. Gavara, J. Food Sci. 75, E186 (2010)

23.J.G. Lever, G.R. Haas, B. Patel, W.O. Burke, R.C. Kerr, US Patent 6455610 (2002).

24. M. Akiba, A.S. Hashim, Progr. Polym. Sci. 22, 475 (1997)

25. N. Sombatsompop, S. Thongsang, T. Markpin, E. Wimolmala, J. Appl. Polym. Sci. 93,
2119 (2004)

26. Carter (2011) Microbial Growth, [Online], Available:
http://classes.midlandstech.com/carterp/Courses/bio225/chap06/Microbial%20Growth%
20ss5.htm, accessed 17 July 2011.

27.S.C. George, M. Knorgen, S. Thomas, J. Memb. Sci. 163, 1 (1999)

28. N. Rattanasom, A. Poonsuk, T. Makmoon, Polym. Test. 24, 728 (2005)

29. D. Jothi, African J. Microbiol. Res. 3, 228 (2009)

30.J. Sawai, J. Microbiol. Methods 54, 177 (2003)

31. O. Yamamoto, Intl. J. Inorgan. Mater. 3, 643 (2001)

32. W. Zhang, P.K. Chu, J. Ji, Y. Zhang, R.K.Y. Fu, Q. Yan, Polymer 47, 931 (2006)

33. K. Silapasorn, K. Sombatsompop, A. Kositchaiyong, T. Markpin, N. Sombatsompop, J.

Appl. Polym. Sci. 121, 253 (2011)

John Wiley & Sons Jai-eau et al



©Co~NOOOR,WNE

OO AOrBDEBRAMDMDAEBREMDIMDIEDAEDNWOWWWWWWWWWWNNNNNNNNNNRPRPERPRPEPERPERPERERRER
QUOWONOUTAWNRPFPOOONOODUOPRARWNPOOONOUOOPRRWNRPOOO~NOUIARWNPFRPOOO~NOORWNEO

Journal of Vinyl and Additive Technology

18
Captions for Tables
Table No. Caption
Table 1 Chemical compositions for natural rubber compounds

Table 2

Inhibition zone by the halo test against . coli and S. aureus for CV,

Semi-EV and EV vulcanization systems

Table 3

Contact angle values for NR vulcanizates with CV, Semi-EV and EV systems
with HPQM or SSZ at 5 phr

Captions for Schemes

Scheme No.

Caption

Scheme 1

The chemical structure of 2-hydroxypropyl-3-piperazinyl-quinoline
carboxylic acid methacrylate (HPQM)

John Wiley & Sons Jai-eau et al

Page [T]of 33



Page [1Jof 33

©CoOo~NOOOA,WNE

U OO ARrBDEBRMDMDAEBREMDIMNDIEDAEDNWOWWWWWWWWWWNNNNNNNNNNRPERPREPERPERPERRERER
QUOWONOUITAWNPFPOOONOODUOPRAWNPFPOOONOUOOPRRWNRPOOO~NOURAWNRPRPOOO~NOORWNEO

Journal of Vinyl and Additive Technology

19

Captions for Figures

Fig. No. Caption
Fio. 1 Cure time at 90% (t.90) for natural rubber vulcanizates with CV, Semi-EV
ig.
& and EV systems containing various loadings of HPQM or SSZ agent
Fig, 2 Torque difference (a) and crosslink density (b) for NR vulcanizates with CV,
Semi-EV and EV systems with varying loadings of HPQM or SSZ agent
Effect of type and loading of E. coli agent on physical inhibition zone in the
Fig. 3 Halo test: (a) and (d) CV system, (b) and (¢) Semi-EV system, and (c) and (f)
EV system
Fig, 4 Percentage bacteria survival of NR vulcanizates with various vulcanization
systems against (a) E. coli agent and (b) S. aureus
Fig. 5 Percentage bacteria survival of main chemicals in NR vulcanizing recipe
against (a) E. coli agent and (b) S. aureus
Fie. 6 Percentage bacteria survival for E. coli colonies of NR compounds added with
ig.
& HPQM (a) CV system, (b) Semi-EV and (c) EV system
Fio. 7 Percentage bacteria survival for E. coli colonies of NR compounds added with
ig.
& SSZ (a) CV system, (b) Semi-EV and (c) EV system
Fie. 8 Percentage bacteria survival for S. aureus colonies of NR compounds added
ig.
& with HPQM (a) CV system, (b) Semi-EV and (¢) EV system
Fie. 9 Percentage bacteria survival for S. aureus colonies of NR compounds added
ig.

with SSZ (a) CV system, (b) Semi-EV and (c) EV system

John Wiley & Sons Jai-eau et al




€¢ Joz abed

suos % Aa|Im uyor

S/€/1/03ukivp

(ZSS) 9N[09Z pAIMNSqNS IIA[IS
10 (INOJH) 21e[A108yIoW pIoe
J1[Ax0qIed aurjournb—jAurzeradid
—¢—1AdoidAxo1pAy—g

T0 Tl 0'¢ nyding
01 9°0 T0 (Ddq@) surprueng[Auaydiq
¢'C ¢ S0 (LGN Qrozeryozuaqoidedsdjn
4 p1oe d1Ied)S
S (OuZ) 9prxo ourz
wed 001 ("IS ¥LS) 1oqqny [ermeN
Al ATES A sjuduodwo)

(ayd) swaysAs Surziuedn A

spunodwod 19qqni [eanjeu Jo suonisodwod [edrway)) T dqeL

ABojouyosal aAnIppy pue |AUIA JO [euinor

A NMITO O~



N~ 0 O
< < <

suos % Aa|im uyor

VOO ANMIT I O
OO ITITTIT I

N~
™

61 ¢¢ 93 ¢

1 O
o m

<
™

Sl 0¢ L¢ € ZSS + 4N

™
™

[N
™

o
o
o
—

® ®

8¢ 0¢ L¢

cn v
~ 00O
N NN

0¢ LT 8T INOdH + dIN

0 0 0

O ©
AN N

—
™ <
AN N

N
N

S|l oOo | o | O Co | o ©
Sl|lo ool Co | o O
S|l oOo | o | o) CoC | o ©

0 0 0 0 AN BN

o
AN N

»
-

AH AH-TWRS AD AH AH-TWRS AD

WII)SAS uoneziuednA WII)ISAS uoneZIuednA

[ce}
—

N~
i

(yd) yjuayuod  punodurod
[eLRPEqHUY AN

o ©
— -

<
—

(W) snanp°g Jo UOZ uoniqIyu (W) 7092°7 JO JUOZ UONIQIYU]

™
—

O N
—

SWA)SAS UONBZIUBI[NA AH PUB AF-TWAS ‘AD IO Sna4np g pue 17027 ISUrese 1s9) o[ey Ay} Aq duoz uoniquyuy g qel,

A NMT OO0,

ABojouydsa] aAnIppy pue |AUIA JO [euinor €€ Jjo[z abed



©Co~NOOOR,WNE

Table 3. Contact angle values for NR vulcanizates with CV, Semi-EV and EV

Journal of Vinyl and Additive Technology

systems with HPQM or SSZ at 5 phr

Vulcanization NR Contact angle value = Wettability
system compound (Degree) form

Neat NR 1159+3.9
CV NR + HPQM 829+29
NR + SSZ 114.4+3.1
Neat NR 128.5+4.5
Semi-EV NR + HPQM 119.7+1.4
NR + SSZ 125.4 £ 3.6
Neat NR 121.1£2.2
EV NR + HPQM 1184+ 1.7
NR + SSZ 1173+ 1.8
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Scheme 1. The chemical structure of 2-hydroxypropyl-3-piperazinyl-quinoline carboxylic acid
methacrylate (HPQM)
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Abstract

In this work, nano-silver colloids, Ag-based zeolite compound Ag-based zeolite (Zeomic) or
2-Hydroxypropyl-3-Piperazinyl-Quinoline Carboxylic Acid Methacrylate (HPQCAM) was
used as anti-microbial agents and/or mechanical property improvers in peroxide cured
silicone rubber vulcanizates. The silicone rubber vulcanizates were prepared using a two-roll
mill, followed by a hydraulic press to vulcanize the rubber compounds and their cure
characteristics, mechanical properties and anti-bacterial performance were assessed. The anti-
microbial performance for the silicone rubber compounds was examined through Plate-
Count-Agar and Drop-Plate-Agar methods, and Halo test. The results suggested that the
additions of all anti-microbial agents slightly increased the cure time, except for Ag-based
zeolite. The additions of all anti-microbial agents also affected the mechanical properties of
the rubber vulcanizates. Ag-based zeolite appeared to give the silicone rubber compound with
most improved mechanical properties whereas 2-Hydroxypropyl-3-Piperazinyl-Quinoline
Carboxylic Acid Methacrylate (HPQCAM) exhibited the most effective anti-microbial agent,
considered by the occurrence of inhibition zone and 99% reductions of the Staphylococcus
aureus and Escherichia coli. The changes in silicone rubber surfaces with addition of anti-
bacterial agents were found by progressive decreases in water contact angles. This was
observed only for HPQCAM agent, which was associated with diffusion and releasing
mechanisms of the HPQCAM to kill the bacteria. The lightness for the silicone vulcanizates
appeared to decrease with nano-silver content, but to increase with increasing Ag-based

zeolite or HPQCAM agent.

Key words: Silicone rubber, Vulcanization, Antimicrobial performance, Mechanical

properties
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Introduction
Bacteria are commonly found in the ground, water and in other living organisms and they can
cause diseases and become harmful to the environment, animals and humans. Remarkable
examples of such concerns include bad consequences of food poisoning due to certain strains
of Escherichia coli (E. coli) being found within the bathroom and kitchen. Most species of
bacteria can be grouped into two categories based on their responses to a laboratory

technique, these being referred to as gram-positive and gram-negative bacteria [1-3].

Nano-sized inorganic particles, of either simple or composite nature, display unique physical
and chemical properties, and can be used for development of novel nano-devices which
become useful in numerous physical, biological, biomedical, and pharmaceutical applications
[4-9]. A number of recent achievements offer the possibilities of generating new nano-
structured materials with designed surface and structural properties [10-13]. Silver is a non-
toxic, non tolerant disinfectant that can reduce many bacterial infections [14]. Nano silver
particles are generally smaller than 100 nm and contain 20-15,000 silver atoms and have
been supplied in the form of chemical compounds because of technical difficulties dealing
with the elemental form. As the size of the silver particles reduces to the nano-scale regime,
their anti-bacterial efficacy increases enhances because of their larger total surface area per
unit volume [15]. Although silver ions and silver-based compounds are toxic to
microorganisms showing strong biocidal effects on as many as 12 species of bacteria
including E. coli [16], the effects of nano-silver particles on microorganisms and anti-
microbial mechanism have not been fully understood. Recently, the effects of nano-silver on
anti-bacterial performance in polymeric materials have been paid attention to by scientists
and technologists for value-added purposes of the polymer products. Generally, nano-silver

has exhibited different effects depending on the molecular structures of the polymers used
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[17-19]. Positive effect of nano-silver powders on polypropylene (PP) was observed [17]
whereas negative effect was noted when using PC/ABS and TPE systems [18]. More recent
and comprehensive studies were carried out by Pongnop et al. [19] who investigated the anti-
bacterial performance against £. coli by blending and coating nano-silver onto thermoplastics
having different molecular structures and found that medium-density polyethylene (MDPE),
polystyrene (PS), polyethylene terephthalate (PET) and polyvinyl chloride (PVC) in neat
form could not inhibit the E. coli growth. But after introducing the nano-silver particles, the
PVC exhibited the highest % E. coli reduction. Another form of nano-silver is known as
Zeomic which is inorganic silver based zeolites compound by chemical synthesis. Studies by
Kawahara et al [20] and Kaali et al [21] suggested that addition of Ag-based zeolite in
polymeric materials not only improved the anti-microbial performance, but also affected the
physical, thermal and/or chemical properties of the polymers. The mechanism of Ag-based
zeolite in the anti-microbial effect involves moisture or liquid contact with Ag-based zeolite
to initiate silver ions in order to attack the bacteria [22]. Another anti-bacterial agent is 2-
Hydroxypropyl-3-Piperazinyl-Quinoline Carboxylic Acid Methacrylate (HPQCAM) which
has a trade name of BIOCLEANACT " and could perform anti-microbial activities in

polymeric materials [23].

Silicone rubber is the most widely used among biocompatible rubbers [24] as well as
blending with other polymers [25]. The applications of silicone rubber include medical
house-ware applications (children’s toys, computer keyboards, phone keypad, ear plugs, ear
phones and watch) that are likely to contact with human body. In such applications, the
microbial contaminations are of main concern. The addition of anti-microbial agents into the
rubber products is one of the widely referred methods to prevent the silicone rubber products

from microbial contaminations [18,26] and also to affect the mechanical and thermal
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properties of the silicone rubber compounds [27]. Kaali et al.[ 18] observed studied the anti-
microbial effect against MRSA and P. aeruginosa of Zeomic agent in polyurethane (PU) and
silicone rubber (SR), prepared by injection molding, and solution casting techniques,
respectively. Yang and Park [26] assessed the mechanical and anti-bacterial properties of
silicone  rubber contained I1-ethyl-6-fluoro-7-{4-[2-hydroxy-3-(2-methylacryloyloxy)
propyl]piperazin -1-yl}-4-oxo-1,4-dihyroquinoline-3-carboxylic acid (MQ) and its polymer
(PMQ), and found that the tensile strength of the silicone rubber decreased with increasing
MQ and PQM contents with satisfactory anti-bacterial activity against E. coli and S. aureus.
Betts et al [27] carried out silver and silver platinum coating on polyurethane and silicone by
a combination of magnetron sputtering and neutral atom beam plasma sources. The results
showed that the anti-bacterial activity of silver on the polyurethane and silicone substrates
was dependent on the release of silver ions and the use of platinum enhanced the release of

silver ions from the silver coating.

Recent literatures have indicated that silicone rubbers are used in many applications such as
tanning industry, plastics, automobiles, mold and die industries, electronic and medical
devices [24]. Most recent efforts focus on improving the mechanical properties of the silicone
rubbers, but knowledge and understanding of its anti-bacterial properties are very limited and
extremely required. This present work aimed to explore the curing and mechanical properties,
and anti-bacterial properties of silicone rubber filled with a wider range of anti-bacterial
agents, which included nano-silver colloids, Ag-based zeolite compound (Zeomic) and 2-
Hydroxypropyl-3-Piperazinyl-Quinoline Carboxylic Acid Methacrylate (HPQCAM or
BIOCLEANACT "), under a variety of testing conditions. The effects of dosages of anti-

bacterial agents and contact time were of our main interests. The differences in the
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mechanical and anti-bacterial property results were discussed and explained in connection

with morphological results and changes in surface characteristics.
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Experimental

Materials and Chemicals

Silicone Rubber (KE-951-U, Shin-Etsu Chemical Co., Ltd., Japan) was used as polymeric
matrix, and. 2,5-Dimethyl-2,5-di(tert-butylperoxy) hexane (designated as TRigonox®“101-
45s-ps, supplied by Akzo Noble Polymer Chemicals Ltd., Shanghai, China) was used as a
vulcanizing agent. Nano-silver colloids (supplied by Koventure Co., Ltd., Bangkok,
Thailand), Silver Substituted Zeolite (designated as Zeomic, supplied by Yamamoto Trading
Co., Ltd.,, Thailand) and 2-Hydroxypropyl-3-Piperazinyl-Quinoline Carboxylic Acid
Methacrylate (designated as BIOCLEANACT ", supplied by Micro Science Tech Co., Ltd,
South Korea) were used as the anti-bacterial agents. The pH values, measured by Sevenmulti
pH meter (supplied by Mettler Toledo, Co., Ltd., Scswerzenbach, Swisserland), for nano-
silver colloids and HPQCAM were 5 and 12, respectively. Escherichia coli (ATCC 25922)

and Staphylococcus aureus (ATCC 25923) were used as testing bacteria.

Sample preparation

The formulation of the silicone rubber compound was given as follows: 100 phr silicone
rubber and 0.5 phr 2,5-Dimethyl-2,5-di(tert-butylperoxy) hexane. The rubber sample was
prepared through mastication and compounding processes. The silicone rubber was first
masticated on a laboratory two roll mill (Yong Fong Machinary Co., Ltd., Thailand) for 5
min and was then compounded with an anti-bacterial agents and 2,5-Dimethyl-2,5-di(tert-
butylperoxy) hexane for 10 min, and the resultant compounds were then compression-molded
at a 90% cure using a hydraulic press (LAB TECH Co., Ltd., Bangkok, Thailand) at pressure

of 170 kg/cm? with a cure temperature of 165°C to produce vulcanized silicone rubber.
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Cure characteristics and crosslink density

The cure characteristics of the silicone rubber compounds were assessed through delta torque
(differences in maximum and minimum torques), cure time and crosslink density using an
Oscillating Disk Rheometer (Model ODR GT 7070-S2, GOTECH Testing Machine, Inc.,
Taiwan) at a test temperature of 165°C. The crosslink density determination for the
vulcanized silicone rubber compounds was carried out with Flory-Rehner method given as

Equation 1 [28-29]. In this work, toluene was used as solvent for the swelling test.

Bk

r. vy .
ay  _UIATTjTE TV
= TR YA — (Eqn' 1)

2V; (vg 3, 3-v5/2)

where v is the moles of crosslinks per unit volume of polymer, 7, is the volume fraction of
polymer in the swollen sample, V; is the molar volume of the solvent and #; is the volume

fraction of polymer at the time of crosslinking. The 7 term is used to correct for material that

is extracted by the solvent. x is the rubber-solvent interaction parameter (0.499 in this case).

Mechanical properties

The tensile properties (tensile modulus at 200% elongation, tensile strength and elongation at
break) of the silicone rubber vulcanizates followed ASTM D 412-92(1998) with dumbbell-
shaped sample and tested by a universal testing machine (Auto-graph AG-I, Shimadzu,
Tokyo, Japan). A hardness durometer (Shore A) Model 475, PTC instruments,(MA, USA)
was used for hardness evaluation in accordance with ASTM D 2240-03 (2003). All reported

data were averaged from at least five independent experiments.
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Anti-bacterial performance

The anti-microbial performance for the silicone rubber compounds was examined

qualitatively and quantitatively through Halo testing method, and Plate-Count-Agar (PCA)

and Drop-Plate methods, respectively.

The Halo test was initiated by mixing the nutrient agar and the nutrient broth in ratio 1:1
and incubated testing bacterial solution (ODgoo = 0.1) onto sterilized Petri dishes. The
rubber samples (6mm in diameter), with and without anti-bacterial agents, were gently
placed over solidified agar. The Petri dishes were then incubated at 37°C for 24 hr for a
zone of inhibition.

Plate-Count-Agar (PCA) and Drop-Plate (DP) methods followed ASTM E 2149 (2001).
The PCA method is suitable for quantitative assessment of bacterial reduction. Nutrient
Broth was used as a growing medium of E. coli and S. aureus bacteria in overnight
inoculums. After that it was diluted by peptone solution and cultivate bacteria 5 ml
shaken on a reciprocal shaker at the speed of 100 rpm at 37°C for contacted time of 30,
90, 150 and 210 min, respectively. Dilution factor of n4 and n5 were considered,
depending on the preferred number of initial bacteria colony ranging from 30 to 300
colonies (when n is a dilution factor). 100 pul of bacterial solution was placed over the
agar into sterilized Petri dishes. The inoculated plates were cultivated at 37°C for 24 h
before counting the active bacteria and evaluating the anti-bacterial efficacies using
Equation 2 [23]. In case of DP method, the same procedure used for PCA method was
employed, except for the drop size. In DP method, 10 pl of bacterial solution was placed
over the agar into sterilized Petri dishes at a preferred number of initial bacteria colony of
3 to 30 colonies. The advantage of the DP method over PCA method was less time-
consuming, and effort required to disperse the drops onto an agar plate. In DP method,

one Petri dish contained a number of active bacteria growths for different contact times at
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