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Eesgplissh & gl AN Sustainable composites derived from epoxidized natural rubber (ENR)/silver-

Published online: substituted zeolite (AgZ)/poly(lactic acid) (PLA) blends possessing antibacterial

10 April 2019 activity were reported. ENR, herein, acted as an antibacterial promoter providing
more hydrophilicity to the composites and facilitating water diffusion. Two

© Springer Science+Business ~ methodologies were used to prepare composites, including solution casting (S) as

Media, LLC, part of Springer ~ well as solution casting followed by roll milling (SR). Both composites were com-

Nature 2019 pared in terms of morphology, AgZ dispersion, water absorption, and antibacterial
activity. The shift of T, and tan é toward lower temperature of PLA composites
consistently confirmed the compatibility between ENR and PLA by DSC and DMA
results, respectively. The good AgZ distribution was observed in composites-SR, as
confirmed by SEM/EDX. The results of agar disk diffusion susceptibility test
showed that PLA, AgZ/PLA, and even ENR/AgZ/PLA composites-S showed no
or less inhibition zone; meanwhile, ENR/AgZ/PLA composites-SR showed the
significant inhibition zone against both Escherichia coli and Staphylococcus aureus.
Besides, the antibacterial activity of the composites was required at least 5 wt% of
AgZ. More than 98% inhibition of S. aureus growth by the composites-SR was
observed during 2-24 h of cultivation, whereas AgZ/PLA provided the highest
inhibition of only 75% at 24 h of cultivation. Hence, the incorporation of ENR
enhances the bactericidal activity of the composites. In terms of mechanical prop-
erties, incorporating ENR into the composites decreased tensile modulus and
strength, but increased the impact strength significantly. Therefore, the developed
composites could be promising materials in food and biomedical fields in which
antibacterial and impact resistance properties are required.
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Introduction

The development of antibacterial thermoplastics has
gained more attention from industrial and academic
sectors since these functional materials might be a
solution for microbial contamination [1-6]. Poly(lactic
acid) (PLA), nowadays, becomes the most useful bio-
based thermoplastic because of its interesting prop-
erties, including biodegradability, biocompatibility,
renewability, and good mechanical properties. It has
been widely used in commercial and biomedical
applications, e.g., plastic packaging and containers.
Hence, the development and functionalization of
PLA products having antibacterial activity are of
great importance.

Among antibacterial agents, silver-substituted
zeolites (AgZ) have been applied in various applica-
tions [5-16] because the silver ions released from the
zeolite framework are effective against a broad range
of bacterial strains [17, 18]. When AgZ was mixed
with polymers, the migration of silver ions to the
surface of material is a crucial factor to exhibit the
antibacterial activity. The release of active substances
from polymeric materials could be explained using
swelling-controlled model [19, 20]. It is proposed that
water penetrates into the matrix of polymer to allow
swelling of the polymer network and then carries the
active substances to the surface of polymer for
inhibiting bacterial growth. For this reason, the
molecular diffusion of active substance is dependent
on the characteristic of polymer, as flexible polymer
facilitates more transportation compared to glassy
polymer [21].

PLA is, literally, a semi-crystalline polymer with
hydrophobicity in its nature. The poor water
absorption characteristic and low diffusivity of small
molecules in PLA matrix limit the use of PLA-based
materials in antibacterial applications. Ahmed et al.
[22] studied the antibacterial effectiveness of PLA/
poly(ethylene glycol), (PEG) film containing silver—
copper alloy nanoparticles (NP). They found that all
composites films had no effectiveness against tested
bacteria because no zone of inhibitions could be
observed. On the other hand, Fernandez et al. [23]
reported the antibacterial activity of AgZ/PLA com-
posites against E. coli and S. aureus. But only slight
decrease in the number of bacterial colonies was
observed, despite the fact that the antibacterial sus-
ceptibility test was performed in minimal medium
which poorly supports the bacterial growth.

@ Springer

J Mater Sci (2019) 54:10389-10409

According to these publications, the hydrophobicity
of PLA is the cause of poor antibacterial activity.

We hypothesized that blending PLA with the sec-
ond polymer having high polarity and flexibility to
promote the diffusion of active substances in the PLA
network might help in releasing Ag ions. Moreover,
the selected second polymer must be bio-based and
environmentally friendly polymer to produce sus-
tainable antibacterial composites. Epoxidized natural
rubber (ENR) which is a modified form of natural
rubber is a choice of interest because of its properties.
Up to now, the number of ENR/PLA blends as well
as clay/ENR/PLA composites were prepared and
the improved mechanical properties, toughness in
particular, of PLA were reported [24-28]. However,
the fabrication of these blends having antibacterial
activity has never been found. On that account, this
work will broaden the utilization of ENR/PLA
composites in the applications in which both impact
resistance and antibacterial activity are of great
importance.

In this study, Ag in the form of AgZ was mixed
with either PLA or ENR/PLA composites and their
antibacterial activity was compared. The preparation
and characteristic of the targeted composites pre-
pared by different methods were discussed. The
distribution of AgZ in the composites and the water
absorption behaviors were investigated. Besides, we
have demonstrated that blending the hydrophobic
PLA with hydrophilic ENR allowed the efficient
release of Ag and could improve the antibacterial
activity as shown by the reduction of bacterial growth
(S. aureus) more than 98% during 2-24 h of cultiva-
tion. Hence, this study will pave the way toward the
multifunctional ENR/PLA containing AgZ that can
be used in high-value added applications, e.g., coat-
ing, plastic containers or packaging for food and
medical industries.

Experimental
Materials

Poly(lactic acid) pellets (2003D) were purchased from
Natureworks. Zeolite 4A (ADVORA®401) was kindly
supported by PQ Chemical (Thailand) Co., Ltd. Sil-
ver-substituted zeolites were prepared according to
the ion-exchange process as reported elsewhere [29]
and the amount of silver ions in zeolite was 4.6% as
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confirmed by EDX detector. High ammonia natural
rubber latex was purchased from Thai Rubber Latex
Corporation (Thailand) Public Co., Ltd. Formic acid
was purchased from Merck. Hydrogen peroxide was
purchased from Fluka. Tergitol (15-5-15) was pur-
chased from Dow Chemical Thailand Ltd. Mueller—
Hinton broth was purchased from Merck. Agar
granule was the product by Difco. E. coli
(ATCC25922) and S. aureus (ATCC25923) were used
as indicator strains for antibacterial susceptibility
test.

Preparation of zeolites (Z) or silver-
substituted zeolites (AgZ)/PLA composites

Firstly, PLA pellets, Z, and AgZ were dried in a
conventional oven at 100 °C for 2 h. After that, either
Z or AgZ was pre-mixed with PLA pellets in plastic
bags. To prepare composites, the pre-mixed materials
were then fed into a hopper of a twin-screw extruder
(TSE) (Prism TSE16, Staffordshire, UK). The temper-
atures in feeding, barrel, and die zones were 150 °C,
180 °C, and 180 °C, respectively. The screw speed
was 80 rpm. The obtained product was cut into small
pieces and then dried in an oven at 80 °C overnight.
After that, the product was kept in a desiccator to
avoid moisture absorption.

Preparation of epoxidized natural rubber

60 ml of Natural rubber latex (NR latex) with 20%
dry rubber content (DRC) was firstly stabilized with 5
phr non-ionic surfactant (Tergitol). The stabilized NR
latex was heated to 60 °C. Then, 0.5 mol of formic
acid and 2 mol of hydrogen peroxide, which were
calculated compared to the isoprenic units of NR,
were added simultaneously into the stabilized NR
latex for generating in situ performic acid. The reac-
tion mixture was stirred for 24 h. At the end of the
reaction, the reaction mixture was precipitated in
methanol and then the obtained product was dried in
a vacuum oven at room temperature until the weight
was constant. After that, the obtained ENR was
masticated at room temperature using a two-roll mill
(Pornviwat Engineering, laboratory two-roll mill
model 10) for 5 min with 0.5 mm nip gap.
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Preparation of ENR/PLA blends and ENR/
AgZ/PLA composites

ENR/PLA blends were prepared by solution blend-
ing. The desired amount of PLA pellets and masti-
cated ENR were separately dissolved in 400 ml of
dichloromethane. After that, the ENR solution was
poured into the PLA solution and the solution mix-
ture was then stirred overnight to obtain a homoge-
neous solution. At the end of the solution blending
process, the solution mixture was poured onto a glass
plate and the obtained sample was dried at 50 °C
overnight.

In the case of ENR/AgZ/PLA composites, the
desired amount of PLA pellets and masticated ENR
were separately dissolved in 400 ml of dichlor-
omethane. After that, the ENR solution was poured
into the PLA solution and the solution mixture was
stirred for 5 min. before adding various amounts of
AgZ (1 wt%, 3 wt%, and 5 wt%). The solution mix-
ture was then stirred overnight to obtain a homoge-
neous solution. At the end of the solution blending
process, the solution mixture was poured onto a glass
plate and the obtained sample was dried at 50 °C
overnight.

The obtained ENR/AgZ/PLA composites were
classified into two categories based mainly on the
preparing methodologies, which were solution cast-
ing (S) and solution casting together with roll milling
(SR). The composites prepared by the solution casting
and solution casting together with roll milling were
abbreviated as composites-5 and composites-SR,
respectively. For composites-S, after the solvent
evaporation, the obtained sample was cut into small
pieces and then shaped into a sheet using a com-
pression molding at 170 °C for 2 min. In the case of
composites-SR, after the solvent evaporation the
obtained sample was milled using a two-roll mill at
room temperature for 5 min with 0.5 mm nip gap to
increase the dispersion of AgZ in the composites.
Then, the composites-SR were cut into small pieces
and then shaped by means of a compression molding
at 170 °C for 2 min. All samples were kept in a des-
iccator to avoid moisture absorption. Table 1 shows
the ingredients of all samples used in this study.

Structural characterization

"H-NMR spectroscopy was applied to analyze the
chemical structure of ENR. About 10 mg of sample
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was dissolved in deuterated chloroform (CDCly)
containing tetramethyl silane (TMS) as an internal
reference. The '"H-NMR spectrum was recorded on
Bruker AM 400 spectroscopy 500 MHz. The degree of
epoxidation (%E) was determined using following
equation.

Azg
% E =——"——x100 1
T Mgy + Asa M
where A, 7 and As; were the integrated area of pro-
tons adjacent to oxirane ring and double bond of NR,
respectively. In this work, the epoxidation degree
was found to be 45%.

Molecular weight determination

The molecular weight of ENR and masticated ENR
was determined by gel permeation chromatography
(GPC) (Water 150-CV). At first, the sample was dis-
solved in THF. All sample solutions were filtered
with 0.22 pym syringe filter nylon (PA) membrane
before analysis. The flow rate of THF eluent was at
1 ml/min at 40 °C using a guard column (Polymer
Laboratories, Styragel @HR 5E, 7.8 x 300 mm)
including an RI detector with PS standard. The
number average molecular weight (M,), weight
average molecular weight (M), and polydispersity
index (PDI) of the samples were recorded.

J Mater Sci (2019) 54:10389-10409

Thermal behavior of composites

The thermal behavior of composites was character-
ized using differential scanning calorimeter (DSC TA
Q200). The specimen was scanned from 40 to 200 °C
at the heating rate of 20 °C/min. Next, the specimen
was cooled down from 200 to 40 °C at the cooling rate
of 20 °C/min. After that, the temperature was
increased to 200 °C with the heating rate of 20 °C/
min. Glass transition temperature (T), cold crystal-
lization temperature (T), and melting temperature
(T,,) were recorded.

Dynamic mechanical analysis

Dynamic mechanical properties of samples were
examined by using dynamic mechanical analyzer
(GABO EPLEXOR 25N) under the temperature
sweep test at frequency of 5 Hz under static and
dynamic strains of 1 and 0.1%, respectively. The
testing temperature was scanned in the range of
— 80 °C to 80 °C at heating rate of 2 °C/min. Storage
(E') and loss (E") moduli and damping factor (tan ¢)
of samples were investigated.

Morphology of composites

Before investigating the morphology of the compos-
ites, the specimens of ENR/AgZ/PLA composites
were immersed in xylene for 4 h to remove the ENR
phase. After that, all samples were submerged in
liquid nitrogen and cryogenically fractured to expose

Table 1 Ingredients of

composites used in this study Sample Processing method Compositions (%)

PLA ENR  Zor AgZ Ag
PLA - 100 - - -
SZPLA Melt mixing 95 - 5 -
5AgZ/PLA 95 - 5 0.2
10ENR/PLA-S Solution casting 90 10 - -
20ENR/PLA-S 80 20 - -
30ENR/PLA-S 70 30 - -
10ENR/5AgZ/PLA-S 90 10 5 0.2
20ENR/5AgZ/PLA-S 80 20 5 0.2
30ENR/5AgZ/PLA-S 70 30 5 0.2
20ENR/1AgZ/PLA-SR  Solution casting and roll milling 80 20 1 0.05
20ENR/3AgZ/PLA-SR 80 20 3 0.1
10ENR/5AgZ/PLA-SR 90 10 5 0.2
20ENR/5AgZ/PLA-SR 80 20 5 0.2
30ENR/5AgZ/PLA-SR 70 30 5 0.2
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to the internal structure of the blends. After that, all
of the samples were sputtered with Pt/Pd. The
morphologies of the composites in two different sides
which were the fracture surface and outer surface
were investigated using scanning electron micro-
scope (SU-8010, Hitachi) at an acceleration voltage of
10 kV. The droplet size of ENR was measured and
then at least fifty particles were used to calculate the
average particle size.

The distribution of zeolites in composites-S and
composites-SR was also compared by energy-dis-
persive X-ray spectroscopy (EDX, equipped in scan-
ning electron microscope (SU-8010, Hitachi).

Water absorption of composites

All samples were shaped into a sheet with thickness
of 1 mm. The prepared samples were pre-condi-
tioned by drying in an oven at 50 °C overnight. After
that, the samples were immersed into a well-con-
trolled water bath (SPC group, digital heat) at
37 £1°C. Water immersion testing, herein, was
carried out in agreement with ASTM D570. The water
absorption test was performed until reaching the
equilibrium and weight changing of samples was
recorded after periodic removal of the samples from
the water bath. The surface of specimens was dried
using tissue papers before recording the weight by
means of a weighting balance (AND/Japan model G-
200). The experiment was repeated three times. The
percentage of water absorption at any time f (M,)
caused by the moisture absorption was determined
by Eq. 2.

Wy, — Wy

x 100% (2)
where W4 and W,, denote weight of dry specimen
(the initial weight of PLA specimens prior to being
immersed into water) and weight of PLA specimens
after being exposed to water. Additionally, the per-
centage at equilibrium or maximum water absorption
(M) was calculated as the average value from sev-
eral consecutive measurements showing no signifi-
cant absorption.

Antibacterial activity of composites

The inhibition activity of composites was carried out
by placing the specimens (square sheet with
1 mm x 1 mm x 0.4 mm) on agar plates seeded
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with E. coli or S. aureus (the initial concentration of
both strains was 10° cfu/ml). Then, the agar plates
were incubated at 37 °C. The inhibition zone was
evaluated by measuring the width of the inhibition
zone at 24 h after incubation using a digital caliper.
The actual inhibition zone was calculated by sub-
traction the width of specimens. The experiment was
repeated five times.

Besides, the plate count technique was also used to
evaluate the antibacterial efficacy of the composites.
S. aureus was pre-cultured and inoculated in 50 ml of
Mueller-Hinton (MH) broth to obtain the OD value
of 0.1. The plastic sheets (5 x 5 cm?) were placed in
flasks containing 50 ml Mueller-Hinton broth loaded
with the bacterial solution with OD value of 0.1. The
flasks were incubated in a reciprocal shaker at a
shaking speed of 100 rpm at 37 °C for 24 h. At time
interval, O, 2, 4, 6, 12, 18, and 24 h, 100 pL of each
sample was taken and a tenfold serial dilution was
performed for bacterial colony counting. Serial dilu-
ted solution (100 puL) was spread on MH agar plate
and incubated at 37 °C for 24 h. The bacteria colonies
were counted to assess the antibacterial activity of the
composites. The antibacterial activity of the compos-
ites was expressed in terms of log number of colony
forming units per milliliter (log cfu/ml), and the
experiment was repeated twice. Moreover, the
reduction percentage of bacterial colonies was cal-
culated by using Eq. 3.

% Reduction = x 100% (3)

where A is the average number of bacterial colonies
from culture broth containing neat PLA for a given
contact time (cfu/ml), and B is the average number of
bacterial colonies from culture broth containing
either AgZ/PLA or ENR/AgZ/PLA-SR for a given
contact time (cfu/ml).

Mechanical properties

For investigating mechanical properties of the com-
posites, all samples were shaped using a compression
molding at 170 °C. For tensile testing, the samples
were shaped into a sheet with 0.4 mm in thickness.
The tensile properties were tested using a tensile
testing machine (Instron 5566) in agreement with
ASTM D882. The average value of at least five spec-
imens of tensile strength, modulus, and elongation at
break was reported.

@ Springer
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The notched Izod impact strength of PLA and its
composites was also investigated. The testing sample
with 3 mm in thickness was prepared. Notched Izod
impact strength was measured using a Zwick impact
tester according to ASTM D256. At least, 5 specimens
were used and the average results of testing were
reported in the unit of KJ/m?.

Results and discussion

Preparation of epoxidized natural rubber
(ENR)

The methodology to prepare ENR corresponded with
our previous publication [30]. Briefly, the desired
amount of hydrogen peroxide and formic acid are
simultaneously added into the stabilized NR latex to
generate in situ performic acid which further reacts
with isoprenic units of NR. Figure 1 exhibits the 'H-
NMR spectra of NR and ENR. The proton H, referred
to the proton adjacent to double bond of isoprenic
units was found at 5.1 ppm. After epoxidation reac-
tion, the new signal (Hy) at 2.7 ppm, which was the
characteristic signal of the proton adjacent to epoxide
ring, was clearly observed. The degree of epoxidation
can be calculated (Eq. 1) by comparing the integra-
tion area of the methine proton adjacent to the oxi-
rane ring at 2.7 ppm and that of the proton adjacent

(a)NR

0 1 5l
1
(b)ENR 11
o Hb )|
[
— Pl
[
n m || H
! : 2.7 ppm
|

|

10'9'8'7'6'5'4'3 2‘1'0
Chemical Shift (ppm)

Figure 1 'H-NMR spectra of a NR and b ENR.
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to the carbon-carbon double bond of isoprenic units
at 5.1 ppm [30-33]. The degree of epoxidation of ENR
was found to be 45%.

The obtained ENR was masticated by means of a
two-roll mill to reduce molecular weight of the rub-
ber in order to improve the solubility of ENR in
dichloromethane. The M, and M, of ENR before
mastication process were 427,000 g/mol, and
1,159,000 g/mol, respectively. After the mastication
process, the molecular weight of ENR was remark-
ably reduced. The M, and M, of masticated ENR
were 185,200 g/mol and 341,000 g/mol, respectively.
The decrease in molecular weight of ENR by the
mastication process is attributed to the shear force
which mechanically breaks down the rubber chains
[27].

Thermal behaviors and compatibility
of composites

As previously mentioned, ENR/AgZ/PLA compos-
ites prepared in this work can be classified into two
categories, which were composites-S and composites-
SR, corresponded with the preparing methodologies.
The solution blending is, generally, considered as a
useful method to prepare a polymer blend. Never-
theless, when inorganic fillers were mixed with
polymer blends, some parts of inorganic fillers may
sediment at the bottom part of the samples during the
solvent evaporation process because of the particle—
particle interaction [34]. This phenomenon leads to
non-homogeneity of the obtained composites. Hence,
in this work, roll milling together with solution
blending was carried out to investigate the blends
with improved homogeneity.

Thermal behaviors of neat PLA, 5Z/PLA, 5AgZ/
PLA and ENR/AgZ/PLA composites-S and com-
posites-SR were investigated as shown in Fig. 2.
Figure 2a shows the second heating scan of all com-
posites. DSC thermograms of neat PLA and 5Z/PLA
showed the cold crystallization and melting peaks. In
the case of 5AgZ/PLA, the decrease in the cold
crystallization and melting peaks was observed. This
might be due to silver ions hindering the crystal-
lization of the composites. For ENR/AgZ/PLA
composites, it can be clearly seen that there were no
traces of crystallization occurred for both composites-
S and composites-SR, which was due to the high
compatibility between ENR and PLA that interfered
the crystallization process of PLA [24]. The thermal
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Figure 2 Thermal characterization of the composites; a DSC
thermograms of neat PLA and the composites, and b their first
derivatives of heat flow in the range of 50-75 °C.

properties of neat PLA and PLA composites are
shown in Table 2.

To further investigate the change of T, of PLA in
the composites, the first derivative of heat flow in the
range of 50-75 °C was carried out. Figure 2b shows
the first derivative of the second heating scan of all
composites which clearly indicated the change of Ty
after incorporating Z, AgZ, and ENR. The Tg values
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of PLA, 5Z/PLA, and 5AgZ/PLA were 61.4 °C,
62.0 °C, and 62.0 °C, respectively. In the case of
ENR/AgZ/PLA composites, the shift of Ty of PLA
toward lower temperature was observed because of
the compatibility between ENR and PLA caused by
the oxirane ring of ENR and carbonyl group of PLA
[24]. In the composites-S, the T, values of 10ENR/
5AgZ/PLA-S and 20ENR/5AgZ/PLA-S were
decreased to 58.0 °C. Increasing the content of ENR
in the composites-S to 30 wt% slightly lowered the Ty
of PLA to 57.3 °C. This is due to the increase in the
amount of oxirane ring that can interact with car-
bonyl group of PLA.

In the case of composites-SR, it was unanticipated
that after the roll milling process the T, values of the
composites-SR were higher than those of the com-
posite-S containing the same amounts of ENR and
AgZ. The detail of this phenomenon is further scru-
tinized via dynamic mechanical analysis, as follows.

Dynamic mechanical analysis was used to investi-
gate the compatibility and the interaction of ENR,
PLA, and AgZ in the composites-S and composites-
SR. The binary blend of ENR/PLA and the ternary
blend of ENR/AgZ/PLA having ENR content equal
to 20% were selected as representative samples to
study the effect of the roll milling process on the
dynamic mechanical properties of the composites.
The storage modulus of the composites as a function
of temperature is exhibited in Fig. 3. The results
showed that at the temperature below — 50 °C, the
storage modulus of ENR/PLA and ENR/AgZ/PLA
composites were similar, because both ENR and PLA
are in the glassy state. In the range of — 50 °C to
50 °C (as shown in Fig. 3b), the storage modulus of
PLA remained constant, while the storage moduli of
20ENR/PLA, 20ENR/5AgZ/PLA-S, and 20ENR/
5AgZ/PLA-SR dropped significantly since ENR
becomes rubbery. The results showed that the storage
modulus of 20ENR/5AgZ/PLA-S was higher than
that of 20ENR/PLA because the applied stress can be
transferred to the zeolites particles leading to the
increase in the storage modulus of the composites
[35]. Nonetheless, the storage modulus of 20ENR/
5AgZ/PLA-SR was lower than that of 20ENR/
5AgZ/PLA-S in spite of the fact that these two sam-
ples contained the same amount of AgZ. It could be
hypothesized that the roll milling process led to the
better distribution of the zeolites. Besides, in the
range of 55-80 °C (Fig. 3¢), the significant decrease in
the storage modulus of neat PLA, ENR/PLA blend,
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Table 2 Results of T, T,

J Mater Sci (2019) 54:10389-10409

T, AHy, and y. of PLA and Sample Tg (°O) Tee (°C) T (°C) AH; (J/g) Xe (%0)

various PLA composites PLA 61.4 127.7 149.9 8.37 2.0
5Z/PLA 62.0 128.5 150.3 8.20 1.4
5AgZ/PLA 62.0 133.6 151.3 0.24 0.3
10ENR/5AgZ/PLA-S 58.0 - - - -
20ENR/5AgZ/PLA-S 58.0 - - - -
30ENR/5AgZ/PLA-S 57.3 - - - -
10ENR/5AgZ/PLA-SR 60.6 - - - -
20ENR/5AgZ/PLA-SR 59.7 - - - -
30ENR/5AgZ/PLA-SR 60.3 - - - -

(a) (b) Temperature:
954, —— —— — = Las -50°C to 50°C
904 L _ _ __=

9.24
1 —@—20EnrRPLA
—O— 20ENR/SAGZ/PLA-S
8.5 _O—20ENR/5AGZPLA-SR
i 40 20 0 20 40
o)) .
S 8.0
(C) Temperature:
§5°C to 80°C
g4
7.5+
84
7.04
74
6.5

o S T R L s s T y
-80-60-40-20 0 20 40 60 80 5° 0

Temperature (°C)

Figure 3 Storage modulus of PLA, 20ENR/PLA, 20ENR/5AgZ/
PLA-S, and 20ENR/5AgZ/PLA-SR.

and ENR/AgZ/PLA composites could be observed
because the temperature is in the rubbery region of
PLA. It can be clearly seen that the dramatic decrease
in the storage modulus of the samples in this region
occurred at different temperature. To further inves-
tigate the detail of this phenomenon, the tan $ results
of these composites were discussed in the following
details.

Tan & of neat PLA, ENR/PLA, ENR/AgZ/PLA
composites-S, and ENR/AgZ/PLA composites-SR
were investigated as shown in Fig. 4. It can be clearly
seen that neat PLA showed only one peak at 70 °C.
On the other hand, ENR/PLA, 20ENR/5AgZ/PLA-S,
and 20ENR/5AgZ/PLA-SR showed two tan ¢ peaks
in which the tan 6 peak at low temperature (— 40 °C
to 0 °C, as shown in the inset) referred to the tan o

@ Springer

peak of ENR and the tan ¢ peak at high temperature
(50-80 °C, as shown in the inset) belonged to the tan ¢
peak of PLA.

Considering the low temperature region, the tan &
of ENR in 20ENR/PLA was observed at — 23 °C,
while the tan ¢ of 20ENR/5AgZ/PLA-S shifted
toward lower temperature. After the roll milling
process, the tan 6 value of 20ENR/5AgZ/PLA-SR
shifted toward higher temperature, but the value of
tan 0 was still the same. For this reason, it could be
postulated that there was the interaction between
ENR and zeolites; thus, higher temperature was
required to cause the movement of ENR chains. To
get better understanding about this phenomenon, the
inset illustrating the tan ¢ in the region of 50-80 °C
must be taken into consideration. The results showed

Temperature: 50 °C to 80 °C

—0— 20ENR/5AQZ/PLA-S
—O— 20ENR/5AQZ/PLA-SR

20

Temperature (°C)

Figure 4 Tan ¢ of PLA, 20ENR/PLA, 20ENR/5SAgZ/PLA-S, and
20ENR/5AgZ/PLA-SR.
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that blending PLA with 20 wt% ENR significantly
decreased the value of tan J because of the dilution
effect caused by ENR content. For 20ENR/5AgZ/
PLA-S, the tan ¢ value and the peak position were
close to the tan é peak of 20ENR/PLA. On the other
hand, the tan o6 of 20ENR/5AgZ/PLA-SR was
noticeably different from the tan 6 of 20ENR/5AgZ/
PLA-S, as the tan ¢ shifted toward higher tempera-
ture and the value of tan J increased significantly.
The shift of tan ¢, herein, was corresponded with the
shift of Ty toward higher temperature obtained by
DSC. It could be hypothesized that the roll milling
process resulted in better dispersion of the zeolite in
composites-SR than composites-S; hence, some parts
of zeolites residing formerly in the PLA phase might
move to the interphase between ENR and PLA.
Therefore, zeolites could interact better with ENR,
leading to the decrease in the influence of rubber on
the energy loss during the glass state to rubber
transition of PLA.

Morphology of composites

The morphologies of neat PLA and the composites
were investigated as shown in Fig. 5a-h. The SEM
image of PLA showed the smooth surface. For 5AgZ/
PLA, the result showed the dispersion of AgZ in the
PLA matrix. Although, some zeolite particles were
still embedded in the matrix which was due to the
interfacial interaction between zeolites and PLA [35],
the aggregation of zeolite particles and voids around
the zeolites which were referred to the incompati-
bility of PLA and zeolites could still be observed. The
average particle size of zeolites was about 2.00 pm.
After incorporating ENR into the composites, the
morphology of composites-S was completely differ-
ent compared to that of PLA and 5AgZ/PLA, the sea-
island morphology in which the ENR particles dis-
tributed in the matrix of PLA was observed for all
ENR/5AgZ/PLA-S. Increasing the ENR content in
the composites led to the enlargement of ENR dro-
plets caused by the coalescence of ENR phase. The
sizes of ENR particles of 10ENR/5AgZ/PLA-S,
20ENR/5AgZ/PLA-S and 30ENR/5AgZ/PLA-S
were 2.01 um, 2.32 pm, and 4.51 pm, respectively.
Additionally, it can be seen that the zeolite particles
were distributed in PLA and ENR phases and less
voids were observed compared to 5AgZ/PLA com-
posites because the oxirane ring of ENR interacted
with both hydroxyl groups of zeolites and PLA
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leading to the good compatibility in the composites
[24]. The details about the morphologies of compos-
ites are shown in Table 3.

For the composites-SR, the SEM images of 10ENR/
5AgZ/PLA-SR and 20ENR/5AgZ/PLA-SR exhibited
the sea-island morphology which was the same as the
composites-S at the same ratio. The sizes of ENR
phase in 10ENR/5AgZ/PLA-SR and 20ENR/5AgZ/
PLA-SR were 2.06 um and 2.29 pum, respectively. In
10ENR/5AgZ/PLA-SR composites, some zeolite
particles were still embedded in the matrix of PLA.
Meanwhile, the morphology of 20ENR/5AgZ/PLA-
SR was slightly different from that of 10ENR/5AgZ/
PLA-SR as the elongated phase of ENR could be seen.
Furthermore, the location of zeolites was dissimilar
with that of zeolites found in 20ENR/5AgZ/PLA-S
since the result illustrated that some of zeolites
aggregated and resided at the location at which ENR
phase appeared or between the interphase of ENR
and PLA. For 30ENR/5AgZ/PLA-SR, the morphol-
ogy of the composites was changed from the sea-is-
land morphology to co-continuous morphology in
which the elongated ENR phase continuously dis-
tributed in the PLA matrix as shown in Fig. 5h.
Additionally, the zeolites particles were located at the
interphase of ENR and PLA.

Figure 6 shows the surface of the composites after
etching by xylene. For the composites-S, the mor-
phology of the composites containing different
amount of ENR was similar and the location of zeo-
lites (the arrows pointed out the location of zeolites)
was consistent with that observed in Fig. 5 (zeolites
embedded in PLA phase). Interestingly, the SEM
images of composites-SR could be noticed differently
in terms of both morphology and zeolite location
compared to the composites-S. In 10ENR/5AgZ/
PLA-SR, some zeolites could be found at the surface
of specimen. Furthermore, increasing the amount of
ENR to 20 wt% and 30 wt% exhibited a bunch of
zeolites on the surface of 20ENR/5AgZ/PLA-SR and
30ENR/5AgZ/PLA-SR. In this experiment, during
the etching process, xylene plays a role to dissolve the
ENR phase from the composites. It could be implied
that if most of zeolites residing at the interphase
between ENR and PLA, the solvent extraction might
cause the migration of zeolites to the surface of
specimens. On the other hand, if most of zeolites
staying in PLA phase, the solvent extraction would
not cause the delocalization of zeolites because
xylene cannot dissolve PLA at room temperature. It
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<«Figure 5 SEM images of fractured surfaces of a PLA, b 5AgZ/
PLA, ¢ 10ENR/5AgZ/PLA-S, d 20ENR/SAgZ/PLA-S, e 30ENR/
5AgZ/PLA-S, f 10ENR/5AgZ/PLA-SR, g 20ENR/5AgZ/PLA-
SR, and h 30ENR/5AgZ/PLA-SR.

Table 3 Type of morphology and size of ENR particles in the
composites

Sample Morphology ~ ENR particle size (ium)
PLA Smooth -
5Z/PLA -
10ENR/5AgZ/PLA-S  Sea-island 2.01 £ 0.87
20ENR/5AgZ/PLA-S 232 £ 1.07
30ENR/5AgZ/PLA-S 451 £2.10
10ENR/5AgZ/PLA- Sea-island 2.06 £+ 0.82
SR
20ENR/5AgZ/PLA- 229 £+ 1.09
SR
30ENR/5AgZ/PLA- Co- -
SR continuous

could be therefore concluded that the roll milling
process not only elongates the ENR phase, but also
alters the location of zeolites which could be con-
firmed by SEM, DSC and DMA results, as displayed
in Fig. 7.

Figure 6 SEM images of
surfaces of composites-S and
composites-SR after etching
by xylene.
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Besides, the distribution of zeolites in the com-
posites was also investigated using energy-dispersive
X-ray (EDX) spectroscopy, as shown in Fig. 8. The
fractured surfaces of composites-S and composites-
SR with the ENR content of 20 wt% were used to
study the discrepancy of zeolite distribution. Alu-
minum (Al) and silicon (Si) atoms which correspond
to the main structural compositions of zeolites were
used to evaluate the distribution of zeolites in these
composites. From Al- and Si-mapping, the well-dis-
tributed zeolite particles were found in the EDX
mapping of composites-SR.

Water absorption

The study of water absorption characteristic of
polymer is of great importance for antibacterial
thermoplastics, because the active ingredients used to
kill bacteria are required to diffuse to the surface of
polymer materials via water intermedia [19, 20]. The
water absorption behavior of composites-S and
composites-SR are therefore investigated, and their
results are displayed in Fig. 9. It can be clearly seen
that the water absorption curves of all composites
were increased at the beginning and then leveled off
when reaching equilibrium. The percentage at equi-
librium or maximum water absorption (M,,,) value of
PLA equals to 0.89%, meaning that only small

Investigated Area

20.0

4> e

RI5AgZ/PLA-SR

30ENR/5AgZ/P
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Figure 7 Schematic illustration of the delocalization of zeolites in the composites.

amount of water molecules could penetrate into the
PLA matrix because of its hydrophobicity [36, 37].
After blending PLA with 5 wt% of zeolites, the M,,
value of the composites increased remarkably from
0.89 to 1.47%. The increase in the M,, of the com-
posites was attributed to the hydroxyl groups of
zeolites which are available to interact with water
molecules [35].

In the case of ENR/AgZ/PLA composites, the
incorporation of ENR into the composites exhibited
the increase in the M,, values in composites-S and
composites-SR (as shown in Fig. 9a—c) because of the
hydrophilicity of epoxide groups on the rubber
chains. The presence of polar groups, which tend to
interact with water molecules, in the polymer com-
posites leads to the increase in the water uptake and
thus facilitates the water diffusion in the composites
[28, 38]. The M,, values of 10ENR/5AgZ/PLA-S,
20ENR/5AgZ/PLA-S, and 30ENR/5AgZ/PLA-S
were 2.11, 2.36, and 3.20%, respectively. It could be
noted that the significant increase in the M,, value
was observed with further increasing ENR content,
which was due to the increase in the amounts of
hydrophilic groups that can interact with water
molecules. For composites-SR, the maximum water
absorption percentages of 10ENR/5AgZ/PLA-SR
and 20ENR/5AgZ/PLA-SR were close to compos-
ites-S at the same ratios. Meanwhile, the M,,, value of
30ENR/5AgZ/PLA-SR reached 5.54% which was
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noticeably higher than the M,, of composites-S hav-
ing the same rubber content. The explanation might
be due to the morphological difference between these
composites. The 30ENR/5AgZ/PLA-SR possessed
the co-continuous morphology with the larger ENR
phase size in comparison with 30ENR/5AgZ/PLA-S
(shown in Figs. 5, 6), leading to the increase in the
void content of the composites. Hence, the water
uptake of the composites increased since the maxi-
mum water absorption percentage is dependent on
the void content [39]. Kushwaha et al. [40] studied the
water absorption characteristic of untreated- and
treated bamboo/polyester composites. It was found
that the maximum water uptake of untreated- and
treated bamboo/polyester composites was 51% and
35%, respectively. The disparity of the water uptake
was attributed to the poor wettability and the adhe-
sion between untreated bamboo and matrix leading
to the void formation.

According to above results, it could be concluded
that the increase in the ENR contents favors the
penetration of water molecules into the composites
leading to the increase in the maximum water
absorption percentage. The morphology of ENR
phase also plays a role in the water uptake of com-
posites. The increment of water absorption will cause
the change in antibacterial performance of PLA
composites, as discussed in the following details.
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Figure 8 SEM-EDX of

composites-S and composites-
SR with the same AgZ

(5 wt%) and ENR (20 wt%)
contents.

Al

Si

Antibacterial activity of composites

To evaluate the antibacterial performances of the
composites, both qualitative and quantitative analy-
ses were carried out, including agar disk diffusion
susceptibility test and total viable plate count
technique.

Agar disk diffusion susceptibility test

At first, ENR and the binary blends of ENR/PLA
containing different amount of ENR (10-30 wt%)
were tested against E. coli and S. aureus, as shown in

Fig. 10. ENR and ENR/PLA binary blends did not
exhibit the antibacterial activity since there was no
inhibition zone generated by the tested samples.
Hence, it could be noted that ENR itself could not
inhibit the growth of bacteria.

Figure 11a shows the inhibitory of various com-
posite sheets which were tested against E. coli and S.
aureus. PLA exhibited no zone of inhibition, meaning
that PLA did not possess the antibacterial activity
against these two strains. Also, 5AgZ/PLA compos-
ites showed no zone of inhibition despite the fact that
it contains AgZ in the PLA. The reason might be due
to the hydrophobicity of PLA, which allowed only

@ Springer



10402

J Mater Sci (2019) 54:10389-10409

(a) 5 (b) 5
—w-PLA —-y-PLA
{—@—5Z/PLA 1 —@—5Z/PLA _A
—O- 10ENR/SAGZ/PLA-S —H— 10ENR/5AgZ/PLA-SR A
4 1—-0—20ENR/5AGZ/PLA-S 4 1 —@—20ENR/5AgZ/PLA-SR
—~ | —A—30ENR/5AgZ/PLA-S ~ | —A—30ENR/5AgZ/PLA-SR
S 31 8 37
[ g8
o o
(%] 17
2 2 A ~
< 24 A < 24 / 8" __ga—n
B /é/ 8 5 A‘ 4‘;!/
= 27 0 g e— = oot
WV — WY —Y— —VV— WOV —V—
0 A M ) ) v 1 ’ I M 1 o A ) ' v ) M ) v 1
0 200 400 600 800 1000 200 400 600 800 1000
t1/2’ (secuz) t1/2’ (secwz)
©s
E=lPLA
ZZ35zPLA
5 4 [_]10ENR/5AgZ/PLA-S
20ENR/5AgZ/PLA-S
¢S 30ENR/SAGZ/PLA-S
4 | I 10ENR/5AGZ/PLA-SR
20ENR/5AgZ/PLA-SR
30ENR/5AgZ/PLA-SR

Maximum Water Absorption Percentage (%)
w
1

DI

=
NN

Figure 9 Plots of water absorption percentage as a function of
time of a PLA, 5Z/PLA, and ENR/AgZ/PLA composite-S, b PLA,
5Z/PLA, and ENR/AgZ/PLA composites-SR, and ¢ the maximum

limited amount of silver ions to be migrated to the
surface of specimens leading to the unsatisfactory
antibacterial activity [22]. Nevertheless, the antibac-
terial activity of silver-substituted zeolites/PLA
composites was reported in another publication [23].
However, only the slight decrease in the log reduc-
tion of viable colonies about 1.02 (for E. coli) and 0.8
(for S. aureus) was reported after 24 h of incubation.

ENR, herein, plays a role to improve the antibac-
terial activity of PLA composites because the polarity
and the flexibility of ENR facilitate the diffusion of
water molecules in the composites. For composites-S,
10ENR/5AgZ/PLA-S, 20ENR/5AgZ/PLA-S, and

@ Springer

water absorption percentage of PLA, 5Z/PLA, ENR/AgZ/PLA
composites-S, and ENR/AgZ/PLA composites-SR.

30ENR/5AgZ/PLA-S (as shown in Fig. 11a, b, disks
III, IV, V) exhibited no or very small inhibition zone
at only one or two side of specimen (Fig. 11b, disks
IV and V). The reason behind the antibacterial inef-
fectiveness of the composites-S was attributed to the
sedimentation of AgZ caused by the particle—particle
interaction during the solution blending step. Hence,
even the sample was cut into small pieces before
being shaped into the sheets, the antibacterial activity
of the composites-S was still insufficient.

According to the antibacterial results of compos-
ites-S, it could be noted that the antibacterial activity
of PLA composites seemed to be improved by mixing
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&
Strain
E. coli
S. aureus

Figure 10 Antibacterial tests of ENR, 10ENR/PLA, 20ENR/
PLA, and 30ENR/PLA against E. coli and S. aureus.

with ENR because the inhibition zones could be
found in some specimens. Nevertheless, the poor
distribution of AgZ in the composites still occurred.
Hence, the homogeneity of the composites-S should
be enhanced. As mentioned above, the roll milling
was selected to improve the homogeneity of the
composites, as stated by the other publication that
this process was useful to enhance the homogeneity
of fillers in the thermoplastics [41]. As shown in
Fig. 11a, b, the antibacterial results showed that all of
composites-SR exhibited the inhibition zone around
the specimens. The inhibition zones created by the
composites-SR were symmetric, meaning that the
distribution of AgZ in the composites-SR was much
better than that of composites-S. The inhibition zones
of the composites-SR are listed in Table 4. The inhi-
bition zones of 10ENR/5AgZ/PLA-SR, 20ENR/
5AgZ/PLA-SR, and 30ENR/5AgZ/PLA-SR against
E. coli were 0.25, 0.95, and 0.25 mm, respectively.
According to the results, it could be noted that
increasing the amount of ENR in the composites from
10 to 20 wt% led to the increase in the inhibition zone
which was due to the enhancement of flexibility and
polarity facilitating the migration of silver ions to the
surface of the specimen, as supported by the water
absorption experiment shown earlier. Meanwhile, the
inhibition zone of 30ENR/5AgZ/PLA-SR was lower
than that of 20ENR/5AgZ/PLA-SR, which might be
due to the fact that the surface area of the co-con-
tinuous morphology in 30ENR/5AgZ/PLA-SR was
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V  30ENR/5AgZ/PLA-S VIII 30ENR/SAgZ/PLA-SR

Figure 11 Agar disk susceptibility tests of neat PLA, AgZ/PLA,
and ENR/AgZ/PLA composites tested against a E. coli and b S.
aureus.

lower than that of the sea-island morphology in
20ENR/5AgZ/PLA-SR.

The antibacterial activity of the composites-SR
against S. aureus showed that only 10 wt% of ENR
was satisfactory to express the inhibition zone of
3.23 mm. Increasing the amount of ENR in the com-
posites to 20 wt% led to the slight increase in the
inhibition zone. Nevertheless, the higher amount of
ENR in the composites showed the decrease in the
inhibition zone which was similar with the test of
E. coli. From these results, it could be noted that the
composites-SR were far more effective against S.
aureus as reflected by the larger inhibition zone. The
reason is due to the gram-positive bacteria (such as,
S. aureus) have a thicker peptidoglycan layer which
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Table 4 Zone of inhibition of composites-SR containing different
amount of ENR against E. coli and S. aureus

Sample Inhibition zone (mm)
E. coli S. aureus
Neat PLA - -
5AgZ/PLA - -
10ENR/5AgZ/PLA-SR 0.25 3.23
20ENR/5AgZ/PLA-SR 0.95 3.70
30ENR/5AgZ/PLA-SR 0.30 3.40
20ENR/1AgZ/PLA-SR - -
20ENR/3AgZ/PLA-SR - 1.47

—, no inhibition zone

would attract higher amount of silver ions leading to
the death of bacterial cells [42—46].

The amount of AgZ in the composites-SR was also
varied in the range of 1-5 wt% to study the influence
of the amount of AgZ on the antibacterial activity of
the composites, and the results are given in Table 4.
In the case of 1 wt% AgZ in the composites, there was
no inhibition zone against E. coli and S. aureus
observed, suggesting that the amount of AgZ in the
composites was not sufficient to inhibit the growth of
bacteria. Meanwhile, 20ENR/3AgZ/PLA-SR pos-
sessed the inhibition zone against S. aureus
(1.47 mm), but could not inhibit the growth of E. coli.
The reason is due to the fact that gram-positive bac-
teria is more susceptible to silver ions than gram-
negative bacteria, as previously mentioned. Conse-
quently, it could be noted that at least 5 wt% of AgZ
is needed to exhibit the antibacterial activity against
E. coli and S. aureus.

Inhibition of S. aureus growth by PLA,
5AgZ/PLA and 20ENR/5AgZ/PLA-SR

To quantitatively evaluate the antibacterial perfor-
mance of PLA and PLA composites, the total viable
count was applied. PLA was used as a control. To
highlight the point in which ENR acts as an
antibacterial promoter of AgZ/PLA composites, the
silver-substituted zeolites/PLA composites with- and
without ENR were compared and S. aureus was
selected as a model. The living bacteria colonies in
terms of log (cfu/ml) and the reduction percentage of
bacteria at different contact times are given in Fig. 12.
It was observed that for neat PLA the number of
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living cells increased when the contact time
increased, suggesting that neat PLA does not have
the ability to delay or inhibit the growth of bacterium.
In the case of 5AgZ/PLA, S. aureus still continued to
grow when the incubating time increased, but the
total cell count was lower than that of neat PLA. The
percentage of bacterial reduction during 12 h of the
culture was in the range of 30-40% (Fig. 12b). After
that, the significant increase in the reduction per-
centage was exhibited, which was due to the fact that
the higher amount of silver ions was released from
the composites at the longer contact time. For
20ENR/5AgZ/PLA-SR composites, it was found that
the number of living bacterial cells was rapidly
reduced for 2-5 log values during 2-12 h (Fig. 12a).
However, the bacterial growth increased again at 18
and 24 h of cultivation. The percentage of bacteria
reduction confirmed the high antibacterial efficiency
of the composites-SR since the reduction percentage
reached 98% at the very beginning of the experiment
and steadily stayed (98-99%) until 24 h. The highest
percentage of bacteria reduction of AgZ/PLA was
75% at 24 h. The explanation for the greater antibac-
terial activity of the composites-SR compared to
AgZ/PLA was due to the fact that ENR, which is
flexible and hydrophilic polymer, increased the water
absorption of the composites (as confirmed by the
water absorption experiment discussed earlier),
leading to the higher amount of silver ions migrating
to the broth. Another publication reporting a hydro-
philic substance to promote the antibacterial activity
of PLA was the work done by Prapruddivongs and
Sombatsompop [47]. The authors used wood flour to
enhance the antibacterial performance of triclosan/
PLA by facilitating the migration of silver ions. The
improvement of the antibacterial activity was found
in the sample containing wood flour. However, the
antibacterial experiment was tested in peptone solu-
tion which is the poor medium and the contact time
was only 4 h. Besides, the antibacterial activity
observed in our work was far more effective com-
pared to another publication that used AgZ/PLA
composites [23]. They reported that only slight
decrease in the number of living bacterial cells
occurred after 24 h of incubation in a diluted TSB/
water (1:125) medium, which is also a poor medium.

Furthermore, the physical appearance of the broth
being contacted with the composites-SR was clear
compared to the opaque broth of PLA and AgZ/PLA
indicating high cell density in the latter cases
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(Fig. 12¢). According to these results, it could be
noted that ENR acted as an antibacterial promoter
and significantly enhanced the antibacterial perfor-
mances of the composites.

Mechanical properties of the composites

The mechanical properties of neat PLA, 5AgZ/PLA,
and ENR/AgZ/PLA composites-SR were also
investigated. The tensile strength, modulus, and
elongation at break of the samples are itemized in
Table 5. The modulus of neat PLA was equal to
2300 MPa. The incorporation of zeolites into PLA
increased the modulus of the composites to
2600 MPa, which is due to the fact that the addition
of rigid filler leads to the increase in the tensile
modulus of the composites. This result was corre-
sponded with the publication reported elsewhere
[35]. In the case of ENR/AgZ/PLA composites, the
result showed that at 10 wt% ENR, the modulus of
the composites decreased to 1653 MPa. The moduli of

20ENR/5AgZ/PLA-SR and 20ENR/5AgZ/PLA-SR
were 1215 MPa and 497 MPa, respectively. It could
be noted that further increasing the ENR contents
leads to the decrease in the modulus of the compos-
ites because of the flexible characteristic of ENR
phase [24, 26].

Apart from tensile properties, the impact strength
of neat PLA and the composites-SR was also com-
pared as plotted in Fig. 13. Because of the brittle
nature of PLA, the impact strength was 4.7 kJ/ m?
and the failure type was categorized as complete
break in which the specimen separated into two
pieces. For 5AgZ/PLA, the incorporation of zeolites
into PLA matrix does not increase the impact
strength (data not shown). After blending with rub-
ber, the impact strength of the composites was
increased significantly. Twofold and threefold
increases in the impact strength were found in
10ENR/5AgZ/PLA-SR and 20ENR/5AgZ/PLA-SR,
respectively. Besides, the breaking behavior of the
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Table 5 Tensile strength,

J Mater Sci (2019) 54:10389-10409

modulus, and elongation at Samples

Tensile strength (MPa)

Modulus (MPa) Elongation at break (%)

break of neat PLA and its
composites

PLA 64.0 £2.2
58.0 £2.1
37.6 £ 1.7
19.1 £ 3.6
10.0 £ 0.9

5AgZ/PLA

10ENR/5AgZ/PLA-SR
20ENR/5AgZ/PLA-SR
30ENR/5AgZ/PLA-SR

2300 + 78
2600 £ 136
1653 + 218
1215 + 166
497 £ 75

56 £08
53+£05
80+£22
52+£09
7.6 £2.1

60 - Partial break

50 - Hinge break

40 4

{ Complete
30 A break

Impact Strength (KJ/m?)

ENR content (wt%)

Figure 13 Plots of impact strength and physical appearance of
specimens after testing of PLA and ENR/AgZ/PLA composites-
SR containing different amount of ENR ranging from 10 to
30 wt%.

specimens changed from complete break to hinge
break. Further increasing the content of ENR to
30 wt%, the impact strength increased by 9 times and
the type of failure was categorized as partial break.
The increase in toughness of the composites was
attributed to the presence of rubber phase and the
interaction between PLA and ENR created by the
carbonyl groups and the epoxide groups [48, 49].

Conclusion

Thermoplastic composites of ENR/AgZ/PLA pos-
sessing the antibacterial properties were prepared,
and this work was the first report to utilize ENR as an
antibacterial promoter. Incorporating ENR into the
composites increased the water absorption of com-
posites, thus facilitating the diffusion of silver ions to
the surface of the composites. In terms of preparing
methodology, the roll milling process improved the
homogeneity of the composites (good AgZ
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distribution), caused the zeolite delocalization, and
also altered the morphology of the composites.
Hence, the antibacterial activity of composites-SR
significantly increased the antibacterial activity com-
pared to composites-S. The antibacterial efficiency of
the composites was dependent on the amounts of
ENR and AgZ in the composites. The composites
having 20 wt% ENR and 5 wt% AgZ were consid-
ered as the most effective composites. Moreover, the
quantitative analysis showed that the composites-SR
exhibited the efficient ability to inhibit the growth of
bacteria and the reduction percentage of 98-99% was
far better than that of AgZ/PLA composites.

In summary, not only does this work give the novel
method, which is simple but effective, to prepare
ENR/AgZ/PLA composites, but also widen the
application of ENR for promoting the antibacterial
activity of PLA composites. The knowledge given can
be of benefits to developing antibacterial PLA
composites.
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