
1. Introduction
Acrylonitrile butadiene rubber (NBR), also known
as nitrile rubber, is commonly synthesized through
the copolymerization of acrylonitrile and butadiene
monomers. This synthetic rubber is widely distin-
guished by its excellent heat stability, abrasion re-
sistance, green strength, and oil resistance; thus, NBR
is used in the production of several items, including
disposable gloves, gaskets, oil seals, hoses, O-rings,
automotive parts, footwear, etc. Notably, the need for
NBR gloves has significantly increased since these
present no allergenic concerns compared to commer-
cial natural rubber (NR) gloves, though NBR has

lower elasticity [1]. However, as with other commer-
cial rubber applications, NBR displays an inability
to kill microorganisms on its surface. Hence, the in-
corporation of antibacterial agents into the rubber
matrix has become necessary to inhibit the growth
of microorganisms on the product surface. The bac-
teria Staphylococcus aureus, Pseudomonas aerugi-
nosa, Escherichia coli, Klebsiella pneumoniae, Ser-
ratia marcescens, Bacillus cereus, enterococci,
Acineto bacter spp., and coagulase-negative staphy-
lococci are frequently reported as causing hospital-
associated infections. These microorganisms are re-
sponsible for human pathogenic diseases and cause
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various infections, such as cholecystitis and cholan-
gitis, peritonitis [2], nosocomial bloodstream infec-
tion [3], and respiratory and urinary infections [4].
Hospital-associated infections can be transmitted
among people via exposure to contaminated water,
food, and objects and physical contact with health-
care workers [2]. Therefore, the development of prod-
ucts with microbial inhibitory properties has become
a significant area of study.
Antibacterial agents are classified as organic and in-
organic substances that can destroy or inhibit the
growth of microorganisms by disrupting the bacter-
ial membrane structure, resulting in the loss of cyto-
plasmic components [5]. The applications of inor-
ganic antibacterial agents based on metal and metal
oxide nanoparticles have frequently been investigat-
ed. Incorporating chemicals with smaller sizes and
larger surface areas into the polymer matrix enhances
the bacteria-killing efficiency of rubber films due to
the resultant increased reactivity, unique quantum size
effect, catalytic activity, and ability to release metal
ions [6]. The majority of inorganic nanometals and
nanometal oxides, including silver [7], copper [8],
zinc oxide (ZnO) [9], titanium dioxide [10], etc.,
have been intensively studied due to their antimicro-
bial behaviors.
Among these inorganic agents, ZnO constitutes a
multifunctional species due to its unique physical
and chemical properties, such as high thermal con-
ductivity, a high refractive index, good photochem-
ical activity, UV blocking, and antimicrobial activity
together with easy incorporation into elastic poly-
mers. ZnO is harmless to humans and is currently
listed as generally recognized as safe (GRAS) by the
United States Food and Drug Administration (FDA).
Several mechanisms contribute to the antimicrobial
activity of ZnO, including (i) the generation of reac-
tive oxygen species (ROS), such as hydrogen perox-
ide, hydroxyl radicals (•OH), and superoxide anion
radicals (•O2

–); (ii) the release of Zn2+ ions; and
(iii) electrostatic interactions that cause the oxidation
of the bacterial cell membrane and cytoplasm [11].
In addition, ZnO nanoparticles are known to have an
inhibitory effect on several pathogens, including
Gram-positive and Gram-negative bacteria [12, 13],
fungi [14], multiple drug-resistant (MDR) bacteria
[15], and viruses [16].
However, ZnO is beneficial not only when used on
its own but also when added to various manufactured
materials in the plastic, fiber, glass, pigment, ceramic,

and rubber industries. In the last-mentioned industry
in particular, ZnO is recognized as an activator in the
vulcanization reaction in rubber matrices, which in-
volves chemical crosslinking in unsaturated rubber
molecules. In addition, the incorporation of ZnO into
the polar NBR might contribute to electrostatic in-
teractions, which lead to ionic crosslinking networks
and enhanced mechanical properties [17]. In a study
investigating the incorporation of ZnO in NR films
via latex processes, modified ZnO, in particular,
showed effective disruption of E. coli through the
formation of ROS and Zn2+ ions, while less enhance-
ment in the properties of the films was observed in
the case of unmodified ZnO due to its low surface
area and poor degree of dispersion [18]. This implies
that the potential role of ZnO is mainly influenced
by the degree of ZnO dispersion, the metric that de-
termines the synergistic effect of the improvement
in the mechanical and antibacterial properties of the
rubber film. However, due to their specific surface
areas, ZnO nanoparticles agglomerate easily, reduc-
ing the enhancement of the film properties. Thus,
this necessitates the modification of ZnO for the dis-
persion of ZnO nanoparticles in the latex compound,
related to increasing the effective surface area in the
targeted object.
Therefore, this research aims to evaluate the incor-
poration of ZnO into NBR composite films by vary-
ing the ZnO loadings from 0–20 phr. Different types
of ZnO were investigated, including white seal ZnO
(ZnOWH), ZnO nanoparticles (ZnOnap), ZnOnap-coat-
ed with CaCO3 in a 90:10 ZnOnap:CaCO3 weight ratio
(ZnOnap-C), and ZnOnap-coated with TiO2 in a 50:50
ZnOnap:TiO2 weight ratio (ZnOnap-T). The reinforce-
ment of the NBR matrix with ZnO particles was eval-
uated based on its mechanical, crosslinking, and ther-
momechanical properties. The antibacterial activities
of the NBR composite films were investigated using
Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) as representatives of Gram-negative and
Gram-positive bacteria, respectively. This research
further aims to contribute to developing new medical
disinfection products, such as gloves and multipur-
pose rubber sheets.

2. Experimental section
2.1. Materials
Acrylonitrile butadiene rubber (NBR) latex, with a
solid content of 40% and containing 45% acryloni-
trile content, was purchased from Norrawat Chemical
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Limited Partnership (Samut Sakhon, Thailand). The
potassium hydroxide was manufactured by Qingdao
Hisea Chem Co. Ltd., (Qingdao, China). In addition,
50% Sulfur, 50% zinc 2-mercaptobenzothiazole
(ZMBT), and 50% Lowinox CPL (butylated reaction
product of para-cresol and dicyclopentadiene) were
purchased from Thanodom Trading Co., Ltd.
(Bangkok, Thailand). Various types of ZnO particles
used in this work are ZnO white seal grade (ZnOWH)
together with different types of ZnO nanoparticles
(ZnOnap), including ZnOnap-adsorbed calcium car-
bonate (CaCO3) at ZnOnap:CaCO3 ratios of 90:10%
by weight (ZnOnap-C) and ZnO-adsorbed titanium
dioxide (TiO2) at ZnOnap:TiO2 ratios of 50:50 by
weight (ZnOnap-T). All ZnO were supplied by Global
Chemical Co., Ltd. (Samut Prakan, Thailand).

2.2. Preparation of NBR composite films
The NBR latex compound was carried out according
to the formulation presented in Table 1. The latex
compounding processes were initiated by the addi-
tion of potassium hydroxide solution, sulfur, ZMBT
and CPL into NBR latex using a mechanical stirrer
at 200 rpm. The mixing was continuously stirred at
room temperature for 24 h to form a homogeneous
latex compound. Then, the composite films were pre-
pared by stirring the NBR latex compound for 3 min
before filling ZnO and continued stirring for another
5 min. Afterward, the latex composite was poured
directly into a glass plate and dried at 50 °C for 24 h
in order to obtain the composite film at 0.1 mm of
thickness slabs sheet.

3. Characterization
3.1. Molecular structure of ZnO
3.1.1. Particle size analyzer
The ZnOWH, ZnOnap, ZnOnap-C and ZnOnap-T were
dispersed in the deionized water at 1.0 wt%. Particle

size and distribution of ZnO suspension were char-
acterized using a light scattering particle size ana-
lyzer (HORIBA, LA600, Kyoto, Japan). The aver-
age particle size of materials was then reported.

3.1.2. Transmission electron microscope (TEM)
The morphologies of each ZnO particle were ana-
lyzed by a transmission electron microscope (TEM)
(Model JEOL, JEM-1400, Tokyo, Japan) that oper-
ated with an acceleration voltage of 80 kV. The pow-
der of specimens was dispersed in ethanol before
sonicating for at least 30 min. The dispersion was fi-
nally dropped on the carbon-coated copper grid until
the solvent evaporated completely, and the measure-
ment was then started.

3.1.3. Inductively coupled plasma optical
emission spectrometer (ICP-OES)

The qualification of Zn ions was analyzed by an in-
ductively coupled plasma optical emission spectrom-
eter (ICP-OES). The amount of total Zn ions in ZnO
particles were prepared by the ZnO powder of
100 μg/ml dispersed in deionized water. The sample
was incubated for 6 h before adding 0.5 ml of con-
centrated nitric acid. The solution was subjected to
Zn analysis by an Inductively coupled plasma optical
emission spectrometer (ICP-OES) (Optima 8000,
Perkin Elmer, Massachusetts, USA). The dissolution
of ZnO in an aqueous solution was also studied by
filtering the ZnO suspension after incubation before
analysis.

3.2. Properties of NBR/ZnO composite films
3.2.1. Tensile properties
Tensile properties of the NBR composite films were
measured using a universal testing machine (Model
3365, Instron® Inc., Massachusetts, USA). The dumb-
bell shape specimens were prepared according to
ISO 37 type 2. The tests were performed at a cross -
head speed of 500 mm/min.

3.2.2. Crosslink density
The crosslink densities of the composite film were
performed using swelling in acetone. The sample with
10×10×0.1 mm was weight before immersing it into
acetone at room temperature for 7 days according to
the ASTM D471-79. The swollen samples were re-
moved from the excess solvent before weighing the
sample immediately and drying them in a hot air
oven at 60 °C until the constant weight was reached.
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Table 1. The formulation for the preparation of NBR com-
posite foams filled with different types of ZnO.

Ingredients Contents
[phr]

40% NBR latex 100
10% Potassium hydroxide 1.0
50% Sulfur 2.0
50% ZMBT 1.0
25% ZnOWH

0–20
25% ZnOnap

25% ZnOnap-C
25% ZnOnap-T



The crosslink density was calculated using the Flory-
Rehner equation [19] (Equation (1)):

(1)

where ν is the crosslink density [mol/cm3], Vs is the
molar volume of acetone, Vr is the volume fraction
of rubber in a swollen network, χ is the Flory-Hug-
gins interaction parameter between NBR and ace-
tone, which is 0.351 [19].

3.2.3. Dynamic mechanical analysis (DMA)
Dynamic mechanical properties of the composite
films were determined using a dynamic mechanical
analyzer (Model DMA 1 STARe System, Mettler
Toledo, USA). The samples were examined under the
tension mode in the temperature region from –80 to
100°C with a heating rate of 5°C/min at a frequency
of 10 Hz and a force of 0.2 N. The dynamic proper-
ties of storage modulus (E′) and loss tangent (tan δ)
were determined.

3.2.4. Morphologies
Morphological properties and energy dispersive X-ray
analysis (EDX) of composites were characterized by
scanning electron microscope (SEM) (Thermo Fish-
er Scientific, Massachusetts, USA) in order to see
the dispersion of unmodified and modified ZnO in-
side the NBR matrix. Also, optical microscopy (OM)
(Carl Zeiss Microscopy GmbH, Oberkochen, Ger-
many) was applied to clarify the dispersion, distri-
bution and roughness of the disinfectant films in a
wide area.

3.2.5. Antibacterial properties
The antibacterial activity of the composite film was
investigated against Staphylococcus aureus (S. au-
reus) (ATCC 6538P) and Escherichia coli (E. coli)
(ATCC 8739) as representative of Gram-positive
and -negative bacteria. The qualitative determination
of antibacterial properties was performed by inhibi-
tion clear zone testing. The bactericidal efficiency
on the film surface was determined according to
ISO 22196:2011 and ASTM D7907-14.
In inhibition clear zone testing, A single colony of
bacteria was incubated under the aseptic condition
in Luria Broth (LB) medium (Becton, Dickinson and
Company, New Jersey, USA) following incubation
at 37 °C for 24 h in an incubator shaker (ES-60C,
Hangzhou Miu Instruments Co., Ltd, Zhejiang,

China). Further, the bacterial concentrations in the
suspensions were adjusted with LB to obtain turbid-
ity of 0.5 McFarland (approximately 108 CFU/ml)
and spread onto the LB agar plate. The composite
film with a diameter of 6 mm was sterilized with 70%
ethanol (Ajax Chemical Co. Ltd., Samutprakarn,
Thailand), then placed on the plate and incubated at
37°C for 24 h. The antibacterial activity of the com-
posite film was measured by the inhibition zone that
was observed surrounding the sample [18].
The quantitative determination of the composite
film surface was carried out according to
ISO 22196:2011. The colony of bacteria was inocu-
lated and cultivated at 37 °C for 24 h, and the bacte-
rial suspension was adjusted with LB to obtain tur-
bidity of 0.5 McFarland. The 400 µl of bacterial
suspension was added onto the composite film sur-
face (square pieces of 50×50 mm), then covered
with 40×40 mm of sterilized polyethylene film to en-
sure even distribution of the bacterial suspension on
the surface of the composite film. The sterilized Petri
dishes containing the inoculated specimens were in-
cubated at 35 °C for 24 h. After the incubation time,
10 ml of neutralizer was added to the Petri dish and
shaken at 100 rpm. The bacterial suspension was
collected and diluted using a ten-fold serial dilution
method. The appropriate dilutions were then spread
on an LB agar plate, which was incubated at 35 °C
for 24 h. Bacterial colonies that appeared on the agar
plates were counted and calculated as colony-form-
ing units per ml [CFU/ml]. The results were reported
as the percentage of bacterial reduction, as given in
Equation (2):

Reduction of bacteria [%] (2)

where A and B are the average numbers of bacterial
colonies containing samples without and with an an-
tibacterial agent, respectively.
The standard testing for ASTM D7907 is the antimi-
crobial test method for the determination of bacteri-
cidal efficacy on the medical examination glove sur-
face, which has contact kill times of 0, 5, 10, 20, and
30 min. The bacteria suspension was prepared with
a turbidity of 0.5 McFarland. The 20 μl of bacteria
solution was dropped onto the 10 cm2 specimen sur-
face and covered with sterilized polyethylene film.
The inoculated specimens were incubated at 35 °C
for 0, 5, 10, 20, and 30 min. After the specified
time, the test specimen was transferred to a 50 ml
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centrifuge tube that contained 10 ml of neutralizer
solution. Then, the solution was vortexed for 15 sec-
onds. Serial dilution of the neutralizer was per-
formed. 100 μl of each dilution was placed with the
plate count agar and incubated at 35°C for 24 h. The
number of colonies in the petri dish agar was count-
ed. The results were reported as the percentage of
bacterial reduction, as given in Equation (2).

4. Results and discussion
4.1. Molecular structure of ZnO and modified

ZnO
Physical appearance
Figure 1 depicts the molecular structures of the dif-
ferent types of ZnO particles, namely, ZnOWH, ZnOnap,
ZnOnap-C, and ZnOnap-T. One can observe significant
differences among the shapes of ZnOWH and ZnOnap.

Nanorods approximately 3 μm in length are noted in
ZnOWH, while the spherical ZnOnap exhibits a parti-
cle size of approximately 20 nm. Thus, the smaller
particle size of the ZnOnap might lead to a larger ten-
dency for agglomeration than the other ZnO particles
due to their large specific surface areas. However, in
the case of their incorporation into rubber, this can
provide the rationale for improving the crosslinking
propagation and properties of the rubber composites.
In the case of ZnOnap-C and ZnOnap-T, depicting the
modification of ZnOnap with CaCO3 and TiO2, re-
spectively, one can observe the formation of smaller
and looser ZnOnap agglomerates. In addition, the larg-
er size and higher concentration of the ZnOnap-T par-
ticles indicate stronger agglomeration than in the
case of ZnOnap-C. The smaller size and lower con-
centration of ZnOnap-C led to the better formation of
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Figure 1. Physical morphologies of commercial ZnOWH together with unmodified (a) and modified ZnOnap shown in TEM
images. a) ZnOWH, b) ZnOnap, c) ZnOnap-C, d) ZnOnap-T.



the modified chemical. Furthermore, ZnOnap-C with
a ZnOnap:CaCO3 ratio of 60:40 was also investigated
in comparison to a 90:10 ratio, though the former
yielded unsuitable properties. Therefore, suitable
concentration ratios of ZnOnap to CaCO3 and TiO2
were used in the present work.
In addition, corresponding to the TEM images in
Figure 1, the particle sizes of the ZnO types, meas-
ured with a particle size analyzer, are indicated in
Figure 2a. As expected, the ZnOnap and ZnOnap-C,
using CaCO3 to yield a modified core–shell filler,
had the smallest particle sizes – approximately 0.1 μm
– while the ZnOWH and ZnOnap-T particles were ap-
proximately 1.5 μm in size. Further, Figure 2b de-
picts UV-visible absorbance spectra of the unmodi-
fied and modified ZnO particles to assess their
absorption in the UV and visible regions. All four
types of ZnO exhibit strong UV absorption in the
range of 200–400 nm, and the ZnOWH microparticles
show lower absorption in the visible light region. Re-
garding the ZnO nanoparticles, ZnOnap-C exhibits a
spectral shift toward the longer wavelength region,
which induces electron movement after exposure to
UV and visible light. This is a factor that affects the
activation of the photocatalytic reaction for produc-
ing ROS on the rubber surface, which plays an im-
portant role in bacterial disruption.
ZnO particles are known to partially dissolve in
aqueous solutions, releasing Zn2+ ions, which may

have an impact on antibacterial activity. The total
and dissolved Zn2+ ion concentrations in aqueous so-
lution were obtained from inductively coupled plas-
ma optical emission spectroscopy (ICP-OES), as
presented in Table 2. ZnOnap-T shows the lowest
total Zn2+ ion concentration compared with the other
ZnO types due to differences in the percentage of
ZnO in the particles: ZnOnap-T consists of 50.2%
ZnO, while ZnOWH, ZnOnap, and ZnOnap-C contain
approximately 99.5, 97.8, and 91.4% ZnO, respec-
tively. ZnOnap-C shows the highest concentration of
dissolved Zn2+ ions, indicating that the modification
of ZnO reduces the agglomeration of ZnO nanopar-
ticles and enhances their dissolution. An increase in
the Zn2+ concentration is principally responsible for
enhanced zinc ion levels that activate chemical cross -
linking and induce cytotoxicity in the disruption of
bacterial cell membranes based on photocatalytic
processes [20].
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Figure 2. Particle size distribution from particle size analyzer (a) and UV-visible absorbance spectra (b) of commercial
ZnOWH together with unmodified and modified ZnOnap.

Table 2. Zinc ion contents of ZnOWH together with unmod-
ified and modified ZnOnap received from coupled
plasma optical emission spectroscopy (ICP-OES).

ZnO types
Zn ion contents

[mg/l]
Total Zn Soluble Zn

ZnOWH 21.49±0.13 0.37±0.00
ZnOnap 20.22±0.26 0.22±0.00
ZnOnap-C 21.96±0.03 3.90±0.05
ZnOnap-T 12.46±0.14 0.30±0.00



4.2. Properties of NBR/ZnO composite films
4.2.1. Mechanical properties
Figure 3 shows the stress–strain curves of the NBR
composite films filled with different types and con-
centrations of ZnO, including the commercial ZnO
(ZnOWH) and the unmodified and modified ZnOnap
species. In addition, the mechanical properties, in
terms of the moduli, tensile strength, and elongation
at break, of each film are comparatively presented
in Figure 4; sharp increases in the curves, particular-
ly after 300% strain, are related to strain-induced
crystallization (SIC) behavior, which is known to
occur in NR [21]. Although NBR has a lower mo-
lecular weight and a shorter molecular main chain
than NR, the existing C≡N bonds in NBR lead to
strong physical intermolecular forces among the
NBR chains, especially during the stretching of the
samples. Chemical crosslinking among NBR mole-
cules relating to sulfur crosslinking processes also
forms the rationale behind the restriction of the fail-
ure of NBR films during their stretching/extension
in tensile testing. As expected, the degree of chemi-
cal crosslinking existing in the films strongly corre-
lates to the activation reaction between the ZnO and
the accelerator, which is the main chemical for prop-
agating linkages between the main chains in the rub-
ber. Thus, considering Figure 3, the stress–strain
curves indicate two different SIC behaviors for ZnO
loadings higher and lower than 2 phr. SIC is not

identified for 0, 0.5, and 1 phr of ZnOWH, ZnOnap,
and ZnOnap-T, which might be due to the poor dis-
persion of the ZnO species in the NBR matrix, lead-
ing to a lower potential for activating crosslinking
within the film. With a low crosslink density, exter-
nal forces can easily break the NBR films due to the
films’ low resistance to breakages. On the other
hand, in the case of ZnOnap-C, a strong increase in the
stress–strain curve is indicated after extension up to
at least 300% strain; this is due to the better disper-
sion ability of ZnOnap-C, exhibiting better formation
within the filler than ZnOnap-T. Considering the NBR
composite films with ZnO concentrations above
2 phr, strong SIC behavior can be observed for all the
ZnO types. This implies that all the films display
good resistance to breakage during extension at dif-
ferent optimal loadings within the NBR matrix. The
results of the tensile properties obtained from the
stress–strain curves are shown in Figure 4. Regard-
ing the 100% modulus and tensile strength, greater
efficiency in chemical crosslink propagation induces
a strong increase in the modulus of the composite
films. The modification of ZnOnap with CaCO3 effec-
tively improves the dispersion and distribution of
ZnOnap-C throughout the NBR matrix (Figures 4a and
4b). The activation of crosslinking is enhanced with
the increasing degree of ZnO dispersion, with the
optimal modulus achieved at approximately 10 phr
for all ZnO types. Thus, the increase in the modulus
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Figure 3. Stress-strain curves of NBR composites films filled with commercial ZnOWH together with unmodified and mod-
ified ZnOnap.



leads to the composite films’ resistance to failure.
The optimal ZnO concentration for ZnOnap and
ZnOnap-C occurs at 4 phr before decreasing sharply
with loadings above 4 phr. The unmodified ZnOnap
and ZnOnap-T show lower tensile strength at the
same level as that of commercial NBR gloves, par-
ticularly in the range of 6–20 phr. However, the low-
est elongation value of the NBR film filled with
ZnOnap-C is still higher than that of commercial
gloves; as expected, due to the film’s strong resist-
ance to failure, a larger force was applied, and, there-
fore, the film withstood breakage during stretching
(Figure 4c). It should be noted that the commercial
glove might utilize a different formulation and chem-
ical concentration compared to the proposed com-
posites.
Considering the activation of chemical crosslinking
via the addition of ZnOWH, ZnOnap, and modified
ZnOnap, the chemical crosslink density (ν) was esti-
mated based on the Flory–Rehner equation using the
swelling method, as depicted in Figure 5. One can
observe that ν has a good correlation with the ob-
tained tensile properties of the NBR films. The op-
timal value of ν for ZnOWH, ZnOnap, and ZnOnap-T
occurs at a loading of 4 phr, while the optimal con-
centration of ZnOnap-C for activating molecular chain
crosslinking between the NBR molecules falls in the
range from 4–10 phr. Considering the degree of cross -
linking, one can note that the use of ZnOnap-C leads to
a significantly higher ν value than the other ZnO types.
It supports the hypothesis of the activation of the

vulcanization reaction within the NBR matrix using
CaCO3-coated ZnOnap at the ZnOnap:CaCO3 wt%
ratio of 90:10. One can conclude that the modifica-
tion of ZnOnap to ZnOnap-C leads to excellent per-
formance in activating NBR crosslinking, which ex-
plains the improvement in the mechanical properties
of NBR relating to the proper dispersion and distri-
bution of ZnOnap-C throughout the NBR matrix. For
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Figure 4. Tensile properties in terms of 100% moduli (a), tensile strengths (b) and elongation at breaks (c) of NBR composites
films filled with commercial ZnOWH together with unmodified and modified ZnOnap.

Figure 5. Crosslink density of NBR composites films filled
with commercial ZnOWH together with unmodi-
fied and modified ZnOnap.



more details, Figure 6 displays the proposed chemi-
cal crosslinks among NBR molecules through sulfur
curing using ZnO as the activator and filler. Step A,
formations of ZnO and sulfur atoms together with
the accelerated complex origination based on the re-
action of ZnO and accelerator are initiated as seen
in (A1) and (A2) of Figure 6, respectively [22]. At
this step, reaction formation was activated by heating
during chemical crosslinking propagation, so-call
vulcanization processes, and therefore reaction effi-
ciency depends on surface areas and degrees of dis-
persion of ZnO particles which can react to sulfur
and also accelerator relating Zn ions releasing mech-
anism. In Step B, the chemical reaction to the NBR

chains had innovated, and the rubber-bound pendant
groups were formed correlating the inserting –Sx–O*

into the main rubber chains at the allylic carbon po-
sition in butadiene unit (B1) [22]. In parallel, the
zinc-nitrile complex formation is fabricated among
Zn ions and Zn compounds to the –CN functional
groups in the acrylonitrile unit (B2) of Figure 6 [23].
Zn ions play an important role in this step, and there-
fore, it was the reason for the high mechanical prop-
erties in NBR/ZnOnap-C films since the ZnOnap-C
had strongly released Zn ions regarding finding in
ICP-OES. Since the zinc-nitrile complex is con-
cerned, the active sulphurating agent formed during
the vulcanization reaction might be further involved
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Figure 6. Proposed mechanism of chemical crosslinking and Zn ions interaction inside the NBR films filled with ZnO and
sulfur. Here, the black, gray, blue, purple, yellow, red, green and light blue atoms refer to carbon, hydrogen, nitro-
gen, zinc, sulfur, oxygen, ligand and X atoms, respectively.



in the reaction with the nitrile group of NBR to form
a zinc-nitrile complex. As a ligand, this donates the
electron pair to the zinc present in the complex struc-
ture and accelerates the entire process [23]. There-
fore, in Step C, the (B2) is still existed as the (C2),
while the (B1) can propagate into (C1), relating the
formation of sulfur bonding among the NBR mole-
cules by means of poly-, di- and mono-sulphidic
crosslinks [22, 23].

4.2.2. Mooney-Rivlin model
The reinforcement efficiency of each ZnO type re-
garding the NBR composite film matrix can be ex-
plained by the arrangement of the NBR molecular
chains during extension by fitting the Mooney–
Rivlin model to the stress–strain data in Figure 3
using Equation (3) [24]:

(3)

where σ*(λ) is the reduced engineering stress; σ(λ)
is the engineering stress; and C1 and C2 are the char-
acteristic constants of network chains, determined
from the intercept and the slope of the curves, re-
spectively. The extension ratio, λ, is given by λ =
1 + ε, where ε is the engineering strain. Based on the
relationship of the calculated reduced stress, σ*(λ),
as a function of the inverse of the extension ratio

(1/λ), the chemical interactions of the films – the
chemical crosslinking among the NBR molecular
chains [25, 26] – are represented in Figure 7a, as com-
pared to the physical interactions in Figure 7b. The
obtained C1 values are related to the y-intercept of
the linear fit to the plot of σ*(λ) versus 1/λ, and C2,
determined from the slope of the fit, is related to the
physical interactions (molecular chain entanglement
and physical absorption). From the incorporation of
the investigated ZnO types, the C2 values were higher
than those of C1. This clarifies that most of the NBR
molecules have good interactions with the filler sur-
face through physical chain entanglement based on
their intermolecular chain attraction. The C2 value
increases upon the addition of 4 phr of ZnOnap-C,
which correlates well with the increased 100% mod-
ulus and tensile strength of the film. This implies that
the proper addition of ZnOnap-C leads to better dis-
persion within the film and enhances the degree of
reinforcement provided by the filler to the rubber
matrix. In addition, considering the C1, it is clearly
seen that the NBR/ZnOnap-C showed the highest
chemical interaction inside the films relative to oth-
ers. It affirms the role of Zn ions releasing from the
ZnO particles relating to the chemical crosslinking
mechanism proposed in Figure 6. This strong cross -
linking among the NBR molecules results in the for-
mation of smooth surfaces on the NBR film, as

C C2
*

2 1 2
1v m

m m
v m

m=
-

= +-
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Figure 7. Chemical interaction (a) and physical interaction (b) of the NBR composites films filled with commercial ZnOWH
together with unmodified and modified ZnOnap, calculated through the Mooney-Rivlin equation.



illustrated in the OM images presented in Figure 8.
The smoothest surface is observed in the NBR com-

posite films filled with ZnOnap-C, while the other
composites exhibit significant filler agglomeration
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Figure 8. Morphologies observed of the OM of the NBR composites films filled with commercial ZnOWH together with un-
modified and modified ZnOnap. a1), a2) ZnOWH, b1), b2) ZnOnap, c1), c2) ZnOnap-C, d1), d2) ZnOnap-T.



and rougher surfaces. The SEM-EDX images demon-
strate the agglomeration of ZnO, ZnOnap, and modi-
fied ZnOnap, highlighting the effective dispersion and
distribution of ZnOnap-C within the NBR matrix, as
depicted in Figure 8.

4.2.3. Dynamic mechanical analysis
Not only the mechanical but also the dynamic me-
chanical properties of the NBR films need to be de-
termined with regard to the elasticity at different
temperatures. Figure 9 plots the storage modulus (ε′)
and loss tangent (tan δ) as a function of temperature,
which ranges from –80 to 100°C. In addition, Table 3
summarizes the glass transition temperature (Tg) and
tan δ in terms of the maximum value (tan δmax) and
the values at 0 °C (tan δ0) and 60 °C (tan δ60). The
highest value of ε′ was obtained for the pure NBR,
which shows a slightly higher ε′ than the NBR films
filled with ZnOnap-C and ZnOnap. This might be due
to the strong chain entanglement of the polar NBR
chains, which effectively retards the physical chain
deformation at low strain levels. This reasonably
leads to obtaining the lowest Tg and highest tan δmax
for the unfilled NBR film, with both values referring
to the elasticity of the film. The NBR/ZnOnap-C com-
posite shows the lowest Tg and highest tan δmax val-
ues from among the filled NBR composites since it
contains the highest crosslink density. The tempera-
ture that needs to be applied for the film to transition
from a glassy to a rubbery state is, therefore, very
low, and ε′ changes significantly, leading to a high

tan δmax. On the other hand, the NBR films filled
with ZnOnap and ZnOnap-T show increased Tg and
decreased tan δmax values relative to those of the
NBR/ZnOnap-C composite, with the NBR/ZnOWH
film yielding a considerably higher Tg value, signif-
icantly above 0 °C, and the lowest tan δmax. This im-
plies that the addition of modified ZnOnap, in partic-
ular, ZnOnap-C, improves the elasticity of the NBR
film to a greater extent than the other ZnO types by
imparting a superior crosslink density and enhanced
mechanical properties to the film.
The performance of the NBR films over the investi-
gated temperature range can be interpreted through
the tan δ values at 0 and 60 °C. One can note that a
lower tanδ60 value is needed, relating to the require-
ment of high elasticity when handling the films in
high-temperature conditions. In contrast, a higher
tanδ0 is required due to the hardening of the films in
low-temperature conditions. Table 3 shows that
NBR/ZnOnap-C yields the lowest tanδ60, which is re-
lated to the chemical crosslink density and elasticity
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Figure 9. Storage modulus (a) and tanδ (b) of NBR composites films filled with commercial ZnOWH together with unmod-
ified and modified ZnOnap at 4 phr.

Table 3. Glass transition temperature (Tg) and Tan delta
(tanδ) of NBR composite films filled with different
types ZnO at 4 phr.

ZnO types Tg
[°C] tan δmax

tan δ
at 0 °C

tan δ
at 60°C

NBR –8.50 0.726 0.582 0.188
NBR/ZnOWH 3.33 0.300 0.297 0.215
NBR/ ZnOnap –4.33 0.357 0.335 0.087
NBR/ ZnOnap-C –5.83 0.497 0.448 0.078
NBR/ ZnOnap-T –2.67 0.302 0.298 0.152



of the films. On the other hand, the NBR/ZnOWH
composite yields the highest tan δ60 value due to its
significantly high Tg and low ZnOWH surface area
for reacting with the film during crosslink propaga-
tion. In addition, it was observed that the NBR/ZnOWH
composite exhibited the highest value of ε′ at tem-
peratures above approximately 30°C. This indicates
that the elasticity effectively decreased beyond room
temperature under dynamically low strain. This phe-
nomenon could be attributed to the embedding of
rubber molecules within aggregate and agglomerate
structures, known as occluded rubber. The presence
of numerous particulate aggregations in Figure 8
suggests the existence of extensive areas of occluded
rubber in the NBR/ZnOWH composite, which helps
counteract crosslinked rubber deformation during
low-strain application [27, 28]. Regarding tan δ0, al-
though the pure NBR shows the highest value, its
combination with ZnOnap-C yields the highest value
relative to the other film composites. Therefore, con-
sidering the tensile properties and elasticity of the
films, the incorporation of ZnOnap-C significantly
improved the film properties due to the filler’s large
surface area and good dispersion within the NBR
matrix.

4.2.4. Antibacterial properties of NBR
composite films

The incorporation of modified ZnO into NBR com-
posite films significantly impacted the films’ me-
chanical and dynamic mechanical properties based
on particle size, dispersion considerations and abil-
ity for generating chemical crosslinking inside the
films. In addition, given that ZnO displays excellent
antibacterial performance, the composite films filled
with modified ZnO (ZnOnap-C) were evaluated in
comparison with those containing commercial ZnO
(ZnOWH) for their antibacterial activity through
qualitative and quantitative measurements. The
qualitative determination was carried out using the
Zone of Inhibition test, and the bactericidal efficien-
cy on the film surface was assessed according to the
ISO 22196:2011 and ASTM D7907-14 methods. This
antibacterial ability can be originated following the
photocatalytic processes onto ZnO particles. The
S. aureus (ATCC 6538P) and E. coli (ATCC 8739)
strains, which have been recognized as hospital-as-
sociated infections, were studied as representatives
of Gram-positive and Gram-negative bacteria, re-
spectively [29]; Figure 10 displays the results of the

Zone of Inhibition tests conducted on the NBR com-
posite films, and the observed diameters of the zones
of inhibition (clear zones) are given in Table 4. The
clear zones, where there is no growth of bacteria, are
notably visible in testing the composite films against
S. aureus. The composite film filled with ZnOnap-C
displays a larger inhibition zone than the one with
ZnOWH, as shown in Table 4. One can observe the
formation of the clear zones after the addition of
2 phr ZnOWH and ZnOnap-C, as shown in Figure 10.
In addition, one should note that ZnO loadings over
10 phr are impractical due to the flocculation of the
ZnO particles during the process. On the other hand,
clear zones in testing the composite films against
E. coli are not observed, implying that the composite
films might have a greater bacterial killing ability
against S. aureus than E. coli.
The ISO 22196:2011 method was used to prove the
presence of antibacterial activity on the film surface
in direct contact with the bacteria. The colony-form-
ing units were counted to evaluate the antibacterial
activity of the NBR composites after 24 h of incu-
bation and assess the bacterial reduction efficacy, as
shown in Figure 11. The results indicate that the com-
posite films are effective against both bacterial types,
with a bacterial reduction efficacy of 99.9% at a
loading of at least 1 phr for ZnOnap-C and above 2 phr
for ZnOWH. Thus, these results demonstrate the an-
tibacterial ability of composite films incorporating
nano-sized ZnO particles with small sizes and high
specific surface areas, which are more effective in
inhibiting bacterial growth than equivalent amounts
of conventional ZnO. ZnO is recognized as a semi-
conductor material that has sufficient band gap en-
ergy to absorb photons for producing radical active
species. The presence of ZnO in NBR composite
films produces ROS, such as hydroxyl (•OH), super-
oxide (•O2

–), and peroxy (HOO•) radicals and hydro-
gen peroxide (H2O2), which are released onto the
ZnO surface via a photocatalytic process and play
an important role in antibacterial mechanisms [30],
as can be seen in the proposed model of Figure 12.
In Figure 12a, upon exposure to light, electrons are
excited from the valence to the conduction band,
producing electron–hole pairs (ecb

–, hvb
+). The  hvb

+

is formed in the valence band and oxidizes water or
moisture to form •OH, while the ecb- in the conduc-
tion band reduces oxygen to produce •O2

–, which re-
acts further with H+ to form HOO• and H2O2 and is
finally reduced to •OH. Among the ROS, •OH and
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Figure 10. Agar disc diffusion of antibacterial against gram-positive Staphylococcus aureus (a) and gram-negative Es-
cherichia coli (b) of NBR/ZnOWH and NBR/ZnOnap-C with varying ZnO loading at 0–20 phr.

Table 4. Diameter of inhibition clear zone of the NBR composite films filled with ZnOWH and ZnOnap-C.

ZnO loading
[phr]

Inhibition clear zone
[mm]

Staphylococcus aureus Escherichia coli

NBR/ZnOWH NBR/ZnOnap-C NBR/ZnOWH NBR/ZnOnap-C

0.0 0.00 0.00 0.00 0.00
0.5 0.00 0.00 0.00 0.00
1.0 0.00 0.00 0.00 0.00
2.0 1.08±0.57 0.70±0.71 0.00 0.00
4.0 3.64±0.48 3.15±0.72 0.00 0.00
6.0 4.10±0.76 3.75±0.62 0.00 0.00
8.0 3.12±0.55 4.43±0.47 0.00 0.00

10.0 4.56±0.44 5.76±0.36 0.00 0.00
15.0 4.48±0.41 5.59±0.80 0.00 0.00
20.0 5.25±0.87 5.77±0.56 0.00 0.00



H2O2 are recognized as highly reactive species that
play a crucial role in antibacterial activity by pene-
trating the outer membrane of cells, oxidizing the
membrane lipids, enzymes, and proteins and causing
deoxyribonucleic acid (DNA) damage [31–33]. Fi-
nally, intracellular components become damaged,
leading to cell death. The release of Zn2+ ions through
the rubber layer is another factor that plays a role in
bacterial inactivation. The solubilized Zn2+ ions reach
the outer cell wall and penetrate the cell membrane,
reacting with the DNA within the bacterial cells by
impeding transportation along with amino acid pro-
cessing and by disrupting the enzyme system, which
leads to bacterial cell death [33] (Figure 12c). In ad-
dition, the formation of ROS and the release of Zn2+

ions are influenced by the ZnO particle size. ZnO
nanoparticles with smaller particle sizes and higher
specific surface areas are more efficient in producing
ROS and Zn2+ ions [30], which is related to Figure 2
and Table 2. The incorporation of ZnOnap-C nanopar-
ticles at 0.5 phr leads to a greater reduction in both
bacterial types than the ZnOWH microparticles. How-
ever, the release of both Zn2+ and ROS is also related
to the ion’s movement across the bound rubber to the
film surfaces for attacking bacteria. In Figure 12b, it
is seen that the ion attraction of zinc-nitrile complex-
es is the key potential factor for the movement of the
existing ions. It is hypothesized that, after the photo-
catalytic processes, Zn2+ had connected closely to the
ROS– which easily moved into NBR through ion-ion

intermolecular forces at the CN in the nitrile unit.
This carried both ions to the films’ surfaces and met
with bacteria and microorganisms relatively.
The bactericidal efficacy on the surface of the NBR
composite films against S. aureus and E. coli, with
varying contact kill times of 0, 5, 10, 20, and 30 min,
was determined according to the ASTM D7907-14
method, as shown in Figure 13. Bacterial reduction
occurs after a contact time of 0 min, as measured by
the number of colonies on the composite surface
after dropping a bacterial suspension onto the mate-
rial, covering it with a sterilized polyethylene film
for 15 s, and subsequently removing it with a neutral-
izer solution. This indicates that an antibacterial re-
action of ZnO is immediately triggered to kill mi-
croorganisms on the composite surface. The results
after a contact time of 30 min reveal that the incor-
poration of ZnOnap-C at 4 phr in the composite films
leads to 92.00 and 51.85% bacterial reduction effi-
cacy against S. aureus and E. coli, respectively. Fur-
thermore, ZnO shows greater antibacterial activity
against S. aureus than the E. coli, bacterium, as shown
in Figure 13, respectively, due to differences in the
structure, chemical composition, and polarity of the
bacterial cell membranes. The Gram-negative E. coli
has a larger negative charge than the Gram-positive
S. aureus because of its additional lipopolysaccha-
ride layer with a negative potential [34], as depicted
in Figure 14; this leads to a lower concentration of
negatively charged free radicals, such as superoxide
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Figure 11. Bacterial reduction efficacy against Gram-positive Staphylococcus aureus (a) and Gram-negative Escherichia
coli (b) of NBR films filled ZnOWH and ZnOnap-C with varying ZnO loading at 0.5–6.0 phr.



P. Toh-ae et al. – Express Polymer Letters Vol.17, No.9 (2023) 944–963

959

Figure 12. Proposed model of photocatalytic of ZnO particles (a), releasing mechanism for Zn2+ and ROS– to the NBR film
surface (b) and bacteria disruption from Zn2+ and ROS (c).

Figure 13. Bacterial reduction efficacy against gram-positive Staphylococcus aureus and gram-negative Escherichia coli of
NBR films filled ZnOWH and ZnOnap-C with varying contact time.



anions, and peroxide ions penetrating the E. coli bac-
terial cell wall. In addition, E. coli has two cell mem-
branes, including inner and outer ones, as shown in
Figure 14, while S. aureus has one. The outer mem-
brane of Gram-negative bacteria is covered with
lipopolysaccharides, which act as a permeability bar-
rier and protect the cells from potentially harmful
agents [35]. In comparing the ZnO types, ZnOnap-C
exhibits a higher percentage of bacterial reduction
than ZnOWH due to its larger surface area, which
leads to a large production of ROS and Zn2+ ions to
damage bacterial cells. In addition, when evaluating
the bacterial reduction efficiencies at different con-
centrations and contact times between rubber and
bacteria using ZnOnap, a 99.9% reduction was
achieved at a ZnOnap concentration of 2 phr for both
S. aureus and E. coli. In addition, at a ZnOnap con-
centration of 4 phr, a reduction of 75.5±3.5% for
S. aureus and 51.0±7.5% for E. coli was observed,
surpassing the efficiencies of ZnOWH and showing
slight variation compared to ZnOnap-C. This finding
aligns with the recent study by Krainoi et al. [18],
where ZnOnap exhibited lower antibacterial efficien-
cy than modified ZnOnap due to differences in dis-
persion and distribution within the rubber matrix.
However, while ZnOnap demonstrated high bacteria-
killing performance, its purity was found to be

equivalent to that of ZnOWH at 99.9%, whereas
ZnOnap-C exhibited a purity of only 90%. This result
indicates that nanoparticles present the advantage of
possibly reducing the amount of modified ZnO, es-
pecially ZnOnap-C, in NBR composites while still
significantly improving their mechanical and dy-
namic mechanical properties and antibacterial activ-
ity. Therefore, using modified ZnO nanoparticles in
NBR composite films presents a good alternative to
applying medical disinfection products to prevent
the spread of pathogens.

5. Conclusions
NBR composite films incorporating different ZnO
types, including white seal ZnO (ZnOWH), ZnO nano -
particles (ZnOnap), CaCO3-coated ZnOnap (ZnOnap-C),
and TiO2-coated ZnOnap (ZnOnap-T), were investi-
gated via a latex processing technique. Based on the
characteristic structures of the ZnO types, the varia-
tions in particle size, band gap energy, and Zn2+ ion
solubility affect the properties of the composite
films. The mechanical and dynamic mechanical prop-
erties, crosslink density, and antibacterial activity of
the composite films were considered; the results in-
dicated that the ZnO particle size and distribution
play an important role in improving the crosslink
density and mechanical characteristics. The composite
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Figure 14. Proposed model of antibacterial mechanisms of ZnO to Gram-negative E. coli (a) and Gram-positive S. aureus (b).



filled with ZnOnap-C activated chemical crosslink-
ing, which was in good agreement with the increased
tensile modulus, Mooney–Rivlin plot, and dynamic
mechanical results for this composite. In contrast,
the incorporation of ZnOnap and ZnOnap-T gave rise
to less enhanced properties in the composites due to
the presence of significant ZnO agglomeration. In
addition, the low specific surface area of the ZnOWH
microparticles in their reaction with the NBR mole-
cules during crosslinking led to the least favorable
composite properties. The antibacterial activity of
the composite films was evaluated through qualita-
tive and quantitative determinations using S. aureus
and E. coli as representatives of hospital-associated
infections. The results indicated that both the NBR
composite films with ZnOWH and ZnOnap-C exhibit
an inhibition zone against S. aureus, while no such
observation was made for E. coli. However, antibac-
terial activity on the composite film surface in direct
contact with the bacterial cells, tested according to
ISO 22196:2011, was observed against both bacter-
ial types, with 99.9% bacterial reduction efficacy at
loadings of 1 phr for ZnOnap-C and over 2 phr for
ZnOWH. Bacterial cell structure disruption was
achieved through the formation of ROS radicals and
the release of Zn2+ ions, which can be related to the
obtained band gap energy and partial solubility of
ZnO to release Zn2+. In addition, in accordance with
ASTM D7907-14, the bactericidal efficacy on the
composite film surfaces at various contact kill times
between 0 and 30 min was determined. The addition
of ZnOnap-C at 4 phr yielded 92.00 and 51.85% bac-
terial reduction efficacy within 30 min against S. au-
reus and E. coli, respectively. The results suggest that
the use of nanoparticles could reduce the amount of
modified ZnO, particularly ZnOnap-C, in NBR com-
posites, which is in good agreement with the meas-
ured mechanical, dynamic mechanical, and antibac-
terial properties of the composites. To prevent the
spread of pathogens, the use of modified ZnO nano -
particles in NBR composite films in, for example,
gloves and multipurpose rubber films presents a
suitable alternative to using medical disinfection
products.
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