
1. Introduction
While the development of self-healing natural rubber
(NR) has sparked significant interest, it is essential
to acknowledge its challenges. Various methods have
been utilized to transform NR into healable materi-
als, often involving chemical modification of its
structure [1]. The main healing mechanisms include
reversible disulfide crosslinks [2, 3], hydrogen bond-
ing [4, 5], ionic functional groups [6], and molecular
interdiffusion/polar interactions [7–9], offering prom-
ising avenues for exploration. However, it is essential

to note that these materials often demonstrate a me-
chanical performance inferior to traditional NR vul-
canizates, highlighting the need for further research
and innovation in this area.
Incorporating fillers into the NR and NR derivatives
is a common way to improve mechanical properties.
Additionally, incorporating functional or nanofillers
in the rubber could generate novel healable materi-
als. Hernández et al. [10] conducted a study to elu-
cidate the influence of graphene loading (ranging
from 0 to 2 phr) on the properties of self-healing NR.
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The low reinforcement effect was observed with
adding 0.5 phr graphene, attaining the highest tensile
strength of 0.56 MPa and healing efficiency of about
53%. However, a noticeable increase in electrical
conductivity of the nanocomposite was observed
with the addition of graphene at 0.25 phr.
Le et al. [11] investigated the impact of carbon nan-
otube (CNT) on the self-healing ability of butyl im-
idazole-modified bromobutyl rubber (BIIR)/NR
blends. The research revealed that the highest tensile
strength (3.80 MPa) was achieved from a 10:90
blend ratio of NR:BIIR that contained 5 phr of CNT.
The corresponding blend demonstrated a restored
electrical conductivity after being healed at 120 °C
for 10 min and subsequently at room temperature
(RT) for 24 h. Cao et al. [12] utilized tunicate cellu-
lose nanocrystals (t-CNs) as a nanofiller in the de-
velopment of healable material from a modified NR,
namely epoxidized natural rubber (ENR). The ability
of t-CNs to participate in hydrogen bonding with
oxygenous groups in the ENR molecule led to a sig-
nificant improvement in its tensile properties and
self-healing efficiency. The ENR exhibited a tensile
strength of 4.04 MPa with the addition of 20 phr of
t-CNs.  Furthermore, a healing efficiency of 86%
was observed for the corresponding nanocomposite
after being healed at RT for 24 h.
Gelatin (GT) is a biomaterial obtained from the par-
tial hydrolysis of collagen, which can be extracted
from animals’ bones, cartilage, and skin [13]. One of
the most essential features of gelatin film is its heat-
sealing capability, which enables it to be made into
packaging. Many researchers have extensively in-
vestigated the heat-sealing properties of gelatin-based
films [14, 15]. GT is composed predominantly of
18 complex amino acids, and the main functional
groups in their structures are amide (–C=O–NH–),
amino (–NH2), carboxyl (–C=O–OH), and carboxy-
late groups (–C=O–O–) [13]. Functional groups of
gelatins play a vital role in the heat sealability of
their films, particularly those that can form hydrogen
bonding [15].
Our previous research [16] investigated developing
thermally assisted healable films from graft copoly-
mers of NR and poly(vinylbenzyl chloride) contain-
ing quaternary ammonium groups (NR-g-QPVBC).
The heat treatment at 100 °C was a necessary step,
stimulating interdiffusion across interfaces and pro-
viding a path for rubber chains to gradually undergo
the reptation process at RT during the healing process.

This study aimed to transform the NR-g-QPVBC
into heat-sealing films by incorporating GT, a mate-
rial known for its heat-sealable properties. The addi-
tion of GT into the graft copolymer latex was thought
to combine the former's heat-sealable properties with
the latter's exceptional tensile properties.
The practicality of the graft copolymer latex filled
with GT was demonstrated by its use as a barrier
coating for recycled kraft paper. Coating a heat-seal-
able layer on paper is a practical and efficient method
for creating a secure seal. This is a significant prac-
tical benefit, often achieved with paper coated with
synthetic polymers like polyethylene (PE), poly -
propylene (PP), or ethylene vinyl alcohol (EVOH)
[17]. Adibi et al. [18] reported on utilizing NR latex
as a barrier coating for paper, where alpha-1,3 glucan
(9–50 wt%) was used as a functional additive to im-
prove its mechanical strength and barrier properties.
However, the ability of NR-based films to heat-seal
has not been investigated and reported.
In the present system, the introduction of ionic
crosslinking of NR-g-QPVBC was facilitated by the
reaction with ethylenediaminetetraacetic acid
(EDTA). The reversible ionic bonds were introduced
to provide heat-seal strength for the graft copolymer
film. EDTA could combine with polyvalent cations
to form a complex due to the presence of its four car-
boxylate groups (Figure 1). Furthermore, many poly -
mers bearing cationic groups (most commonly qua-
ternary ammonium, QA) have been reported to have
antimicrobial properties [19–21]. This led to the pre-
liminary testing for the antibacterial activity of NR-
g-QPVBC films using the disk diffusion method.
This innovative work was the first to report on de-
veloping a paper coating based on the NR-g-QPVBC
latex filled with GT. The developed latex coating
would provide a unique combination of good water
repellency, wet strength, and heat-seal ability for a
coated paper. Dip-coating paper with the NR-g-
QPVBC/GT latex demonstrated the transformation
of kraft paper into heat-sealable paper. The straight-
forward approach to producing a modified NR latex
film with heat-sealing ability offers development op-
portunities in paper coating materials. The work also
hints at the potential for further developing latex-
coated paper into wet-strength papers. Using modi-
fied NR latex as barrier coatings on paper packaging
also presents a promising and practical alternative to
synthetic paper coatings. Therefore, the distinct ad-
vantages of this technique are its simplicity and
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 sustainability. Moreover, the present paper also pro-
vided substantial results, demonstrating the potential
of EDTA, typically used as a chelator for scavenging
metal ions, in ionically curing the graft copolymer
latex films.

2. Experimental
2.1. Materials
High ammonia concentrated natural rubber (HANR)
was used to prepare graft copolymers latex. It con-
tained a dry rubber content (DRC) of about 61 wt%
and was manufactured by Yala Latex Co., Ltd. (Yala,
Thailand). 4-Vinylbenzyl chloride (VBC) was pur-
chased from Sigma-Aldrich Chemicals (Steinheim,
Germany). A redox initiator couple of tetraethylene-
pentamine (TEPA) and tert-butyl hydroperoxide
(t-BHP) was purchased from Fluka (Buchs, Switzer-
land). Sodium dodecyl sulfate (SDS) was used to sta-
bilize the latex during the grafting reaction and was
purchased from Sigma-Aldrich Chemicals (Stein-
heim, Germany). The gelatin was a type-B gelatin
with a bloom strength ranging from ~220–240, ex-
tracted from bovine hide. It was supplied by Food-
mate Co., Ltd. (Jiangxi, China). EDTA was manu-
factured by Merck KGaA (Darmstadt, Germany) and
used as an anionic crosslinking agent. Recycled kraft
paper with a base weight of ~110 g/m2 was used to

prepare heat-sealable papers. It was supplied by Plan-
go Co., LTD (Bangkok, Thailand).

2.2. The preparation of NR-g-PVBC latex
The emulsion polymerization technique was em-
ployed to prepare the graft copolymers of NR-g-
PVBC latex under a flowing nitrogen atmosphere at
50 °C. A 180 g of 2% ammonium hydroxide was first
added to the reaction vessel containing NR latex
(155 g) to adjust the total solids content to about
30%. The SDS (1 g) and TEPA (0.48 g) were then in-
corporated into the latex under stirring. Subsequently,
a mixture of VBC (5 g) and t-BHP (0.48 g) was
added dropwise into the reaction vessel. The resulting
latex was stirred at RT for 3 h, allowing the monomer
and t-BHP to partition into the latex particles. After
the swelling period was completed, the reaction tem-
perature was raised to 50°C, and the reaction was al-
lowed to proceed for 8 h at this temperature.

2.3. The preparation of the NR-g-QPVBC/GT
latex

The quaternization of the NR-g-PVBC latex was car-
ried out through the Menschutkin reaction [22] by
reacting with trimethylamine (TMA). TMA (1.2 g,
~20 mmol) was first added into 80 g of latex (con-
taining ~10 mmol of VBC) under continuous stirring.
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Figure 1. Proposed chemistry of ionic crosslinking and ionic interactions between cationic groups of NR-g-QPVBC with
anions from tetrasodium ethylenediaminetetraacetic acid (EDTA) and GT, respectively.



The reaction was then carried out by heating the re-
sulting latex to 50 °C and maintaining the tempera-
ture at this level for 3 h. The amount of TMA used
for quaternization corresponded to a 2:1 molar ratio
of TMA:VBC. Subsequently, three levels of GT (i.e.,
2, 4, 6 phr) were added to the latex, and the mixture
was stirred continuously at 50°C for 1 h. After being
allowed to cool naturally, the resulting latex was
stored at RT for further use.

2.4. Crosslinking of the NR-g-QPVBC/GT
latex

An EDTA, a curing agent, was mixed into the NR-
g-QPVBC/GT latex, and the mixture was stirred at
RT for 10 min before being cast into a latex film. The
added amount of EDTA was calculated based on the
initial moles of VBC present in the grafting reaction,
using a 0.5:1 molar ratio of EDTA:VBC. The latex
film was then allowed to dry in a hot air oven at
60°C until obtaining a constant weight. The tensile
testing of the latex film was conducted at a crosshead
speed of 500 mm/min according to the ASTM D412,
using the Hounsfield Tensometer model H 10 KS (the
Hounsfield Test Equipment Co., Ltd, Surrey, UK).

2.5. Morphological studies
Particle morphology of NR-g-PVBC latex was ex-
amined using a Talos F200i scanning/-transmission
electron microscope (SEM/TEM). (Thermo Fisher
Scientific, Waltham, USA). Phase contrast was en-
hanced by positively staining the NR phase with os-
mium tetroxide (OsO4). The latex was diluted to
about 0.05% total solids content using ammoniated
water and then placed on a 400 mesh copper TEM
grid. After air drying in a desiccator, the TEM gird
was exposed to OsO4 vapor for 1 h before viewing
by TEM. An ultra-thin section of the latex film
(~90 nm) was also prepared using RMC MT-XL
ultra-microtomes (Boeckeler Instruments, Inc., Tuc-
son, USA) at -150°C for investigating film morphol-
ogy. Contrast enhancement was also achieved by
OsO4 staining at RT for 1 h before TEM analysis.

2.6. X-ray photoelectron spectroscopy
The surface chemistry of the NR-g-QPVBC film
was examined by X-ray photoelectron spectroscopy
(XPS) using a Kratos AXIS Ultra DLD (Kratos An-
alytical, Manchester, UK). The film was analyzed
using monochromatic Al-Kα radiation (1486.6 eV),
operating at 150 W in hybrid mode with a pass

energy of 20 eV at step sizes of 100 meV for high-
resolution spectra. The XPS peak fitting was con-
ducted using Kratos Vision 2 processing software.

2.7. Dynamic mechanical testing
Dynamic mechanical, thermal analysis (DMTA) was
conducted under tension mode at a strain amplitude
of 0.01% using a DMTA IV Dynamic Mechanic Ther-
mo analysis instrument (Rheometric Scientific, Rei-
chelsheim, Germany). The test frequency was 1.0 Hz,
with a temperature of –80 to 200°C and a 10°C/min
heating rate.

2.8. Equilibrium swelling measurement
The swelling test was performed to determine levels
of crosslinking in latex films. First, a film was die-
cut into a circular shape with a diameter of 20 mm,
and its weight was determined to be the nearest
0.1 mg. The film was then immersed in toluene be-
fore being allowed to swell at RT. Once the film
reached its equilibrium weight, it was dried to a con-
stant weight. The de-swollen weight was then deter-
mined and recorded as D, and the amount of toluene
absorbed in the film (As) was calculated. After that,
the volume fraction of the rubber in the swollen film
(Vr) was then determined by the Equation (1) [23]:

(1)

where F represents the volume fraction of the insol-
uble components (i.e., SDS) in the film, and T is the
initial weight of the film before swelling. ρr and ρs
are the densities of rubber and solvent, respectively.

2.9. Wide-angle X-ray scattering (WAXS)
analysis

WAXS was used to determine the degree of crys-
tallinity in the NR-g-QPVBC films under strain. The
measurement was carried out during the tensile de-
formation of the latex film, using in-situ stretching
WAXS. The WAXS analysis was conducted using a
Beamline 1.3 W at the Siam Photon Laboratory,
Synchrotron Light Research Institute (SLRI), Nakhon
Ratchasima, Thailand. The scattering pattern of the
film was recorded using a CCD detector, Rayonix
sx165 (Rayonix, L.L.C., Illinois, USA), with a diam-
eter of 165 mm. The wavelength and the distance of
the sample-to-detector were 0.138 and 115 mm, re-
spectively. The film was first stretched with a constant
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crosshead speed of 50 mm/min to reach a given
strain and then relaxed in the deformed state. The
WAXS pattern was acquired at this state for 30 s be-
fore continuously stretching to the predetermined
strain until the characterization was complete. The
SAXS Image Tools (SAXSIT) program, developed
by SLRI, was used to analyze WAXS data. The crys-
tallinity (Xc) of the rubber was estimated from X-ray
scattering results according to Equation (2) [24]:

(2)

where Ac and Aa represent the area of the crystalline
region and the area of the amorphous region, respec-
tively.

2.10. Antimicrobial activity
The antibacterial activity of NR-g-QPVBC/GT film
was evaluated using a disk diffusion test, as de-
scribed by Yeddes et al. [25]. Staphylococcus aureus
(S. aureus ATCC 23235) and Escherichia coli (E. coli
0157:H7 ATCC 35150) were used as test bacteria,
representing gram-positive and gram-negative bac-
teria, respectively. The bacteria were obtained from
the Department of Medical Sciences Ministry of
Public Health, Nonthaburi, Thailand. A nutrient agar
(GranuCult® Nutrient agar, Merch KGaA, Darm-
stadt, Germany) was prepared and used as a culture
medium in this experiment. The sterile surface of
agar was first swabbed with 0.1 mL of inoculums
containing approximately 1·108 CFU/mL of S. au-
reus or E. coli. After that, the inoculated agar plate
was incubated at 37 °C for 24 h before the diameter
of the zone of inhibition was measured.

2.11. Contact angle measurement
Water contact angles on the surface of uncoated
paper and paper coated with the NR-g-QPVBC/GT
latex were measured by the sessile drop method at
ambient humidity using a contact angle meter
(DM300, Kyoma Interface Science Co., Saitama,
Japan). The liquid drop profile was recorded using
a microscope equipped with a CCD camera. The re-
ported contact angle was the average value of at
least 5 measurements at different film surface loca-
tions.

2.12. Heat-seal strength
The latex films were cut into two rectangular strips
(25×20 mm) using a sample cutter. The thickness of

the films was in the range of 1 and 1.5 mm. One strip
was then placed on top of the other and heat-sealed
at 160 °C with a sealing pressure of 2 bar (0.2 MPa)
for different sealing times using a handheld impulse
(S.N.MARK Ltd., Park, Nonthaburi, Thailand). The
width of the seal area was about 2 mm. The seal
strength of the sealed films was measured by a
T-peeling test, following the standards set by the
American Society for Testing and Materials ASTM
F88-09. The peel test was performed at 25±2 °C at a
300 mm/min cross head speed, using a Hounsfield
Tensometer H 10 KS (Hounsfield Test Equipment
Co., Ltd, Surrey, UK). After the peel test, the failure
modes of the seal films were also examined visually.

2.13. Scanning electron microscopy (SEM)
An SEM (Quanta 400, Thermo Fisher Scientific, Er-
langen, Germany) was employed to investigate the
morphology of cross-section in the heat-sealing
areas of latex films. Fracture surfaces were prepared
by cold fracturing under liquid nitrogen prior to vi-
sualization by SEM.

2.14. Fourier-transform infrared spectroscopy
(FTIR)

FTIR analysis was conducted to monitor changes in
function groups present in the NR-g-QPVBC after a
heat-sealing process. The spectra were acquired with
a Fourier transform infrared (FTIR) spectrometer
(Tensor 27 FTIR spectrometer, Bruker Optics, Ett-
lingen, Germany). The spectrometer was fitted with
a diamond prism attenuated total reflectance (ATR)
accessory. The measurement ranges from 4000 to
400 cm–1, at a resolution of 4 cm–1. 

2.15. Cobb test
The Cobb test was used to evaluate the quantity of
water absorbed by paper or coated paper, according
to the TAPPI method T441. The paper specimen
with a 12.5×12.5 cm dimension was prepared and
weighed to the nearest 0.01 g. The cut specimen was
then fastened inside the Cobb tester, having a cross-
sectional area of 100 cm2. After that, 100 cm3 of
water was poured into the test ring. The paper was
allowed to be in contact with water for 60 s before
the water was removed from the test ring. The re-
maining water on the surface was removed using
blotting papers before its weight was measured. The
weight difference before and after the test deter-
mined the Cobb's value, as Equation (3) [18]:

%X A A

A
100c

c a

c $= +! $
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Cobb value [g/m2] (3)

where m1 and m2 are the weight of the paper speci-
men before and after the Cobb test, respectively.

3. Results and discussion
3.1. Preparation of NR-g-PVBC and

NR-g-QPVBC
Vinylbenzyl chloride (VBC) was grafted onto NR
molecules via emulsion polymerization using a
redox initiator couple of TEPA and t-BHP. The t-bu-
toxy radicals generated from this initiation system
were expected to be primarily located at the parti-
cle/water interface. This crucially made the NR par-
ticle surface the primary locus of graft copolymer-
ization (Figure 2a). 
Since the C=C bonds in NR molecules had been pos-
itively stained with OsO4 vapor, the NR phase ap-
peared darker in the TEM image. Consequently, the
brighter areas represented the grafted phase of
poly(vinylbenzyl chloride) PVBC. As described in
our previous work [16], the amount of grafted PVBC
in the graft copolymers was estimated using proton
nuclear magnetic resonance (1H-NMR) analysis. No-
tably, the graft copolymers were observed to com-
prise approximately 3.58 wt% of PVBC at 89.20%
conversion when prepared using 5 wt% of VBC.

The quaternization of the NR-g-PVBC latex was
carried out by reacting with TMA to convert its
chloromethyl groups into QA groups. The detailed
procedure for the quaternization of grafted PVBC
chains has been thoroughly described elsewhere
[22]. Figure 2b shows the high-resolution XPS spec-
tra of N 1s for NR-g-QPVBC, which could be de-
convoluted into two components. The first peak at
400.00 eV was assigned to the nitrogen bound to car-
bon (N–C). The second peak at 401.4 eV was the
correct binding energy for quaternary nitrogen
(–NR3

+). This observation is in line with the findings
of earlier studies reported elsewhere [26–28]. It is
worth mentioning that the NR-g-PVBC film before
quaternization exhibited a single XPS peak at
400.3 eV. Thus, these results prove the successful
quaternization of the NR-g-PVBC with TMA, yield-
ing the quaternized NR-g-PVBC (NR-g-QPVBC),
as depicted in Figure 1.

3.2. Ionic crosslinking
EDTA is a polyprotic acid with four carboxylate
groups, which can deprotonate at a pH level of ≥8.0
[29]. When these groups deprotonate, they can com-
bine with cations of QA groups in the NR-g-QPVBC,
effectively acting as a crosslinking agent (Figure 1).
This hypothesis was confirmed by the significant in-
crease in the tensile strength of the NR-g-QPVBC

m m

Area
2 1=
-
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Figure 2. a) TEM micrograph revealing clusters of grafted poly(vinylbenzyl chloride) on the surface of NR particles and
b) high-resolution XPS spectra of N 1s for NR-g-QPVBC.



film when EDTA was added (Figure 3a). The film's
tensile strength increased from 7.72 to 14.10 MPa
(an 82.64% increase), and it could withstand a strain
of 1010%.
The effect of GT on the tensile strength of the NR-
g-QPVBC film was then investigated. The latex
films showed a significant increase in tensile
strength with the addition of GT. The highest tensile
strength was achieved by adding 4 phr of GT, abbre-
viated as NR-g-QPVBC/GT4 (Figure 3a). However,
it is worth noting that increasing the GT loading be-
yond 6 phr led to the production of a cracked latex
film during film formation. As a comparison, a pure
gelatin film was found to have a tensile strength of
approximately 36.46 MPa but a very low elongation
at break (3.28%), as shown in the inserted graph in
Figure 3a. Therefore, incorporating appropriate lev-
els of GT into the NR-g-QPVBC film could signifi-
cantly enhance its modulus and tensile strength, of-
fering promising potential for future applications.
It is also anticipated that the carboxylate pendant
groups (–C=O–O–) along GT chains could ionically
interact with the cationic QA groups of NR-g-
QPVBC, potentially forming ionic crosslinks. This
interaction has the potential to significantly improve
the tensile strength of the NR-g-QPVBC films by in-
corporating GT. However, an increase in the concen-
tration of GT from 4 to 6 phr did not significantly
improve the film’s tensile strength. This could be due

to the limited number of cationic QA sites on the
NR-g-QPVBC chains. These observations are con-
sistent with the results obtained from determining
the equilibrium volume fraction of rubber in the
swollen state (Vr) of latex films. The values of Vr for
the NR-g-QPVBC films filled with 0, 2, 4, and 6 phr
of GT were 0.009, 0.105, 0.109, and 0.110, respec-
tively. A higher value of Vr reflects a higher crosslink
density in the latex film. In this experiment, the value
of Vr was used to express the level of crosslinking in
latex film due to the uncertainty in the value of the
Flory-Huggins interaction parameter (χ). Details for
determining the Vr value of latex films using the
equilibrium swelling method in toluene are previ-
ously described elsewhere [23]. Thus, these results
suggest that the optimum level of GT loading was
4 phr (NR-g-QPVBC/GT4), as it gave the optimal
tensile properties of the latex film. 
Ultra-thin sectioning of the cured NR-g-QPVBC/
GT4 latex film was then prepared and subjected to
OsO4 vapor staining. The phase separation between
the NR and grafted PVBC phases in the latex film
became apparent due to the brighter appearance of
the unstained PVBC phase (Figure 3b). This intrigu-
ing phenomenon is likely a result of the immiscibil-
ity between the two phases, which is influenced by
their significant difference in solubility parameters.
Specifically, the solubility parameter for NR is
17.0 MPa1/2 [30], while that for PVBC is 20.3 MPa1/2
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Figure 3. a) Stress-strain curves of uncured and cured NR-g-QPVBC films in the presence of different levels of GT (i.e., 0,
2, 4, and 6 phr) and b) TEM micrograph for latex film cast from the NR-g-QPVBC/GT4 latex.



[31]. In addition, as the structure of GT does not con-
tain active C=C double bonds, it cannot undergo an
addition reaction with OsO4. Thus, the GT phase
would appear brighter than the NR phase and prob-
ably be located primarily at the particle boundaries.
Consequently, the particle boundaries (the bright re-
gion) are expected to be predominantly composed of
PVBC and GT phases. Figure 3b also reveals that
the thickness of the bright regions ranged from 10–
15 nm for the NR-g-QPVBC/GT4. At ambient tem-
peratures, the boundaries between particles are ex-
pected to be rigid and immobilized. Thus, they could
serve as physical crosslinks for the latex film as the
molecules in the particle boundaries were chemically
attached to the NR chains. As the temperature rises,
the boundaries between rubber particles soften due
to thermal energy disrupting ionic crosslinking in the
NR-g-QPVBC/GT4. This allows chain segments to
rearrange and slide over one another. This hypothesis
was demonstrated by subjecting the NR-g-QPVBC/
GT4 to DMTA analysis, providing an understanding
of the material's behavior under varying tempera-
tures.
Figure 4a illustrates the changes in the storage mod-
ulus (E′) as a function of temperature for the uncured
and cured NR-g-QPVBC films. As the temperature
increased, a sharp drop of the E′ was observed in the
–71 to –66 °C range. It signified the beginning of the
NR transition, indicating an increase in the mobility
in either side chains or chain segments in its mole-
cule. As the temperature continued to increase, the
graft copolymer phase entered the glass transition re-
gion, leading to a drastic decrease in the E′ by about
three orders of magnitude.

In this experiment, the value of glass transition tem-
perature (Tg) was determined from a temperature at
which the loss tangent (tanδ)  value reached a max-
imum. Figure 4b reveals that the Tg of the NR phases
in the uncured films was about –59°C.  The Tg val-
ues of –56 and –54°C were observed for the cured
NR-g-QPVBC and NR-g-QPVBC/GT4 films, re-
spectively. Moreover, the introduction of ionic
crosslinking into latex films also reduced the mag-
nitude of the tanδ value for the NR phase. This sug-
gests that the mobility of rubber chains became more
restricted after ionic crosslinking was introduced
into the NR-g-QPVBC film.
As the temperature was raised beyond this region, a
second drop in the E′ began to be observed at about
–22 °C for all types of films. This corresponded to
the transition of the NR-g-PVBC phase in the graft
copolymers, giving a small tanδ peak at about –19°C.
An increase in temperature above the Tg of the NR-
g-PVBC phase led to a noticeable decrease in the E′
for the uncured NR-g-QPVBC over a temperature
range (i.e., from –12 to 60°C). It indicated the tran-
sition into a rubbery state before entering the flow
region of the graft copolymers. The uncured NR-g-
QPVBC exhibited a much more fluid-like behavior
beyond this region, as its E′ noticeably decreased
with increasing temperatures.
The E′ for the cured NR-g-QPVBC film tended to
decrease gradually when heated, passing through
the Tg region of the NR-g-PVBC phase. In contrast,
the cured NR-g-QPVBC/GT4 exhibited a rubbery
plateau region where a more-or-less constant E′ was
observed from about 60 to 160 °C. This suggests
that the extent of ionic crosslinking formed in the
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Figure 4. a) The storage modulus (E′) and b) the loss tangent (tan δ) as a function of temperature for the uncured NR-g-
QPVBC film and the cured NR-g-QPVBC and NR-g-QPVBC/GT4 films.



NR-g-QPVBC/GT4 film was greater than that of the
cured NR-g-QPVBC film.
A noticeable decrease in the E′ of the NR-g-QPVBC/
GT4 film was observed at about 178°C, marking the
onset of the terminal flow region. This means that
ionic crosslinking in the NR-g-QPVBC/GT4 film is
expected to be relatively stable up to about 178 °C.
Beyond this temperature, ionic interactions are dis-
rupted mainly by the applied thermal energy, allow-
ing the rubber chains to move relative to one another.
Therefore, the corresponding film is expected to dis-
play more fluid-like properties with further increas-
ing temperature. These results provide a reliable
basis for thermal stability and properties of the un-
cured and cured NR-g-QPVBC films in practical ap-
plications.
Additionally, it can also be seen from Figure 3a that
the stress-strain curves for the cured NR-g-QPVBC/
GT films differed from that of the cured film without
GT. Hence, wide-angle X-ray scattering (WAXS)
was conducted to monitor the films’ strain-induced
crystallization behaviors. The WAXS patterns ob-
tained during the stretching of the cured NR-g-
QPVBC films, with or without the addition of GT,

at a 50 mm/min speed are shown in Figure 5a. The
NR-g-QPVBC/GT4 was selected for further study
in this experiment as it gave the optimum tensile
properties.
Figure 5a provides clear evidence that, in both in-
stances, the unstretched film displayed an amor-
phous halo ring, indicating a lack of preferred chain
orientation. The emergence of crystalline diffraction
spots signified the orientational behaviors of the rub-
ber chains. Each diffraction spot corresponded to a
specific crystallographic plane, providing evidence
of the orientational behaviors of the rubber chains.
Therefore, these results demonstrate the significant
ability of the cured latex film to undergo strain-in-
duced crystallization (SIC). However, the isotropic
amorphous halo was still visible even at extensions
of 490% strain. This suggests that only a small frac-
tion of rubber chains underwent orientation along the
stretching direction under the given experimental
conditions.
The development of SIC in rubber films during
stretching could be estimated from the WAXS inten-
sity of the diffraction peaks produced by the (200)
and (120) planes, as reported by Hernández et al.
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Figure 5. a) WAXS patterns of NR-g-QPVBC and NR-g-QPVBC/GT4 films upon stretching at 0, 310, and 490% strain at
25°C, and b) WAXS intensity profiles versus 2θ for the corresponding films.



[24]. The diffraction peaks of the 200 and 120 planes
occurred at 2θ of about 12.5° and 18.6°, respectively
(Figure 5b). In all cases, WAXS patterns of the
stretched films exhibited a peak centered at 2θ of ~
16.4°, which corresponded to the amorphous phase
of the rubber molecules with no preferred orientation
of its chains. In contrast, the intensities of the two
crystal diffraction peaks at 2θ of ~12.5° and 18.6°
increased with strain during stretching, indicating the
occurrence of SIC.
Furthermore, the mass fraction of the crystallinity
index (Xc) in the stretched films could be estimated
based on the area of a crystal diffraction peak rela-
tive to that of an amorphous halo peak, according to
Equation (2). The Xc estimation indicated that the
alignment of rubber chains in the stretching direction
commenced at a strain of about 270% for both types
of cured latex films (Figure 6a). As the strain in-
creased, the Xc also showed a corresponding in-
crease. However, the cured film with GT addition
exhibited a higher degree of crystallinity, which be-
came more evident at strains exceeding 300%. This
finding suggests incorporating GT into the graft
copolymer latex could promote rubber chain align-
ment during tensile deformation.
As the SIC of NR-g-QPVBC could be induced by
the addition of GT, specific interactions between the
two phases would be expected, leading to collabo-
rative SIC (Figure 6b). GT is a polyampholyte that
carries both positively and negatively charged
groups [13]. A change in the charge distribution in
GT’s structure depends on the pH of the solution.
At highly alkaline pH levels, the concentration of

dissociated carboxyl groups (–C=O–O–) increases,
shifting the balance of charges towards the negative
groups [33]. In this study, GT was introduced into a
graft copolymer latex with a pH of approximately
10. This specific pH environment allowed the nega-
tively charged groups of GT to interact ionically with
the QA groups of the NR-g-QPVBC (Figure 1). The
resulting ionic interaction would be expected to fa-
cilitate compatibility between the two phases.

3.3. Antimicrobial activity
Several polymers bearing cationic moieties have sig-
nificant antimicrobial activity [19–21]. In diverse
forms, QA cations are the most common cationic
groups in these polymers, highlighting their potential
in antimicrobial applications [34–36]. The cationic
groups of these polymers can adsorb onto the nega-
tively charged bacterial membrane through electro-
static interactions [20, 34]. The bactericidal activity
of these polymers typically occurs by inducing mem-
brane disruption by various mechanisms and ulti-
mately causes the death of the bacteria.
As the NR-g-QPVBC/GT4 also contains QA cation-
ic groups in its structure, its potential as an antimi-
crobial agent was assessed by examining the diam-
eter of the zones of inhibition.
Figure 7 reveals that no inhibition zones against
gram-negative E. coli and gram-positive S. aureus
were observed for the cured NR-g-QPVBC/GT4
films. This lack of antibacterial activity suggests that
the NR-g-QPVBC/GT4 film may not be suitable for
applications where antibacterial properties are re-
quired. The films did not have antibacterial activity

R. Ninjan et al. – Express Polymer Letters Vol.18, No.11 (2024) 1077–1093

1086

Figure 6. a) Crystallinity (Xc) as a function of strain for the cured NR-g-QPVBC and NR-g-QPVBC/GT4 films at 25°C and
b) crystallization model of the ionically crosslinked latex films, adapted from Tosaka et al. [32].



against E. coli and S. aureus bacteria since they could
not suppress their growth during an inhibition zone
test. Although the NR-g-QPVBC molecules bear QA
cationic groups, only a small amount (3.58 wt%) is
present on its grafted chains. Thus, the possible ex-
planation for this observation is that not enough QA
cationic groups were present in the films to exhibit
their antibacterial performance.

3.4. Heat-sealing ability
After that, the heat-seal ability of the NR-g-PVBC/
GT4 films was thoroughly investigated, evaluating
their promising potential as a heat-seal coating for
papers. The sealing temperature is a critical param-
eter in the sealing process, ensuring chain interdif-
fusion occurs.  This process is initiated by conducting
the heat-sealing at a temperature above the Tg values

of the main three phases in the film. The Tg values
for the NR, NR-g-PVBC, and GT phases in the film
were about –59, –19, and 63°C, respectively. 
Secondly, the applied thermal energy must be enough
to break reversible ionic bonds in the film. Ionic in-
teractions can ideally break and recombine under
specific temperature ranges. This means that ionic
moieties in the film can hop between ionic aggre-
gates if enough thermal energy is applied. The ion-
hopping weakens the ionic crosslinks and allows
chain diffusion between sealing surfaces. A prelim-
inary study revealed that the NR-g-QPVBC-based
films were heat-sealable with an impulse heat-sealer
of 160°C.
It can be seen from Figure 8a that the NR-g-QPVBC/
GT4 films exhibited a significantly higher seal
strength than the NR-g-QPVBC film. During im-
pulse sealing, two films were pressed together be-
tween a heated metal wire to promote the diffusion
of polymer chains across the sealing interface. Thus,
another major factor affecting the seal strength is the
dwell time. It is a contact time in which the two sur-
faces are pressed together to create good contact
over the sealing area (inserted image in Figure 8a).
A suitable dwell time generally results in a strong
seal since it promotes the formation of chain entan-
glement during the health-sealing process. The re-
sults suggest that the minimum dwell time for the
NR-g-QPVBC/GT4 film with thickness ranging

R. Ninjan et al. – Express Polymer Letters Vol.18, No.11 (2024) 1077–1093

1087

Figure 7. Images obtained from the disc diffusion test
against E. coli and S. aureus for the cured NR-g-
QPVBC/GT4 film.

Figure 8. a) The heat-seal strength of the cured NR-g-QPVBC and NR-g-QPVBC/GT4 films at different dwell times, and
b) failure modes of the sealed latex films and the failed specimen.



from ~1 to 1.5 mm at 160 °C was 14 s, as it gave the
highest seal strength when using a sealing pressure of
~0.2 MPa. This finding is significant as it provides
practical insights into optimizing the sealing process
for NR-g-QPVBC-based films filled with GT.
Additionally, the average molecular weight of poly-
mers is a crucial factor in determining the chain dif-
fusion rate. This is particularly significant as it di-
rectly influences the movement of polymer chains
during healing, a process known as reptation [37],
where the chains move like a snake, sliding past each
other. Hence, the rate of chain movement is crucial
for the film’s heat-seal ability, which is inversely re-
lated to the molecular weight. The average molecular
weight of GT with a high bloom number (225)
ranges from 5·104 to 10·104 g/mol, much lower than
that of the graft copolymers. This implies that the
GT chains are expected to travel across the sealing
interface more quickly and at a longer distance than
high-molecular-weight rubber chains during heat-
sealing (Figure 9). The higher heat-seal strength ob-
served for the NR-g-PVBC/GT4 films further con-
firms the role of chain entanglements across the
healing interface.
In this study, the seal failure mode was scrutinized
by visually examining the failed specimens. Three
distinct failure modes are typically identified for
measuring seal strength in a peel test: peeling, tear-
ing, and a combination of both. Each of these modes
offers valuable insights into the extent of interfacial
diffusion and, consequently, the seal quality. The ob-
served failure mode for the NR-g-QPVBC films was
the peeling failure, which occurred when the inter-
face between the bonded films separated during a
peel test. This debonding of the film interface indi-
cated a relatively low extent of interfacial diffusion
over the sealed zone (Figure 8b).
When 4 phr of GT was introduced into the film, tear-
ing failure was attained. This type of failure occurs

when polymer chains from two opposite surfaces
diffuse across the interfacial zone, leading to molec-
ular entanglement. Interestingly, it was found that
the tearing failure tended to occur at the seal edge
(Figure 8b). It indicates that the energy required to
cause seal separation during a peel test also included
energy to deform test pieces. Therefore, the occur-
rence of tearing failure suggests that the sealing in-
terface between the films is more robust than their
bulk properties.
The findings reveal that the incorporation of GT into
the NR-g-QPVBC film plays a pivotal role in pro-
moting the extent of molecular diffusion across the
sealing interface, leading to the creation of chain en-
tanglements. This is clearly reflected in the increase
in the seal strength of the interface and the subse-
quent change in the failure mode to tearing failure.
It underscores the significant impact of GT on seal
strength and molecular diffusion in NR-g-QPVBC
films.
SEM analysis was used to demonstrate molecular
diffusion along the sealed area. The sealed films
were first cross-sectioned using freeze fracturing be-
fore their morphology was examined. A complete fu-
sion along the sealing interface was observed for the
NR-g-QPVBC/GT4 since the welding line between
the two surfaces could not be identified (Figure 10).
The result suggests that the NR-g-PVBC/GT4 film
could merge during heat sealing, allowing molecular
entanglement to form and providing good seal
strength.
The FTIR spectra of the NR-g-QPVBC/GT4 film
before and after heat-sealing at 160 °C for 14 s were
also analyzed for changes in its functional groups,
as illustrated in Figure 11. The absorption peaks at
2964 and 837 cm–1 were assigned to the –CH2–
stretching and =C–H out-of-plane bending of the cis-
1,4-polyisoprene, respectively [38]. The peak at
1240 cm–1 corresponded to the C–N stretching of
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Figure 9. Interdiffusion of GT and NR-g-QPVBC chains occurred in the heat-seal area of the NR-g-QPVBC/GT4 film.



aliphatic amine in the quaternized PVBC (QPVBC)
of the grafted chains.
Generally, the stretching vibration of C=C bonds in
the NR molecules appears at about 1660 cm–1. Un-
fortunately, the corresponding peak occurred close
to the absorption of C=O stretching in amide groups
present in GT. The characteristic bands typically
found in the FTIR spectra of GT can be denoted as
amide-I (1600–1700 cm–1) and amide-II (1570–
1520 cm–1) [39]. The amide-I band is mainly asso-
ciated with the absorptions corresponding to the
C=O stretching of amide groups in GT molecules.
Hence, the peak at 1656 cm–1 in the spectra of the

NR-g-QPVBC/GT4 film could result from the ab-
sorptions of both the C= C stretching of NR coupled
with the C=O stretching of GT.
The amide-II band results from the N–H bending vi-
bration with a minor contribution from the C–N
stretching vibration. The inserted image in Figure 11
revealed a decrease in the intensity of the amide-II
peak after the NR-g-QPVBC/GT4 film was heat-
sealed at 160 °C for 14 s. Sufficient thermal energy
is required to overcome forces of attraction between
the polymer chains (i.e., most importantly, ionic and
hydrogen bonds) during a heat-sealing process, al-
lowing the chain's diffusion across the sealing inter-
face. H-bonding interactions between amide groups
of GT occur primarily through the C=O and N–H
functional groups. However, it has been reported that
the N–H vibration modes are susceptible to their
ability to form H-bonding [40]. In general, the FTIR
peak intensity depends on the number of bonds re-
lated to the absorption, and an absorption band with
fewer bonds involved exhibits a lower intensity.
Thus, a reduction in the intensity of the amide-II
band suggests that fewer N–H bonds were involved
in forming H-bonding after a heat-sealing process.
Tongnuanchan et al. [41] reported a similar obser-
vation after the films based on fish skin gelatin were
heat-sealed at 150 °C for 1 s.
Furthermore, a significant increase in the intensity
of the absorption peak at 1730 cm–1 was also ob-
served after the film was heat-sealed.  This suggests
the occurrence of thermal oxidative degradation of
GT during a heat-sealing process at 160 °C, which
could result in the formation of degradation products
containing carbonyl groups, –C=O (e.g., aldehyde,
ketone, ester, and carboxylic acid) [41].

3.5. Water absorptivity and tensile strength of
coated paper

The NR-g-QPVBC/GT4-coated paper was prepared
using the dip coating method. This involved immers-
ing the paper in compounded latex to deposit the
rubber coating. After the aqueous phase was re-
moved through evaporation, a dry coating film of
NR-g-QPVBC/GT4 was formed on the paper sur-
face. The Cobb 60 test, a standard method for meas-
uring the water absorptivity of paper, was then con-
ducted. This test measures the quantity of water
absorbed by a paper in 60 s. A high Cobb 60 value
indicates high water absorption, which in turn sug-
gests poor water repellency.
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Figure 10. SEM micrographs of the cross-section at the seal-
ing edge of the NR-g-QPVBC/GT4 film after
being sealed at 160 °C for 14 s.

Figure 11. An overlay of FTIR spectra for the NR-g-
QPVBC/GT4 film before and after heat-sealing
at 160°C for 14 s.



Figure 12a shows that the uncoated paper had a
Cobb 60 value of 152.9 g/m2, indicating poor water
barrier performance. The Cobb 60 value significant-
ly decreased to 48.3 g/m2 when the paper was single-
dipped into the NR-g-QPVBC/GT4 latex, demon-
strating a remarkable improvement in water absorp-
tivity. This was achieved with a coating thickness of
37 µm and a coat weight of 77.3 g/m2. The coating
thickness and coat weight required for achieving the
optimum value of Cobb 60 (28.9 g/m2) were 45 µm
and 98.6 g/m2, respectively, which was prepared
using a double-dip process.
Changes in the wettability of a water droplet on the
paper surface were also observed after being coated
with the NR-g-QPVBC/GT4 latex. A water droplet
initially made a contact angle of 47.6±6° with a
paper surface (inserted images in Figure 12a). How-
ever, the water contact angle dramatically increased
to 85.7±4° when the paper was coated with the latex
using the optimum coat weight. This wettability al-
teration toward the non-wetting of the paper surface
is mainly due to the hydrophobic nature of the latex
coating. Generally, a higher hydrophobicity indicates
better water barrier properties, which are essential
for packaging applications.
Additionally, the application of a latex coating layer
on the paper surface proved to be a significant factor
in enhancing the tensile strength. Figure 12b clearly
demonstrates that the coated paper exhibited a no-
tably higher tensile strength than the uncoated paper.
Moreover, the wet strength of the paper showed a
substantial increase after it was coated with latex
coating. A 90.2% decrease in tensile strength was
observed after the uncoated paper was immersed in

distilled water for 60 s, according to ASTM D829-
97. This reduction is primarily due to water's disrup-
tion of hydrogen bonding in paper. However, the
coated paper managed to retain 60.8% of its dry-ten-
sile strength, giving a wet-tensile strength of
13.8 MPa. The higher wet-tensile strength indicates
that the coated paper exhibits significantly lower
water sensitivity than the uncoated paper.

3.6. Heat-seal strength of coated paper
In this system, the heat-seal characteristic of the
coated paper relied on the latex coating's ability to
adhere to itself after being heated under slight pres-
sure. This is because the two layers of uncoated
paper could not be sealed to each other by applying
heat and pressure. The heat-sealing was conducted
using a handheld bag sealer at 160 °C and varied
dwell times, producing a 3 cm width of the seal area.
The sealing time of 3 s was observed to be the opti-
mum dwell time as it gave the highest heat-seal
strength for the coated film, with the coating thick-
ness ranging from 35–45 µm (Figure 13a). The fail-
ure mode of the heat-sealed paper was then exam-
ined after it was separated into two pieces. It can be
seen from an inserted image in Figure 13a that two
pieces of coated paper did not separate at the inter-
face, and the sealing area remained intact. Therefore,
the failure was not interfacial but within the bulk
paper, leaving paper layers on both surfaces. The
substrate failure indicated good seal strength as the
paper failed before the sealing area of the coating
material.
Heat-sealable paper has a significant environmental
advantage and can be used in various applications.
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Figure 12. a) Cobb 60 values for the uncoated paper and paper coated with the NR-g-QPVBC/GT4 latex using different coat
weights, and b) the wet tensile strength of the uncoated and coated paper with a coat weight of 98.6 g/m2.



It can be manufactured into custom-size waterproof
envelopes and bags, offering a sustainable alterna-
tive to plastic packaging. The coated paper could be
shaped into a seedling bag using a handheld sealer,
as shown in Figure 13b. Using it as an alternative
material for plastic seedling bags demonstrates its
versatility and contributes to reducing plastic pack-
aging waste.

4. Conclusions
This study demonstrated the potential of NR-g-
QPVBC/GT latex as a paper-coating material with
practical applications in sustainable packaging. The
crosslinking in this system was achieved by using
EDTA as a crosslinker, creating ionic interactions be-
tween polymer chains. Tensile testing and DMTA
analysis provided irrefutable evidence that ionic
crosslinking occurred in the NR-g-QPVBC latex
film in the presence of EDTA. The heat-seal ability
of the latex films was first examined to evaluate the
promising potential of heat-seal coatings for papers.
The result revealed that the NR-g-QPVBC latex
films, with or without GT, were heat-sealable at
160 °C. However, incorporating GT into the graft
copolymer latex resulted in a significantly higher
seal strength than the film without GT. The latex film
filled with GT was deposited on recycled kraft paper
using a dip coating method. A significant reduction
of the Cobb 60 value from 152.9 to 28.9 g/m2 indi-
cated a considerable decrease in the paper's water
absorptivity after being coated with a coat weight of
98.6 g/m2. The coated paper could also retain about
60.8% of its dry-tensile strength when immersed in

water for 60 s. The dwell time required to produce
the optimum heat-seal strength for the paper coated
with the NR-g-QPVBC/GT4 was 3 s at 160 °C. The
practicality of the heat-sealable paper was demon-
strated by transforming it into different types of bags
by folding and sealing the edges using a handheld
bag sealer.
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