
1. Introduction
Natural rubber (NR) is widely used as a polymeric
material in various applications such as tires, medical
devices, footwear, sports accessories, rubberized coil
forms, road rubberization, and so on, because of its
unique elasticity and mechanical properties [1, 2]. For
practical applications, the raw rubber materials are
generally mixed with chemicals and subjected to vul-
canization via sulfur or peroxide crosslinking [3]. The
long-chain molecules of rubber become chemically
joined (cross-linked) to form three-dimensional struc-
tures at various points along the chain, which then
provide enhanced mechanical properties [4]. In the
case of peroxide vulcanization, the mechanical prop-
erties of rubber vulcanizates are inferior compared to

sulfur vulcanization [5]. The vulcanization of NR
with sulfur, originally discovered by Goodyear in
1839, forms sulfur linkages (mono-, di-, and poly-
sulfide bridges) between the polymer chains [6].
Rubber vulcanization in a sulfur system generally
uses an accelerator, activator, and co-activator to im-
prove the vulcanization rate and cross-linking effi-
ciency. In the rubber industry, zinc oxide (ZnO) is the
most efficient activator for sulfur vulcanization and
can reduce the vulcanization time of rubber com-
pounds and enhance the properties of vulcanizates.
Therefore, ZnO plays an important role in the trans-
formation of rubber vulcanization [7, 8].
There has not been much research on the effect of
ZnO on rubber vulcanization in terms of synthesis,
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properties, and compounding applications. Recently,
short prism-like ZnO particles synthesized by a hy-
drothermal method were compounded with NR latex
at different contents to prepare vulcanized NR films
that exhibited high mechanical properties [9]. Simi-
larly, the octylamine-capped ZnO nanoparticles with
a 5 nm diameter were used in vulcanization to give
a high curing efficiency and enhanced mechanical
performances of the NR because this structure could
improve the ZnO dispersion in the rubber matrix
[10]. Active ZnO (3 parts per hundred of rubber [phr])
and nano ZnO (1.5 phr) presented excellent proper-
ties for rubber compounds filled with carbon black,
which allowed for reduced ZnO usage in forming an
elastomeric rubber [11]. For rubber film preparation,
ZnO modified with calcium carbonate (CaCO3) at a
9:1 (w/w) ratio effectively activated the NR cross -
linking and improved the anti-microbial properties
of the rubber products [12]. For styrene-butadiene
rubber (SBR) vulcanizates, ZnO nanoparticles (rod-
like particles) [13] and rod-like ZnO with different
crystal facets [14] were found to give a better vul-
canization activity and a good performance with a
high crosslink density and a large reduction in the
polysulfide crosslinking. In addition, the nanosized
ZnO cooperated with ionic liquids [15], while the
ZnO nano particles prepared by a sol-gel process [16]
could reduce the vulcanization time, increase the de-
gree of rubber crosslinking, and improve the tensile
properties of the SBR and polyisoprene vulcanizates,
respectively. In contrast, ZnO coated on a nano-
CaCO3 surface [17], and ZnO dispersed in CaCO3
[18], effectively activated the vulcanization of tire
tread compound and ethylene, propylene, and diene
monomer elastomer, respectively. For SBR/polybu-
tadiene rubber blends, polyethylene glycol-coated
ZnO nanoparticles with a rod-like structure (3 phr)
helped to increase the tensile strength of the vulcan-
izates [19]. These results indicated the importance of
investigating the source of ZnO particles in the sul-
fur vulcanization of rubber.
The ceramic industry has many waste materials dur-
ing the process [20, 21], so the reuse of ceramic waste
has been widely studied in many applications. In ce-
ramic manufacturing, ZnO as glaze coating [22] can
ensure crystallization [23], improve the glaze surface
properties of floor tiles [24], reduce the coefficient
of thermal expansion [25], affect the melting point
of the glaze [26], etc. would be one type of ceramic
waste. From these mentioned superior properties, the

ZnO from ceramic waste is an attractive chemical to
substitute for the ZnO as an activator in the vulcan-
ization process. The present work focused on the
vulcanization of NR compounds using three differ-
ent types of ZnO particles as activators, i.e., com-
mercial ZnO (ZO), waste ZnO (WZO) obtained
from a ceramic glaze industry, and calcined WZO
(C-WZO). To obtain the C-WZO, the WZO was first
treated via calcination at 800 °C for 6 h. The physi-
cal, thermal, and dynamic mechanical properties of
NR vulcanized with the different ZnO types were
elucidated.

2. Experimental
2.1. Materials
The NR (STR 5L or Standard Thai Rubber 5L) and
curing reagents for rubber compounds: ZO, stearic
acid, n-cyclohexyl-2-benzothiazole sulfenamide
(CBS), and sulfur, were supplied from the Rubber
Research Institute of Thailand. The WZO was ob-
tained from a ceramic glaze industry (Siam Frit Co.,
Ltd., Samutsakhon, Thailand) and then calcined at
800°C for 6 h to obtain the C-WZO.

2.2. Preparation of NR vulcanizates
The formulations of the rubber compounds are listed
in Table 1. The common rubber compound formula I
was filled with 5 phr of ZnO powder and 2.5 phr of
sulfur. For the adjusted rubber compound formula II,
the actual sulfur content obtained from the ZnO sam-
ple and added sulfur was adjusted to be a total of
5 phr. All ingredients were mixed in a two-roll mill
at room temperature for 9 min to form NR com-
pounds. Measurement of Mooney viscosity (ML 1+4
at 100 °C) was carried out using Premier™ MV
Mooney Viscometer (Alpha Technologies, USA)
according to ISO 289-1: 2015. The cure character-
istics were determined using a moving die rheome-
ter (MDR, TechPro MD+, USA) at 155 °C follow-
ing ASTM D5289-19. Optimum cure time (tc90),
scorch time (ts2), minimum torque (ML), maximum
torque (MH) and torque difference (MH – ML) are
presented in Table 1. The sample sheets with dimen-
sions of 150×150×2 mm were prepared at 155 °C
and 150 kg/m2 for 10 min using a compression
mold (Scientific LabTech Engineering Co., Ltd.,
Thailand).
The NR vulcanized samples with ZO, WZO, and
C-WZO were denoted as NR/ZO, NR/WZO, and
NR/C-WZO, respectively.

D. Tumnantong et al. – Express Polymer Letters Vol.17, No.3 (2023) 290–299

291



2.3. Characterization of ZnO
Thermogravimetric analysis (TGA) of the ZO,
WZO, and C-WZO was performed using a thermal
analysis instrument (Perkin-Elmer Pyris Diamond,
USA). The sample (10 mg) was placed on a plat-
inum pan and heated from room temperature to
1000°C at a constant heating rate of 10°C/min under
nitrogen (N2) at a flow rate of 50 ml/min. The TGA
result was used to find the suitable temperature for
WZO calcination.
The X-ray diffraction (XRD) analysis of the different
types of ZnO was performed on a Bruker D8 Ad-
vance X-ray diffractometer (USA) with CuKα radi-
ation (λ = 1.54 Å). The X-ray source was operated
at 40 kV and 40 mA with a scanning rate of 5–80°,
changing at 0.1°/s. The elemental composition was
evaluated using wavelength dispersive X-ray fluo-
rescence spectrometry (WDXRF, JEOL Bruker S8
TIGER, USA).
The N2 adsorption-desorption isotherms of different
ZnO samples were measured using a Micromeritics
ASAP-2020 surface area and porosity analyzer
(USA). The sample (0.15 g) was degassed at 120°C
for 2 h under an N2 atmosphere to remove the ad-
sorbed moisture. The specific surface area of the
samples was evaluated using the Brunauer–Emmett–
Teller (BET) method. Theoretical particle size can
be determined from the adsorption data and calcu-
lated according to Equation (1) [27]:

(1)

where D is the theoretical particle diameter [μm], Ssp
is the specific surface area per unit mass, and ρa is
the theoretical density of the solid material.
The morphology of ZnO particles was examined
using scanning electron microscopy (SEM, JSM-
6480LV, Japan) at an acceleration voltage of 15 kV.
The samples were first sputter-coated with gold. The
morphology of ZnO particles was also obtained
using transmission electron microscopy (TEM,
JEOL JEM-1400, Japan) operated at an acceleration
voltage of 80 kV. A small amount of the sample was
dispersed in ethanol solution and the suspension was
put on a copper grid.

2.4. Characterization of the NR vulcanizates
The swelling measurement of the NR vulcanizates
was determined according to ASTM D471. The sam-
ple (10×10×2 mm) was immersed in toluene for 7 d
at room temperature. The swelling ratio (Q) of the
NR vulcanized samples was then calculated accord-
ing to Equation (2):

(2)

where W1 and W2 are the weight of the vulcan-
izates before and after toluene immersion [g], re-
spectively.
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Table 1. Formulation of NR compounds in parts per hundred of rubber [phr] and vulcanization parameters.

athe adjusted WZO or C-WZO and
bthe adjusted sulfur to make the actual sulfur (2.5 phr)

Sample code NR/ZO NR/WZO (I) NR/WZO (II) NR/C-WZO (I) NR/C-WZO (II)
Chemicals

NR 100.00 100.00 100.00 100.00 100.00
ZO 5.00 0.00 0.00 0.00 0.00
WZO 0.00 5.00 5.58a 0.00 0.00
C-WZO 0.00 0.00 0.00 5.00 5.14a

Stearic acid 2.00 2.00 2.00 2.00 2.00
CBS 0.60 0.60 0.60 0.60 0.60
Sulfur 2.50 2.50 1.92b 2.50 2.36b

Cure characteristics
ML (1+4) at 100°C 27.0 31.0 30.8 29.5 28.9
tc90 [min] 8.72 7.76 7.95 8.53 8.65
ts2 [min] 5.34 5.79 5.73 5.67 5.55
ML [dN·m] 0.43 0.43 0.54 0.43 0.53
MH [dN·m] 5.62 4.70 4.99 5.12 5.43
MH – ML [dN·m] 5.19 4.27 4.45 4.69 4.90



The volume fraction (Vr) and crosslink density (ηc)
of vulcanizates were determined following Equa-
tions (3) and (4), respectively, [28, 29]:

(3)

(4)

where ρr is the density of the vulcanizates, ρs is the
density of toluene (0.862 g/cm3), Vs is the molar vol-
ume of toluene (106.4 cm3/mol), and χ is the NR-
toluene interaction parameter (Flory-Huggins value,
0.39) [30].
The mechanical properties of the NR vulcanizates
were evaluated using a universal testing machine
(Instron 3366, USA) at a 500 mm/min cross-head
speed according to ASTM D412. All samples were
cut into a dumbbell-type shape. The hardness
(Shore A) was measured using the Shore A hardness
tester (BAREISS: model Digi test II, USA) accord-
ing to ASTM D2240. Tear properties and compres-
sion set were measured using a universal testing ma-
chine (Hounsfield model UTM1T, USA) according
to ASTM D624 (die C) and ASTM C165, respec-
tively.
Initial decomposition temperature (Tid) and maxi-
mum decomposition temperatures (Tmax) of the NR
vulcanizates were measured using thermal analysis
(Perkin-Elmer Pyris Diamond, USA). Each sample
(10 mg) was placed on a platinum pan and heated
from room temperature to 800 °C at a constant heat-
ing rate of 10 °C/min under N2 gas at a flow rate of
50 mL/min.
The glass transition temperature (Tg) of the samples
was measured using a dynamic mechanical analyzer
(DMA, GABO MODEL: EPLEXOR QC 100, Ger-
many). The temperature was run in the range of –100
to 100°C at an oscillation frequency of 5 Hz and a
heating rate of 2 °C/min. The storage modulus (E′)
and the loss tangent (tanδ) curves were observed.

3. Results and discussion
3.1. Characterization of ZnO particles
The elemental compositions of ZO, WZO, and
C-WZO are presented in Table 2. The commercial
ZO had no sulfur components, while the sulfur con-
tent in WZO (10.4 wt%) was almost four-fold higher
than that in C-WZO (2.7 wt%), indicating that cal-
cining at 800 °C reduced the sulfur components in
WZO. Accordingly, the zinc content of the ZnO par-
ticles was decreased in the order: ZO (80.3 wt%) >
C-WZO (74.9 wt%) > WZO (59.5 wt%). Moreover,
these results were supported by the XRD analysis
(Figure 1). For the commercial ZO, the characteristic
peaks of ZnO were observed without impurity phas-
es. The WZO diffraction peaks consisted of both
zinc sulfide (ZnS) and ZnO peaks, according to pow-
der diffraction standards of the Joint Committee on
Powder Diffraction Standards (JCPDS) with cards
number 36–1450 and 36–1451 [31], respectively.
After the calcination of WZO, the XRD patterns pre-
sented both ZnS and ZnO peaks, but the intensity of
ZnS peaks in C-WZO was lower than that in WZO.
The sulfur components (ZnS) of WZO were convert-
ed to ZnO during calcination, but the conversion was
not complete as it still contained some ZnS.
The TGA thermograms of ZO, WZO, and C-WZO are
shown in Figure 2. For the ZO curve, the ZnO weight
was 100%, with no significant change. However, the
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Table 2. Elemental composition, specific surface area, and particle size of ZO, WZO, and C-WZO.

aXRF
bSurface area and porosity analyzer

Sample
Elementa

[wt%] ZnOa

[wt%]

Multipoint
BETb

[m2/g]

Total pore
volumeb

[cm3/g]

Average pore
diameterb

[Å]

Average particle
sizeb

[nm]Zn S O
ZO 80.3 0.0 19.7 100.00 5.33 0.0062 46.6 201
WZO 59.5 10.40 30.0 74.0 3.50 0.0040 45.3 306
C-WZO 74.9 2.7 22.4 93.3 1.93 0.0007 15.0 554

Figure 1. Representative XRD patterns of ZO, WZO, and
C-WZO



WZO curve presented a two-step degradation with a
weight loss of about 2% at 250 °C and a further 7%
at 650 °C due to the decomposition of ZnS. It was
clearly observed that the C-WZO weight was slight-
ly changed, with a residual weight of 99.5% due to
the small loss of light compounds. In accordance
with the XRF and XRD analyses, the conversion of
ZnS to ZnO proceeded by the oxidation of ZnS to
ZnO, and so increasing the ZnO content in C-WZO,
as shown in Equations (5) and (6):

ZnS (s) + 2O2     → ZnO (s) + SO3 (g) (5)

2ZnS (s) + 3O2   → 2ZnO (s) + 2SO2 (g) (6)

The BET specific surface area and particle size of
ZO, WZO, and C-WZO are presented in Table 2. The
surface area of WZO (3.50 m2/g) was less than that
of ZO (5.33 m2/g) because of contamination during
the ceramic processing. For C-WZO, the surface area
was decreased to 1.93 m2/g as a result of tempera-
ture-induced coalescence during calcination [32]. As
mentioned above, the particle size can be calculated
from the adsorption data of the surface area and
porosity analyzer. The ZO, WZO, and C-WZO had an
average particle size of 201, 306, and 554 nm, respec-
tively. These particle size results were in accordance
with the SEM and TEM micrographs (Figure 3). The
ZO particles (Figure 3a) exhibited a small size with
an average size of 200 nm, while the WZO particles
(Figure 3b) were slightly larger than the ZO parti-
cles. However, C-WZO particles (Figure 3c) were
much larger and agglomerated particles compared to
the other ZnO samples, which was due to thermal
sintering.

3.2. Characterization of NR vulcanizates
The swelling ratio and crosslink density of NR vul-
canizates filled with different types of ZnO powder

and formula are presented in Table 3. For the formu-
lation of NR compounds, the common rubber com-
pound formula I with WZO or C-WZO and sulfur of
5 and 2.5 phr, respectively, would have the less ac-
tual ZnO and higher sulfur than 5 and 2.5 phr, re-
spectively, due to the ZnS amount. For the adjusted
rubber compound formula II, the increased WZO or
C-WZO (5.58 or 5.14 phr) and decreased sulfur in
NR/WZO or NR/C-WZO (1.92 or 2.36 phr) could
adjust to the actual sulfur of 2.5 phr in vulcanization
system.
The swelling properties related to the crosslink den-
sity and the crosslinking of the vulcanized rubber
were used to explain the effect of ZnO particles on
the vulcanization process. The crosslink density of
NR/ZO (0.19 mmol/cm3) was higher than that of
NR/C-WZO and NR/WZO due to the high ZnO pu-
rity of the ZO sample. Comparing the formula of
NR vulcanizates with ZnO powder at 5 phr and sul-
fur at 2.5 phr, the crosslink density of NR/WZO (I)
(0.11 mmol/cm3) was lower than that of NR/
C-WZO (I) (0.15 mmol/cm3) due to the lower ZnO
content of the NR/WZO sample. WZO and C-WZO
had a ZnO content of 74.0 wt% and 93.3%, respec-
tively, corresponding to the crosslink density of their
respective vulcanizates. Subsequently, when the ac-
tual sulfur content obtained from the WZO or
C-WZO and added sulfur was adjusted to be a total
of 2.5 phr, the crosslink density of NR/WZO (II)
(0.13 mmol/cm3) was also lower than that of NR/
C-WZO (II) (0.18 mmol/cm3). These results implied
that the sulfur content obtained from the ZnO sample
(as ZnS) did not participate in the sulfur vulcaniza-
tion process. Moreover, the crosslink density of
NR/C-WZO (II) and NR/WZO (II) was higher than
that of NR/C-WZO (I) and NR/WZO (I), respective-
ly, indicating that the ZnO amount affected the cross -
linking of rubber vulcanizates.
The proposed sulfur vulcanization process of the
vulcanized rubber filled with different ZnO samples
is shown in Figure 4 and is explained as follows.
(i) The ZnO component releases zinc ions (Zn2+) that
activate sulfur to form the chemical crosslinking of
the rubber matrix in the vulcanization process.
(ii) Elemental zinc and sulfur in the ZnS were in a
non-active structure and did not participate in the
rubber sulfur vulcanization. (iii) Sulfur in the S8
form was suitable to initiate the sulfur crosslinks be-
tween rubber chains to create mono-, di- or polysul-
fide crosslinks. Therefore, the ZnO content of the
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Figure 2. Representative TGA thermograms of ZO, WZO,
and C-WZO.



ZO, WZO, and C-WZO particles was a major factor
in the NR sulfur vulcanization in this research.

3.3. Physical and thermal properties of the
NR vulcanizates

The mechanical properties of the NR vulcanizates
are presented in Table 4. The tensile strength of NR/
ZO (26.4 MPa) was higher than that of NR/C-WZO
and NR/WZO. Comparing the formula of NR
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Figure 3. Representative SEM and TEM images of (a) ZO, (b) WZO, and (c) C-WZO.

Table 3. Swelling ratio and crosslink density of NR vulcan-
izates.

Sample Swelling ratio
[–]

Crosslink density
[mmol/cm3]

NR/ZO 3.31 0.19
NR/WZO (I) 4.52 0.11
NR/WZO (II) 4.05 0.13
NR/C-WZO (I) 3.70 0.15
NR/C-WZO (II) 3.42 0.18

Figure 4. Proposed sulfur vulcanization process of NR vul-
canizates.



vulcanizates with ZnO powder at 5 phr and sulfur at
2.5 phr, the tensile strength of NR/C-WZO (I)
(22.0 MPa) was higher than that of NR/WZO (I)
(17.1 MPa). When the actual sulfur content obtained
from the ZnO sample and added sulfur was adjusted
to be a total of 5 phr, the tensile strength of NR/C-
WZO (II) (21.3 MPa) was also higher than that of
NR/WZO (II) (16.8 MPa). It can be noted that the ten-
sile strength of the NR vulcanizates increased with
an increasing crosslink density. In addition, the ten-
sile strength of NR/C-WZO (I) and NR/WZO (I)
was about the same (no difference) as those for
NR/C-WZO (II) and NR/WZO (II), respectively,
while the crosslink density of NR/C-WZO (II) and
NR/WZO (II) was higher than that of NR/C-
WZO (I) and NR/WZO (I), respectively. This might
reflect that some sulfur in the vulcanization system
affected the tensile strength of elastomers. Although,
the elongation at break of the NR vulcanizates did
not show a clear trend, it was quite high in the range
of 642–693% due to the elastomeric matrix.
The modulus at 300% strain, hardness, and tear
strength of NR/ZO (2.49 MPa, 40.3, 71.6 N/mm)
were higher than those of NR/WZO and NR/C-WZO.
For the rubber vulcanizates filled with 5 phr ZnO
powder and 2.5 phr sulfur, the modulus at 300%
strain, hardness, and tear strength of NR/C-WZO (I)
(2.18 MPa, 38.4, 57.1 N/mm) were higher than those
of NR/WZO (I) (1.72 MPa, 33.9, 54.2 N/mm). For
the rubber vulcanizates with an actual sulfur content
of 2.5 phr, the modulus at 300% strain, hardness and
tear strength of NR/C-WZO (II) (2.45 MPa, 39.3,
68.4 N/mm) were higher than those of NR/WZO (II)
(1.75 MPa, 34.8, 63.1 N/mm). In addition, the mod-
ulus at 300% strain and hardness of NR/WZO (I)
and NR/C-WZO (I) were lower than those of NR/
WZO (II) and NR/C-WZO (II), respectively. The
modulus at 300% strain and hardness decreased with

a decreasing crosslink density due to the restriction
on the mobility of rubber chains [33]. Moreover, the
compression set of NR/ZO (28.1%) was also higher
than that of NR/WZO and NR/C-WZO (24.4–
25.1%). Figure 5 shows the stress–strain curves of NR
vulcanizates. The rubber vulcanizates had an elas-
tomer behavior with a positive slope and the curve of
NR/C-WZO (II) was similar to that of NR/ZO. These
results indicated that the C-WZO had a good poten-
tial for use as an activator in rubbers with high ten-
sile strength and tear strength (21.3 MPa, 68.4 N/mm)
that could be increased by the presence of silica /or
carbon black reinforcement in commercial rubber
products.
From the thermogravimetric analysis (TGA) and de-
rivative thermogravimetry (DTG) analysis (Figure 6
and Table 5), the NR vulcanizates formed with dif-
ferent types of ZnO all showed a one-step thermal
degradation with smooth weight loss. The Tid and
Tmax values were in the range of 346.3–348.8 and
375.8–378.4 °C, respectively, corresponding to the
decomposition of the NR matrix. Thus, the different
types of ZnO (ZO, WZO, and C-WZO) did not in-
fluence the thermal stability of the vulcanizates
(NR/ZO, NR/C-WZO, and NR/WZO), which re-
tained the same high thermal stability.
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Table 4. Mechanical properties of NR vulcanizates.

Data are shown as the mean±one standard deviation.

Samples
Tensile

strength
[MPa]

Elongation at
break
[%]

100%
Modulus

[MPa]

300%
Modulus

[MPa]

Hardness
[Shore A]

Tear strength
[N/mm]

Compression
set

[%]
NR/ZO 26.4±1.80 684±16 0.93±0.01 2.49±0.06 40.3±0.3 71.6±3.3 28.1±2.1
NR/WZO (I) 17.1±0.93 693±08 0.76±0.01 1.72±0.03 33.9±0.2 54.2±1.0 25.1±1.0
NR/WZO (II) 16.8±1.18 678±15 0.77±0.02 1.75±0.03 34.8±0.2 63.1±1.5 25.1±1.6
NR/C-WZO (I) 22.0±1.40 677±10 0.89±0.01 2.18±0.06 38.4±0.3 57.1±2.4 24.4±1.2
NR/C-WZO (II) 21.3±2.15 642±20 0.96±0.02 2.45±0.05 39.3±0.2 68.4±1.5 25.1±2.8

Figure 5. Representative stress–strain curves from the ten-
sile tests of NR vulcanizates.



3.4. Dynamic mechanical properties of the NR
vulcanizates

The elastic modulus of a polymeric material and its
mechanical damping or energy dissipation character-
istics as a function of the temperature and frequency
can be evaluated by DMA. The storage modulus (E′)
of the NR vulcanizates is shown in Figure 7 and
Table 5. At a low temperature, the E′max value of
NR/WZO (2093–2295 MPa) was lower than those of
NR/ZO and NR/C-WZO (2409–2417 MPa) due to
the presence of ZnS. In addition, the E′ values of the
vulcanized rubber were decreased around the transi-
tion region being a state after the onset of a noticeable
reduction in the storage modulus, because the mobil-
ity of the polymer chains increased with increasing
temperature. Above the glass transition temperature

(Tg), the E′20 °C values of NR/ZO and NR/ C-WZO
(1.73–1.89 MPa) were slightly higher than NR/WZO
(1.58–1.67 MPa). Therefore, C-WZO could be used
as an activator in rubber vulcanization.
The loss tangent (tan δ) of the NR vulcanizates was
calculated from the ratio of the dynamic loss modu-
lus (E″) to the storage modulus (E′) and is shown in
Figure 7 and Table 5. The height of the tanδ curve
showed the damping property of the material. The tan
δ values of NR vulcanizates were in the range of
2.28–2.46 and were not significantly different. More-
over, the Tg of vulcanized rubber could be determined
from the highest value of the tanδ peak. The Tg val-
ues of NR/ZO and NR/C-WZO (–44.4 to –45.0°C)
were slightly higher than NR/WZO (–45.3 to 
–47.4°C). Thus, the tensile and dynamic mechanical
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Figure 6. Representative (a) TGA and (b) DTG curves of NR vulcanizates.

Table 5. Thermal and dynamic mechanical properties of NR vulcanizates.

Sample Tid
[°C]

Tmax
[°C]

Tg
[°C]

E′max
[MPa]

E′20 °C
[MPa]

tan δ at the peak
[–]

NR/ZO 347.6 377.8 –44.8 2412 1.87 2.41
NR/WZO (I) 348.1 377.7 –45.3 2093 1.67 2.33
NR/WZO (II) 347.5 375.8 –47.4 2295 1.58 2.46
NR/C-WZO (I) 346.3 376.6 –45.0 2417 1.73 2.28
NR/C-WZO (II) 348.8 378.4 –44.4 2409 1.89 2.41

Figure 7. Representative (a) storage modulus (E′) and (b) loss tangent (tanδ) of NR vulcanizates.



properties of NR vulcanizates showed the same
trend, with C-WZO being an efficient activator in
rubber vulcanization.

4. Conclusions
The WZO particles obtained from ceramic process-
ing could be treated via calcination to remove the
sulfur components (ZnS). The particle size of WZO
and C-WZO was about 1.5 and 2.75-fold larger than
the ZO particles, respectively. For NR vulcanizates,
the NR/C-WZO had similar physical and dynamic
mechanical properties to NR/ZO. As a result of the
enhanced crosslink density, the tensile strength,
modulus at 300% strain, hardness, tear strength, and
storage modulus of NR/C-WZO were superior to
NR/WZO. For thermal properties, the rubber vulcan-
izates with different ZnO particles retained the same
high thermal stability. Therefore, C-WZO had the
potential to be used as a substance in the sulfur vul-
canization process.
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