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ABSTRACT: This study aimed to synthesize a new grade of ZnO composite by . o
depositing nanosized ZnO on microcrystalline cellulose (MCC), named MCC- Hydrothermal veezad® 1 -1
ZnO, and compared its performance as a cure activator with an existing e - )- |
commercial ZnO composite using inorganic nanoparticles as a supporting core, - Mixing
named herein as In-ZnO. The results reveal that the synthesized MCC-ZnO = I
consisted of approximately 50% wt. of nanosized ZnO, whereas the commercial ——]
one contained approximately 60% wt. When incorporated into styrene—butadiene — ——]
rubber (SBR), both ZnO composites performed effectively as cure activators,

resulting in decreases in scorch time and cure time in association with an increase ’}esmw o

in torque difference (state of cure). At a given content, MCC-ZnO showed
superior cure activation efficacy to In-ZnO, as evidenced by the higher torque
difference, which may be attributed to the smaller particle size of ZnO in MCC-ZnO. Regardless of the ZnO composite type, tensile
strength, hardness, and modulus kept increasing as the ZnO composite content increased up to 5 phr. Tear strength also increased
and reached its maximum at 3 phr for both ZnO composites. The results clearly reveal the potential of using MCC-ZnO to replace
conventional ZnO in the production of more environmentally friendly rubber products.

1. INTRODUCTION accelerator are vital in rubber technology with the improve-
ment of cure efficiency and rapid cross-linking processes.
Among metal oxides, ZnO is the most widely used cure
activator in conjunction with fatty acids (mostly stearic acid)
because it provides effective activation at a relatively low cost.

For decades, the need to reduce adverse effects on human
health and ecosystems has been a critical focus, driven by the
necessity of ensuring environmental sustainability for future
generations. Zinc oxide (ZnO) is widely used in many

applications, such as sunscreens,' solar systems,” electronic It is also postulated that the addition of ZnO helps enhance
devices,™ photocatalysts,6 antibacterial agents,7’8 and, most cross-linking efficiency and reduces reversion behavior during
importantly, as a rubber cure activator.”'’ In fact, the majority the cross-linking process.'> ZnO can also be used as a curing
of produced ZnO is used in the rubber industry because it is an agent in special rubbers, i.e. carboxylated acrylonitrile
essential ingredient in the manufacturing of rubber products, butadiene rubber (XNBR) and chloroprene rubber (CR). In
particularly those vulcanized by sulfur. Although sulfur XNBR, ZnO induces strong ionic cross-linking within the
vulcanization has been known and employed for centuries to rubber network, resulting in elastomeric composites with high
cross-link unsaturated rubbers (e.g, natural rubber (NR), tensile strength, hardness, and tear streng‘ch.16 Meanwhile,
styrene—butadiene rubber (SBR), etc.), the accurate chemistry ZnO is used in CR as a curing agent without using sulfur due

and mechanism of vulcanization still remain for researchers to
discuss. Without activators and accelerators, it is believed that
sulfur molecules are cleaved into sulfur fragments to react with
double bonds in rubber molecules and subsequently generate
the three-dimensional cross-links."' The combined role of
activators and accelerators, which considerably speed up the
vulcanization reaction, makes the cross-linking mechanism
more complicated. Several published works have reported the
mechanism of sulfur vulcanization, focusing on the influence of
activator and accelerator contents on the cross-linking
process.'””'* This also verifies that both activator and

to the presence of chlorine atoms in the rubber."”
Due to the increasing global ZnO consumption, susceptible
animals and algae in the marine system are greatly disrupted by
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Figure 1. A summary of the MCC-ZnO preparation process.
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the release of ZnO from end-of-life rubber products into the
water.'® According to European Union Regulation (EC) No.
1272/2008, ZnO has been declared a toxic substance to the
aquatic system.'” The release of ZnO into the environment
should be avoided. Thus, the concentration of ZnO in rubber
compounds should be kept as low as possible, and a complete
removal of ZnO from rubber compounds is highly
recommended.”” Three main ideas have been introduced to
reduce the use of ZnO in rubber compounding: (i) replacing
the microsized ZnO with smaller particle size ZnO having a
greater szpeciﬁc surface area, such as active ZnO and nano-
Zn0,”' ™ (ii) using different forms of zinc compounds such as
zinc stearate, organic zinc salt, zinc 2-ethylhexanoate, and zinc
glucon;1t<e,26_29 and (iii) developing ZnO composites by
depositing ZnO nanoparticles onto the supporting core, e.g.,
mineral clay, calcium carbonate, etc.307%?

Recent developments in synthesis technology have resulted
in a variety of different techniques for producing ZnO
nanoparticles.””>*™*° Studies indicate that smaller ZnO
nanoparticles have increased surface roughness and irregular
atomic structures, leading to enhanced contact surface area and
chemical reactivity.”*™>° Numerous investigations have been
performed on the effects of zinc oxide (ZnO) nanoparticles or
ZnO composites on the properties of many rubbers. For
instance, Magdalena Gaca et al.* synthesized SiO,@ZnO
core—shell nanoparticles using the sol-gel method and
examined their impact on the kinetics of XNBR cross-linking.
In another study, ZnOs were deposited onto cellulose fibers by
a wet blending technique prior to being added to natural
rubber (NR) to investigate their effects on fiber dispersion and
mechanical strength.” The effect of CoO-CaO/ZnO core—
shell particles on the properties of nitrile butadiene rubber
(NBR) was also examined by Zeinab D.Gherekhlo et al.*’

Recently, we successfully synthesized the ZnO composite by
depositing ZnO nanoparticles onto microcrystalline cellulose
(MCC), named MCC-ZnO.”'® As cellulose is a biomaterial
that is naturally abundant and easily biodegradable, the use of
cellulose as a supporting core for ZnO may help to improve the
biodegradability of the MCC-ZnO-containing rubber products.
However, its cure activation efficacy in rubber compounds has
not been compared with existing commercial ZnO composites,
which claim to have inorganic nanoparticles as supporting
cores and are herein called In-ZnO. This work, therefore,
aimed to investigate the effect of MCC-ZnO on the cure
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characteristics and mechanical properties of SBR and compare
these properties with those of SBR incorporated with In-ZnO.
In this work, the ZnO composite content was varied from 0—5
phr, and thus, the optimum dose of ZnO composites could be
revealed.

2. EXPERIMENTAL SECTION

2.1. Materials. Microcrystalline cellulose (MCC), with a
specific surface area of 2.2 m*/g, was manufactured by DuPont
Nutrition and Biosciences Company in Shanghai, China. Zinc
nitrate hexahydrate (Zn(NO;),6H,0, AR grade) and sodium
hydroxide (NaOH, AR grade) were supplied by Apex
Chemical Co., Ltd, Bangkok, Thailand. Styrene—butadiene
rubber (SBR, 1502) was received from Srijaroen Co., Ltd.,
Bangkok, Thailand. Carbon black (CB, N330) was supplied by
Thai Carbon Product Co., Ltd, Chonburi, Thailand. A
commercial ZnO composite (In-ZnO) was provided by a
local vendor in Thailand. Other rubber additives and curatives,
including stearic acid (SA), N-cyclohexyl-2-benzothiazole
sulfenamide (CBS), N-(1,3-dimethylbutyl)-N’-phenyl-p-phe-
nylenediamine (6PPD), and sulfur (Sg), were received from
Reliance Technochem Co., Ltd., Nakhon Pathom, Thailand.
Toluene (commercial grade) was supplied by CLS Supplies
and Service, Khon Kaen, Thailand. All materials and chemicals
were used without purification.

2.2, Methods. 2.2.1. Preparation of MCC-ZnO Compo-
site. To start, 1 g of microcrystalline cellulose (MCC) was
added to 50 mL of a 0.5 M aqueous Zn(NOs;), solution. This
mixture was sonicated at room temperature for 30 min using
an ultrasonicator (Peakelin Electronic, DT103H, Germany) to
ensure a uniform dispersion. Next, the suspension was stirred
vigorously with a magnetic stirrer (Heidolph Instruments, D-
91128 Schwabach, Germany) at 250 rpm and 50 °C for 4 h to
fully dissolve the Zn** ions. After that, S0 mL of 1.0 M NaOH
was slowly added as a reducing agent to initiate the in situ
reaction. The resulting mixture was then placed in a Teflon-
lined stainless steel hydrothermal synthesis autoclave reactor,
where it reacted for 5 h in an air-circulating oven at 90 °C.
Finally, the MCC-ZnO composite was washed several times
with deionized water to remove excess ions and impurities,
then dried in an oven at 80 °C overnight before use. The
diagram illustrating the synthesis procedure is given in Figure
1.

https://doi.org/10.1021/acsomega.4c09909
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2.2.2. Characterization of the ZnO Samples. Both types of
ZnO composites (MCC-ZnO and In-ZnO) were characterized
before their application. The morphology and elemental
composition of the samples were analyzed using a transmission
electron microscope (TEM; TECNAI G2 20, FEI Company,
OR, USA) equipped with energy-dispersive X-ray spectroscopy
(EDS), operating at an applied voltage of 200 kV.
Approximately 10 mg of the sample was dispersed in 1 mL
of water, and a few droplets of the suspension were placed onto
a copper grid. The grid was then dried at 45 °C overnight
before examination.

The functional groups present were identified through
Fourier transform infrared spectroscopy (FTIR; Spectrum
One, PerkinElmer Inc., MA, USA) in the range of 4000 to 400
cm™'. For this analysis, the samples were ground with
potassium bromide (KBr) and formed into discs. The
crystalline structure was examined using an X-ray diffrac-
tometer (XRD; Malvern Panalytical Incorporation, Almelo,
Netherlands) with Cu Ka radiation, scanning a diffraction
angle (260) ranging from 5° to 70°. The crystallite size was
determined using the Scherrer equation, as outlined in eq 1.

kA

Tcos 0

Crystallite size(L) )

In this equation, A represents the X-ray wavelength, k; is the
shape factor constant (0.89 for a three-dimensional peak),">**
7 denotes the full width at half-maximum (FWHM) at 20 =
36.3°% and 0 is Bragg’s angle.

Specific surface area was determined by the Brunauer—
Emmett—Teller (BET) principle through nitrogen adsorp-
tion—desorption using a surface area analyzer (Belsorp miniX,
BEL MicrotracBEL Corp., Haan, Germany). The thermal
stability was assessed using thermogravimetric analysis (TGA)
with a Hitachi STA 7200 thermogravimetric analyzer (Tokyo,
Japan). The temperature was scanned from room temperature
to 800 °C at a heating rate of 10 °C/min under a nitrogen
atmosphere.

2.2.3. Preparation and Testing of SBR Compounds. The
compound formulas are listed in Table 1. All ingredients were

Table 1. Compound Recipes

Content (parts per hundred rubber,

Ingredient phr)
SBR (1502) 100
CB (N330) 50
ZnO composite 0,1,3,and S
(MCC-ZnO and In-ZnO)
Stearic acid 2
CBS 1.5
6PPD 1
Sulfur 1.6

blended using a two-roll mill (Chaicharoen Karnchang Co.,
Ltd., Bangkok, Thailand), with the roll temperature maintained
at 30 °C throughout the mixing process. SBR was first
masticated for 1 min before the addition of CB. After 5 min of
continuous mixing, other ingredients, including ZnO, stearic
acid, CBS, and 6PPD, were added and mixed for an additional
2 min before sulfur was added. The compounds were then
mixed for another 2 min to ensure even distribution of the
curatives before being sheeted. The sheeted compounds were
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cooled to room temperature for 24 h and then stored in a
refrigerator prior to testing.

After mixing, the cure characteristics of the rubber
compounds were investigated by a moving die rheometer
(MDR-01, CG Engineering Co., Ltd., Pathum Thani, Thai-
land), following ISO 6502—3, at a temperature of 160 °C for a
duration of 40 min. Vulcanized rubber sheets (2 mm thick)
were prepared by the compression molding technique at 160
°C using a hydraulic press machine (3114 Engineerings, Samut
Prakarn, Thailand) under a pressure of 16 MPa for a period of
optimum cure time (¢.90), as predetermined from the MDR.

Cross-link density was assessed using the equilibrium
swelling test. Three vulcanized test specimens, measuring
approximately 10 X 10 X 2 mm?®, were weighed (w;) and then
immersed in toluene at standard laboratory temperature (25
°C) for 7 days. Afterward, the specimens were removed, gently
wiped with towel paper, and weighed again (w,). The
specimens were then dried in an air-circulating oven at 80
°C for 24 h before recording the final weight (w;). The Flory—
Rehner equations were used to calculate the approximate
cross-link density values.

V, — wl/pd
)
2 A (2)
(1 = V) + V4 V7]
e /3 Y
(Vl<"f - 7>> 3)

Where V, is the volume fraction of rubber in the swollen
specimen, V, is the cross-link density of the specimen, V; is the
molar volume of toluene (106.3 g cm™), y,; is the Flory—
Huggins interaction parameter between SBR and toluene
(0.39), and p, and p, are the densities of SBR (0.95 g cm™)
and toluene (0.87 g cm™>), respectively.

Hardness was measured according to ISO 48-4 using a
Shore A Durometer (Desik Instruments Group Co. Ltd.,
Germany). Tensile properties, including stress or modulus at
100% elongation (M), tensile strength, and elongation at
break, were evaluated by using a universal testing machine
(UTM, Illinois Tool Works Inc., MA, USA) with a crosshead
speed of SO0 mm/min as specified by ISO 37 (die type 1).
Tear strength was assessed using the universal testing machine
in accordance with ISO 34-1 (method B). The compression set
(CS) was evaluated per ISO 815-1 at 70 °C for 22 h. The
dynamic mechanical properties were evaluated in tension
mode under atmospheric conditions using a dynamic
mechanical analyzer (DMA Q800, TA Instruments, DE,
USA). Test specimens with dimensions of 30 X 6 X 2 mm®
were prepared by cutting them from vulcanized rubber sheets.
The test was conducted in temperature sweep mode, with
static strain, dynamic strain, and frequency set to 2%, 0.1%, and
10 Hz, respectively. The extent of filler dispersion was
investigated using a scanning electron microscope (SEM,
JCM 6000 Benchtop, Yokogushi, Japan). A thin coating of gold
was deposited onto the newly produced, cryogenically cracked
surface prior to examination.

3. RESULTS AND DISCUSSION

3.1. Zinc Oxide Characterization. The TEM images of
In-ZnO and MCC-ZnO are shown in Figures 2 and 3,
respectively. For In-ZnO (Figure 2a), small and irregular

https://doi.org/10.1021/acsomega.4c09909
ACS Omega 2025, 10, 5953—-5962
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Figure 2. TEM-EDS results of the In-ZnO composite. a) TEM image,
b) element spectrum, ¢) Zn mapping image, and d) Ca mapping
image.

nanosized ZnO particles aggregate and are deposited on the
surface of inorganic particles. The elemental analysis by EDS
(Figure 2b) reveals that In-ZnO is composed of Zn, O, Ca, and
C in respective contents of 40.14 wt %, 32.84 wt %, 14.12 wt
%, and 12.90wt %. Clearly, the inorganic substance in In-ZnO
is calcium carbonate (CaCO;). Elemental mapping (Figure
2¢,d) shows that In-ZnO particles appear as aggregates of both
ZnO and CaCO;, formed by the deposition of nano-ZnO
particles on nano-CaCOj particles. A similar observation is
made for MCC-ZnO (Figure 3), where nanosized ZnO
particles are aggregated and deposited on the surfaces of
larger MCC particles.

The MCC-ZnO structure consists of numerous ZnO
nanoparticles (black particles) adhered to the cellulose core
(gray), as shown in Figure 3a. The ZnO deposition is
facilitated by electrostatic interactions, specifically the
attraction between negatively and ‘Positively charged species,
during the hydrothermal process.” The ZnO nanoparticles
attached to the MCC surfaces exhibit a small primary particle
size (~25 nm, measured using Image] software), are not fully
isolated, and show a tendency to aggregate on the MCC
surfaces. This observation aligns with findings reported in
similar studies.'® However, three main differences between the
two samples are observed: 1) the supporting core of MCC-

ZnO is much larger than the inorganic supporting core of In-
ZnO, 2) the ZnO nanoparticles in MCC-ZnO are relatively
round in shape, while those in In-ZnO are irregular, and 3) the
ZnO nanoparticles in MCC-ZnO have a smaller primary
particle size.

The FTIR spectra of the two ZnO composites are displayed
in Figure 4. In the spectra, the broad absorption peak around

MCC
CaCOs3
<
o Zn0O
(&)
o=
EW\WJ\J\
g|mcc-zno
c
o 550
- [
1644 |
I
2900 1 :
1055 |
In-ZnO I
I
1800 N
3300-3460
] 707
1402 875
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4. FTIR spectra of the ZnO composite samples.

3300—3460 cm™' is assigned to the stretching vibration of
hydroxyl groups of the absorbed moisture on the ZnO surface.
A similar finding has been previously reported.*** This peak
was particularly obvious in the MCC-ZnO spectrum because,
in addition to the adsorbed moisture, MCC in MCC-ZnO
itself also has hydroxyl groups in its chemical structure. The
characteristic absorption peak at 550 cm™}, found in all spectra,
is attributed to the stretching vibration of Zn—0O bonds.** In
the MCC-ZnO spectrum, additional characteristic peaks of
cellulose were found. The absorption peak located at 2900
cm™ is attributed to the stretching vibration of C—H bonds in
cellulose. The peak at 1644 cm™ is attributed to the C—C
vibration, while the peak at 1055 cm™ corresponds to the C—
O stretching vibration in cellulose. The In-ZnO composite
exhibits four prominent absorption peaks, which have been
characterized based on their vibrational modes. The absorption
peaks at 1800 cm™' and 1402 cm™' are attributed to the

16

by 7]
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’ A Element
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.
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Figure 3. TEM-EDS results of MCC-ZnO composite. a) TEM image, b) elemental spectrum, and ¢) Zn mapping image.
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symmetric and asymmetric stretching vibrations of the CO;*~
group, respectively."’ The peak observed at 875 cm™
corresponds to the out-of-plane deformation mode of CO,*",
while the peak at 707 cm™ is associated with the in-plane
bending vibration of the O—C—0 group.***

XRD patterns of the ZnO composites are shown in Figure S,
with those of MCC, pure ZnO, and CaCOj included for

22.6
15.7
MCC 294
432485
= CaCO3 230 3951
b |
8 36.3 60.2
318 '
= 4 5 GE0:
@ f JJ a7 568 629 i
(= 8 :
Qo Zn0O - |
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T T T | T T
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Figure 5. XRD patterns of pure MCC, CaCOj3, ZnO, In-ZnO, and
MCC-ZnO.

reference. In both ZnO composites, the characteristic peaks of
ZnO were found at 20 = 31.8°, 34.5° 36.3° 47.6° 56.8°,
62.9°, 66.5°%, 68.0°, and 69.2°, corresponding to the symmetric
crystal lattice planes (100), (002), (101), (102), (110), (103),
(200), (112), and (201). These peaks confirm the existence of
ZnO, which is in the form of the hexagonal wurtzite structure,
as committed by JCPDS No. 036—1451."° For In-ZnO, the
additional diffraction peaks at 26 = 23°, 29.4°, 39.5°, 43.2°,
and 48.5° were found, which are attributed to the crystal lattice
planes (012), (104), (113), (202), and (116) of calcite.”’ The
results confirm that the inorganic supporting core of In-ZnO
was CaCOj;. For MCC-ZnO, the diffraction pattern displayed
characteristic cellulose peaks at 20 = 15.7° and 22.6°,
corresponding to the (101) and (002) crystal lattice planes
of cellulose. This is unsurprising, as cellulose (MCC) was used
as the supporting core in the preparation of MCC-ZnO. It has
been noted that peak width is inversely related to crystallite
size, meaning the peak broadens as the crystallite size

decreases.”>™>* Using the Scherrer equation, the crystallite

sizes of ZnO in In-ZnO and MCC-ZnO were calculated to be
31.4 and 92.3 nm, respectively. These results show that the
crystallite size of ZnO in MCC-ZnO is significantly larger than
that in In-ZnO which could be explained by the differences in
the synthesis parameters. Generally, the crystallite size of ZnO
prepared by the hydrothermal process depends on many
parameters such as precursor concentration, temperature,
pressure, time, and pH. Increases in temperature and reaction
time lead to a larger crystallite size of ZnO, while increases in
pH and precursor concentration often give opposite
results.”>~>°

TGA thermograms of In-ZnO and MCC-ZnO are depicted
in Figure 6a. The thermogram of In-ZnO demonstrated two
main stages of mass loss, which are confirmed by the presence
of two dTG peaks at 275 and 647 °C (Figure 6b). The first
stage, with an approximate value of 6 wt %, was observed in a
temperature range of 240—280 °C, corresponding to the
evaporation of bound water (H,0).”” The second stage, which
started from 570 to 700 °C, is attributed to the decomposition
of CaCOj4 to CaO and carbon dioxide (CO,).” At this stage,
approximately 15 wt % of CO, was released, and again, by
calculation, about 19.1 wt % of CaO was left over as part of the
residue at the end of the test. The above results reveal that In-
ZnO consists of moisture (6 wt %) and CaCOj; (34.8 wt %) as
a supporting core. The inorganic residue obtained at the end of
the test was therefore composed of ZnO and CaO. By
subtracting the amount of CaO, which is left over from the
decomposition of the supporting cores, from the total amount
of inorganic residue (78.7 wt %), the estimated amount of
ZnO in In-ZnO would be 59.2 wt %, which corresponds well
with the value reported by the manufacturer. To calculate the
amount of ZnO in MCC-ZnO, the decomposition behavior of
pure MCC was studied, and its TGA/dTG thermogram is also
included in Figure 6. Obviously, almost 90 wt % of MCC
decomposed in a temperature range of 300—380 °C. After the
decomposition, 10.4 wt % of char was left over. This
phenomenon has previously been reported.” Considering the
TGA thermogram of MCC-ZnO, 44.6 wt % of mass loss was
found in a temperature range of 300—380 °C, indicating the
decomposition of MCC. Such decomposition would leave
approximately 5.2 wt % of char in the residue at the end of the
test (calculated by the rule of three). By subtracting the
amount of char from the residue, the amount of ZnO in MCC-
ZnO would be approximately 50.2 wt %.

The BET specific surface areas of MCC, MCC-ZnO, and In-
ZnO were measured and found to be 2.2, 10.4, and 8.6 m*/g,
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Figure 6. TGA results of MCC, In-ZnO, and MCC-ZnO. a) TGA thermograms and b) dTG curves.
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Figure 7. Cure curves of the rubber compounds.
Table 2. Cure Characteristics of the Rubber Compounds
Sample Composite content (phr) M; (dN'm) My (dN'm) My—M; (dN'm) t.1 (min) £90 (min)
Control 0 2.1+ 0.0 10.1 £ 0.1 8.1+ 0.1 7.1 + 0.1 341+ 05
In-ZnO 1 2.1 +£0.1 10.7 £ 0.0 8.7 £ 0.1 48 £ 0.0 11.8 £ 0.5
3 2.0 £ 0.1 11.8 + 0.0 9.8 £ 0.0 45+ 0.1 12.1 £ 04
N 19 + 0.0 12.6 + 0.1 10.7 + 0.1 3.8 +£00 142 £ 0.1
MCC-ZnO 1 2.1+ 00 13.1 £ 0.1 11.0 £ 0.1 2.5 £ 0.1 6.7 + 0.1
3 22 £ 00 16.6 + 0.0 14.5 + 0.0 3.0 £ 0.0 8.7+ 02
N 22 +0.1 169 + 0.1 14.7 £ 0.1 3.0 £ 00 8.6 + 0.1
respectively. The low surface area of MCC is attributed to its commonly used to indicate the degree of cure. The results
large particle size (average particle size ~65 pm).” The show that adding 1 phr of the ZnO composite can greatly
significant increase in the specific surface area of MCC-ZnO is improve the cure efficiency of rubber compounds. This
due to the deposition of nanosized ZnO particles on the MCC enhancement in cure efficiency with ZnO is widely reported,
surface. Notably, MCC-ZnO (10.4 m?/g) exhibited a higher as ZnO effectively acts as a cure activator in sulfur
specific surface area than In-ZnO (8.6 m*/g). vulcanization.”' Interestingly, increasing the ZnO composite
3.2. Rubber Properties. Figure 7 shows cure curves of the content from 1 to S phr led to only a slight change in scorch
rubber compounds filled with different loadings of ZnO time. However, both the optimum cure time and torque
composites. Cure characteristics analyzed from the cure curves, difference tended to increase with increasing ZnO composite
i.e, scorch time (t,1), optimum cure time (£,90), and torque content. A rapid increase in torque difference was observed up
difference (AM), are given in Table 2. Without the addition of to 3 phr, after which further increases in ZnO composite
ZnO (control), the torque of the cure curve increased slowly content caused only minor gains in torque difference. At any
and continuously after the induction period. At the end of the given ZnO composite content, MCC-ZnO exhibited a higher
test (40 min), the torque still kept rising slowly in a similar torque difference, indicating its superior ability to enhance the
manner like marching behavior, indicating the ongoing curing cure state of the rubber compounds, despite containing less
process. By taking the torque at the end of the test as a ZnO. This could be attributed to the smaller primary particle
maximum torque, the scorch time (t,1), optimum cure time size of ZnO nanoparticles deposited on the MCC surface (see
(t.90), and torque difference (AM) of the control compound also Figures 3a). As activators, ZnO particles form complexes
were 7.1 min, 34.1 min, and 8.1 dN-m, respectively. When 1 with stearic acid to produce zinc stearate, which interacts with
phr of ZnO composite was present, the cure curves accelerators to facilitate sulfur cross-linking between rubber
significantly shifted to the left, in conjunction with polymer chains. A reduction of the ZnO particle size enhances
considerable increases in cure rate (indicated by the slope of rubber vulcanization by increasing the surface area and
the curve) and maximum torque (My), regardless of the ZnO boosting the catalytic activity.
composite type. A plateau behavior was observed, indicating a The cross-link density results, determined from the
complete curing process in the presence of ZnO composites. equilibrium swelling test, are presented in Figure 8. The
With the addition of 1 phr of ZnO composites, the scorch time vulcanizate without ZnO showed the lowest cross-link density
significantly decreased from 7.1 to 4.8 and 2.5 min for In-ZnO due to its limited effectiveness in the vulcanization process,
and MCC-ZnO, respectively. The optimum cure time was which aligns with the previously discussed torque difference
significantly reduced, dropping from 34.1 to 11.8 min for In- results. Upon adding the ZnO composite, there was a
ZnO and 6.7 min for MCC-ZnO. This substantial reduction in noticeable increase in cross-link density, which continued to
cure time is linked to the increased torque difference, which is rise with increasing ZnO composite content. A rapid increase
5958 https://doi.org/10.1021/acsomega.4c09909
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Figure 8. Cross-link density of the rubber vulcanizates filled with
various ZnO composite contents.

in cross-link density was observed up to 3 phr, after which
further increases resulted in only slight gains. At the same ZnO
composite content, MCC-ZnO demonstrated a slightly higher
cross-link density than In-ZnO, likely due to its smaller
primary particle size despite containing less ZnO. Once again,
these results closely correspond to the torque difference
findings.

The mechanical properties of the rubber vulcanizates,
including hardness, stress or modulus at 100% strain (Mjq),
tensile strength (TS), elongation at break (EB), tear strength,
and compression set (CS), are presented in Table 3. Generally,
the hardness and modulus of the vulcanizates are directly
proportional to the degree of cross-linking. Consequently, the
control vulcanizate exhibited the lowest hardness and modulus
due to minimal cross-link density. As the content of ZnO
composites increased, both the hardness and modulus showed
a continuous rise. Specifically, these properties increased
rapidly with a ZnO composite content up to 3 phr. Beyond
this point, while further increases in hardness and modulus
were observed, the rate of change became less pronounced. At
any given content, MCC-ZnO demonstrated slightly higher
hardness and modulus compared to In-ZnO, attributed to its
superior cross-link density. The incorporation of ZnO
composites also improved the tensile and tear strength of the
vulcanizates, owing to enhanced cross-linking. For both ZnO
composites, tensile strength increased significantly up to 3 phr
and then leveled off. Tear strength followed a similar trend,
rising with ZnO content until 3 phr, after which a slight
decrease occurred, likely due to excessive cross-linking
hindering the dissipation of tearing energy. The improved
mechanical properties of rubber with MCC-ZnO have also
been reported by Liang et al.’’ As expected, elongation at
break steadily decreased with increasing ZnO content due to
the higher cross-link density. Notably, at the same ZnO
content, MCC-ZnO exhibited lower elongation at break than
In-ZnO, due to its higher cross-link density.

Compression set (CS) is one of the properties that reflect
the elasticity of rubber, ie., a higher compression set value
indicates lower elasticity. In this study, the compression set
value decreased as the ZnO composite content increased,
attributed to the rise in cross-link density and elasticity. At a
given ZnO composite content, MCC-ZnO demonstrated a
lower compression set value compared to In-ZnO, which is
expected due to its smaller primary particle size of ZnO in the
MCC-ZnO composite that contributes to a higher cross-link
density in the rubber vulcanizates.

Tread compounds are typically formulated to achieve a high
wet grip index, ensuring adequate road traction and driving
safety on wet surfaces, while simultaneously minimizing rolling
resistance to reduce energy consumption during vehicle
operation.®” These two performance parameters can generally
be inferred from the viscoelastic properties of rubber under
dynamic deformation. The wet grip index is directly propor-
tional to the value of tan ¢ at 0 °C, while rolling resistance is
proportional to the value of tan § at 60 °C.°*~° In this study,
the DMA results of the rubber vulcanizates incorporated with
In-ZnO and MCC-ZnO at 3 phr are compared, as shown in
Figure 9. The results clearly show that the glass transition

D57 ——SBR/MCC-ZnO3
0.4+ —SBR/IN-Zn03
0.3
S
0.24
0.14
0.0 T T T T T T T
-80 -60 -40 -20 0 20 40 60 80

Temperature (°C)

Figure 9. DMA results of the rubber vulcanizates containing 3 phr of
ZnO composites.

temperature (Tg) of the rubber vulcanizates was not
significantly affected by the type of ZnO composite. The tan
0 values at 0 °C for the rubber vulcanizates containing In-ZnO
and MCC-ZnO were comparable, i.e., 0.085 for In-ZnO and
0.091 for MCC-ZnO, indicating that the wet grip index is
independent of the ZnO composite type. The tan 0 value at 60
°C for the rubber vulcanizate containing MCC-ZnO (0.069)
was slightly lower than that for the In-ZnO-containing
vulcanizate (0.075), which may be attributed to the higher
cross-link density of the MCC-ZnO-containing vulcanizate.
These results confirm that MCC-ZnO can replace In-ZnO in
various applications, including tire treads.

Table 3. Hardness, Tensile Properties, Tear Strength, and Compression Set of the Vulcanizates

Sample Composite content (phr)  Hardness (Shore A) Moo (MPa) TS (MPa) EB (%) Tear strength (kN/m) CS (%)
Control 0 54.8 £ 0.9 1.22 + 0.08 22.8 £ 0.8 785 £ 13 50.1 + 2.9 453 + 0.3
In-ZnO 1 60.4 + 0.7 1.55 + 0.18 23.1 + 0.5 701 + 17 S3.1 £29 42.1 £ 0.1

3 62.7 + 0.3 1.76 + 0.06 239 + 2.1 680 + 11 62.1 + 1.4 383 +£0.2
S 63.9 + 0.2 1.97 + 0.04 24.1 + 0.7 664 + 10 60.1 + 1.7 37.14£0.3
MCC-ZnO 1 60.3 + 0.5 1.58 + 0.09 25.1 +£ 0.1 664+12 60.7 + 1.7 355+ 03
3 63.7 = 1.0 2.06 + 0.02 26.8 + 0.3 628+16 64.8 + 1.9 324 + 0.1
S 65.2 + 0.6 2.26 + 0.03 27.1 + 0.7 604 + 13 63.6 + 1.1 303 +£ 03
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SEM images of rubber vulcanizates without ZnO and those
filled with 3 phr of In-ZnO and MCC-ZnO are shown in
Figure 10. In the absence of ZnO (Figure 9a), carbon black

Figure 10. SEM images of the rubber vulcanizates: (a) without ZnO
composite, (b) 3 phr of In-ZnO, and (c) 3 phr of MCC-ZnO.

aggregates, seen as small white dots, were evenly dispersed
throughout the rubber matrix. The carbon black aggregates
were relatively small (less than 1 um), indicating good
dispersion. The addition of ZnO composites did not
significantly affect the dispersion of carbon black. However,
larger particles of In-ZnO and MCC-ZnO were observed in the
rubber matrix, as seen in Figure 9b,c, respectively. Although
these larger particles could potentially act as stress concen-
tration points during deformation, the tensile strength of the
rubber vulcanizates did not decrease with increasing ZnO
composite content. Instead, it increased continuously with
higher ZnO composite content, likely due to the dominant
effect of the increased cross-link density from the presence of
the ZnO composites.

4. CONCLUSIONS

In this work, MCC-ZnO was prepared by depositing nanosized
ZnO onto the surface of MCC using the hydrothermal
method. Its cure activation efficiency was investigated and
compared with that of a commercial ZnO composite (In-
ZnO). The prepared MCC-ZnO contained approximately 50%
by weight of ZnO, which is slightly lower than the ZnO
content in In-ZnO (approximately 60% by weight). When
added to the rubber, both ZnO composites effectively acted as
curing activators, enhancing the cure rate, increasing the
degree of cure, and improving the mechanical properties of the
rubber vulcanizates. The hardness and modulus of the
vulcanizates steadily increased, while elongation at break and
compression set values decreased as ZnO composite content
increased due to the higher cross-link density. For both types

5960

of ZnO composites, tensile strength rose with increasing ZnO
content, peaking at 3 phr before leveling off. Tear strength also
reached its maximum at 3 phr, slightly decreasing with further
ZnO addition. At the same ZnO content, MCC-ZnO exhibited
a slightly higher state of cure, resulting in better mechanical
properties than In-ZnO, likely due to the smaller ZnO particle
size in the composite. These findings suggest that MCC-ZnO
is an effective alternative cure activator for sulfur vulcanization,
and its application can significantly reduce ZnO consumption.
However, the commercial application of MCC-ZnO still
requires consideration of various factors, particularly produc-
tion costs. Additionally, it would be interesting to further
investigate the impact of applying MCC-ZnO on the
biodegradability and long-term stability of rubber.
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