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Effect of zinc oxide nanoparticles synthesized by a precipitation method
on mechanical and morphological properties of the CR foam
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Abstract. ZnO nanoparticles were synthesized by a precipitation method in aqueous media from zinc nitrate hex-
ahydrate and sodium hydroxide. The synthesized ZnO nanoparticles exhibited a crystalline structure with hexag-
onal structure of the wurtzite. The morphology of the synthesized ZnO nanoparticles presented a spherical shape
with the average primary size of 54.53 nm and the specific surface area of 20.28 m? g~!. The effect of the synthesized
ZnO nanoparticles by the precipitation method as a crosslinking agent for chloroprene rubber foam (CR foam)
on cure characteristics, mechanical properties and morphologies was investigated. The aim of this study is to vary
the synthesized ZnO nanoparticles’ level in the range of 0.5-5 parts per hundred parts of rubber (phr) compared
with the conventional ZnO at 5 phr. The rheological characterization showed that the maximum torque (Mpy), the
minimum torque (My,), the differential torque (My—Mj,) and Mooney viscosity increased with the increase in syn-
thesized ZnO nanoparticles’ content, whereas the optimum cure time (z99) and scorch time (7'5) decreased. On the
other hand, the mechanical properties such as hardness, tensile strength and specific gravity were improved. For CR
foam, the results compared to the amount of conventional ZnO, only 60 wt% (3 phr) nano-ZnO was enough to obtain
similar cure characteristics and mechanical properties. The synthesized ZnO nanoparticles showed the mechanical
properties higher than conventional ZnO because of small particle size and large specific surface area which led to

the increase in the degree of crosslinking.
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1. Introduction

Zinc oxide (ZnO) has attracted much attention because of its
interest in basic study and its application aspects such as rub-
ber, ceramics, electronics, paints, animal feed, cosmetics and
pharmaceuticals.!~3 In recent times, many applications need
ZnO nanoparticles for high-quality products which include
controlled processing from synthesis, forming and sinter-
ing. However, the synthesis of ZnO nanoparticles remains
a challenge. Many methods for synthesis of ZnO nanopar-
ticles have been reported in wet chemistry such as ther-
mal decomposition,* sol—gel techniques® and precipitation.®
Precipitation is one of the methods which can control the
size, shape and morphology of particles at low temperature.
Advantages of the aqueous precipitation method compared
with other methods are low cost, simplicity and non-
toxicity. Precipitate can be formed as nuclei and then nuclei
grows to become particles.” Nuclei formation and growth
of nuclei depend on the concentration of precursor solu-
tion and reactive time.® The precipitation method can con-
trol different parameters such as solution concentration and
pH.>10 The synthesis of ZnO nanoparticles by the pre-
cipitation method involves the reaction of zinc salts such
as Zn(NO3),, Zn(CH3CO0O0),-2H,0 and ZnSO4 with basic
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solutions containing LiOH, NH4;OH and NaOH. 31112
Kumar et al'? synthesized ZnO nanoparticles by the precip-
itation method from zinc sulphate heptahydrate and sodium
hydrate as precursors. In rubber industry ZnO is used as
an activator of rubber vulcanization. ZnO is important as it
affects the vulcanization rate and properties of rubber prod-
ucts. Commonly, the conventional rubber grade uses ZnO
particle size in the range of 0.1-0.4 pm and the specific sur-
face area of around 10-20 m?> g~!.!*!> The tendency is to
minimize the amount of ZnO in rubber compound because of
its toxicity. Control of ZnO as activator is related to process-
ing and properties of rubber. However, we expected that ZnO
nanoparticles can reduce the amount of ZnO usage as activa-
tor. Kim et al'> studied the effect of ZnO nanoparticles on the
cure characteristics and mechanical properties of the silica-
filled natural rubber/butadiene rubber compounds. With the
increasing amount of ZnO nanoparticles, the cure character-
istics and mechanical properties are increased. This is due
to the increase in specific surface area of ZnO nanoparticles
which leads to increase in the degree of crosslinking.
Chloroprene rubber (CR) is a polar rubber and contains
chlorine atom attached to the backbone. Therefore, it has
ozone and weather resistance, mineral and vegetable oil
resistance and low flammability when compared with non-
polar rubbers such as natural rubber (NR), ethylene propy-
lene diene monomer (EPDM), etc. Chloroprene rubber is
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vulcanized by metal oxides. The metal oxides often use ZnO
as crosslinking agent with magnesium oxide (MgO), which
is used as an acid acceptor. Generally, the conventional ZnO
is used in chloroprene rubber formulation at 5 phr with mag-
nesium oxide at 4 phr for the optimum cure state. The nan-
otechnology may be able to reduce the amount of usage of
ZnO due to the decrease in particle size and increase of
specific surface area. CR foam is produced with a blowing
agent to create an air-filled matrix structure which is used
in the automotive industry as well as in air conditioning
fields. It is used for sealing, isolating, confinement and shock
absorption.

In this study, ZnO nanoparticles are synthesized by the
precipitation method using zinc nitrate hexahydrate and
sodium hydroxide as precursors. The synthesized ZnO
nanoparticles are characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM). The specific surface area and
particle size distribution are investigated by the Brunauer—
Emmett-Teller (BET) and laser light scattering technique.
Later, CR foam is prepared at various synthesized ZnO
nanoparticles’ levels in the range of 0.5-5 parts per hun-
dred parts of rubber (phr) compared with the conventional
ZnO at 5 phr. The influences of synthesized ZnO nanopar-
ticles’ content on the cure characteristics, Mooney viscosity
and mechanical properties of the foam are investigated. Fur-
thermore, a microscopic study is also performed to study the
effect of the synthesized ZnO nanoparticles’ content on the
morphology of the CR foam.

2. Experimental

2.1 Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized by the precipitation
method using zinc nitrate hexahydrate (Zn(NOj),-6H,0,
Qrec) and sodium hydroxide (NaOH, Qrec) as precur-
sors. ZnO nanoparticles were produced by mixing aqueous
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solutions of zinc nitrate and sodium hydrate. ZnO nanoparti-
cles were formed by the reaction between Zn>* and hydrox-
ide ions as shown by the following equations:'!

Zn(NO3), — Zn** + 2NOy7, (1)
Zn** +20H" — Zn(OH),, )
Zn(OH), — ZnO + H,0. 3)

The aqueous solution was prepared by mixing zinc nitrate
hexahydrate and sodium hydroxide aqueous solutions. In a
typical procedure, 2.28 g of zinc nitrate hexahydrate was dis-
solved in 75 ml of deionized water and then, 0.6 g of NaOH
in 150 ml of deionized water was added dropwise under mag-
netic stirring. After the addition was completed, the stirring
was continued for 30 min and then cooled with cold water.
The precipitates were filtered and washed by pure water sev-
eral times. Then the obtained precipitates were dried at 60°C
for 24 h and calcined at 200°C for 2 h. The crystalline and
phase structure of the synthesized ZnO was studied by an
X-ray diffractometer (XRD, D8-Advance, Bruker, CuK« radi-
ation). FTIR spectra were studied in the range of 4004000 cm™".
Morphology and primary sizes of the synthesized ZnO were
observed by a SEM (JSM-5410LV, JEOL). The specific
surface areas were investigated by the Brunauer—-Emmett—
Teller (BET) technique. The particle size distribution was
measured by a laser light scattering technique (Mastersizer
2000, Malvern Instruments). Morphology, particle size and
specific surface area of the conventional ZnO were stud-
ied by SEM, BET and laser light scattering techniques,
respectively.

2.2 Preparation of the CR foam

Formulation of the CR foam is shown in table 1. Compound
was prepared in an internal mixer of 3 litre (fill factor
0.75 and rotor speed 30 rpm). The accelerator, blowing
agent and curing agent were added on a two roll mill at

Table 1. Formulation of the CR foam.

Materials ¢ZnO-5 phr nZnO-0.5 phr nZnO-1 phr nZnO-2 phr nZnO-3 phr nZnO-5 phr
Chloroprene rubber 100 100 100 100 100 100
Carbon black (N-774) 60 60 60 60 60 60
CaCOs3 30 30 30 30 30 30
Naphthenic oil 25 25 25 25 25 25
Stearic acid 1 1 1 1 1 1
MgO 4 4 4 4 4 4
Conventional ZnO 5 — — — — —
ZnO nanoparticles — 0.5 1 2 3 5
Q-25 7 7 7 7 7 7
OBSH-75 3 3 3 3 3 3
ZDEC 1 1 1 1 1 1
TRA 0.8 0.8 0.8 0.8 0.8 0.8
DETU-80 1 1 1 1 1 1
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Figure 1. XRD pattern of the synthesized ZnO nanoparticles.

room temperature (35°C) and sheeted off to a thickness of
8 mm.

2.3 Characterization of the CR foam

The cure characteristics of the CR foam were measured at
200°C for 10 min with a Moving Die Rheometer (MDR2000,
Alpha Technologies). The maximum torque (My), the mini-
mum torque (My), the differential torque (My—My) and the
optimum cure time (f9) were determined. Mooney viscosity
(ML1 + 4) and scorch time (7'5) were measured at 125°C for
6 min by a Mooney viscometer (MV2000, Alpha Technolo-
gies). Morphology of the CR foam was observed for the cell
structure by a digital microscope (VHX-500F-Lens 450X,
Keyence). The hardness test was performed using hardness
tester (Teclock). The specimen was prepared by compression
moulding at 165°C for 5 min (pre-vulcanization) and curing
and foaming in air oven at 160°C for 30 min. Hardness scale
was measured within 30 s after the full load was applied. The
specific gravity of the CR foam was measured in accordance
with ISO 1183. Finally, the tensile strength of the samples
was measured using an autograph (AG-IS, Shimadzu) at a
cross-head speed of 50 mm min~' at 25 + 5°C.

3. Results and discussion

3.1 Characteristics of the synthesized ZnO nanoparticles

The XRD pattern of the synthesized ZnO nanoparticles is
shown in figure 1. The crystalline structure of synthesized
ZnO nanoparticles exhibited a hexagonal structure of the
wurtzite (JCPDS no. 36-1451). These planes correspond
to (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004) and (202).'® The average crystalline size of the
synthesized ZnO was determined using Debye—Scherrer’s
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Figure 2. FTIR spectra of the synthesized ZnO nanoparticles.

Figure 3. SEM images of ZnO particles (a) the synthesized ZnO
nanoparticles and (b) the conventional ZnO.

formula.” The crystalline size analysis investigated from the
highly intense and sharp diffraction peak corresponds to the
(101) diffraction by the following equation:

0.94
(D) = “

~ BcosH’

where (D) is the average crystalline size, A the CuKu radi-
ation wavelength, i.e., 1.5414 A, B the full-width at half-
maximum in radians and 6 the scattering angle in degree. The
average crystalline size of the synthesized ZnO is 51.23 nm.

Figure 2 shows the FTIR spectra of the synthesized ZnO
nanoparticles in the range of 4000400 cm~'. The broad
band at 3504 cm™! is the stretching vibration of O—H group.
The peak at 1386 cm™! is due to the O—H bending of water.
The peak at 447 cm~! is attributed to the Zn-O stretching of
vibration which is consistent with the previously reported work.!!

The SEM images of ZnO particles are shown in figure 3.
The morphology of the synthesized ZnO nanoparticles is
presented as a spherical shape with the average primary
size of 54.35 nm (figure 3a). It was confirmed by Debye—
Scherrer’s formula that the morphology of the conventional
ZnO showed a spherical shape with the average primary
size of 218.98 nm in figure 3b. Table 2 shows the particle
size and the specific surface area of the synthesized ZnO
nanoparticles and the conventional ZnO.
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Table 2. Average particle size and the specific surface area of
ZnO particles.

.Particle Specific zsurfalce 81 == Conventional Zn0O
Samples sizes (nm) area (m~ g~ ')
Synthesized ZnO nanoparticles 54.53 20.28 - i
™ ¥
Conventional ZnO 218.98 1.33 <
e
Z 4
=

Figure 4 shows particle size distribution of the synthesized
ZnO nanoparticles and the conventional ZnO using laser light
scattering technique. The synthesized ZnO nanoparticles
showed particle size distribution of agglomerate nanopar-
ticles. Most of the agglomerate sizes were in the range
of 0.2-5 um and some agglomerates around 20 pm. For
the conventional ZnO, it showed the particle size distribu-
tion with agglomerated particles. Most of agglomerate sizes
were in the range of 1.5-55 pum and some particles were
in the range of 0.3—1.2 pm. The median particle size of the
synthesized ZnO nanoparticles and the conventional ZnO
was 2.39 and 7.00 um, respectively.

3.2 Cure characteristics and Mooney viscosity
of the CR foam

The cure characteristics of the CR foam were measured by
a Moving Die Rheometer (MDR2000) and Mooney viscos-
ity was measured by a Mooney viscometer (MV2000) in
which variation of synthesized ZnO nanoparticles’ level in
the range of 0.5-5 parts per hundred parts of rubber (phr)
was compared with conventional ZnO 5 phr because of
small particle size and large specific surface area. The test
results showed that the maximum torque (My), the mini-
mum torque (My) and the differential torque (My—My) were
slightly increased with increasing synthesized ZnO nanopar-
ticles’ content, listed in table 3, indicating a higher degree of
crosslink density in compound.

It was widely known that the differential torque (My—My)
was directly related to the cure state or crosslink concentra-
tion of a network in compound.'’~!® The synthesized ZnO
nanoparticles were often used as a curing agent with mag-
nesium oxide (MgO) for vulcanization. It reacted with rub-
ber molecular chain creating ether bond so as to completely
crosslink in rubber as shown in figure 5.° A decreasing
trend of the optimum cure time (#99) and scorch time (7°'5)
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Figure 4. Particle size distribution of the synthesized ZnO
nanoparticles and the conventional ZnO.

varied with the increase of the synthesized ZnO nanopar-
ticles’ content. This may be attributed to the ZnCl, for-
mation in rubber vulcanization, which acts as a catalyst of
vulcanization and accelerates the curing rate reaction. Fur-
thermore, the increase of Mooney viscosity (ML1 + 4)
was brought about by the increase in the synthesized ZnO
nanoparticles’ content because of faster scorch time (7°5).
Hence, at the 3 phr of the synthesized ZnO nanoparticles
showed that the cure characteristics and Mooney viscosity
were equivalent with the conventional ZnO at 5 phr, which
indicate that it is similar to that of the cure state of rub-
ber compound. The synthesized ZnO nanoparticles at 5 phr
showed the highest degree of crosslink density in compound
because of the highest differential torque (My—ML).

3.3 Mechanical properties of the CR foam

The effect of the synthesized ZnO nanoparticles’ content on
the hardness and specific gravity of the CR foam is pre-
sented in figure 6. It was observed that the specific grav-
ity of the CR foam gradually increased with the increase
in the synthesized ZnO nanoparticles’ content. This obser-
vation may be attributed to the decrease in foaming effi-
ciency of rubber foam because of lower scorch time (7'5). A

Table 3. Cure characteristics and Mooney viscosity of the CR foam.

Cure characteristics ¢ZnO-5 phr  nZnO-0.5 phr nZnO-1phr nZnO-2 phr nZnO-3 phr nZnO-5 phr
The maximum torque (Mp), lb in 8.84 7.59 7.88 7.92 8.77 9.15
The minimum torque (M), Ib in 0.77 0.74 0.78 0.79 0.85 0.86
The differential torque (My—MLy), 1b in 8.07 6.85 7.10 7.13 7.92 8.29
The optimum cure time (f9p), min 3.45 4.32 4.19 3.86 3.51 3.32
Mooney viscosity (ML1 + 4 at 125°C), MU 31.48 26.17 28.97 31.22 32.50 33.12
Scorch time (7'5), min 5.00 6.78 5.77 5.29 5.08 4.82




ZnO nanoparticles synthesized by precipitation method on CR foam properties

~CH,-C- -CH,~C~— -CH,~C—
2§ a0 — 2§ + 2
Cl—CH,- CH CH—CH,— 0znCl  CI=CH,~CH
—CH,-C- —C—CH,~
n n + ZnCI2
CH- CHZ_ [¢) —CH2— CH
ZnCl2+ MgO —— Zn0O + MgCI2
Figure 5. Mechanism of crosslinking by metal oxide.
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Figure 6. Specific gravity and hardness of the CR foam with
various synthesized ZnO nanoparticles’ content compared with
conventional ZnO.

decreasing trend in scorch time (7'5) with the increased syn-
thesized ZnO nanoparticles’ content in compound showed
the low foam porosity and exhibited more rigid behaviour
than the elastic behaviour, as later explained by a digital
microscope. This result also corresponded to hardness of the
rubber foam, which was similar to the result obtained for the
specific gravity. It was obvious that the hardness and specific
gravity directly corresponded to the particle size, specific sur-
face area and amount of the synthesized ZnO nanoparticles.
On the other hand, the tensile strength was also investigated
with respect to the synthesized ZnO nanoparticles’ con-
tent, as shown in figure 7. The tensile strength continuously
increased with the increase in the synthesized ZnO nanopar-
ticles’ content. This observation is due to the reinforcement
of crosslinking density which was affected by the increase
of the differential torque (My—M?y), as previously mentioned
in table 3. Moreover, the CR foam also showed the lowest
foaming capability and exhibited better tensile properties.?!
From all the results mentioned above, the synthesized ZnO
nanoparticles could be successfully reduced from 5 to 3 phr
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Figure 7. Tensile strength of the CR foam with various syn-
thesized ZnO nanoparticles’ content compared with conventional
ZnO.

Figure 8. Morphology of the CR foam using (a) the synthesized
ZnO nanoparticles at 1 phr, (b) the synthesized ZnO nanoparticles
at 3 phr, (¢) the synthesized ZnO nanoparticles at 5 phr and (d) the
conventional ZnO at 5 phr.

because the particle sizes of ZnO are decreased, whereas, the
specific surface area is increased. Moreover, it could be seen
that the synthesized ZnO nanoparticles at 5 phr showed the
highest mechanical properties.

3.4 Morphological property of the CR foam

The influence of the synthesized ZnO nanoparticles’ con-
tent on the morphology and foam characteristics of the CR
foam was evaluated by a digital microscope with 450 mag-
nifications as illustrated in figure 8. The experimental result
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showed that the cell size of the CR foam decreased with
the increase in the synthesized ZnO nanoparticles’ content.
Moreover, the cell structure of the CR foam was a spherulite
structure. This phenomenon was due to a decreasing trend of
scorch time (7'5) where the low expansion and foam porosity
during the vulcanization process are affected. The cell mor-
phology showed that the cell size of the CR foam directly
corresponded to foam porosity and exhibited a closed cell
structure because air was not free to pass through the cell.??
It could be seen that cell structure of the CR foam at 5 phr of
the conventional ZnO was similar to the cell size at 3 phr of
the synthesized ZnO nanoparticles.

4. Conclusions

ZnO nanoparticles were synthesized by the precipitation
method in an aqueous media from zinc nitrate hexahydrate and
sodium hydroxide as precursors. The crystalline structure
of the synthesized ZnO nanoparticles exhibited a hexagonal
structure of wurtzite. TEM micrograph of the synthesized
ZnO provided a spherical shape with the average primary size
of 54.53 nm and the specific surface area of 20.28 m?> g~
The synthesized ZnO nanoparticles were used as a crosslink-
ing agent compared with the conventional ZnO for the CR
foam.

1. The maximum torque (Mjy), the minimum torque (M),
the differential torque (My—M} ) and Mooney viscosity
are increased with the increase in the synthesized ZnO
nanoparticles’ content.

2. The optimum cure time (f99) and Mooney scorch (T'5)
are decreased with the increase in the synthesized ZnO
nanoparticles’ content.

3. The hardness, tensile strength and specific gravity
are increased with the increasing synthesized ZnO
nanoparticles’ content.

4. The cell size of the CR foam decreased with the
increase in the synthesized ZnO nanoparticles.

5. For CR foam, the results compared to the amount of
conventional ZnO at 5 phr, only a 60 wt% (3 phr) nano-
ZnO was enough to obtain similar cure characteristics
and mechanical properties.

6. The synthesized ZnO nanoparticles showed the
mechanical properties higher than conventional ZnO
because of the smaller particle size and larger specific
surface area.
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