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ABSTRACT: To reduce the ZnO levels in rubber com-
pounds, mixed metal oxide nanoparticles of zinc and mag-
nesium (Zn1�xMgxO) have been synthesized and used as
activator. The aim is to obtain better curing properties due
to its nanosize and to take advantage of the behavior of
both ZnO and MgO in sulfur vulcanization. The model
compound vulcanization approach with squalene as a
model molecule for NR and CBS as accelerator has been
used to study the role of the mixed metal oxide along the
reaction. The results found show that with Zn1–xMgxO
nanoparticles the reaction of CBS becomes faster, higher

amounts of MBT are formed at shorter reaction times, and
the consumption of sulfur occurs faster in comparison
with standard ZnO. Furthermore and more important, an
increased crosslink degree calculated as the total amount
of crosslinked squalene is obtained. All these findings
indicate that Zn1�xMgxO is a promising candidate to
reduce the ZnO levels in rubber compounds. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 119: 2048–2057, 2011
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INTRODUCTION

Zinc oxide is a widely used compound in rubber indus-
try because of the excellent properties that shows as acti-
vator for sulfur vulcanization. The tire industry remains
the largest single market for ZnO, consuming more than
half of the total worldwide demand of 1,200,000 metric
tons.1 Traditionally, ZnO is used in rubber formulations
in concentrations of 3–8 parts per hundred rubber (phr).
The effects of ZnO can be summarized in Ref. 2:

• Increase in vulcanization rate and crosslink efficiency.
• Filler and scavenger.
• Improvement of abrasion resistance.
• Improvement of dynamic properties.
• Improved ageing properties in peroxide cure.

The mechanism of accelerated sulfur vulcanization
has been extensively studied. The first step consists on
the reaction of the accelerator with sulfur to give active
sulfurating agents, Ac-Sz-Ac. The mechanism when
N-cyclohexylbenzothiazole-2-sulfenamide (CBS) is the
accelerator is depicted in Scheme 1. Initially, CBS
decomposes and the SAN bond of the accelerator is

cleaved forming 2-mercaptobenzothiazole (MBT) and
cyclohexanamine. Then, the reaction between MBT
and another molecule of CBS results in the formation
of 2,20-dithiobenzothiazole (MBTS) that reacts with sul-
fur yielding in the active sulfurating agents. Borrós
and Agulló3 demonstrated that ZnO, which is usually
described as a catalyst for the breaking down of the ac-
celerator, is necessary but not enough to cause the
decomposition of the sulfenamide. These authors
proved that this compound is initially formed from the
direct interaction between the accelerator and the dou-
ble bonds of the hydrocarbon chain.
The next step in the vulcanization process is the

formation of the rubber-bound intermediate com-
pound, R-Sy-Ac, by the reaction of the active sulfurat-
ing agents with the rubber hydrocarbon chain.
Finally, the rubber polysulphides react, either directly
or through an intermediate, to give crosslinks, R-Sx-R.
From the mechanistic point of view, the several

functions of ZnO in different stages of vulcanisation
are as follows:

• The initial scorch reactions proceed faster.
• The crosslinking reactions proceed with a better
control and with a better distribution of sulfur
in the polymer network.

• Change in crosslink distribution: the crosslinks
contain less sulfur atoms, but the number of
crosslinks is higher (crosslink density).
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Despite its superior characteristics, there is an
increased concern about the environmental effects
that zinc oxide causes. Over the years, lower levels
of zinc have been tried to decrease its impact and to
minimize the production costs. Furthermore, differ-
ent approaches have been considered for reducing
zinc levels. Between all the alternatives proposed,
the use of nanosized ZnO particles with high surface
area seems to be promising. Bhowmick and co-
workers4,5 studied the effect of ZnO nanoparticles
(50 nm) as cure activator in natural rubber (NR), ac-
rylonitrile-butadiene rubber (NBR), and polychloro-
prene rubber (CR). They found that the maximum
torque value increased and the tensile strength was
improved significantely. An increase in crosslinking
density and a decrease in the swelling ratio were
also found.

Joseph and coworkers6 found that a low dosage of
zinc oxide nanoparticles was enough to give equiva-
lent curing and mechanical properties to NR com-
pared to the one containing a higher dosage of con-
ventional zinc oxide.

Parasiewicz and coworkers7 investigated the effect
of different concentrations of ZnO nanoparticles
(100 nm) in isoprene rubber (IR) and styrene-butadi-
ene rubber (SBR). They reported that the reduction
of ZnO content to 2 phr resulted in shortening of
scorch and optimal vulcanization time but the extent
of cure was on the same level. The mechanical prop-
erties did not vary significantly when using active or
standard ZnO. They attributed the small differences
between active ZnO and standard ZnO despite its
nine times higher specific surface area to the poorer
dispersion of the active ZnO and its tendency to
form agglomerates.

Chapman8 examined the impact of high surface
area/small particle size zinc oxide in sulfur vulcani-
zation of NR, EPDM, and SBR. It was found that the
use of more active forms of zinc oxide did not sub-
stantially reduce further the minimum zinc content
that can be achieved with conventional zinc oxide,

contrary to other suggestions in the literature. How-
ever, the dispersion of high surface area ZnO during
mixing was found to be significantly better, which
could enable low levels of this zinc oxide to be used
in industry with more confidence. It was also
reported a slight increase of scorch delay.
Noordermeer and coworkers9 studied the influ-

ence of active ZnO (0.1–0.4 lm) and nano-ZnO (20–
40 nm) in SBR. Their results are similar to those
mentioned earlier for active ZnO; it apparently had
a negligible influence on the cure characteristics and
physical properties. However, they concluded that
only one-tenth of the amount of nano-ZnO is neces-
sary to achieve the same cure characteristics in com-
parison with conventional ZnO.
Thus, the use of ZnO nanoparticles as activator for

sulfur accelerated vulcanization seems a good pro-
posal for reducing the zinc levels despite some con-
tradictory results previously explained.
Another approach considered for reducing zinc lev-

els is the used of zinc complexes. Several proposals
have been suggested: zinc complex with 18-crown-6-
ether,7,10 zinc monomethacrylate,11 the so-called
ZnClay,12,13 zinc stearate, zinc-2-ethylhexanoate, zinc
borate, and zinc-m-glycerolate.14 Although some pro-
posals look very interesting, the limited amount of
data available and their limitation in most cases only
to some types of rubber compounds have restricted
their industrial application.
Finally, using other oxides as activators for rubber

vulcanization was also studied as alternative to
ZnO. Several metal oxides have been used, CaO,
MgO, CdO, CuO, PbO, and NiO. Among them,
MgO is the most promising candidate.
Borrós and coworkers15 studied the role of MgO

using the model compound vulcanization (MCV)
approach with squalene as a model molecule for NR
and CBS. They found that the breakdown of the ac-
celerator occurs faster with MgO but higher cross-
link degree is obtained with ZnO.
These results are in good agreement with those

found by Noordermeer and coworkers16 using
model molecules and N-t-butylbenzothiazole-2-sulfe-
namide (TBBS). They observed that when using
MgO the accelerator dissociates very rapidly and
crosslinked products are formed. However, the
crosslinks are formed to a higher extent with ZnO.
These authors also compared the effect of different

metal oxides with EPDM9 and SBR.9,13 In EPDM
with tetramethylthiuram disulphide (TMTD) as ac-
celerator, none of the metal oxides studied was as
active as ZnO. In SBR with TBBS as accelerator, the
substitution of ZnO by MgO did not cause large
effects on the cure and physical properties. The
scorch times were comparable with the reference
compound with ZnO, but the rates of cure were to a
certain extent lower. The extent of crosslinking of

Scheme 1 Formation of active sulfurating agents. Mecha-
nism proposed by Borrós and Agulló.3
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the compounds was slightly lower although, in con-
trast with ZnO, at longer vulcanization times no
decrease or reversion was observed.

In another paper by Borrós and coworkers17 the
effect of different activators by MCV using micro-
wave heating was studied. They concluded that both
zinc oxide and magnesium oxide react with similar
kinetics when microwave emission is applied. A
synergetic effect between magnesium and zinc
oxides was observed when using a mixture of them.
This effect can also be observed with conventional
heating, in the reaction kinetics, although they found
it was enhanced when using microwaves.

Vega18 in her thesis found that when mixing ZnO
and MgO in NR using CBS as accelerator, MgO
cures with good kinetics in comparison with ZnO
but the crosslink density obtained is much lower.
MgO seemed to have more affinity for sulfur than
ZnO because of its ability to form active sulfurating
agents more quickly. However, these MgO inter-
mediates were not able to progress to final crosslinks
with the same ability than ZnO active sulfurating
agents. Therefore, when working with mixtures of
both oxides, MgO competes with ZnO to react with
sulfur, and due to the higher affinity of MgO for sul-
fur, it takes up part of the sulfur which cannot react
to form final crosslinks.

In summary, although there is a lack of agreement
respect the effect of MgO, mainly caused by the dif-
ferences in the vulcanising system, magnesium is a
non-heavy metal oxide that forms active sulfurating
agents. However, the crosslink level achieved is
lower than that obtained with zinc oxide.

As it has been illustrated earlier, although magne-
sium oxide cannot be considered to substitute zinc
oxide, it has been proven to be a potential substance
to reduce ZnO. Its ability to form active sulfurating
agents even faster than ZnO provides a not only the
possibility to reduce the zinc oxide levels in rubber
compounds but to improve the cure characteristics.
However, it affects significantly the crosslink degree,
which prevents its use in vulcanization.

In this article, a new approach to overcome the
problems between ZnO and MgO is presented. It
consists in the development of a new activator based
in the mixture of both oxides at nanoscale. The new
activator is nanometer-sized mixed metal oxide
(MMO) of zinc and magnesium (Zn1�xMgxO) with
very precise stoichiometry prepared by a polymer-
based method. In this activator, magnesium is incor-
porated into the ZnO structure and this inclusion is
presumed to show a better performance. The aim is
to gain benefit from the two different approaches
indicated before: to obtain better curing properties
due to its nanosize and to take advantage of the
behavior of both ZnO and MgO in sulfur
vulcanization.

EXPERIMENTAL

Materials

Poly (acrylic acid) (PAA) (poly (acrylic acid) partial
sodium salt solution, average Mw � 5000, 50 wt %
in H2O), magnesium nitrate hexahydrate,
Mg(NO3)2�6H2O, zinc nitrate hexahydrate,
Zn(NO3)2�6H2O, and ammonium hydroxide (30 wt
%) were obtained from Sigma-Aldrich. Squalene
(Fluka, 97 %), sulfur (Julio Cabrero & Cia, S.L.), CBS
(Flexsys), zinc oxide (Zincsa), and stearic acid (Calià
& Parés) were used for the model compound
studies.

Synthesis of zinc/magnesium oxide (Zn12xMgxO)
nanoparticles

Zinc/Magnesium oxide nanoparticles were prepared
following the method reported by Wegner and co-
workers19 Basically, the method consists on the
preparation of a polymer/metal salt complex that is
water-soluble, its purification by precipitation/redis-
solution cycles and finally the calcination of the
dried purified complex to give nanosized particles.
The polymer used to form the polymer/metal salt

complex is poly (acrylic acid) that is obtained by
freeze drying (CRYODOS, Telstar) from a poly
(acrylic acid) partial sodium salt solution. Magne-
sium nitrate hexahydrate and zinc nitrate hexahy-
drate are the starting materials and were used as
received.
The method for obtaining Zn1�xMgxO nanopar-

ticles is as follows. A certain amount of poly(acrylic
acid) and Zn(NO3)2�6H2O are dissolved in water. At
least a fourfold molar excess of carboxylic groups
compared to zinc was chosen. Once it is dissolved,
nitrogen is bubbled through the solution for about
10 min to remove carbon dioxide. Then, ammonium
hydroxide is added dropwise to adjust the pH to 7.
The reaction mixture is concentrated in a heating
magnetic stirrer. The residual viscous liquid is
dropped into acetone and a colorless precipitate is
formed. This precipitate is collected by centrifuga-
tion, washed with acetone, and dried at 40�C in
vacuum.
This material is dissolved again in water and

mixed with a solution of the desired amount of mag-
nesium nitrate. The pH is also adjusted to 7 with
ammonia. The mixed solution is concentrated and
then poured dropwise into acetone. The precursor
material, a polymer/metal salt complex, is collected
by centrifugation, washed with acetone, and dried in
vacuum.
Following, it is milled into a fine powder and then

calcined in a temperature-controlled oven under air
flow at a heating rate of 5�C/min to 550�C. The
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sample is isothermally annealed for 1 h at this
temperature.

Zn1�xMgxO nanoparticles with different magne-
sium content, in the range of 0.13 < x < 0.24 in
weight, were prepared.

Characterization of zinc/magnesium oxide
(Zn12xMgxO) nanoparticles

Scanning electron microscope (Jeol JSM-5310), along
with energy dispersive spectroscopy, was used to
measure the magnesium and zinc content in the
mixed metal oxide. X-Ray diffraction (Philips X’Pert)
was used to characterize the crystal structure of
Zn1�xMgxO. The data obtained was refined with
CELREF (The software is available free of charge at
the Collaborative Computational Project Number 14
webpage)20 to determine the lattice parameters of
Zn1�xMgxO. In this study, Zetasizer Nano ZSTM

(Malvern Instruments) was used to measure the par-
ticle size of the Zn1�xMgxO particles.

Model compound vulcanization

Model compound vulcanization with squalene as a
model molecule for natural rubber has been chosen
to study the role of the mixed metal oxide along the
reaction using CBS as accelerator. The basic vulcani-
zation recipe is given in Table I.

The work was performed using the same concen-
tration of ZnO and Zn1�xMgxO, 5 phr. The reaction
for all formulations (containing ZnO or Zn1�xMgxO)
was performed in a preheated thermostatic oil bath
at 140�C for 60 min. The vulcanization reaction is
carried out in different vessels under nitrogen envi-
ronment to avoid the oxidation of the double bonds
of squalene. The model mixtures are continuously
stirred to assure its homogeneity. During the reac-
tion, vessels are taken from the oil bath at different
preset times and quickly cold quenched in dried ice
to stop the reaction. After cooling, the vessels were
covered to avoid any UV influence, and stored in a
refrigerator.

All vulcanizates were characterized by two analyt-
ical methods of HPLC coupled to an UV detector to
cover both aspects of the vulcanization process: the
fading of the accelerator and the formation of cross-

links between the model molecules. 0.1 g of the cold
quenched vulcanized mixture were dissolved for
5 min in an ultrasonic bath at room temperature in
5 mL acetonitrile or a mixture of acetonitrile/2-pro-
panol/n-hexane (72 : 17 : 11), depending on whether
the accelerator evolution or the crosslink formation
is investigated. Before injection, samples were fil-
tered with a 0.45-lm Nylon filter to remove insolu-
ble particles that would damage the column.
A VWR International LaChrom Elite High-Per-

formance Liquid Chromatograph has been used.
Data acquisition and treatment has been made using
EZ Chrom Elite. To follow the accelerator evolution,
the ultraviolet detector was set to 254 nm, and the
mobile phase was an isocratic mixture of acetonitrile
(HPLC quality) and water in proportion 90 : 10.
When investigating the crosslink formation, the
ultraviolet detector was set to 230 nm and the mo-
bile phase was an isocratic mixture of acetonitrile,
2-propanol, and n-hexane (all HPLC quality) in pro-
portion 72 : 17 : 11. In both cases, the flux was set to
1 mL/min, the injected volume was 20 lL, and
the total time of the chromatogram was 15 min. A
Teknokroma Kromasil 100 C-18 (5 lm, 15 cm � 0.4 cm)
column has been used.
The identification of the different compounds was

carried out earlier in our research group using dif-
ferent techniques.17,21–25

RESULTS AND DISCUSSION

Synthesis and characterization of Zn12xMgxO
nanoparticles

Table II summarizes the results achieved in the syn-
thesis. It can be seen that in all syntheses the theo-
retical magnesium (xT) content is lower than the
actual value achieved (x). This higher magnesium
content may be caused by the losses of material that
occur during the precipitation and redissolution
cycles. In the synthesis, poly(acrylic acid) and zinc
nitrate are firstly dissolved in water and then puri-
fied by precipitation with acetone. This material is
then dissolved again in water to be mixed after-
wards with magnesium nitrate. During the first pu-
rification, where only zinc and not magnesium is
present, part of the material could not be recovered

TABLE I
Model Compound Vulcanization Recipe

Ingredients Concentration (phr)

Squalene 100
CBS 1.2
Sulfur 2
ZnO or Zn1�xMgxO 5
Stearic acid 2

TABLE II
Theoretical, xT, and Actual, x, Magnesium Content, and
Particle Size for the Different Samples of Zn12xMgxO

xT x dp (nm)

Sample I 0.14 0.19 154 6 35
Sample II 0.14 0.22 –
Sample III 0.07 0.14 106 6 17
Sample IV 0.20 0.24 147 6 32
Sample V 0.13 0.20 172 6 12
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and, subsequently, the final content of magnesium is
slightly higher than expected.

Dynamic light scattering was used to measure the
particle size of the Zn1�xMgxO particles. The results
obtained are displayed in Table II. It can be seen
that particle size is in the range of 106–172 nm.
There is no apparent dependence of the particle size
with the magnesium content.

X-ray diffraction was used to characterize the crys-
tal structure of the mixed metal oxide particles.
Figure 1 shows the X-ray diffraction patterns of the
oxide products obtained in the different syntheses.

The patterns of the pure ZnO are indexed accord-
ing to the known hexagonal phase (zincite),26 and
that of MgO is indexed according to its cubic phase
(periclase).27 In Figure 1, the vertical lines corre-
spond to the standard reflections of the ZnO phase
and the dashed vertical lines are the standard reflec-
tions of the MgO phase. The MgO planes are indi-
cated with a star. The scans showed a weak (2 0 0)
reflection of the MgO phase for all samples which
indicates that the material is mostly present in the
hexagonal phase (zincite) and that magnesium has
been incorporated into the ZnO structure.

It can be seen in Figure 1 that when x < 0.19 no
cubic phase is visible, only the zincite phase is pres-
ent. This denotes that all magnesium has been inte-
grated in the ZnO phase. At higher magnesium con-
tent, 0.19 � x � 0.24, a weak (2 0 0) peak
characteristic of the cubic MgO phase appeared.
This indicates the coexistence of the two phases, zin-
cite and periclase, although the intensity of the
peaks implies that the majority of the material was
in the form of zincite.

The magnesium content at which the (2 0 0) and (2
2 0) diffraction peaks of the MgO cubic phase appears
seems be lower than the values reported on the litera-
ture. Geng et al.28 found that for x < 0.25, only meta-
stable Zn1�xMgxO was formed and Wang29 reported
a value of x � 0.30. Ohtomo et al.30 and Zhang et al.31

obtained that no cubic phase was formed if the mag-
nesium content was lower than 33 and 39%, respec-
tively. These results could be due to the different
preparation methods used and the adhesion to the
substrate in the laser deposited films or in the thin
films grown by metal-organic chemical vapor deposi-
tion. Furthermore, there are small differences with the
results reported by other authors using the same
method.19 These authors obtained that the cubic
phase was formed if the magnesium content was
higher than 21%. These deviations could be caused by
variations in the calcination process such as the air
flow in the oven and the amount of powder annealed.
In addition, it is worth noting that no data was
reported for the range of 0.12 � x � 0.21.
It can be seen in Figure 1 that the diffraction peaks

(0 0 2), (1 0 2), and (1 0 3) have shifted to higher dif-
fraction angles compared to those of the hexagonal
structure of ZnO.26 These shifts are caused by the
substitution of Zn atoms by Mg atoms in the hexag-
onal phase and lead to a decrease of the c-axis lattice
constant.19,28–33 This can be seen in Figure 2, where
the dependence of Zn1�xMgxO lattice parameters of
the hexagonal phase on Mg concentration is shown.
The data were refined by CELREF.20 As magnesium
replaces zinc in the hexagonal phase, due to the
smaller radius of Mg2þ (0.57 Å) than that of Zn2þ

(0.60 Å), there is a shrinking of the lattice constant
along the c-axis and a displacement of the diffraction
peaks to higher angles.
Figure 2 shows that, despite the fact that the c-axis

lattice constant shrinks as Mg incorporates into the
structure, the a-axis lattice constant increases. These
findings differ from the values reported by other
researchers,29 but it should be noted that the varia-
tion from the standard value of ZnO cell parameters’
is very small. Nevertheless, there is almost no influ-
ence of the magnesium content which agrees with
other authors.19,30

Figure 1 also shows that the diffraction peaks
(2 0 0) and (2 2 0) of some samples have shifted to

Figure 1 XRD patterns of Zn1�xMgxO.

Figure 2 Variation of Zn1�xMgxO hexagonal phase lattice
constant a (open circle) and c (filled circle) with magne-
sium concentration x. The two dashed lines indicate the
standard values of ZnO cell parameters.
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smaller diffraction angles compared to those of the
cubic structure of MgO.27 This is due to the incorpo-
ration of zinc into the MgO cubic phase. Note that
there is no cubic phase when x ¼ 0.14, indicating
that all magnesium used in the synthesis of sample I
has been incorporated in the zincite.

In summary, it has been demonstrated that by a
polymer-based method it is feasible to obtain
Zn1�xMgxO particles. The results obtained indicate
that the appearance of the cubic phase occurs when
the magnesium content is 19%, which is lower than
other values reported in the literature.

In the light of the results obtained, sample IV was
chosen to perform the model compound vulcaniza-
tion reactions to test the activator character of the
mixed metal oxide nanoparticles in accelerated sul-
fur vulcanization. This sample has a particle size of
147 nm, a magnesium content of 24%, and the XRD
pattern has shown that almost all magnesium is
incorporated into the zinc oxide structure. Although
there is a weak reflection of the MgO phase, in

Figure 1 there are no differences in the intensity of
this phase when the magnesium content is between
0.19 � x � 0.24. Furthermore, Figure 2 shows that
the c-axis lattice constant of this sample is the lowest
of all samples. These results indicate that sample IV
has incorporated more magnesium into the ZnO
structure than any other sample.

Zn12xMgxO nanoparticles as new activators for
vulcanization

Model compound vulcanization with squalene as a
model molecule for natural rubber has been chosen
to study the role of the mixed metal oxide along the
reaction using CBS as accelerator. The basic vulcani-
zation recipe has been shown in Table I.
The evolution of CBS, 2-mercaptobenzothiazole

(MBT), 2,20-bisbenzothiazole disulphide (MBTS), and
sulfur when using ZnO and Zn1�xMgxO as activa-
tors is shown in Figure 3. From Figure 3, it can be
established some differences that occur when the
new activator is used. Zn1�xMgxO nanoparticles pro-
voke a faster consumption of CBS and sulfur, while
in the case of ZnO it occurs in a more gradual
manner.
The breakdown of the accelerator is one of the

most used parameters to study what occurs during
the scorch time since it has been demonstrated to be
the bottle neck that determines the length of the
scorch time.15 In the case of acceleration by benzo-
thiazolesulphenamides, the accelerator is depleted
autocatalytically with the formation of 2-mercapto-
benzothiazole.34 The MBT formed from the break-
down of CBS react with CBS to form the active sul-
furating agents and the rate of the CBS depletion’s is
about proportional to the amount of MBT present.
Figure 4 shows the CBS concentration in the sam-

ples with ZnO (empty circle) and with Zn1�xMgxO

Figure 3 Relative amount of major compounds as a func-
tion of reaction time during squalene vulcanisation with
sulfur and CBS at 140�C using (a) ZnO and (b) Zn1�xMgxO
as activator.

Figure 4 Breakdown of CBS as a function of the reaction
time with Zn1�xMgxO and ZnO as activator.
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(filled circle) as a function of the reaction time. It
can clearly be seen that the utilization of ZnO or
Zn1�xMgxO as activators influences the breakdown
of CBS differently. When Zn1�xMgxO nanoparticles
are used, CBS is completely degraded after 20 min
while, with standard ZnO, there is around 40% of
unreacted CBS which does not disappear entirely
until 30 min as reported earlier.3,15-17,21 It can be
seen that the breakdown of the accelerator does not
commence very differently when using Zn1�xMgxO
or zinc oxide but that the mixed metal oxide pro-
vokes a much faster disappearance of CBS.

Furthermore, it is interesting to study the decom-
position of the accelerator with respect to the evolu-
tion of sulfur and MBT to understand the reactions
taking place during the scorch time and before the
crosslink formation. Decomposition of the accelera-
tor and transformation of the crosslink precursor
into a crosslink yields to MBT.

As it can be seen in Figure 5, Zn1�xMgxO nano-
particles lead to higher amounts of MBT at shorter
reaction times. Since MBT is a decomposition prod-
uct of the accelerator and the breakdown of the ac-
celerator occurs faster when the activator are the
mixed metal oxide nanoparticles, it is not surprising
to observe that the formation of MBT is more rap-
idly with Zn1�xMgxO than zinc oxide.
Figure 6 shows that the consumption of sulfur

occurs faster when Zn1�xMgxO nanoparticles are
used as the accelerator. At 30 min it has almost dis-
appeared. For standard ZnO, it is not until 50 min
when it has been totally consumed. Furthermore, the
fading of sulfur with Zn1�xMgxO is faster compared
with the values that have been reported before with
MgO.15,35

Previous researchers have described that, when
ZnO is substituted by MgO, CBS is dissociated very
rapidly and that MgO produces higher amount of
MBT at shorter reaction times.15 It has been pro-
posed that the quicker dissociation of the accelerator
is most likely to occur due to less complex formation
between the magnesium ions and MBT occurs.16

Another explanation to this behavior has been
postulated by our research group. Dı́az35 performed
MCV studies with MgO as activator using squalene
and squalane, a saturated form of squalene, in the
presence or absence of sulfur. It was found that
when sulfur was not present in the reaction mixture,
the breakdown of the accelerator is much slower
and not complete after 60 min of reaction time.
From these results, it was concluded that the dissoci-
ation of CBS occurs via sulfur activation from mag-
nesium oxide.
The fact that Zn1�xMgxO nanoparticles dissociate

CBS faster and produce higher amounts of MBT at
shorter reaction times means that the CBS dissocia-
tion occurs by a different mechanism than with zinc

Figure 5 MBT concentration as a function of the reaction
time with Zn1�xMgxO and ZnO as activator.

Figure 6 Degradation of sulfur during vulcanization with
standard ZnO and Zn1�xMgxO.

Figure 7 Evolution of total crosslinked squalene during
vulcanization with standard ZnO and Zn1�xMgxO.
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oxide. Since the breakdown of the accelerator and
the formation of MBT with Zn1�xMgxO is more simi-
lar to the manner that occurs when MgO is
used,15,16,35 it can be deduced that the presence of
magnesium into the zinc oxide structure alter ZnO
performance. Furthermore, the consumption of sul-
fur takes place faster with Zn1�xMgxO than with
ZnO or MgO indicating that Zn1�xMgxO nanopar-
ticles provoke a faster reaction of sulfur with the
accelerator.

The evolution of crosslinked squalene during vul-
canisation with ZnO or Zn1�xMgxO as activator is
shown in Figure 7. It can be noted that even though
the formation of crosslinked squalene commences
later when Zn1�xMgxO nanoparticles are used, a
higher crosslink degree, calculated as the total
amount of crosslinked squalene formed, is attained.
These findings are in agreement with the results
reported before. Chapman8 found that when high
surface area/small-particle size zinc oxides were
used scorch delay was increased a little; and Parasie-
wicz and coworkers7 found that the use of ZnO

nanoparticles resulted in a slightly longer scorch
time.
Regarding the crosslink degree achieved, it is

worth noting that mixed metal oxide nanoparticles
lead to around a 30% higher crosslink degree than
the one obtained with standard zinc oxide. This
effect can be partly attributed to the small particle
size of the Zn1�xMgxO particles. Bhowmick and co-
workers4,5 found that ZnO nanoparticles (30–70 nm)
increased the crosslink degree by 15% compared
with standard ZnO. On the other hand, the fact that,
even with bigger sizes, higher amounts of cross-
linked products are formed suggests that
Zn1�xMgxO nanoparticles are more active and more
effective transporting sulfur into the hydrocarbon
chain than ZnO nanoparticles.
As stated earlier, when MgO is used as activator

the accelerator is dissociated very rapidly and a
large quantity of intermediate compounds are
formed but its main drawback is the low reticulation
degree achieved.15,16 The fact that the breakdown of
the accelerator and the consumption of sulfur occur
faster but crosslinked products appear later, indicate
that larger amounts of intermediate compounds that
are active sulfurating species are produced when the
activator is Zn1�xMgxO.
Concerning the crosslink structure, some changes

were detected when working with Zn1�xMgxO in
comparison with ZnO as it has been pointed out in
previous sections. Figure 8 shows the evolution of
the different crosslinked products formed: mono-
(Sq-S-Sq), di- (Sq-S2-Sq), tri- (Sq-S3-Sq), and tetrasul-
phidic (Sq-S4-Sq) crosslinks. Zn1�xMgxO nanopar-
ticles provoke that the major crosslinked products
formed are disulphidic crosslinks and that very little
amount of monosulphidic crosslinks are produced. It
can be seen that the formation of the monosulphidic
crosslinks starts at shorter reaction times when ZnO

Figure 8 Relative amount of crosslinked products as a
function of reaction time during squalene vulcanization
with sulfur and CBS at 140�C using (a) ZnO and (b)
Zn1�xMgxO as activator.

Figure 9 Distribution of sulfidic crosslinks (crosslink
structure) in 60 min vulcanizates with standard ZnO and
Zn1�xMgxO.
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is used but in both cases the major crosslinked prod-
uct obtained is Sq-S2-Sq.

Figure 9 shows the percentage of mono-, di-, tri-,
and tetrasulphidic crosslinks in the different samples
tested. The main effect of the mixed metal oxide
seems to be the decrease of monosulphidic cross-
links by an increase in the formation of disulphidic
crosslinks. However, the proportion of tri- and tetra-
sulphidic crosslinks is not altered by the use of
Zn1�xMgxO nanoparticles as activator.

In summary, the results obtained have shown that
it is possible to take advantage of the behavior of
both ZnO and MgO in sulfur vulcanization with
Zn1�xMgxO nanoparticles. It has been seen that the
reactions that take place during the scorch time, the
breakdown of the accelerator and the formation of
MBT, occur faster; fact that could be due to the pres-
ence of magnesium into the zinc oxide structure.

On the other hand, the formation of the crosslinks
start at longer reaction times, feature reported by
other authors using zinc oxide nanoparticles. Never-
theless, the crosslink degree achieved is higher than
those obtained with zinc oxide nanoparticles. Fur-
thermore, the mixture of ZnO and MgO shows a
crosslink degree similar to the one obtained with
magnesium oxide. Therefore, Zn1�xMgxO nanopar-
ticles not only overcome the disadvantages of the
mixture of ZnO and MgO but a better performance
is achieved.

Moreover, the use of Zn1�xMgxO nanoparticles as
activator lead to a reduction of the total amount of
zinc used in rubber compounds due to the presence
of magnesium into the zinc oxide structure. This
characteristic could minimize the environmental
effect of rubber compounds, which is a major con-
cern in the rubber industry.

CONCLUSIONS

Mixed metal oxides nanoparticles of zinc and mag-
nesium with different magnesium content have been
synthesized with a particle size in the range of 95–
172 nm. The X-ray diffraction patterns have proved
that magnesium atoms incorporate into the zinc ox-
ide structure altering the lattice parameters.

When the magnesium content of the mixed metal
oxide is below 19% only the metastable phase
Zn1�xMgxO (modified zincite) is formed. At higher
magnesium content, the cubic phase appeared indi-
cating the coexistence of the two phases. Despite
that, the intensity of the cubic phase denotes that the
majority of the material is in the form of modified
zincite.

Model compound vulcanization with squalene has
been carried out to study the role of the mixed metal
oxide along the reaction using CBS as accelerator.
Concerning the reactions that take place during

scorch time, it has been proved that the presence of
magnesium into the zinc oxide structure modifies
the manner that ZnO performs. The breakdown of
the accelerator and the formation of MBT are faster
with Zn1�xMgxO and more similar to the manner
that occurs when MgO is used. The consumption of
sulfur takes place faster with Zn1�xMgxO than with
ZnO or MgO.
The formation of crosslinked squalene commences

later when Zn1�xMgxO nanoparticles are used but a
30% higher crosslink degree is attained. These
results prove that Zn1�xMgxO nanoparticles are
more active and more effective transporting sulfur
into the hydrocarbon chain than ZnO.
Regarding the crosslink structure, the mixed metal

oxide produces a decrease of monosulphidic crosslinks
and an increase of disulphidic crosslinks. The propor-
tion of tri- and tetrasulphidic crosslinks is not altered
by the use of Zn1�xMgxO nanoparticles as activator.
In summary, the use of Zn1�xMgxO nanoparticles as

activator leads to a reduction of the total amount of
zinc used in rubber compounds which would reduce
the environmental impact of the rubber industry.
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