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Abstract : Migration properties of antidegradants to the surface in filled NR vulcanizates containing
both silica and carbon black were studied using the migration-generating equipment with a vacuum
technique. The migration was carried out at 60, 80, and 100°C for 20 h. BHT, IPPD, HPPD, and wax
were used as migrants. IPPD migrates faster than the other migrants. The amounts of BHT, IPPD, and
HPPD migrated decrease with an increase of the silica content in the NR vulcanizate. Influencing
factors of silica and carbon black on the migrations were found to be their porous structure and polar
functional groups on the surface. Average activation energies for migration of BHT, IPPD, HPPD,
n-CzHso, and n-CaHso to the surface in the NR vulcanizates are 21.6, 32.7, 39.9, 52.9, and 67.3 kJ/
mol. respectively. Migration rates of the migrants in the vulcanizates containing both silica and carbon
black are, on the whole, faster than those in the vulcanizates containing 50 phr of silica and are slower
than those in the vulcanizates containing only 50 phr of carbon black except IPPD. Migration rates of
IPPD in the vulcanizates with the content ratio of 10/40 and 20/30 phr (silica/carbon black) at high

temperatures are faster than those in the vulcanizates containing only 50 phr of carbon black.

Introduction

Ozone attack on rubber compounds causes
characteristic cracking perpendicular to the
direction of applied stresses. The reactions of
ozone with the double bonds in the rubber
molecules induce degradation. These reactions
lead to chain scission and formation of various
decomposition products. In order to control the
effects of rubber ozonation, either paraffin waxes
or chemical antiozonants are added to unsa-
turated rubbers. The most effective antiozonants
are N,N'-disubstituted-p-phenylenediamines,
which at least one of the side groups is alkyl
(preferably secondary alkyl).'?

There are several theories about the mechanism
of protection by chemical antiozonants. The
model states that the antiozonant
blooms to the surface and preferentially reacts
with ozone so that the rubber remains intact until
the antiozonant is exhausted.** The protective
film theory is similar, except that the ozone-
antiozonant reaction products form a film on the
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rubber surface that prevents (physically and
perhaps chemically as well) ozone attack on the
rubber.’ A third relinking theory states that
the antiozonant prevents scission of the ozonized
rubber or else recombines severed double bonds.®
Currently, the most accepted mechanism of anti-
ozonant action is a combination of the scavenger
and protective film theories.®”’

Major characteristics required as antiozonant
properties are migration to the surface of an
object and reactivity with ozone. To measure
migration of organic additives in a rubber com-
pound, various methods such as solvent
extraction, the techniques of tagging the
additives with a C or a *S isotope before mixing
it in a compound,’® compression set plates,” and
thin films” were used. But, these methods are
time-consuming or do not consider a real tire
conditions of inflation. Internal pressure of tire for
a passenger car is about 30 psi in driving
conditions and pressure difference between inner
and outer parts of the tire might be more than
twice.
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In the previous work," the influences of initial
concentrations of antidegradants and kinds of
rubber on the migration of antidegradants in
rubber vulcanizates were studied. Migration of
antidegradants in rubber wvulcanizates to the
surface is independent of initial concentrations of
antidegradants. Migration in NR vulcanizates is
faster than that in SBR ones. Several groups
studied effects of contents" and kinds® of carbon
black. Diffusion coefficients of sulfur decrease by
increasing the content of carbon black." Diffusion
coefficients of phenyl-2-naphthylamine in rubber
vulcanizates containing carbon black with high
surface area are smaller than those with low
surface area.’

In this study, experiments were carried out with
the migration-generating equipment using a
vacuum technique.”®* This equipment has the
following unique characteristics. First, pressure
difference between inner and outer parts of a
compounded rubber considered. If
pressure of vacuum chamber is about 10° Torr,
then the pressure difference is about 10® times.
Second, organic additives on the surface are
vaporized in vacuum that migration is accelerated.
Third, migration happens in a direction from
atmosphere to vacuum. Using this migration
equipment, migration of antidegradants in rubber
vulcanizates to the surface is strikingly
accelerated. The loss of HPPD at 80 °C using this
equipment is faster than that using a convection
oven by about 10 times.

In the present work, the influences of the
content ratio of silica and carbon black in a
rubber vulcanizate on migration of antidegra-
dants to the surface in NR wvulcanizates were
studied with this equipment. BHT (2,6-di-tert-
butyl-4-methylphenol), [PPD (N-phenyl-N’-
isopropyl-p-phenylenediamine), HPPD (N-phenyl-
N'-(1,3-dimethylbutyl)-p-phenylenediamine), and
wax were used as migrants.

sheet is

Experimental

Four NR vulcanizates with a different content
ratio of silica and carbon black were prepared.
Total content of both fillers in the four vulcaniza-
tes was the same by 50 phr. The formulation
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Table 1. Formulations (phr)

Compound No. 1 2 3 4

SMR20 100.0 1000  100.0 100.0
N330 40.0 30.0 20.0 100
Coupsil VP 8108 10.0 20.0 30.0 40.0
Zinc oxide 5.0 5.0 5.0 50
Stearic acid 3.0 3.0 3.0 3.0
Wax 4.0 4.0 4.0 4.0
BHT 2.0 2.0 2.0 2.0
IPPD 2.0 2.0 2.0 2.0
HPPD 2.0 20 2.0 2.0
Sulfur 1.5 1.5 1.5 1.5
TBBS 2.0 2.0 2.0 2.0

was given in Table I. The ratios of silica and
carbon black were 10/40, 20/30, 30/20, and 40/
10 for Compounds 1, 2, 3, and 4, respectively.
The NR vulcanizates were prepared by curing at
160°C for 15 minutes.

The migration-generating equipment with a
vacuum technique used in this work has been
described in detail elsewhere.”® The dimension of
the sample is 20 mm thick and 4.0 cm in
diameter. The migration experiments were
carried out at constant temperatures of 60, 80,
and 100°C for 20 h. The base pressure in the
vacuum chamber is typically lower than 1Xx10*
Torr and rises to about 5X10° Torr during
migration. The amount of antidegradants that
migrated to the surface was determined by the
difference between the amounts of antidegradants
that remained in the rubber vulcanizates before
and after the migration. The amounts of antide-
gradants remaining in the rubber vulcanizates
were analyzed using gas chromatography after
extraction of the antidegradants with THF. Exper-
iments were carried out three times and averaged.

Results and Discussion

Wax used in this study has a molecular weight
distribution from Cy;Hua to CaHs and is a
mixture of normal alkanes and their isomers.
There are a lot of kinds of the isomers and their
contents are much smaller than the normal
alkanes. Contents of the wax with a molecular
weight from CaHau to CaHis are very little and
migration rates of alkanes with a molecular
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Figure 1. Variation of migration of antidegradants depend-
ing on the filler content ratio of silica and carbon black at
60 °C. Squares, circles, up-triangles, down-triangles, and di-
amonds stand for BHT, IPPD, HPPD, n-C,,Hs,, and n-C,gHs,,
respectively.

weight equal or more than CxHss are slow. Thus,
only n-CuHso and n-CaH:: of the wax were
employed as experimental targets. Amounts of
the antidegradants that migrated to the surface
remarkably increase with an increase of the
temperature. Figures 1, 2, and 3 show variations
of migration of the antidegradants at 60, 80, and
100°C, respectively. In the previous work,” we
studied the influence of the initial concentration
of antidegradants on migration behaviors and
found that the antidegradants in a rubber
vulcanizate migrated to the surface by a constant
ratio if migration proceeded at the same condi-
tions such as temperature and migration time.
Thus, the equation for migration to the surface
can be described by the Eq. (1).2

Ci=Cy-(1-k) (1)

, where C; and C, are the concentrations of
migrant that remained in a sample before and
after migration, respectively, k is the migration
rate in %-sec’, and t is the migration time in
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Figure 2. Variation of migration of antidegradants depend-
ing on the filler content ratio of silica and carbon black at
80°C. Squares, circles, up-triangles, down-triangles, and di-
amonds stand for BHT, IPPD, HPPD, n-C,Hsq, and n-CysHs,,
respectively.

second. Migration rates of the antidegradants in
the NR vulcanizates containing both of silica and
carbon black were calculated by the Eq. (1). The
migration rates were summarized in Tables II, 1II,
IV, and V for Compounds 1, 2, 3, and 4,
respectively. Among the migrants, BHT, IPPD,
HPPD, n-CzHso, and n-CssHs,, the migration rate
of IPPD is the fastest irrespective of the filler
content ratio and the temperature.

Migration behaviors of BHT, IPPD, and HPPD
depending on the content ratio of silica and
carbon black were found to have a clear trend.
Amounts of them that migrated to the surface
continuously decrease with an increase of the
filler content ratio in the NR vulcanizate from 10/
40 to 40/10 (silica/carbon black) as shown in
Figures 1-3. This phenomena can be explained
by intermolecular interactions between the antide-
gradants and the surface of silica. Since the
surface of silica contains many hydroxyl groups'>*¢
and the antidegradants have a hydrogen-bonding
site such as -OH (for BHT) and -NH- (for IPPD
and HPPD), the antidegradants may build a
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Figure 3. Variation of migration of antidegradants depend-
ing on the filler content ratio of silica and carbon black at
100 °C. Squares, circles, up-triangles, down-triangles, and di-
amonds stand for BHT, IPPD, HPPD, n-C,Hso, and n-CysHs,,
respectively.

o4

hydrogen bond with the surface of silica. The
intermolecular hydrogen bonds will be stronger
and stronger with an increase of the silica content

Table II. Migration Rates of Antidegradants in the
NR Vulcanizate Containing 10 phr of Silica and 40
phr of Carbon Black (10 %-sec™)

Table IV. Migration Rates of Antidegradants in the
NR Vulcanizate Containing 30 phr of Silica and 20
phr of Carbon Black (10 %-sec™)

Temperature (°C) 60 80 100
BHT 7.47 13.2 17.2
IPPD 8.64 17.7 30.3
HPPD 4.56 11.7 20.0
Wax (n-C,eHs) 2.31 8.38 16.0
Wax (n-CpsHsy) 1.01 549 13.7

Table V. Migration Rates of Antidegradants in the
NR Vulcanizate Containing 40 phr of Silica and 10
phr of Carbon Black (10 %-sec™)

Temperature {°C) 60 30 100
BHT 7.27 131 15.8
[PPD 8.21 17.0 25.1
HPPD 4.00 11.7 18.8
Wax (n-CyHso) 243 8.70 16.6
Wax (n-CysHsy) 1.14 6.15 13.8

Temperature (°C) 60 30 100
BHT 8.58 14.3 19.1
IPPD 9.33 214 334
HPPD 4.32 124 21.8
Wax (n-CyHgp) 2.23 9.68 18.3
Wax (n-CysHs)) 1.30 6.45 15.6

Table . Migration Rates of Antidegradants in the
NR Vulcanizate Containing 20 phr of Silica and 30
phr of Carbon Black (10° %-sec”)

Temperature (°C) 60 80 100
BHT 7.82 139 17.9
[PPD 895 19.6 33.1
HPPD 5.07 12.3 21.7
Wax (n-CaqHsg) 2.34 9.18 17.8
Wax (n-CzHsy) 0.97 6.11 152
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in the NR vulcanizate. Migration of the antidegra-
dants will become slower by increasing the
intermolecular between the
antidegradants and silica. In the previous work
for migration of silica-filled rubber vulcanizates,'’
we also found that migration rates of the
antidegradants decreased with an increase of the
silica content in the silica-filled NR vulcanizates.
BHT, IPPD, and HPPD in the silica-filled NR
vulcanizates” migrate slower than in the carbon
black-filled ones.'® For example, the migration
rates at 60°C in the silica-filled NR vulcanizates
(50 phr of silica) are slower than those in the
carbon black-filled ones (50 phr of carbon black)
by about 27, 26, and 13% for BHT, IPPD, and
HPPD, respectively.

Amounts of the antidegradants that migrated
in the vulcanizates increase with an increase of
the temperature. For example, the amounts of
BHT, IPPD, HPPD, n-C.Hs, and n-CsHs that
migrated in the vulcanizate with the filler content
of 20/30 (silica/carbon black) increase from 42%,
46%, 28%, 13% and 7% to 71%, 89%, 76%, 67%,
62%, respectively, by increasing the temperature
from 60 to 100°C. Migration rates of the
antidegradants that migrated in the vulcanizates
become slower with an increase of the silica
content ratio. Migration rates of BHT, IPPD, and

interactions

259



S.-S. Choi

HPPD in the vulcanizate at 80°C decrease from
14.3 to 13.1x10° %-sec’, from 21.4 to 17.0X
10¢ %-sec’’, and 12.4 to 11.7xX10° %-sec’,
respectively, by increasing the filler content ratio
(silica/carbon black) from 10/40 to 40/10. Migra-
tion rates of n-C.Hse, and n-CasHs, also decrease
from 9.7 to 8.4x10° %-sec” and 6.5 to 5.5x10°
%-sec, respectively, by increasing the silica
content ratio from 10/40 to 30/20.

For n-CuHs and n-CyxH:, the amounts that
migrated at 60°C are nearly constant, irrespective
of the filler content ratio, as shown in Figure 1,
while their migration behaviors at 80 and 100°C
show a similar trend to those of BHT, IPPD, and
HPPD. Only the migration rates of n-CzHs and n-
CaHs: in the vulcanizate with the filler content
ratio (silica/carbon black) of 40/10 are little
faster than those with the filler content ratio of 30/
20 as shown in Figures 2 and 3. The decrease of
the migration rates of n-CzHse and n-CasHs. with
an increase of the silica content ratio could not
be explained by the intermolecular interactions of
the two normal alkanes with the surface of silica,
since the normal alkanes have no hydrogen-bond
with silica. What is the cause of the decrease of
migration rate of n-CxHs and n-CisHs, with an
increase of the silica content ratio? If the cause is
the intermolecular interaction between the normal
alkane and carbon black not alkane and silica,
one can expect that the migration rates in the
vulcanizates with a high carbon black content
ratio are slower than those with a high silica-
content Chemical structures of carbon
black are more similar to normal alkanes than
silica that intermolecular interactions of the
normal alkanes with carbon black will be stronger
than those with silica. But this was not consistent
with the experimental results. Thus, migration
behaviors of the normal alkanes could not be
explained by only interactions with fillers. Carbon
black and silica have various pores. Micropore
volume of Coupsil VP 8108 (about 0.89 mL/g)"
is much larger than that of N330 (below 0.1 mL/
g). The micropore volume was measured with a
mercury porosimeter. The normal alkanes will
migrate through the pores to the surface in the
filled vulcanizate. The path length of the normal
alkanes will increase with an increase of the silica

ratio.
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content ratio in the vulcanizate. Thus, migration
rates of the normal alkanes in the vulcanizate
decrease by increasing the silica content ratio.

In general, the migration rate of a migrant with
a low molecular weight is faster than that of
migrant with a high molecular weight. For
example, IPPD (m/z 226) migrates faster than
HPPD (m/z 268), and n-C.Hs (m/z 338)
migrates faster than n-Cy;H: {(m/z 352). This
trend is reversed for some cases at high tem-
peratures. IPPD migrates faster than BHT at 60-
100°C. though IPPD (m/z 226) is lighter than
BHT (m/z 220). BHT migrates at 60 and 80°C
faster than HPPD by over 30 and 7%, res-
pectively, but migrates at 100°C slower than
HPPD by about 7%. BHT migrates at 60 and
80 °C much faster than n-CxHs by 60 and 20%,
respectively. But the difference between migration
rates of BHT and n-CuHs is little when the
temperature is 100 °C as shown in Figure 3. It is a
very interesting fact since the migration rate of
BHT is much faster than that of n-CxHs at the
low temperatures. From the results, we could find
that migration temperature less affect BHT's migra-
tion rate than the other migrant's migration rate.

In the previous works, we studied migration
behaviors of antidegradants in NR vulcanizates
containing only silica” or only carbon black.”™
Tables VI and VII gave the migration rates of
BHT, IPPD, and HPPD in the NR vulcanizates
containing only silica and only carbon black,
respectively. The migration rates of BHT in the
vulcanizates containing 50 phr of both silica and
carbon black as total content, irrespective of the
filler content ratio, are faster than those
containing 50 phr of only silica and slower than
those containing only 50 phr of carbon black.
The migration rates of IPPD at 60°C in the
vulcanizates containing 50 phr of both silica and
carbon black as total content are also faster than
those containing 50 phr of silica and are much
slower than those containing 50 phr of carbon
black very similar to the case of BHT. But, at 80
and 100°C, the migration rates of IPPD in the
vulcanizates with the filler content ratios (silica/
carbon black) of 10/40 and 20/30 are faster
than those containing only 50 phr of carbon
black. This may be due to weakening of the
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Table VI. Migration Rates of Antidegradants in the
NR Vulcanizate Containing only 50 phr of Silica
(10" %-sec™).* Values in the Parentheses are the
Migration Rates in the NR Vulcanizate Containing

only 30 phr of Silica

Table VIIL. Activation Energies for Migration of
Antidegradants to the Surface in the NR
Vulcanizates Containing both Silica and Carbon
Black (kd/mol)

Temperature (°C) 60 80 100
BHT 7.21(825) 11.0(125) 151 (15.6)
IPPD 8.32(10.1) 16.3(194) 256 (30.0)
HPPD 455(5.02) 11.0(12.2) 21.3(22.3)

*Data obtained from reference 17.

Table VII. Migration Rates of Antidegradants in the
NR Vulcanizate Containing only 50 phr of Carbon
Black (10 %-sec").* Values in the Parentheses
are the Migration Rates in the NR Vulcanizate
Containing only 30 phr of Carbon Black

Ratio of Filler

Contents 10/40 ‘20/30 30/20 40/10
BHT 209 235 21.0 21.0
IPPD 339 339 339 29.2
HPPD 39.1 41.7 39.1 39.2
Wax (n-CygHso) 55.0 54.9 52.2 49.6
Wax (n-CysHsy) 65.2 70.5 67.9 654

Temperature (°C) 60 80 100
BHT 9.93(10.2) 152(16.6) 20.6(194)
IPPD 11.3(13.3) 19.1(244) 30.7(26.5)
HPPD 524(6.00) 12.0(153) 23.2(21.6)

*Data obtained from reference 18.

intermolecular hydrogen bond between silica and
IPPD by increasing the temperature. The hydro-
gen bond of IPPD with silica affects the migration
more than that of BHT and HPPD since the
strength of the intermolecular hydrogen bond of
IPPD with silica is stronger than that of BHT or
HPPD.” The intermolecular hydrogen bond
becomes weaker and weaker by increasing the
temperature. Thus, the influence of the inter-
molecular hydrogen bond on the migration at
high temperatures may be much weaker than
that at low temperatures.

Migration rates of antidegradants to the
surface in a filled rubber vulcanizate become
slower as the content of filler increases when the
vulcanizate contain only one kind filler.”*® The
migration rates of BHT, IPPD, and HPPD in the
vulcanizates containing both of silica and carbon
black, with the filler content ratio (silica/carbon
black) of 20/30 and 30/20, are slower than those
in the vulcanizate containing only silica or only
carbon black of 30 phr except the migration of
IPPD at 100°C. The migration rates of IPPD in
the vulcanizates with the filler content ratio (silica/
carbon black) of 20/30 and 30/20 at 100°C are
33.1 and 30.3Xx10° %-sec’, respectively, while
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those in the vulcanizates containing only silica or
only carbon black of 30 phr at 100°C are 30.0
and 26.5x10° %-sec’, respectively. This can
be also explained by weakening of the inter-
molecular hydrogen bond of IPPD with filler as
discussed previously.

Activation energies for migration of antidegra-
dants to the surface in the rubber vulcanizate
were calculated by the Arrhenius plot with the
migration rates. Arrhenius equation is Eq. (2).

k =A -exp(—E./RT) {2)

where k is the rate constant, A is the Arrhenius
parameter, E, is the activation energy, R is the
gas constant, and T is the temperature in Kelvin.
In this study, k is the migration rate in %-sec’
as listed in Tables I-V. The logarithm of Eq. (2)
gives,

Ink =InA - E,/RT (3)

The activation energy can be calculated by
multiplying the gas constant to the slope obtained
from the Arrhenius plot of Ink versus 1/T. The
activation energies calculated from the Arrhenius
plot were listed in Table VII. The average
activation energies of BHT, IPPD, HPPD, n-C,H-.,
and n-CyHs, are 21.6, 32.7, 39.9, 52.9, and 67.3
kd/mol, respectively. The activation energy was
found to depend on the molecular weight of the
migrants. The heavier the migrant is the higher
the activation energy for migration is. The
activation energies for BHT, IPPD, and HPPD are
nearly constant irrespective of the filler content
ratio. It means that the filler content ratio hardly
affect the activation energies for the migrations of
BHT, IPPD, and HPPD. The activation energies
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of n-CauHse and n-CaHs: decrease slightly as the
silica content ratio increases. This may be due
to the long path length by silica as discussed
above.

Conclusion

Migration rates of BHT, IPPD, and HPPD in
the NR wvulcanizates containing both silica and
carbon black {the total filler content is 50 phr)
become slower by increasing the content ratio
of silica. IPPD migrates faster than the other
migrants. Average activation energies for
migration of BHT, IPPD, HPPD, n-CHs, and n-
CasHso to the surface in the NR vulcanizates are
216, 327, 399, 529, and 67.3 kd/mol,
respectively. Migration rates of BHT, IPPD, and
HPPD in the vulcanizates containing both silica
and carbon black are, on the whole, faster than
those in the vulcanizates containing only silica of
50 phr and are slower than those in the
vulcanizates containing only carbon black of 50
phr except IPPD. Migration rates of IPPD in the
vulcanizates with the filler content (silica/carbon
black) of 10/40 and 20/30 at 80 and 100°C are
faster than those in the wvulcanizates containing
only carbon black of 50 phr. This may be
explained by weakening the intermolecular
hydrogen bond of IPPD and filler at high tem-

peratures.
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