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15 SILIC PIOXIT KHONG
CHUA NUOC
Ham luong nudc tu do (nudc tu

1.5 SILICA FREE WATER

Free water content reflects the

hydrophilic nature of silica and its
tendency to adsorb moisture to
attain equilibrium with the relative
humidity of its environment, as

nhién) phan anh ban chat wa nudc
cua silic dioxit va khuynh hudng
hap thy hoi am dé dat dén trang théi
can bang véi do am twong ddi cua
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illustrated in Figure 1.3.

During manufacture, water or steam
Is sometimes added to the dried
product to reduce electrostatic
charges on fine particles and to
alleviate the cure retarding effects
of dry silica. The latter phenomenon
Is responsible for much of the
processing and vulcanizate
variability associated with silica
reinforced compounds. Free water
acts as a barrier to reduce the
attachment of silica surface silanols
(SiIOH) to soluble zinc and
hydrogen bonded materials. In
particular, this removal of zinc from
its cure activating function has a
profound retarding effect on cure
rate. Since variable amounts of free
water can be lost during mixing,
curerates will, of necessity, vary.
Use of permanent barrier materials
such as glycols provides a partial
solution to this problem. Free water
content is generally determined by
moisture balance at 160-200°C or in
a vacuum oven at 105°C.

Unfortunately, the barrier effect of
water on soluble zinc attachment is
also a cause of reduced bonding of
silica to elastomer. This effect is
obviously a hindrance to
reinforcement, and is partially the
cause of lower than expected
abrasion resistance and high-strain
modulus in silica reinforced
compounds. Later discussions of

moi truong caa no (xem Hinh 1.3).

Trong qua trinh san xuat, d6i khi
nudc hodc hoi nude dugc thém vao
san pham siy kho dé giam su tich
dién trén cac hat min va giam bét
cac hién tuong cham hoa cing cua
silic dioxit kho (cure: khd, hoa
cing, luvu hoéa). Hién tugng sau
dong vai tro rat quan trong trong
qua trinh xtr ly va vulcanizate (Iuu
hoa) nhiing bién dbi gan véi cac
hop chat cuong luc (gia cuong)
bang silic dioxit. Nudc tu do dong
vai trd nhu mot hang rao dé giam su
gan két cua silanol (SiOH) trén bé
mat silic dioxit véi kém hoa tan va
cac vat liéu lién két hydro. Pic biét,
su loai bo kém khoi nhém chac hoat
hdéa dong cung cua no co tac dong
lam cham tc do hoa cang rat nhiéu.
Boi vi luong nudc ty do mat di
trong qué trinh tron ludn ludn bién
d6i, tat nhién téc d6 dong ctiing s&
ludn thay dbi. Viéc sir dung céc vat
liéu chan vinh vién chang han nhu
glycol gilp giai quyét mot phan van
dé nay. N6i chung, ham lugng nudc
tu do dugc xac dinh qua su cén
bang d6 4am ¢ 160-200°C hoic trong
ta sdy chan khéng & 105°C.




“zinc-free” acceleration describe a
compounding approach to the
barrier problem.

Table 1.4 illustrates the effects of
free water variation in a peroxide
cured natural rubber reinforced with
30 phr silica, adjusted to maintain
equal SiO2 content.

The major changes due to “dry”
silica (less than 1% water) include
increased viscosity (50% increase),
reduced hardness and increased
highstrainmodulus. The
combination of higher viscosity and
lower hardness is probably unique
to hydrated silica and calls for
explanation. In this case, the
inclusion of silane coupling effects
(compound C) and the scanning
electron micrographs of these three
compounds, in Figure 1.4, provide
enlightenment. It is evident in Table
1.4 that an increase in viscosity with
dryness involves a loss of
plasticization in the absence of the
cloud of water which normally
surrounds the silica particle. Also,
agglomerate size is reduced (Figure
1.4), possibly the result of higher
shear forces duringmixing. The
disappearance of higher viscosity
values when the silanolsurface is
modified by silane indicates that
resulting loss in hydrogen bonded
structure is the major effect. It
should be noted that dry silica is
defined here as water content less
than 1%. Normal water content is in
the range of 3 to 7%. At water




contents above 7% plasticization
predominates, with a resulting
decrease in viscosity, in terms of
either Mooney or rheometer
minimums.

In the peroxide cured compounds in
Table 1.4, the contrast of increased
viscosity and reduced hardness
reflects the test parameters
involved. The low strain
deformation of durometer and 20%
modulus testing of the vulcanizate
Is far removed from the continuous
shear deformation involved in
measuring the viscosity of the
uncured compounds. Under the
static, low strain conditions of
durometer tests, hardness reduction
occurs when the silanol-water
structure is largely eliminated,
without change in crosslinking. This
structure and hardness loss s
increased further when silanol
bonding IS removed by
silanemodification of the silica
surface. Reduced structure, (smaller
agglomerates), is quite apparent in
the Figure 1.4 photomicrographs
where the average diameter size of
the larger particle agglomerates is
reduced from 100 to 70 nanometers
with dry silica. These smaller
agglomerates, together with the
removal of the free water barrier,
arelargely responsible for the
increase in 300% modulus and,
frequently, abrasion resistance.

The use of a peroxide cure system
in exploring water effects allows the
separation of filler reinforcement




mechanisms from the silica surface
reactions which occur with zinc-
sulfur  crosslinking. As  noted
elsewhere, these reactions of silica
with  soluble zinc produce a
significant increase in polysulfide
crosslinks and reduced filler-
polymer  bonding, which in
themselves are  sufficient to
overshadow water effects. In Table
1.5 the data for dry silica effects in
sulfur cured SBR combine both
crosslinking and polymer bonding
effects. The doubling of viscosity
together with increased 300%
modulus in the dry silica compound
are similar to those effects seen in
the peroxide cured, zinc-free natural
rubber compounds. However, other
property effects here are all
influenced by changes in sulfur
crosslinks and
fillerpolymerbonding. Higher set,
modulus and durometer are all
evidence of an increase in
polysulfide crosslinks, the result of
zinc removal from its accelerator
activating function (by attachment
to silanols). Increased abrasion
resistance (50% improvement) and
modulus indicate improved silica-
polymer bonding in the absence of
barrier water.Similar behavior of
BR and solution SBR compounds is
summarized, together with a
comparison to an HAF control
compound, in Table 1.6. In view of
the predominantly beneficial
reinforcement effects of dry silica, it
IS reasonable to ask why




commercial products with less than
1 % free water are not readily
available. Two major obstacles must
be overcome. As noted above, the
free water content of precipitated
silica is in equilibrium with relative
humidity. Since the equilibrium
values varyfrom 1% to more than
20% over the possible humidity
range, it is  apparent that
maintaining less than 1% water,
particularly in bulk shipping, would
be very difficult. The electrostatic
charges  andassociated  dusting
which are characteristic of dry
silicas also raise  formidable
problems in handling and shipping.
From the compounding standpoint,
cure retardation in sulfur systems
with dry silica must be countered
with adjusted acceleration.

1.7 SILICA SURFACE
SILANOL GROUPS

In contrast to the ephemeral nature
of free water, bound, hydrated water
is held firmly in place as silanol
groups until temperatures rise above
250°C. This is well above rubber
processing temperatures, and thus
allows the silanol surface to be
considered a permanent silica
characteristic. Silanols are
responsible for the hydrophilic
nature of silica and its unique
(versus carbon black) reactivity
with water, soluble zinc and other
compounding ingredients as well as
elastomers. The network of




hydrogen bonded silanols leads to
higher viscosity, hardness and
stiffness in  silica reinforced
compounds, in contrast to those
based on carbon Dblack. This
network is essentially a definition of
silica structure. This type of
structure, unlike that of carbon
blacks, is not permanent, and can be
significantly removed by addition of
the materials described below.

Examination of a model that
contrasts the surface make-up of
silica and carbon black [2] reveals
the source of their widely divergent
behavior in rubber. As illustrated in
Figure 1.1, silanol groups provide a
hydrophilic surface; carbon black is
hydrophobic, and therefore more
compatible with organic polymers.
Silanols react readily with oxygen-
or nitrogen-containing compounds
such as glycols, water, alcohols,
amines, divalent metal salts and
with each other. Among these
reactions, that with soluble zinc is
the major source of silica’s unique
compounding characteristics. The
reaction, as shown in Figure 1.5,
takes place in two steps. First,
reaction of zinc oxide with a fatty
acid produces soluble zinc ion;
second, zinc becomes securely
bound to one or two silanols. Zinc
attachment displaces part of the free
water and creates a heterogeneous
surface in which the ratio of zinc-to-
water is variable. This ratio will
increase when water is driven off by
high mixing temperatures or when




zinc oxide is added early in the
mixing schedule. The ratio will
decrease when the addition of
glycols or other buffering chemicals
compete with soluble zinc for
silanol attachment. High ratios of
zinc-to-water lead to a loss of
soluble zinc from its cure activating
function and lead to reductions in
cure rate, mono and disulfide
crosslinks, and high strain modulus.
These effects are accompanied by
excessive elongation, set and heat
build-up. At the same time, the
presence of zinc on the silica
surface reduces silica-polymer bond
strength with a resulting loss in
abrasion resistance. A zinc-free cure
system used with solution polymers
has been effective in overcoming
these characteristic silica
compounding problems. Alternate
compounding solutions are
discussed in subsequent
chapters.Determination of silanol
content is made by incineration
above 900°C, a method somewhat
complicated by the loss of volatile
salts.

Other methods include reacting
silanols with a variety of organic
compounds [3]. The surface of
precipitated silica is considered to
becompletely saturated with silanol
groups. At 200°C these are present
in the range of 4 to 5 per square
nanometer (some determinations at
lower temperatures put the value
between 8 and 12). Of greater
importance to rubber reinforcement




Is the position of -OH in respect to a
surfacesilicon. Analysis  with
photoacoustic FTIR by J. R. Parker
[5] has done much to reveal the
nature of the silica surface. Three
positions are recognized: isolated,
vicinal and geminal, modeled in
Figure 1.6. A vicinal grouping
refers to adjacent silanols (-SiOH),
hydrogen bonded. Geminal refers to
two -OH groups attached to one
silicon. The isolated silanol is the
most reactive, and is the principal
location for bonding to soluble zinc,
amine derivatives, glycols and other
additives. The photoacoustic
infrared spectrum of silica in Figure
1.7 identifies the silanol types and
other surface groups.

Most  commercial  precipitated
silicas show little difference in the
relative amounts of these three
silanol types. A possible exception
is the product Zeosil® 1165. A
comparison  of the infrared
characterization of this silica with
that of a silica of comparable
surface area show fewer than
normal isolated silanols. This
difference might explain the higher
MDR (moving die rheometer)
crosslinks and 300% modulus found
in many sulfur cured compounds
based on 1165. Fewer isolated
silanolsresult in less removal of
soluble zinc from its crosslinking
function. Of greater interest is the
possible influence of reduced
isolated silanols on surface area




measurements. Both CTAB and
BET procedures give subnormal
values for 1165 in respect to its
actual  agglomerate  size in
vulcanizates. The Figure 1.8
scanning electron micrographs of
1165 and other silicas in a zinc-free
BR/NR formula show that only the
silicawith an average CTAB area of
170 m2/g (Hi-Sil® 190G) has
agglomerates similar in size to those
of the CTAB 155 m2/g Zeosil 1165.
BET single point (N2SA) values
show a wider gap of 217 to 173
m2/g. The inference here is that a
reduction in silanol reactivity (fewer
isolatedgroups) has also reduced
surface area values. Confirmation of
this failure of surface area to predict
particle size is seen in Table 1.8 ina
comparison of the processing and
vulcanizate properties of 190G and
1165 compounds. There are no
significant differences between the
two silica compounds.In this case
(Table 1.8) the normal prediction
that high surface areas produce
small agglomerates and high
reinforcement is completely at odds
with the data. That prediction
appears to be valid only for silicas
of similar silanol type distribution.
Fortunately, this is still the situation
for most commercial silicas. The
“zinc-free” formula used in Table
1.8 uses a cure system which
excludes soluble zinc, that is, one
without fatty acid. It has been
effective in solution polymers,
raising the abrasion resistance of




silica reinforced compounds very
close to that of comparable carbon
black compounds. Zincfreecuring
systems are discussed at length in
Chapter 4 on solution polymers.




