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The sorption and dilTusion of four aromatic hydrocarbons throush vulcanizcd natural rubber filled with
high-abrasion furnace black (HAF) and that filled with silica (L’lirasil VN3) at the same loading have been
investigated in the temperature range of 28-70 C by con\entional weight-gain experimenis. The dilTusion
results have been analysed in terms of the Fickian dilTusion equation. The transport behaviour in both tvpes
of samples was found lo deviaic from the regular Fickian uend, which has been explained in terms of the
slow relaxation of rubber chains caused by the presence of fillers. The experimental dilTusion data have been
compared with the theoretical predictions. The variation of dilTusion coefficient with concentration of the
solvents has been discussed. From the sorption data, ihe enthalpy and entropy of sorption and the rubber-
solvent interaction parameter have been computed. Cop\right ( 1996 Elsevier Science Ltd.
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INTRODUCTION

The durability and mcchanical properties of elastomeric
networks are considerably improved by using carbon
black as well as silica as filling coinponcnts. The influence
of these fillers on the transport characteristics of
macromolecular membranes has been of intense interest
to scientists for many years. Excellent reports on the
@Vt of fillers on the difTusion and sorption processes
exist . In general, the presence of an active filler in a
polymer matrix reduces the diffusion coefficient because
we penetrant molecules have a more tortuous path to
negotiate. The effect of interaction between the filler
panicles and the polymer also is of considerable
»nportance. Kwei and Kumins” found that the sorption
mnv by an epoxy resin was lowered by about
o when 5% filler was incorporated. Boonstra and

presented the equilibrium swelling data of

and a number of synthetic rubbers in a

ton?” "ovWnts. They used different types of fillers
cau "bsen ed by them that fillers like carbon black

isCo ~ in swelling of the membranes, which
with the volume loading of the filler,

Soiv/'MV effect was not specific for a particular
*userd AAMoriier. The non-carbon-black  fillers
dereriH in rubber swelling, which did not
~he filler loading. Stickney and Mueller

styrejjg u swelling of carbon-black-filled
Nocta~ rubber vulcanizates in the presence of

It was found that, for rubber vulcanizates.

To Wo

diffusivity increased with the concentration of the
penetrant. Lawandy and Helaly’ investigated the diffu-
sion of chloroform in neoprene rubber vulcanizates
consisting of different carbon black types and loadings.
In this work, they found a decrease in penetration raic
with the increase of particle size and a decrease in
penetration rate at a higher degree of equilibrium volume
swelling. These results were attributed to the wrinkles
formed at the surface of the rubber at high equilibrium
swelling. Horkay el al™ studied the effect of silica
particles on the elastic and osmotic properties of
chemically crosslinked poiydimethylsilo.xane networks
swollen in toluene and compared with the corresponding
unfilled gels. The elastic modulus of the filled samples
was found to exceed considerably that of the unfilled
samples, highlighting the reinforcing effect of silica
particles, which behave like additional crosslinks.
Though many outstanding works can also be cited
from the literature, the influence of fillers on the
transport properties through elastomeric membranes
still needs additional information due to its industrial
and technological importance.

The present work, which forms a part of our efforts to
follow the transport behaviour of liquids through different
filled elastomer matrices, describes the effect of a black
filler (high-abrasion furnace black) and that ofa non-black
one (silica. Ultrasil VN3), both at the same loading, on the
sorption and diffusion of four aromatic hydrocarbons
through conventionally wvulcanized natural rubber.
Emphasis has been placed on following the transport
mechanism, the temperature dependence of the transport



Tabic 1 Formulation of the mixes

Ingredients Function

Natural rubber

Stearic acid 1 Activator system

Zinc oxide i

HAF black Filler

Silica (Ultrasil VN3) Filler

MOR* Accelerator
Sulfur Curing agent

¢ MOR = morphoUne bcri20ihiaz>\ su\fenamide

EXPERIMENTAL

The natural rubber (NR) used was of ISNR-5
grade supplied by the Rubber Research Institute of
India, Kottayam. The fillers selected were carbon black
(HAF N330; particle size 26-30nm, surface area 70-
90m~g“*) and silica (Ultrasil VN3; particle size 18 nm,
surface area 210m'g“*). The solvenis benzene, toluene,
p-xylene and mesitylene used were distilled twice before
use. All other chemicals were of laboratory reagent
grade.

The NR samples were vulcanized by conventional
vulcanization technique using accelerated sulfur. The
formulation of the mixes used is given in Table I. The
mixing was done in a two-roll mixing mill (friction ratio
1:1,4) al 30°C. The vulcanizaiion behaviour of ihc
samples was studied by a Monsanto rheometer RICO. In
order to study the effect of cure time on the sorption
process, the two types of samples, viz. carbon-black-
filled NR and silica-filled NR. were curcd for diflercnl
cure limes, i.e. /70, and w”cre “vo. igo and
represent the time at which a sampU™has been curcd to
70, 80 and 90% of the maximum rheometric torque
respectively. The curing was done on a hydraulic press at
160“C and under a pressure of 25 tonnes.

For diffusion experiments, NR samples reinforced
with carbon black or loaded with silica particles were cut
into uniform-size circular pieces (diameter = 1.9cm)
using a steel die. The thickness of the samples was
measured at several points using a micrometer. Dry
weights of ihe cut samples were taken before immersion
into different liquids in air-tight test bottles. After
immersion of the samples in the respective liquids, the
bottles were placed in a thermostatically controlled oven.
The samples were removed from the test bottles at
periodic iniervals, the wet surfaces dried between
filter papers and the samples weighed immediately.
They were then placed back into test bottles. The process
was continued until equilibrium swelling was achieved.
The experiments were conducted at 28, 50 and 10'C.
\ possible source of error in this method arises
during the weighing operation where the sample has to
be removed from the bottle. However, since the
weighing was done within 30-40s, the error can be
neglected'*.

The results of sorption experiments are expressed as
moles of liquid Q, sorbed by 100g of NR sample versus
square root of time. Each value presented in this paper
represents an average obtained from at least three
experiments.

Mixes
Unfilled Black-ailed
100.0 100.0 looT"
15 15 15 1
5.0 5.0 50 4
30.0 t
30.0
0.6 0.6 0.6
2.0 1.0 2.0
yriME  (min)

Figure 1 Mole per ccnt benzene uptake for unfilled, black-fillcd ao
silicii-rillcd NR. curcd to /,p. at 2S'C

RESULTS AND DISCUSSION

The sorption curves of gum (unfilled), silica-filled aj
carbon-black-fiUed samples are given in Figure /s Th
samples were cured to It can be seen from the fig®
that the loading of NR samples with carbon black aswd
as silica reduces Q, values. Moreover, the carbon-black
incorporated samples take up a lesser amount of benzen
compared to the silica-filled one. The same trend j
shown in other solvents such as toluene, y?-xylene a1
mesitylene too. The lower Q, values exhibited by blaclj
incorporated NR compared to the silica-filled one 1
attributed 40 the different surface chemistry of th®
fillers. The carbon black surface is almost non-p@"
while the surface of silica is polar due to the coventt
layer of polar silanol groups. Hence it is reasonable
argue that the non-polar carbon black will form strong
contacts with the likewise non-polar rubber than wilH®
silica. On the other hand, the silica particles will
cach other as interaction partners, especially as solubili
forces arc strengthened by specific h>drogen bonding-*
other words, the carbon black vulcanizates are
dominantly characterized by filler-polymer interaction



Ofdegree of crosslinking  x 10” (molenr’) while in silica compounds filler-fillcT interaction is
predominant. Owing to the strong nilcr-polymecr inter-

Values

Carbon plack e action the bound rubber™ content is quite high in

% s 0 f carbon-black-loaded rubber. This cfTectively restricts the

480 ol 512 3.49 3.74 385 mobility of individugl_polymer chai_ns and thu; causes

594 S.45 5.57 3.60 3.83 3.96 the rubber to exhibit low sorption behaviour. In

TowE® 5.37 5.62 571 3.85 3.97 4.05 addition, the accelcralor in the rubber mix can be
] 574 587 585 4.02 409 417 deactivated by the polar surface of silica, leading to
ity '® ineffective curing of the samples. This results in lower

crosslink density of silica-filled samples, which can cause
low resistance of the samples towards solvents.
For furlher confirmation, we have estimated the molar
__black filled NR: - mSILICA FILLED NR mass. .V/g, between crosslinks of NR samples using the

- e
benzene * toluene ¢ p-XYLENE ¢ mesitylene Flor>-Rehner theory )

Alc = €
In(l -<~} + (p+ x4>'

where Pp is the density of rubber, Kis the molar volume
of solvent, and 0 and x are the volume fraction of rubber
in the solvent-swollen sample and the rubber-solvent
interaction parameter respectively, obtained as described
later. The values of the degree of crosslinking (u)
X determined”* as |/2AJc for different samples are given
in Tab/e 2. It is evident from the table that the degree of
crosslinking is lower for all the silica-filled samples
compared to the corresponding HAF-filled ones. This
clear!) supports our observation of the higher solvent
uptake tendency of silica-loaded samples, One surprising
point to be noted here is that the values of degree of
crosslinking change with the variation of solvents.
However, while considering the significance of crosslink
9 1 13 15 17 density, it is necessary to distinguish between the
CURE TIME (min) apparent concentration of physical crosslinks (JIphyi)
and the concentration of chemically discrete crosshnks
bo cure fime at 28X (A'thca) that result directly from vulcanization. Langley'?
e has shown that the physical cffccis and chemical effccts

ml " are simply additive, and thus ApY, = Achm+
where Ajnit is the initial crosslink density due to
entanglements, constraints or other effects not due to
chemical changes. This view is supported by Coran and
coworkers'?. Since the rubber chain entanglements can
be different in different solvents, the A/g values obtained
from Rory-Rehner theory, when applied to a series of
rubber-solvent systems, can be regarded as physical
crosslink entanglements rather than chemical crosslinks.
In other words,- the changes in the rubber chain
entanglement density in different solvents can probably
be the reason for the variation of and u values with
change of solvent. Such variations in values for
phase-segrated polyurethane membranes with some
halogea<ontaining solvents have been obtained earlier
by Schneider et al}". Aminabhavi and coworkers'*
also made similar observations for different polymer-

solvent systems.

The influence of cure time on the sorption behaliour
of carbon-black- and silica-filled samples is shown in
Figure 2. For both type of samples, the maximum value
of Q, decreases with increasing cure time. This can be
attributed to the increase in the number of effective
crosslinks introduced between the rubber chains by the
curing agent with increase in cure time. In Figure 3 the
ITTME  (min) sorption curves of carbon-black-filled NR samples cured
to /90 in benzene, tqluene, /7-xylene and mesitylene are
presented. There is a systematic trend in the sorption

Figure 2 Dependence of maximum equilibrium sorption value

%Jng w
at 28RC solvent uptake for black-filled NR. curcd to



Carbon black Silica
Solvent ho ' 'go
Benzene 0.68 0.69 0.73 0.64 0.66
Toluene 0.66 0.67 0.72 0.63 0.64
;?-Xylene 0.65 0.65 0.71 0.61 0.63
Mesitylcne 0.63 0.64 0.69 0.60 0.61

k X 10" (min *)

Table 4 Diffusion coefficients and permeation coefficients of NR-solvent systems

D X10’ (cm*s ')

Carbon black Silica
Solvent 0 'S0 ‘W 70 'S0
Benzene 7.53 6.97 6.20 8.78 8.62
Toluene 6.82 6.51 5.64 7.90 711
p-Xylene 5.86 5.12 4.89 6.09 5.46
Mesiiylene 4.97 4.61 4.01 5.14 4.94

behaviour of the four aromatic hydrocarbons, i.e. with
an increase in molecular weight of ihe penetrant there isa
decrease In Q, values. The same trend is shown by silica-
filled samples also in all ihe solvents.

In order to understand the mechanism of transport
through the NR samples, the sorption data have
been fitted to the equation”™:

If>g(G(/5*.) = logA' + «logr )

where Q, and are the mole per ccnt increase in
sorption at time / and at equilibrium respectively; and k
is a constant that depends on the structural character-
istics of the rubber and gives information about the
interaction between rubber and the solvents. For a
polymer with slab geometry, a value of n = 0.5 indicates
the Fickian mode of transport, while n = 1shows case Il
(relaxation-controlled) transport. Values of n between
0.5 and 1 suggest anomalous transport behaviour. The
values of n and k, obtained by leasl-squares estimations,
for our systems are given in Table 3. The n values suggest
that the transport mechanism in both carbon-black and
silica-filled samples deviates from the normal Fickian
mode and hence can be classified as anomalous.
Deviations from the Fickian sorption are associated
with the time taken by the rubber segments to respond to
the swelling stress and rearrange themselves to accom-
modate the solvent molecules. The reinforcement with
filler particles imparts a high degree of restriction to the
rearrangement of rubber chains and also to the flexibility
of polysulfidic crosslinks introduced between rubber
chains during conventional vulcanization” . Thus the
observed anomalous diffusion involves the counterac-
tions between the ability of the rubber segments to
rearrange in the presence of solvents and restriction
imparted to this by the reinforced filler particles. The
deviation has been found to be pronounced in the case of
black-loaded samples compared to the corresponding
silica-fiiled ones. It isalso observed that there is a regular
trend in the values of k. i.e. svilh yn increase in molecular
weight of the solvent there is a decrease in the value of A

Carbon black Silica
IO 70 'so Ir. 'so
0.69 3.10 3.06 3.01 3.23 3.12
0.67 3,00 2.98 2.86 3.13 3.08
0.66 2.61 2.60 2.52 2.5S 2.76
0.63 2.59 2.49 2.38 2.62 2.57

X 10* (cm"s ")

Carbon black Silica
0 "to 'so 'so
8.57 2.88 2.36 1.99 4.52 3.83 35
6.98 2.59 2.03 1.80 4.05 3.14 la
5.35 2.22 173 1.56 3.12 2.41 1]
433 1.87 155 1.20 2.50 2.16 1«

Moreover, the k values are found to be decreasing witj
increase in cure time. This indicates the decrease ia
rubber-solvent interaction with increasing molecular sia
of peneiranl and cure lime of rubber. These obscrvationj
parallel the decrease in the values of sorption equilibrium

The kinetic parameter, the diffusion coefficient «
diffusivity 2). for the different NR-penetrant systenu
was calculated using the equation"®:

D= :r(/,el4(?,)- &)

where h is the initial sample thickness. 0 is the slope (?
the linear portion of the sorption cun.es before attain,
ment of 50% equilibrium and has the same meanini
as in equation (2). The values of D for different syslena
are given in Tabic 4. It is clear from the table that the/)
values are higher for silica-filled samples in given penetranl
compared to the corresponding black-loaded ones. Again,
it is seen that the D values decrease with increase in d
time, for both black-filled and silica-loaded rubber. In adu.
tion, the D values are found to decrease with increase in te
molecular weight of the penetrants for a given sample. *

The D values determined using equation (3) ae
incorporated into the following equation to generate
theoretical sorption curves“*/™

Q Y rexp )

/2

where Q,, tand h have the same meanings as befotc-
This equation describes the Fickian mode of transport
The experimental sorption curves for carbon-black- ad
silica-loadcd samples cured to ~0 in /*-xylene
compared with the theoretical cur\es in Figures 4a anj
4b. The overall agreement between the experimental
theoretical plots is not so good, w'hich also suggests t®
deviation of the transport mechanism from the norm”.
Fickian mode in both samples. i
In order to see the dependence of diffusion coenicie®
values on the concentration of the solvents, the slig™
sigmoitlal sorption rale curves were analysed by



/ ~== eXPSRIUENTAL . THEOET)CAL

/M * Bilcx riueo NA

IvFigure 4 Comparison between experimental and theoretical sorption
~Niurves for NR. cured to in />-xylene: (a) black; (b) silica

oip;
BLACK : e« «S|UCA
10 20 30 40 50
CONCENTRATION {wt. %)
N'ffusioD coefficient versus conccolration for black-filled and
“filled NR. different cure time, in toluene at 28X

Joshi-Astarita model™™ where the model parameters
incrementally over a prescribed range and

a experimental data was subjected to a least-
res select the best set of values. The D values
equation (3), ignoring the initial slight
carbon-black- and silica-loaded

P*es, in different solvents are presented in Figures 5

12

—-BLACK ; e« S|UCA

+ BENZENE TOLUENE ¢p-XYLENE ¢ mESITYLENE

10

10 20 30 40 50 SO

CONCENTRATION  (wt, %)

Figure 6 Diffusion coefficient versusconcentration for black-filled and
silica-filled NR, cured to in, in various solvents at 28~C

IS 20 25
§/TiME (min)

Figure 7 Temperature dependence of mole percent sorption for black-
filled NR. cured to t%. in mesitylene

and 6. The D values go through maxima with concentra-
tion, and the results from this analysis are found to be only
slightly higher than those obtained from equation (3).

The transport process of small molecules through
rubbery polymers involves a solution-diffusion mechan-
ism and hence the permeability or permeation coefficient
P is the product of diffusivity D and solubility S
(i.e. P =DS). The 5 values are taken as grams of
liquid sorbed per gram of rubber. The values of P
computed for different NR-penetrant systems are also
given in Table 4. The permeability values also are found
to follow the same trend as that of diffusivity.

PHI VMPR V/nhimo 77 N.tmhor 1QQOR 9fiQ1



JY\}N  (min)

Figures Tcmpcraluredepcndencc of mole per cent sorption forsilica-
filled NR. cured lo lso, in mesiiylene

Figure 9 Dcpcendence of diffusion cocfficicn on number of carbon
atoms ofaromatic hydrocarbons for NR curcd to (a) ljg. (b) /go and (c)
at 28. 50and 70 C

The influence of temperature on black-fiiled and silica-
filled NR can be followed from Figures 7 and 8
respectively. The solvent used was mesitylene. It can be
seen from tlie figures that temperature considerably
activates the diffusion process in both cases. The change
in ihc dilTusivily values with icmperature for both carbon-

Carbon black Silica

Solvent fro W U: /
Benzene 0.54 0.56 0.59 0.46 0.47 0
Toluene 0.48 0.50 0.53 0.41 0.43 0
p-Xvlcnc 0.38 0.42 0.44 0.33 0.34 0
Mesitylene 0.37 0.40 0.43 0.28 0.31 Q

black- and silica-loaded samples in different solvents can
be followed from Figures 9a, 9b and 9c, where the D valugj
are plotted as a function of number of carbon atoms oftljj
solvents at different temperatures and cure time.

We have calculated ihe polymer-solvent interaction
parameter x from the variation of volume fraction of
rubber in the swollen samples with temperature using thj
equation"”:

(d0/dr)[0/(l - 0)-t-7VIn(l - 0)-1-A'0]
~ . 20{d(™dT) . o-N{d<I>IdT) - q-JT

Here 4>is the volume fraction of rubber in the swell-*
sample determined as:

where d is the weight after drying the sample, u is te

initial weight of the sample, Aq is the weight of tre

absorbed solvent,/ is the fraction of insoluble compfa

nents, and Pp and p* arc the densities of rubber aw

solvent respectively. N forequation (5) is calculated froif
as:

ci-V3-2/3
- 24>0}

Equation (5) was found to be quite satisfactory fo(
determining the x values of NR samples, cured to
different cure limes, in a given penetrant, while the usual
other equations yield only one x value for a given
rubber-penetrant system irrespective of cure time. The
calculated values of \ “re given in Table 5. It~
interesting to note that the \ values are lower for silici
filled samples compared lo the corresponding carbon®
filled samples in a given penetrant, suggesting higher
rubber-solvent interaction in the former case.

From the amount of liquid sorbed by a given mass of
rubber, the equilibrium sorption constant has been
determined as:

number of moles of penetrant sorbed
unit mass of the polymer

Using the values of ATj, the enthalpy A // and entropy
of sorption are determined using Van*t Hoff’s equation-

AS All
Ng.
l0g”™s- 53034 2.303/7r

The values of A// and A5 are given in Table 6. The

values, which arc negative in all cases, increase regulan/
from ~70 to ~0 for both black- and silica-filled vulcani'
zatcs. The values also exhibit a regular increase froj'
benzene to mesitylene for a given sample. These
indicate a decreased cxothcrmicity of the sorpN™

®



functions M | ;inJ

-M I (Umol )
Carbon black Silica
% /»0 N 70
1.21 1.08 0.96 191 ~ 1.73
1.05 0.93 0.82 1,69 1.54
0.81 0.72 0.63 1.48 1.38
0.72 0,64 0.56 1..36 1.27

with both increase in cure lime of rubber and

asein molecular size of solvents. The A 5 values also

a regular trend, i.e. decrease from /70 to /90, for

S)th black-loaded and sihca-filled samples in a given

fcnetrant. The values also show a regular decrease from

~nzene to mesilylene for a given sample. These

~observations clearly indicate that the spontaneity of the

AN _tion process varies inversely with both the cure time
?0f Ae rubber and the molecular size of the penetrants.

I nclusion

~Jothe present work, the transport of four aromatic
hydrocarbons through natural rubber filled with carbon
lack (HAF) or with silica (Ultrasil VT/3) at the same
loading has been investigated. It was found that the
Jack-incorporated samples sorb a lesser amount of
omatic solvents compared to the silica-filled ones. This
as been explained in terms of the high bound rubber
htent and the crosslink density of black-filled vulcani-
due to high rubber-filler interaction. The mcchan-
jsm of transport in both black- and silica-loaded natural
bber was found 10 follow an anomalous trend as
jdicated by the deviations from the ihcorctical curves
[describing Fickian transport. The transport cocfllicienis
thave been observed to vary inversely with both the cure
of the rubber and the penetrant molecular size. The
ANculated thermodynamic functions indicated higher
tnibber-soWenl inleraclion in siUca-filed samples than
«the black-loaded ones, and supported the observation of
. W@crease in equilibrium sorption values with both cure
time of rubber and molecular size of penetrants. Since a
ideep knowledge of the behaviour of natural rubber in
.aggressive liquid environments is highly essential for its
successful applications, the parameters estimated in this
work are of practical importance.
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