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ABSTRACT: The solvent uptake by vulcanized rubber
particles was studied through a swelling technique by using
a torque rheometer to record torque versus time curves, with
good repeatability. Several experiments were performed to
study the effects of varying the solvent/rubber ratio, the
solvent type, and the rubber nature. The effects of the ma-
terials alone were also studied. A four-parameter mathemat-
ical model was developed, with a physical significance as-
signed to each of the parameters, and was compared with

experiments. The model was found to fit well with the
experimental results, therefore, allowing the physical pro-
cesses involved in the solvent swelling of rubber particles to
be investigated through model parameters. © 2004 Wiley
Periodicals, Inc. ] Appl Polym Sci 94: 142-153, 2004
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INTRODUCTION

The problem of waste disposal management is a
worldwide issue. Among all the waste polymer mate-
rials, the reuse of waste rubber coming from worn
tires is even more complicated because of a
crosslinked structure and a very long time period for
natural degradation.

As land-filling of discarded tires is no longer per-
mitted and their use as an energy source in cement
factories and power stations is challenged by other
waste materials, reclaiming scrap rubber appears the
most desirable approach to solve the problem.' There-
fore, whole tires can be shredded to produce ground
rubber of a desired particle size. There are thus grow-
ing quantities of ground rubber particles that can
nowadays be considered as raw materials for new
applications. Considerable work has already been
done in this area.””® A number of potentially interest-
ing processes involve the modification of ground par-
ticles by low molecular weight materials that have the
capability of permeating vulcanized rubber and,
therefore, to swell the particles, for instance, as a pre-
liminary treatment before further chemical modifica-
tions.” 10

Swelling at equilibrium was used extensively to
study crosslinked networks, but relatively little work
was done to obtain complete swelling-time curves.
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The conventional gravimetric method at equilibrium
swelling is the most common one but others have been
suggested.'' "2

In this article, a swelling technique is described that
uses the torque rheometer, a well-spread instrument
in most polymer laboratories.'> Rubber particles of
various origins and different solvents were used to
develop an experimental protocol for reproducible
torque curves. Then, various experimental parameters
were systematically investigated, such as solvent/par-
ticles ratio, solvent type, nature of the rubber, etc.

Torque versus time curves show that, in the dy-
namic conditions of the experiments, several concom-
itant events take place that can be modeled by using a
relatively simple approach. The significance of model
parameters was sought, as a manner to understand the
likely physical processes involved in the solvent up-
take by rubber particles.

EXPERIMENTAL
Materials

Ground rubber particles, from passenger car and truck
tires, were obtained from an industrial plant [Alliance
Environnement, Oise (60), France], in which wholes
tires were crushed at room temperature to produce
fragments that are separated from steel wire, textile,
and other contaminants. After several sieving and
screening steps, 1- to 2-mm ground particles were
obtained which exhibit the average composition given
in Table L
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TABLE 1
Average Compositions of Ground Rubber Particles

Material Car tire particles Truck tire particles
Rubber/Elastomers 60 60
Carbon black and silica 28 30
ZnO 1 2
Sulphur 1 1
Additives 10 7

A calorimetric analysis performed on both lots of
materials shows that, as expected, truck tire particles
consist of (filled) natural rubber (NR), whereas pas-
senger car tire particles contain styrene-butadiene
rubber (SBR) and polybutadiene (BR). Four different
paraffinic solvents were used. Their main characteris-
tics are summarized in Table II.

Test methods

Weighed quantities of rubber particles with measured
volume of solvents were introduced in the cavity of a
300-mL Haake laboratory mixer fixed with Z-blade
counter-rotating rotors. Rotational rate was 20 rpm;
temperature was set at 20°C, and a dead load of 5 kg
was used to maintain the cavity closed after ingredi-
ents were introduced. The chamber closing ram was
modified in such a manner that liquids can be intro-
duced when the cavity is closed. The experiments
consisted of recording the measured torque versus
time, as data files that were subsequently handled
with the appropriate calculation software.

RESULTS
Observations

As shown in Figure 1, all torque-time curves exhibit a
sigmoid shape, with an inflection point. Torque read-
ings can be regarded as an indirect measurement of
rubber particle swelling behavior. Indeed, as particles
absorb solvent, they grow in size, which results in an
increased resistance to blade rotation and hence a
higher torque. A number of additional experiments
were made by changing the blade rotational rate in the
10-100 rpm range. It was observed that the higher the
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rotational rate, the higher the torque but the sigmoid
shape of recorded curves was essentially kept and
plateau regimes were always eventually reached. It
was therefore concluded that basic physical processes
were marginally affected by rotational (or shear) rate,
and 20 rpm was then selected as a standard condition
for all the experiments reported here.

The diffusion theory for elastomers is based on
the assumption that the swelling starts through liquid
absorption at the surface of the sample up to a certain
concentration; then, swelling proceeds further by in-
creasing the depth of the swollen layers."”*° Our re-
sults suggest considering the solvent uptake as a
three-step sequence that confirms this view. First, rub-
ber particles swell while some fluid remains that lu-
bricates the flow into the mixer cavity. Then, the
torque exhibits a sharper increase when enough sol-
vent has been absorbed by rubber particles with the
associated volume growth that further restricts blade
rotation. Eventually, either all the solvent has been
absorbed by rubber particles and hence their swelling
stops or the swelling saturation is reached. In both
cases, a torque plateau is reached.

With respect to the temperature of the experiments
(20°C) and the boiling temperature of alcanes used
(see Table II), no solvent evaporation occurs, as con-
firmed by experimental torque curves. Indeed, as seen
in Figures 1(a, b) and 2, because the final plateau is
reached for a given system in given conditions, it
remains essentially flat for extended mixing time. This
demonstrates that an equilibrium state is achieved,
which we attribute to particle swelling saturation.

Other authors have already shown that sorption
curves for solvent uptake as a function of the square
root of time can exhibit a sigmoid shape at the begin-
ning of the process.”’* Such features are commonly
regarded as the signature for an anomalous or non-
Fickian behavior. It can be found as a consequence of
the presence of moving boundaries.** "> Such an effect
is relevant in polymer networks that are well above
their glass transition temperature. The swelling pro-
cess can easily be considered through the concept of
cooperative diffusion, because the network is less and
less tight as swelling proceeds.

15-16

TABLE 11
Characteristics of Solvents

Molecular Molar Hansen'* solubility Boiling
Chemical weight volume parameters at 25°C temperature
formula (g/mol) (cm?/mol) Density (MPa)'/2 (°O)
Decane CyoHas 142.29 195.9 0.730 15.8 174
Dodecane 12He 170.34 228.6 0.750 16.0 216
Tetradecane Ci,Hsg 198.40 261.3 0.763 16.2 251
Hexadecane 16H34 226.45 294.1 0.773 16.4 280
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Swelling of car tire ground rubber by decane at T=20°C
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Figure1 (a) Torque versus time curves; car tire particles; Decane. In running these experiments, a constant quantity (V = 150
mL) of rubber particles was introduced in the mixer; then the cavity was closed with the ram down with a load of 5 kg, before
the selected quantity of solvent was injected in the mixing chamber. (b) Torque versus time curves; car tire particles;
Dodecane, see (a). (c) Torque versus time curves; car tire particles; Tetradecane; see (a). (d) Torque versus time curves; car tire

particles; Hexadecane; see (a).

Influence of solvent/particles ratio

As expected, the larger the solvent/rubber ratio, the
longer the delay before the sharp increase is observed.
The slope of the torque curve is also lowered with
higher solvent ratio, which indicates slower swelling
kinetics.

The initial torque depends on the solvent ratio and
decreases toward a lower limit value while the solvent
content increases, because lubrication is favored. The
final torque increases with solvent quantity, as long as

rubber can swell through solvent take-up. When par-
ticles are saturated, the maximum torque decreases
slightly, which shows that some solvent remains out-
side rubber particles and lubricates the cavity.

Influence of solvent type

By comparing traces in Figure 1, the effect of the
solvent nature is considered, all parameters being
equal. Four paraffin hydrocarbons were chosen, with
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Swelling of car tire ground rubber by tetrade cane at T=20°C
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Figure 1 (Continued)

increasing chains lengths (from C,, to C¢), therefore
with increasing molecular weight (MW), and all are
liquids at T = 20°C. The torque curves show that the
lower the solvent MW, the larger the uptake. Shorter
times before the inflection point and lower values for
the slope of the curves also indicate a faster swelling
kinetic with these solvents. For the same volume of
solvent, final torque values are about the same, what-
ever the solvent. Behavioral differences between sol-
vents are significant with higher solvent/rubber ra-
tios. The same observations are made either with car
tire particles or with truck tire particles.

Influence of rubber nature

The influence of rubber nature is studied, all param-
eters being equal, by comparing results given by car
tire particles on one hand and by truck tire particles on
the other hand, with the same four solvents. Here,
only results with dodecane are shown in Figure 2,
which can be compared to Figure 1(b). Higher vol-
umes of incorporated solvent indicate that the swell-
ing is more important with NR. The kinetics of swell-
ing is also faster with NR than with SBR, whatever the
nature of the solvent. The higher torque values for the
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Swelling of truck tire ground rubber by dodecane at T=20°C
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Figure 2 Torque versus time curves; truck tire particles; Dodecane; see legend to Figure 1 for experimental conditions.

same volume of solvent are only due to a geometrical
aspect for the particles as discussed below.

MODELING

A mathematical model was developed for the torque
curve with the objective to assign a physical meaning
to all parameters. The following reasoning was there-
fore elaborated: at the beginning of the experiment,
the mixer chamber is filled by two components: the
solvent and the particles, whose fractions are, respec-
tively, @soivent and @p,., defined by:

VPart

VSolvent
Psolvent —
VTotal

with
VTotal

and Prart

VTotal =300 Cm3

Therefore, due to the solvent uptake, the fractions of
each material vary with time, with respect to the
equaht}’ (PSolvent(t) + @Part(t) = constant.

Let us assume that the viscosity of the solvent (i.e.,
Nsolveny) T€Mains constant during the time of the ex-
periment. Then, the torque I' is a function of the values
previously defined, for instance:

F = f[ SDSolvent(t)/ MSolvents (PPart(t)] (1)
The value of the measured torque is either affected by
the solvent (at short times) or by the particles fraction
in the rheometer (when the swelling is achieved), for
instance:

I l—“:301vent(t) + FPart(t) (2)

and the two functions in the right member of the
equation can be modeled with respect to experimental
results.

Torque variation due to particles fraction, I'p, (1),
was investigated in a series of experiments whose
results are given in Figure 3(a), in the case of car tire
particles, and Figure 3(b) for truck tire particles. No
solvent was used of course and all tests were made at
fixed temperature (I = 20°C) and rotor speed (20
rpm). With the same volume of rubber, the higher
torque value for truck tire particles is due to the ge-
ometry of the particles, which are roughly egg-shaped
and less spherical than car tire particles, hence leading
to a higher resistance to flow. The curves can be fit
with the following mathematical function:

FPart(t) = yO +oak eXp[b * d)Part(t)] (3)

Parameters values for car tire particles and truck tire
particles are given in Table IIL

Another set of experiments was then performed to
investigate the effect of the solvent fraction remaining
outside rubber. Particle fraction was fixed at 0.5, and
the torque value was taken before swelling could oc-
cur, to observe the effect of lubrication, for all the
systems considered. As shown in Figure 4(a, b), sol-
vents of high molecular weights show a higher lubri-
cation effect, but a similar pattern is observed with
respect to solvent fraction. Therefore, whatever the
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Influence of particles fraction on torque for car tire particles at T=20°C
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Figure 3 (a) Torque versus particle fraction; car tire particles. In running these experiments, only the selected quantity of
rubber particles (no solvent added) was mixed in the closed chamber at 20°C until a stable torque was measured (usually
within 60 s). (b) Torque versus particle fraction; truck tire particles; see (a).

system, the torque curves can be fit with the same kind
of mathematical function, which is an important as-
pect for the modeling.

TABLE III
Expression of I'p,,, with Different Particles
l_‘I’art = y() +a exp(b * ‘PPart)

Yo a b
Car tire particles —0.52 0.0099 15.2
Truck tire particles -1.13 0.1302 11.3

Equation (4) was then used to describe the rapid
torque decrease with a small quantity of solvent:

FSolver\t(t) = (FS()lvent)cc
+ [(FS(ﬂvent)O - (FSolvent)x] * exp[_c * @Solvent(t)] (4)

Through nonlinear fitting, the parameters given in
Table IV were obtained for all the systems investi-
gated.

Results previously described [Figs. 1(a—d)] showed
a rapid increase in the torque-time curves at the end
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Influence of solvent fraction on torque
(car tire particles, T=20°C, ¢,_,=0.5)
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Figure 4 (a) Torque versus solvent fraction; car tire particles. In running these experiments, a fixed quantity of rubber
particles (150 mL) was introduced in the mixer; then the chamber was closed with the ram down under 5 kg load and the
appropriate quantities of solvent was injected. Torque value was immediately read as the experimental results reported in the
figure. (b) Torque versus solvent fraction; truck tire particles; see (a) for experimental conditions.
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TABLE 1V
Expression of ' .ne With Different Solvents
l_‘Solvent = (FSOIVEnt)w + [(FSOIVent)O - (FSOIVEnt)w] * exp[_c * ¢Solvent]
Car tire particles Truck tire particles
r. r,-r. c | rh-"r. c
Decane 3.72 16.4 29.6 5.74 29.3 58.0
Dodecane 3.46 16.3 33.5 529 29.7 65.4
Tetradecane 2.95 17.2 36.9 4.61 30.4 66.4
Hexadecane 2.69 17.6 45.7 4.02 31.0 76.6

of the swelling process. Consequently, the time to
observe the inflection point can be used to draw the
dependence of particle fraction on time (at this time f,,
Psolvent = 0 and ¢p,,¢ is determined by the initial
conditions, i.e., by the initial quantities of solvent and
rubber). This is an indirect method to document the
swelling kinetics. Figure 5(a, b) suggests that, for a
given solvent, the time to reach the inflection point in
torque variation upon rubber particle swelling is vary-
ing from zero when ¢p, = 0.5 towards an infinite
value (@p,.).. When the particle fraction reaches an
asymptotic value that depends on the chemical nature
of the solvent and of the rubber. Such expected obser-
vations correspond well to the fact that the ease of
swelling is dependent on the chemical interaction be-
tween the rubber particles and the solvent. Decane is
the lowest molecular weight solvent considered and is
indeed giving rise to the shortest time to inflection
point at constant ¢p, .. Consequently, a suitable math-
ematical model to fit such experimental data would
involve an exponential function, such as®*:

(PPart(t) = ((PPart)O + [(‘PPart)w - ((PPart)O]*[l - exp( - Kt)]
(5)

where (@par)o = 0.5, (@part)- is the asymptotic value for
an infinite time to inflection point, corresponding in
fact to such a high level of solvent that, even for fully
swollen particles, torque reading would remain essen-
tially affected by lubrication effects, K is a rate param-
eter (in s '), and ¢ is the time (s).

The product K[(¢party = (Ppart)o] €xpresses in fact
how fast the solvent penetrates the rubber network
and, with respect to eq. (5), one may expect higher
absolute values of this product (because of the nega-
tive sign) for decreasing molecular weight of the sol-
vent for a given rubber; these values for a given sol-
vent are expected to be higher for truck tire particles.
This is confirmed by results in Table V.

As can be seen in Figure 6, the asymptotic particle
fraction (@p,.).. is decreasing with increasing molecu-
lar weight of the solvent; the chemical nature of the
rubber particles also plays a role: as expected, NR-
based particles exhibit a higher swell for a given sol-
vent.

As a consequence to the expression of ¢p,.(t), the
solvent fraction varies as follows:

(PSolvent(t) = ((PSolvent)O
- [(()DSolvent)O - (‘PSolvent)%]
#1 —exp(— K] (6)

with the same constant K, which depends on the sol-
vent and the rubber nature.

It follows that a mathematical model for the whole
process can be proposed by considering balance be-
tween the effect of the solvent at shorter times and the
effect of the particles fraction at longer times, through
a function of the type:

1

1+ exp{ — ¢ _s tO)]

which is approximately equal to 0 for t < t, and 1 for
t > t,. With respect to eq. (2), the torque is then given
by:

1
[ 1 -

(t _ t()) r Solvent
1+ exp| — S

1
+ FPart (7)

1+ exp[ - [t tO)}

S

When combining egs. (3) and (5), and egs. (4) and (6),
quite a complicated relationship is obtained, but a
simplification is easily made by weighing each param-
eter against others, to reduce their number to only
four, essential to describe the experimental curves.
These parameters are as follows: I'y is the initial
torque; G.. is the final torque; s is the slope of the
curve; and £ is the inflection point time.

The above reasoning eventually leads to the follow-
ing equation:
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Particles fraction vs time (car tire particles)
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Figure 5 (a) Swelling kinetics; car tire particles. Data reported in this figure correspond to inflexion points read in Figure
1(a—d). (b) Swelling kinetics; truck tire particles. Data reported in this figure correspond to inflexion points observed in
swelling experiments (e.g., Figure 2 in the case of dodecane).
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TABLE V
Expression of ¢p,,(t) with Different Particles and Solvents
‘pPart (t) = (‘pPart)O + [(‘pPart)w - (‘pPart)O] * [1 - exp(_Kt)]I WIth (¢Part)0 = 0'5
Car tire particles Truck tire particles
K Ko
[(@Part)ao - (‘PPart)O] K [(‘PPart)oc - ((PPart)O] * 1074 [((PPart)oo - (‘PPart)O] K [(‘PPart)w - (‘PPart)O] * 1074
Decane 0.35 0.0017 5.95 0.37 0.0050 18.50
Dodecane 0.27 0.0017 4.59 0.31 0.0034 10.54
Tetradecane 0.18 0.0023 4.14 0.26 0.0038 9.88
Hexadecane 0.14 0.0024 3.36 0.22 0.0034 7.48
1 because lubrication is not efficient at small percentages of
I'=T'grexp[1 — exp( — K] = |1 - (t—t,) solvent. The maximum value G.. slightly decreases with
1+ exp[ S ] solvent content but the gap, G.. — Iy, increases with solvent
content, because of a larger swelling.
r K 1 3 One important aspect of our experimental results is
* Lxexpl = exp( = K]« (t—ty) ) that, at the end of rubber particles swelling, an equilib-
L+exp| — s rium is reached in dynamic conditions. Indeed, while

where K is the constant calculated in the solvent swell-
ing kinetics and appearing in egs. (5) and (6).

DISCUSSION
Results

Tables VI-VIII give the values of the four parameters
of the model for some experimental conditions suffi-
cient to discuss all the aspects of the physical process.

Influence of solvent/rubber ratio

The higher the solvent/rubber ratio, the higher the ¢, and s.
The initial torque value I'y is affected by the solvent content,

maintaining rotors rotation, torque curves remain essen-
tially flat over extended periods. This demonstrates that,
once the solvent has impregnated rubber particles, up to
the maximum quantity permitted by the particular rub-
ber network considered, no other physical process takes
place, such as, for instance, squeezing out of solvent due
to rotor shearing.

It is also worth underlining that any slippage effect of
swollen particles (at the end of the swelling process) is de
facto taken into consideration by the model, because the
solvent/rubber ratio is a parameter.

Influence of solvent nature

The differences in swelling behavior between the four
solvents are reflected by the values of the parameters.

Maximum swelling vs. solvent molecular weight

0,90
0,85 -
0,80 -
3
=
% 0,75 A
a.
£
0,70
@ Cartire particles
0,65 - A Truck tire particles
—— Linear regression
0,60 T T
120 140 160

T T T

180 200 220 240

Molecular weight (g/mol)

Figure 6 Maximum swelling versus molecular weight for all rubber nature considered.
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TABLE VI
Model Results; Car Tire Rubber; Decane; K = 0.0017

cm?® solvent/

100 cm?® rubber 10 20 30 40 50
Iy 7.0 5.5 4.8 4.3 6.0
| 34.0 34.0 32.2 32.5 28.3
s 15.3 38.0 79.2 158.7 123.1
to 70.1 160.1 279.4 442 4 735.4

As can be seen, t; and s are smaller while decreasing
the carbon chain length, which means a faster swelling
kinetics. The initial torque value I'y decreases while
molecular weight increases because of a better lubri-
cation. Associated, of course, with a slower solvent
uptake by rubber particles, the gap G.. — Iy does not
significantly vary with the solvent, at a constant vol-
ume of solvent, which reflects quite similar values for
the solvent—-polymer interaction parameter for these
systems. However, as can be seen in Figure 5, rubber
particles can absorb larger amounts of low molecular
weight solvent.

Influence of rubber nature

With NR-based particles, t, and s are smaller, reflect-
ing a faster kinetics of swelling. The torque values, G..
and Iy, are larger with truck tire particles, but this is
likely due to a geometrical effect, as commented ear-
lier. By comparing Figure 5(a, b), it can be noted that
NR-based particles are easier to swell and can accept a
larger quantity of solvent, all others parameters being
equal.

Effects of rubber particle shape and size distribution
were also considered in separate experiments (not
reported here). Essentially, it was observed that the
smaller the particles, the faster the swelling kinetics,
and the narrower the size distribution, the sharper the
torque increase. Conversely, a wider particle size dis-
tribution gives a smoother torque increase, indicating
that particles reach progressive saturation according
to their sizes. Such results were expected from com-
mon sense reasoning and were considered as marginal
with respect to our modeling approach.

TABLE VII
Model Results; Car Tire Rubber; Dodecane; K = 0.0017

cm?® solvent/

100 cm® rubber 10 20 30 40 50
Iy 7.0 4.8 3.8 4.0 4.2
I. 39.4 35.8 28.7 27.1 24.1
s 28.6 41.8 69.9 118.9 167.7
t, 128.0 253.4 438.6 707.3 1264.9

GAULLIARD AND EBLANC

TABLE VIII
Model Results; Truck Tire Rubber; Dodecane; K
= 0.0034
cm? solvent/
100 cm® rubber 10 20 30 40 50
I, 7.2 5.5 4.6 4.3 6.1
I, 55.4 46.3 48.2 40.5 44.8
S 12.0 17.2 39.3 86.0 149.7
ty 48.7 76.3 143.1 185.2 352.5

Comparing model and experiments

Equation (8) was used to fit experimental data, by
using the nonlinear regression algorithm available in
SigmaPlot® software (SPSS Science). For each curve,
the four parameters (I'y, G.., s, and t,) were obtained,
while the K value was adapted to each solvent/rubber
combination, to correspond to the physical process. As
illustrated in Figure 7 with a few curves, good agree-
ment between experimental and modeled curves is
obtained.

It is worth underlining how the mathematical form
of eq. (8) meets the complex physical processes in-
volved in the experiments. Both the initial and the
final torque levels, respectively, I'y and G., in eq. (8),
are first affected by the particular swelling kinetics,
essentially controlled by the constant K, which ap-
pears in the double exponential expression. Then, the
sigmoidal torque uptake is expressed through the ex-
pression with an exponential in the denominator
where the time t is the variable. The slope s and the
inflection point time ¢, depend on the solvent/rubber
ratio, as shown by the model parameters given in
Tables VI-VIIL. The model essentially assigns the same
slope for the curves before and after the inflection
point, but there is a large experimental scattering at
low solvent percentage because the initial part of the
curve is short. This has two consequences: at low
solvent percentage, the model overestimates the final
torque when compared to experiments, whereas at
larger quantities of solvent, the model overestimates
the initial torque, because the slope at short times is
higher than the slope at long time in that case. This
aspect confirms the view that, first, swelling is ob-
served; then, when this process is completed, there is
an expansion of the network until equilibrium is
reached.

CONCLUSION

A simple rheometric technique to study the solvent
swelling of vulcanized rubber particles under dy-
namic conditions was successfully developed and var-
ious experimental parameters were systematically in-
vestigated. Quite reproducible torque versus time
curves were easily recorded with the appropriate ex-
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Figure 7 Comparison of model with experimental torque curves.

perimental procedure. A mathematical model, based on
physical aspects of the experiment, was developed with
only four parameters that fully account for the sigmoid
shape of the torque curves. The model, shown to be in
good agreement with experimental data, allows us to
understand the physics involved in the process of sol-
vent uptake by vulcanized rubber particles.

Such a rheometry-based technique could advanta-
geously be used to study the compatibility of other
polymers/fluids systems.
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