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The sorption and diffusion of toluene through blends of natural rubber (NR) and linear low density polyethylene (LLDPE) of
varying compositions were studied at 35, 55, and 65◦C by conventional weight-gain experiments. The effects of blend ratio on the
diffusion, sorption, and permeation coefficients were determined. The sorption data were used to estimate the activation energies
of diffusion and permeation, parameters which were found to show a decrease when the amount of NR or LLDPE was increased.
The transport of toluene through most of the blends was anomalous, althouh at 35◦C, the transport of toluene through the 60/40
blend was Fickian and at 35◦C, pseudo-Fickian. The enthalpy of sorption of toluene obtained is positive and suggests a Henry’s
type sorption.
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1. Introduction

The past decades have witnessed increasing importance of
polymer blending since it is possible to obtain desirable
properties by simple blending of polymers. Generally, the
blending of two or more polymers makes it possible to obtain
a material with properties superior to those of individual
constituents and thus, be used in application areas that
are not possible with either of the constituent polymers in
the blend. The desired property improvements obtainable
through polymer blending include impact strength, heat
distortion temperature, flame retardancy, permeability char-
acteristics, and processibility, in addition to cost reduction
[1]. The physical properties of polymer blends are controlled
generally by many factors such as the nature of polymer
[2], blend composition [3–5], and interfacial adhesion [6–
12]. The blending of natural rubber not only leads to
a reduction in the cost of the compound, it also makes
it easier to fabricate complex shapes during production
[13, 14].

The presence of solvents in polymers or blends assumes
significance since most polymers after swelling in the solvent
show a reduction in its properties. Therefore, polymers for
commercial applications should be chemically resistant and
retain their mechanical strength and dimensional stability on

contact with solvents. Thus, the basic transport phenomenon
plays a prominent role in many industrial and engineering
applications of polymers [15–20]. It has been pointed out
that the study of diffusion, sorption, and permeation in
blend structure provides valuable means for additional
characterization of polymer blends [21].

Natural rubber, an elastomer has been extensively studied
because of its wide usage in tyre production. Since no
elastomer has all the characteristics required in many
application areas, elastomers are commonly blended to
improve their performance. Blends of natural rubber have
been reported to be compatible with desirable mechanical
properties [22–26]. Excellent reports exist in the literature on
the diffusion and sorption processes in elastomer and their
various blends. Thus, transport studies have been conducted
on natural rubber/epoxidized natural rubber [27], natural
rubber/polystyrene [28], nitrile rubber/polypropylene [29],
and ethylene-propylene rubber/nylon blends [30].

In the present paper, blends of natural rubber and linear
low density polyethylene have been prepared. The diffusion
of toluene, an aromatic solvent, through the blends has
been investigated and the mechanism of sorption through
the blends was determined. The diffusion, sorption, and
permeation coefficients were calculated. Also, the effects of
blend composition and temperature were studied.
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The analysis of diffusion of toluene through natural
rubber/linear low density polyethylene blends has not been
reported in the scientific literature to our knowledge.
However, the development of natural rubber and ultra-low
density polyethylene blends were reported by Tanrattanakul
and Udomkichdecha [31] who determined the physical
and mechanical properties of the blends, and compared
the results obtained with those of natural rubber/styrene
butadiene rubber.

Similarly, the mechanical properties of filled natural
rubber/linear low density polyethylene blends was studied by
Ahmad et al. [32]. The swelling index of the rubber blends in
toluene for 24 hours at room temperature was determined,
and it was found that the swelling index decreased with
increasing filler loading.

Toluene, an aromatic solvent generally used in the rubber
industry, was chosen as the solvent for this investigation.

2. Materials and Methods

2.1. Materials. The linear low density polyethylene used in
this study was purchased from a Chemical Store at Aba, Abia
State, Nigeria. It has a melt flow index of 2.5 g/min and
density 0.926 g/cm3. Natural rubber and other vulcanizing
ingredients such as zinc oxide, stearic acid, carbon black
(330 HAF), wax, MBT, TMTD, and sulphur were kindly
provided by Michelin Company Ltd, Port Harcourt, Nigeria.

2.2. Preparation of Rubber Blends. The formulation used in
preparing the rubber blends is given in Table 1. Weighed
amounts of the compounding ingredients with the exception
of vulcanizing agent and accelerators were first introduced
into a Banbury mixer already preset at 145–150◦C for
the mastication of the ingredients, and the rubber blend
produced was later transferred to a two-roll mill which
converted it from an irregularly shaped mass to suitable
sheets. The temperature of the mill was reduced from 170◦C
to 90◦C before the introduction of the vulcanizing agent and
accelerators to prevent premature curing of the compound
mix. The rubber blends were calendered and allowed to
condition for seven hours after which they were cut into
pieces and cured in an autoclave.

2.3. Procedure for Sorption Experiment. Uniform size cut
blends were weighed on an electronic balance having an
accuracy of 0.001 g. The cut samples were put into sample
bottles with covers. 20 mL of toluene was poured into
each of the sample bottles. The bottles were placed in a
thermostatically controlled water bath at 35◦C and were
equilibrated for different time intervals. At the expiration
of the specified time, the blends were removed from the
sample bottles, wiped free of adhering solvent (toluene),
and weighed using the electronic balance. The weighing
was continued till equilibrium swelling was attained. The
experiments were further repeated at 55 and 65◦C. Each
weighing was completed in less than 40 seconds, so as to keep
the error due to solvent evaporation from the sample surface
at a minimum [33].

Table 1: Compounding recipe of rubber (parts per 100 parts of
rubber by weight).

Ingredients 75/25
NR/LLDPE

60/40
NR/LLDPE

50/50
NR/LLDPE

NR/LLDPE 100 100 100

Zinc oxide 5 5 5

Stearic acid 2 2 2

Carbon black

(330 HAF) 55 55 55

Wax 4 4 4

MBT 0.5 0.5 0.5

TMTD 1 1 1

Sulphur 3 3 3

MBT: mercaptobenzoyl thiazole;
TMTD: tetramethylthiuram disulphide.

3. Results and Discussion

The sorption data of toluene into NR/LLDPE blends at
different temperatures (35, 55, and 65◦C) were determined
and expressed as the molar percentage uptake (Qt) of toluene
per gram of NR/LLDPE blends. Qt was calculated using (1)
[34]

Qt = Mass of toluene absorbed
Molecular weight of toluene/Initial mass of the blend

× 100.
(1)

The molar percentage uptake (Qt) at any particular tem-
perature was plotted against the square root of time (

√
t)

as shown in Figures 1, 2, and 3. The figures show initial
increases in the mass of toluene sorbed until the maximum
absorption was reached at which time, the mass of the
absorbed toluene remained constant, that is, equilibrium
absorption was attained. These figures show that at any
particular temperature, the 75/25 blend sorbed more toluene
than the 50/50 or 60/40 NR/LLDPE blend. The order in the
amount of toluene sorbed (Qt) by the blends at the three
temperatures studied is 75/25 > 50/50 > 60/40 NR/LLDPE
blend.

3.1. Diffusion Coefficient (D). The diffusion coefficient of
a solvent molecule through a polymer membrane can be
obtained using Fickian’s second law of diffusion [35]

D = π
(
hθ

4Q∞

)2

, (2)

where h is the blend thickness, θ is the slope of the initial
linear portion of the plot of Qt against

√
t, and Q∞ is the

equilibrium absorption. The D values are given in Table 2
along with other sorption parameters. From Table 2 and
for the NR/LLDPE blends 50/50 and 60/40, the diffusion
coefficient (D) was observed to increase with increases in
the sorption temperature. However, for the 75/25 NR/LLDPE
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Figure 1: The variation of equilibrium toluene uptake Qt (% mol)
of NR/LLDPE blend with blend composition of at 55◦C.
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Figure 2: Plot of sorption data of NR/LLDPE blends at 35◦C.

blend, the diffusion coefficient was observed to decrease
at 55◦C but increased again at 65◦C. At the sorption
temperatures of 35◦C and 65◦C investigated, the order of the
diffusion coefficient of the blends (NR/LLDPE) is 75/25 >
50/50 > 60/40. However, at 55◦C, the order in the values
of diffusion coefficient (D) is 50/50 > 75/25 > 60/40
NR/LLDPE. From this study, no dependence of diffusion
coefficient (D) on the amount of NR and LLDPE in the
blends was observed.

3.2. Sorption Coefficient (S). The sorption coefficient (S) was
calculated using.

S = M∞
M0

, (3)

where M∞ is the mass of toluene sorbed at equilibrium and
M0 is the initial mass of the blend. M∞ is given as

M∞ = Z ×molecular weight of toluene, (4)

where Z denotes moles of solvent sorbed at equilibrium
swelling. The values of the sorption coefficient (S) are also
shown in Table 2. From Table 2, it is evident that the 75/25
NR/LLDPE blend has the highest value of S at all the
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Figure 3: Plot of sorption data of NR/LLDPE blends at 55◦C.
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Figure 4: Plot of sorption data of NR/LLDPE blends at 65◦C.

temperatures investigated while the 60/40 blend has the least
value. The order in the variation of S with temperature of
investigations for the blends is 75/25 > 50/50 > 60/40
NR/LLDPE. From Table 2, also it is clear that as the sorption
temperature increased, the values of S also increased for
the blends 50/50 and 75/25 (NR/LLDPE). The 60/40 blend
(NR/LLDPE) did not show any definite order of S with the
sorption temperature. This behaviour was also noted for the
diffusion coefficient of the blend.

3.3. Permeability Coefficient (P). The permeability coeffi-
cient (P) of toluene in the rubber blends was obtained as
follows [35]:

P = D · S, (5)

where D is the diffusion coefficient and S is the sorption
coefficient. The values of P are given in Table 2. The
permeability coefficients of the blends 50/50 and 60/40
NR/LLDPE were observed to increase with increases in the
sorption temperature, and followed the same trend as the
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Table 2: Sorption properties of rubber blends at different temperatures.

Temp ◦C Blend Composition
NR/LLDPE

Diffusion Coefficient
D (cm2/min)

Sorption S (%) Permeation P
(cm2/min)

35
50/50 9.52 × 10−5 15.00× 10−2 14.30× 10−6

60/40 3.86 × 10−5 10.30× 10−2 3.98× 10−6

75/25 24.50× 10−5 17.90× 10−2 43.90× 10−6

55 50/50 17.90× 10−5 16.90× 10−2 30.30× 10−6

60/40 4.20× 10−5 10.00× 10−2 4.20× 10−6

75/25 12.40× 10−5 18.40× 10−2 22.80× 10−6

65
50/50 23.00× 10−5 20.20× 10−2 46.50× 10−6

60/40 7.78× 10−5 14.10× 10−2 11.00× 10−6

75/25 45.30× 10−5 22.90× 10−2 105.60× 10−6

diffusion coefficient (D). It may be inferred that the diffusion
process controls the permeability. At the temperatures of 35
and 65◦C studied, the observed order in the values of P is
75/25 > 50/50 > 60/40 while at 55◦C, the observed order is
50/50 > 75/25 > 60/40. The 75/25 NR/LLDPE blend showed
a decrease in permeability at 55◦C and which later increased
at 65◦C. This behaviour was also noted for the diffusion
coefficient (D) of this blend, that is, 75/25 NR/LLDPE blend.

4. Transport Mechanism

In order to study the mechanism of transport phenomenon,
the sorption data have been fitted into the relation [36]

log
(
Qt

Q∞

)
= log k + n log t, (6)

where Qt is the swelling quotient at time t, and Q∞, the
equilibrium swelling. k is a constant which depends on the
polymer morphology and the polymer-solvent interaction.
The value of n determines the mode of transport of toluene
through the rubber blends. For a Fickian transport, n = 0.5,
When n = 1.0, it indicates Case II (relaxation controlled)
transport, and when n lies between 0.5 and 1.0, it indicates
anomalous transport behaviour. The values of n and k were
obtained from the plot of log (Qt/Q∞) against log t and are
shown in Table 3.

Table 3 shows that with the exception of the 60/40
NR/LLDPE blend at 35 and 55◦C, the values of n obtained for
the different NR/LLDPE blends at different temperatures are
non-Fickian and may be described as anomalous. At 55◦C,
the transport of toluene through the 60/40 NR/LLDPE blend
is best described as Fickian. The value of n obtained for the
60/40 NR/LLDPE blend at 35◦C is 0.4, which indicates that
the transport of toluene through the blend at 35◦C is neither
Fickian nor anomalous, and therefore may be regarded as
pseudo-Fickian. The values of k were observed to decrease
with increases in sorption temperature for the blends 60/40
and 75/25. For the 50/50 NR/LLDPE blend, the values of
k were found to decrease at 55◦C but increased again at
65◦C. The 60/40 NR/LLDPE blend has the highest values of
k at all the temperatures studied. The order observed in the
variation of k with blend composition (NR/LLDPE) at 35
and 55◦C is 60/40 > 75/25 > 50/50. However, at 65◦C, the

Table 3: Values of Equilibrium Toluene Uptake Qt (mol%) and
Parameters n and k for NR/LLDPE Blends at different Tempera-
tures.

Temp ◦C
Blend

composition
NR/LLDPE

Qt (% mol) n k

35
50/50 0.620 0.6 0.0485

60/40 0.370 0.4 0.0952

75/25 0.260 0.6 0.0584

55
50/50 0.660 0.9 0.0247

60/40 0.360 0.5 0.0850

75/25 0.780 0.7 0.0535

75
50/50 0.790 0.7 0.0433

60/40 0.490 0.6 0.0610

75/25 0.920 0.8 0.0289

observed order is 60/40 > 50/50 > 75/25. The value of the
constant k obtained in this study for the rubber blends is an
indication of the degree of rubber blend-toluene interaction.

4.1. Activation Parameters. The temperature dependence of
transport properties was used to evaluate the activation
energy for the diffusion, and permeation processes using the
Arrhenius relation [37]

log X = log Xo − (Ex/2.303 RT), (7)

where X represents either D or P, XO is a constant
representing eitherDO or PO, EX is either ED or EP . Plots ofX
against I/T were used to calculate the activation parameters
of diffusion (ED) and permeation (EP). Values of ED and
EP are presented in Table 4. From Table 4, it is seen that as
the amount of LLDPE decreased in the blend, the values of
ED and EP also decreased, and vice versa. Conversely, as the
amount of NR increased in the blend, the values of ED and
EP also decreased and vice versa. Generally, the direction
of increase of ED and EP values indicates the direction of
increasing solvent resistance of the blends, and vice versa.
In essence therefore, and in agreement with our earlier
observation on the molar percentage uptake (Qt) of toluene
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Table 4: Values of Activation Energies of Diffusion (ED), Perme-
ation (EP), and Heat of Solution (ΔHS) for various NR/LLDPE
Blends.

Blend composition
NR/LLDPE

ED KJ/mol EP KJ/mol ΔHS KJ/mol

50/50 25.45 33.38 7.93

60/40 17.33 24.67 7.34

75/25 10.24 18.82 8.58

by different blend compositions, the 75/25 blend is least
resistant to toluene sorption.

The heat of sorption, ΔHS, was calculated using the
relation

ΔHS = EP − ED. (8)

The values of ΔHS obtained are included in Table 4. The
order in the variation of ΔHS with blend composition is
75/25 > 50/50 > 60/40 NR/LLDPE. The variation of ΔHS

with blend compositions was within ±2.0. The positive ΔHS

values obtained in this study for the blends suggests that
sorption in this study is dominated by Henry’s type sorption
with an endothermic contribution.

5. Conclusions

The diffusion of toluene through natural rubber/linear low
density polyethylene blends has been studied. The 75/25
NR/LLDPE blend that contains with the highest amount of
natural rubber exhibited the highest amount of molar per-
centage uptake (Qt) of toluene at the temperatures studied.
The diffusion coefficient (D) and permeation (P) obtained
for toluene in the 50/50 and 60/40 natural rubber/linear
low density polyethylene blends were found to increase
with an increase in the sorption temperature. For the 75/25
NR/LLDPE blend, the diffusion coefficient and permeation
were found to decrease at 55◦C but increased again at 65◦C.
The sorption coefficient (S) for the rubber blends was found
to increase with an increase in the sorption temperature. The
transport of toluene through the 60/40 NR/LLDPE blend was
found to be Fickian at 55◦C, pseudo-Fickian at 35◦C, while
for the other blends at the three temperatures studies, it is
anomalous. The calculated activation energies of diffusion
and permeation in the rubber blends were all positive and
were found to decrease with an increase in the amount of
natural rubber or decreases in the amount of LLDPE in the
blends. The calculated heat of sorption for the blends was all
positive, and its variation among the difference rubber blends
was within ±2.0.
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