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SHORT COMMUNICATION

Oxygen Transport in Epoxidised Natural Rubber
JAMIL ISMAIL* AND NG CHENG CHAI*

Permeability and diffusion coefficients have been measured in the range 30°C to 50°C for
oxygen in natural rubber and a series of epoxidised natural rubber (ENR) membranes. The
dependence of ENR permeability and diffusivity on level of epoxidation was significant and
a reduction of about 96% in diffusivity at 50% epoxidation level was observed.

Epoxidised natural rubber being a 'new' class
of rubber has been a subject of extensive inves-
tigation related to its mechanical, chemical and
physical properties1'5. Molecular diffusion
study is one area which has received attention
but very few studies have been reported apart
from that of the air permeation1'6. It is felt
that study should be extended to all types of
gases because such data are as important for
epoxidised natural rubber as they are for the
other polymer systems which have already been

established. This paper reports on the first part
of our study on the transport of oxygen and
the effect of level of epoxidation of the
epoxidised natural rubber membranes.

EXPERIMENTAL

Sample

The system investigated was a series of
epoxidised natural rubber vulcanisates including

TABLE 1. CURE FORMULATIONS FOR ENR SAMPLES*

Ingredient
and

curing

SMR L

ENR 10

ENR 20

ENR 50
Zinc oxide

Stearic acid
Permanax TQ

Sulphur

MOR

Cure time al
150CC (min)

NR

100

—

—

—

5

2
2

1.5

1.5

21

Sample

ENR 10 ENR 20

— —

100 —

- 100
— —
5 5

2 2

2 2

1.5 1.5

1.5 1.5

21 17

ENR 50

—

—

—

100
5

2

2

1.5

1.5

13

a With permission from the Rubber Research Institute of Malaysia

'School of Chemical Science, Universiu Sains Malaysia, Penang, Malaysia
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Figure 1. Permeation apparatus.
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the natural rubber which were supplied in sheets
of thickness in the range 0.70 mm to 0.76 mm
by the Rubber Research Institute of Malaysia.
All samples, prepared based on the semi-EV
system6, were crosslinked by hot pressing at
150°C and the exact formulations are shown
in Table 1. The notations ENR 10, ENR 25 and
ENR 50 denote natural rubber samples with 10,
25 and 50 mol percent epoxidation respectively.
A research grade oxygen gas (99.985% purity)
was used without further purification.

Apparatus
The permeation apparatus used in the present

study is a modification of that used by Barrer
el al1. This is shown schematically in Figure I.

It comprises essentially of two sections; the high
pressure side (the ingoing side) which is
connected to the low pressure side (the outgoing
.side) via a diffusion cell, C. Both sections are
connected via taps T8 and T9 to the high
vacuum line 'hivac' which is serviced by a
pumping system. Before making measurements,
the membrane was outgassed at 50°C with all
taps opened to the pumping system until the
'leak rate', with all taps opened except T2, T3t
?~5> 7g» T9, and 7",,, was negligible (generally
of the order 10~4 mm Hg per hour). During
measurement, the ingoing face of the membrane
was subjected to a constant pressure of oxygen
(pressures used in this work range from 3 cm
to 22 cm Hg) and the pressure of the outgoing
face was recorded as a function of time bv an

-20.00

-20.50

-21.00

-21.50 -

- 19.50

NR

ENR 10

ENR 25

ENR 50

3.1 3.2 3.3

1
T

x 10-'

Figure 2. Epoxidised natural rubber oxygen permeabilities.
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absolute pressure sensor, MKS Baratron. From
the slope of the linear portion of such a plot,
the steady-state flux, J (cm3 stp/cmVs) and

the time lag, L (s), are readily obtained.
Measurements were carried out at several
temperatures in the range 30°C to 50°C. The

TABLE 2. TRANSPORT PARAMETERS AT 40°C

Polymer

NR
ENR 10

ENR 25

ENR 50

P x 109

(cm3 <STP)/cm/cmHg/s)

2.26 (16.95 X 10~17)
1.64 (12.3 x 10"17)
1.02 ( 7.65 X I0~n)
0.89 ( 6.68 X 10~17)

EP
(kJ/mol)

26.6
32.2
41.9
44.9

D x 106

(cm2/s)

2.40 (2,40 x 10~'°)
1.75 (1.75 x 10~'°)
1.21 (1,21 x 1Q~10)
0.08 (0.08 x 10" I0)

ED
(kJ/mol)

31.4
34.1
48.6
68.2

Figures within brackets are values expressed in SI units: P (m4s 'N '), D (m s ').
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Figure 3. Epoxidised natural rubber oxygen diffusivities,
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required temperature was achieved by immersing
the cell in a beaker of mercury, BM, placed in
a water bath, W, which was regulated to within
0.01 °C by an integrated heating and stirrer unit,
Grant SU 6.

RESULTS AND DISCUSSION

For the natural rubber jind the epoxidised
samples, permeabilities, P, were independent
of pressure and obeyed the relation P = P0
exp ( — Ep/RT). The transient diffusion co-
efficients8, D, were obtained from the relation
D = 12/6L where L the time lag, was deter-
mined from the permeation experiment, and
/ was the membrane thickness. The diffusion
coefficients were in good agreement with the
relation D = Z?0 exp (-Ep/RT). The absolute
determination of P and Dis accurate to 3.0%
and 4.8% respectively while the reproducibility
of measurements performed with one and the
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Figure 4, Epoxidised natural rubber permeability
ratio at 40.0°C.
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Figure 5. Epoxidised natural rubber diffusivity
ratio at 40.0°C.

same membrane at different pressures is within
1 %. The transport parameters are summarised
in Table 2. The Arrhenius plots for P and D
for all samples are shown in Figures 2 and 3
respectively. The values of Ep and ED were
computed using the least mean squares method.

The dependence of permeability on the level
of epoxidation is shown in Figure 4.
Permeability decreases as the level of epoxida-
tion increases. The dependence of diffusivity
on the level of epoxidation as shown in Figure 5
exhibits a similar trend with a sudden drop of
about 96% in D at 50% epoxidation level. This
behaviour is typical of gas transport in hetero-
geneous polymer systems such as filled rubbers,
rubber copolymers and rubber blends in which
the dispersed phase is relatively impermeable
compared to the continuous phase9. In so far
as the ENR system is concerned, no occurrence
of heterogeneity of the sort related to phase
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separation of the rubber chains as a result of
epoxidation has ever been reported, except in
the stretched ENR4. Thus, treatment of the
present data based on the empirical relation
used by Barrie et al.9 was not attempted.

The increase in the activation energy of
diffusion seems to suggest that more energy is
required in order to achieve segmental mobility
necessary for the oxygen molecule diffusion as
the level of epoxidation is increased. In other
words, the observed decrease in diffusivity and
increase in its activation energy are likely to be
the result of chain stiffening effect imparted by
increasing the level of epoxidation. This is in
good agreement with the observed linear increase
in the glass transition temperature, TK, with the
level of epoxidation4'5 which was attributed to
the reduction in molecular flexibility probably
due to the inter-molecular hydrogen bonding4.

In conclusion, the increase in level of epoxida-
tion has decreased the diffusion and permea-
tion of oxygen molecule across the epoxidised
natural rubber membranes. Presently, study
has been extended to using nitrogen and air
with additional samples of higher epoxidation
levels and at additional temperatures below
30°C.
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