Kinetics of swelling of natural thermoxidized rubber in benzene
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The kinetics of swelling of thermoxidized fractions of natural rubber in
benzene was studied by measuring volumetrically the amount of incorporated
solvent in a thin plate of the investigated sample. It has been found that the
mean integral diffusion coefficient of benzene in a solid film of natural rubber
varies with the time of destruction according to the equation D = D, e**, where
D, is the value of D in the nondestroyed sample and k,: is an empirical constant.
The thermal oxidation was carried out at 130°C.

Bbina u3yyeHa KMHETHMKa HabyxaHMs TEPMHYECKM OKHMCIEHHBbIX (ppakumui
HaTypaIbHOTO Kaydyka B Gensone. KomndecTBo BrMTaHHOro 6¢H3oma omnpe-
HeNsUIOCh BOJNIOMETPHYECKH Ha 0oOpa3iie TOHKOH IUTaCTHHKH. BbL1o HaipeHo,
4TO CpefHMH B3aMMHBIH MHTETpANbHbIA KO3¢uuueHT auddysun GeHsona
B TOHKOH IUIEHKE HaTYpaIbHOIO KaydyKa 3aBHCHT OT BPEMEHH ECTPYKLHH MO
ypasuenuto D = D, e*', rqe D, — 3nHa4yenne D B HegecTpyMpOBaHHOM 06pasie
u k, — sMmupHyeckast NocTosiHHAs. TepMHYECKOe OKHCIIEHHE MPOBOAMIOCH
npu temnepartype 130°C.

Besides experimental conditions, the progress of transport processes in a system
polymer—penetrant is significantly affected by the character of both components
constituting the investigated system. The size and structure of the statistical kinetic
segment, degree of branching or crosslinking of chains through bond interactions
polymer—polymer represent the main factor [1] from the view-point of polymer
material. The course of thermoxidative strain of natural rubber in a thin film is
accompanied both by a change in chemical structure of the chain — the content of
oxygen bonded in the form of carbonyl groups, hydroperoxides, peroxides, etc.
increases [2] — and by breaking of the main chain [3].

Owing to the first change, the value of the thermodynamic interaction parameter
changes with the degree of destruction while the second change results in the fact
that the intensity of motion of the basic kinetic unit changes in the concomitant
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process producing new vacancies necessary for transition of a solvent molecule
from one interstitial position into another in the sense of flow coordinate. As the
thermodynamic as well as kinetic factor is included in the value of D according to
general theory of the diffusion processes [4], we have tried to find out to what
extent the degree of thermoxidative destruction of the fractionated natural rubber
influences the value of the diffusion coefficient D of a certain penetrant. The
results presented in this paper are a continuation of our preceding study [5] dealing
with the influence of relative molecular weight of natural rubber on its thermoxida-
tive stability. The results of the preceding communication were obtained by the
method of infrared spectroscopy without paying attention to the degree of
-crosslinking, solubility, etc.

Experimental
Preparation of samples

The samples of different molecular weight were prepared by fractional precipitation of the
1.5 wt % benzene solution with a precipitant (methanol) in dark and nitrogen atmosphere at
laboratory temperature. The physical constants of the used natural rubber are listed in our
preceding paper [5]. The precipitated fractions were dried in a vacuum drier to constant
weight and characterized by determining the limiting viscosity numbers 7] in benzene at
25°C. The limiting viscosity numbers of individual fractions are given in Table 1.

Table 1

Limiting viscosity numbers of individual fractions

. Lim. visc. number . Lim. visc. number
Fraction m/kg Fraction m/kg
1 0.010 8 0.080
2 0.020 9 0.111
3 0.031 10 0.190
4 0.042 11 0.332
5 0.050 12 0.391
6 0.060 13 0.673
7 0.071 14 1.044
Kinetics of swelling

The kinetics of swelling was investigated in films. These films were prepared by casting
a ca. 1.5 wt % solution of the polymer fraction in benzene in nitrogen atmosphere on
cylindrical test pieces at laboratory temperature. In order to obtain homogeneous structure
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of the film, the test pieces regularly rotated about the axis of the cylinder. A thorough
evaporation of the solvent molecules was achieved by drying the films in a vacuum drier for
two days in dark.

During drying, the temperature was held at 30.5°C and the pressure was 133.3 Pa. The
width of a film thus prepared was about 10 m. The thermal oxidation of the rubber films
was carried out in air at 130£0.5°C. .

The kinetic measurements were performed in an apparatus according to Dogadkin [6].
A sample of the polymer fraction on test piece precisely weighed and measured was dipped
into benzene the temperature of which was 25+ 0.02°C. The amount of benzene incorpo-
rated into the sample was determined by measuring the change in volume of the coexisting
liquid phase in certain intervals of the kinetic process.

The accuracy of determination of the volume change was +1x 107 ml.

Results and discussion

The kinetics of sorption of a low-molecular penetrant into the solid polymer
phase is controlled by the diffusion process provided the mobility of the segments
of macromolecular chains is sufficient [7—9]. A characteristic feature of these
measurements is a linear dependence of the amount of penetrant sorbed by unit
amount of sorbent Q on the square root of time ¢ and reciprocal value of the
width of sorbent.

In our case, the isotropic samples exhibited the shape of thin plate. For the initial
intervals of sorption, the experimental relationships between Q,/ Q.. and t'? are not
significantly different from those resulting from the curves for the processes with
constant diffusion coefficient. The symbol Q, stands for the amount of solvent
bound in a weight unit of the swollen sample in the time moment ¢ and Q. is the
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Fig. 1. Amount of the incorporated benzene Q in the film of natural rubber in particular time intervals
of the kinetic process.
Fraction 3. Oxidation time in min: O 0, ® 80, ® 110, ® 170.
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amount of solvent bound in the sample in the equilibrium state of swelling read
from the kinetic curves of swelling.

The results presented in this paper are of this type. The kinetic curves of swelling
of the samples of rubber fractions in benzene are represented in Figs. 1—3 (for
fractions prepared by fractionation in nitrogen atmosphere and in dark; the
constant parameter for individual curves is the time of oxidation).
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Fig. 2. Amount of the incorporated benzene Q in the film of natural rubber in particular time intervajs
of the kinetic process.
Fraction 7. Oxidation time in min: O 0, @ 50, © 80, ® 110.
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Fig. 3. Amount of the incorporated benzene Q in the film of natural rubber in particular time intervals
of the kinetic process.
Fraction 9. Oxidation time in min: O 0, ® 40, © 80, ® 135.
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The models suggested for the description of diffusion processes in the solid phase
are based on the idea that the rate of diffusion is controlled by the rate of formation
of the free holes which leave room for translational motion of the molecules of
penetrant in the negative sense of the gradient of its chemical potential [10—12].

The differential equation for an unidirectional unsteady diffusion process has the

following form
8c_20 [, (3¢
3t ox [D (ax)] (1)

If the diffusion coefficient D is a function of concentration, the solution of eqn
(1) necessitates analytical expression of this relationship. However, Crank [13] has
shown that the sorption curves for a plane plate are not significantly different
whether D =D(c) or D% D(c). The second condition allows to write eqn (1) in
the form

dc_ . (9%
50 (5) 2)
According to Crank [13], the solution of eqn (1) for diffusion along a half-line
gives the following equation
Q_ (i (2t 172
Q. \I ) n) (3)

where [ is the width of film in the sense of the flow coordinate. The validity of eqn
(3) is limited. It holds with satisfactory precision only if Q/Q.<0.6 and
necessitates the fulfilment of the following conditions:

a) Penetrant enters the sample only by diffusion;

b) infiltration of penetrant into the solid phase is not accompanied by any
mechanical or physical changes in the system;

c) entire wetting of the external surface of the sample occurs immediately after
its coming into contact with liquid penetrant;

d) penetrant enters only through the surface of the sample and the surface is
large enough so that the flow along the edges in the direction perpendicular to the
vector of width may be neglected. These conditions were, especially in the initial
stage of incorporation, fulfilled.

It may be assumed that the transport of penetrant obeys the Fick’s laws in the
first moments of sorption owing to a great packing of the polymer coils in the solid
phase. It proceeds through the free holes arising as a consequence of thermal
vibrations of polymer segments. The evaluation of the kinetic curves of swelling has
been based on the assumption that a limited swelling exists in the first approxima-
tion even in the noncrosslinked samples. This simplification may be considered
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plausible only if a substantial difference (of a few decimal orders) between the
values of the partial diffusion coefficient of polymer and solvent exists.

As evident from Fig. 4, the value of the mean integral diffusion coefficient of the
benzene molecules in polyisoprene exponentially increases with increasing time of
thermal oxidation of the fractions of natural rubber in the investigated time
interval. The rapid increase in the values of Dpenene may be explained by an
increase in mobility of polymer segments due to a decrease in molecular weight
caused by the breaking of chains in the first stage of degradation. The change in
molecular weight of natural rubber during the induction period of oxidation was
already studied [14].

It results from Fig. 4 that the value of the mean integral diffusion coefficient of
benzene in the destroyed natural rubber is governed by the equation

D=D, e 4)

where Dy is the value of the diffusion coefficient in a nondestroyed sample and k; is
an empirical constant.

According to Barrer [15], the formation of free holes in the diffusion of simple
organic substances in the solid polymer phase is due to the motion of polymer
segments. Therefore, a certain relaxation time of the relaxation mechanism of
segment motion corresponds to each value of D. Since the time necessary to reach
a certain degree of saturation Q,/Q. is always proportional to square power of
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width, i.e. t/I>=const [16, 17] and .. is inversely proportional to D, Kanamaru
and Sugiura [18] put forward the following equation for calculation of the
relaxation time

12
I ()

The relaxation times corresponding to the diffusion coefficients D of individual
destroyed and nondestroyed samples of natural rubber which are represented in
Figs. 5 and 6 show that the relaxation time t., for the nonoxidized fractions is
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Fig. 5. Variation of relaxation time t.. with [n] for the relaxation mechanism in the nonoxidized
fractions of natural rubber.
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Fig. 6. Variation of log t.; with time for thermoxidative destruction of the fractions of natural rubber.
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poorly sensitive to a change in molecular weight or limiting viscosity number. An
appreciable decrease in the amount of benzene bound in the swollen fractions of
natural rubber Q, with increasing time of oxidation may be justified by increasing
polarity of the polymer with time.

1
2.

3.
4.

00NN Wn

13.
. Vavra, J., J. Polym. Sci., Part C, 1967, 1103.
15.
16.

14

17

References

Crank, J. and Park, G. S., Diffusion in Polymers. Academic Press, New York, 1968.
Kuzminskii, A. S., Lezhnev, N. N., and Zuev, S. Yu., Okislenie kauchukov i rezin. Goskhimizdat,
Moscow, 1957.

Reich, L. and Stivala, S. S., Elements of Polymer Degradation. McGraw-Hill, New York, 1971.
Glasstone, S., Laidler, K. J., and Eyring, H., The Theory of Rate Processes. McGraw-Hill,
New York, 1941.

. Hrivikova, J., Blazkovd, A., and Lap¢ik, L., J. Appl. Polym. Sci. 25, 761 (1980).
. Dogadkin, B., Kolloid. Zh. 8, 32 (1946). '

. Alfrey, T., Gurnee, E. E., and Lloyd, W. G., J. Polym. Sci. C12, 249 (1966).

. Rosen, B., J. Polym. Sci. 49, 177 (1961).

. Lomakina, V. S. and Vasenin, R. M., Vysokomol. Soedin. 10B, 887 (1968).

10.
11.
12.

Valko, L., Chem. Zvesti 15, 1 (1961).

Shanbhag, V. P. and Ohman, J., Ark. Kemi 9, 163 (1968).

Kirkwood, J. G., Baldwin, R. L., Dunlop, P. I., Gosting, L. J., and Kegeles, G., J. Chem. Phys. 33,
1505 (1960).

Crank, J., The Mathematics of Diffusion. Clarendon Press, Oxford, 1956.

Barrer, R. M., Diffusion in Through Solids. Cambridge University Press, London, 1941.
McKay, A. T., Proc. Phys. Soc. 42, 547 (1930).

. Daynes, H. A., Trans. Faraday Soc. 33, 531 (1937).
18.

Kanamaru, K. and Sugiura, M., Kolloid. Zh. 178, 1 (1961).

Translated by R. Domansky

180 Chem. zvesti 35(2) 173—180 (1981)



