CHEMISTRY & CHEMICAL TECHNOLOGY

Vol. 5, No. 1, 2011

Chemistry

Roman Makitral, Halyna Midyanal, Iryna Yevchuk! and Olena Pal’chykova?

DEPENDENCE OF NATURAL RUBBER SWELLING INDEX
UPON ORGANIC SOLVENTS RROPERTIES

1 Department of Physical Chemistry of Combustible Minerals,
L. M. Lytvynenko Institute of Physico-Organic Chemistry and Coal Chemistry,
National Academy of Sciences of Ukraine
3a Naukova str., 79053 Lviv, Ukraine; hop_ vfh@ukr.net
2 Institute of Geology and Geochemistry of Combustible Minerals, National Academy of Sciences of Ukraine,
3a Naukova str., 79053 Lviv, Ukraine

Received: October 30, 2009 / Revised: April 08, 2010 / Accepted: September 02, 2010

a MakitraR., MidyanaH., Yevchuk I., P’ chykova O., 2011

Abgract. Mathematic anadlysis of the data on naturd
rubber swelling shows the degree of organic solvents
penetrating dependence on their ability to nonspecific
interaction and cohesion, which counteracts this process.

Keywords: linear multiparameter equation, swelling index,
natural rubber, organic solvents.

1. Introduction

Polymer dahility in different media including
hydrocarbon ones is of a great practical importance [1, 2].
That iswhy it is no wonder that processes of swelling and
dissolution of polymers, especially of rubber, are the
subjects of intensive investigation over amost a hundred
years. The review of earlier works on natura rubber
swelling is presented in [3]. The quartitative data on
adsorption of 135 organic solvents in crude and vulcanized
rubber were presented for the firg time here Some
conclusons on the effect of solvent nature on ther
penetrative ability were made as well. However, these
conclusions are only qualitative. What is interesting, the
authors based on the investigation of numerous solvents
have disproved Ostwald's opinion about quantitative
relation between sweling index of polymers and
permittivity of adsorbed substance [4]. According to his
opinion theamount of ccm of liquid adsorbed by 1 ccmor g
of polymer Q isinversdy proportiona to its permittivity ¢
in conformity with the equeation:

?/Qe =const (@)

wheren changes withinthe limit from2 to 3.
It can be noted as well that in homologous series
with increasing of carbon chain length till 6-8 atoms the
gradual (but not linear) increase of Q takes place. Thus, in

saries of acids for C; Q = 0.12; C,—0.14; C4— 1.57; Ce—
1.65; C7—1.94; in series of alcoholsfor C3 Q = 0.02; C3—
0.06; C¢ — 0.13; C; — 0.60; Cg — 0.75; however further
increasing of the amount of carbon atoms stabilizes the
value of Q or even diminishes it. The presence of bran-
chingsin the chain leads to decreasing of Q as compared to
analogues with direct chains, probably, due to spatia
difficulties. Even greater decreasing of Q is observed in the
case when polar groups — carbonyl, carboxyl, nitrile, and
especiadly hydroxyl ones — are incorporated into the
dructure[3].

The next atempts to edablish the quantitative
relation between physico-chemical characteristics of liquids
and their ability to be adsorbed by polymers were based on
the Hory-Huggins athermal solvents theory, according to
which the swelling index Q depends on the molar volumes
of polymer and solvent and their cohesion energy, that can
be determined as the square of Hildebrand solubility
parameter 62 The maximal swelling index is observed
when ¢ for both components are equal. However, the
relation between Q and & or ¢* has the parabolic character
with numerous deviations from the proposed curve [5] asa
result of the deviation of the system from ideal, which is
firdly due to the presence of specific interactions. The
attempt to account the last ones incorporating correction
factor y , which can be caculated from the viscosty
measurements of polymer solutions [6], by establishing of
the temperatures of complete dissolution of polymer in
solvents (in cited articles these temperatures are designated
incorrectly as “meting points’; probably, they may be
more correctly designated as “temperatures of homo-
genization” ) [7, 8] as well as by other methods does not
essentially improve the calculation accuracy [9, 10].

The attempts to agree the values of Q with the
solvent molar volume [11] or their Reichardt electro-
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philicity parameters[12] failed aswell. Inthe both casesthe
linear relations were obtained with some deviations only for
the solvents of similar nature, mainly for their homol ogous
series.

2. Experimental

Since polymer swelling is the processthe final effect
of which is determined by the sum of different probable
interactions we suggested the probability of describing it on
the basis of the conception of free energies linearity by
means of the linear multiparameter equations. This
approach seems to be effective for generadization of the
data on swelling of polyethylene [13], butyl rubber [14],
some polyurethanes [15] and fluorocarbon polymers [16].
That is why it was expedient to examine its correctness in
the case of natural rubber.

The data from [3] have been taken for calculations
because of their great amount, however due to the fact that
for the mgjority of investigated liquids the necessary
characteristics are absent the data only for 30-35 solvents
have been used. In [3] the values of Q were determined
after 1, 2, 3, 7, 32, and 62 days of swelling. The fullest data
on Q for 1 and 7 days of swelling in the case of vulcanized
rubber and for 1 day of swelling for crude rubber were
taken for the cal culation. The investigation of the process of
swelling was performed at 293K using the samples of
rubber vulcanized by 10 % of sulfur at 421 K during 75 min
and crude rubber “ smoked sheet” with the weight of ~ 0.1
g; the specific gravities of the samples were 0.9820 and
0.9146 g/ml.

The calculations were made using the formula from
[13-16]

2
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IQQ:?:‘O"‘E"‘ln2

+2

+

e-1

2e+l
where n and ¢ are refractive index and permittivity of
liquids, that characterize their polarizability and polarity,
which determine nonspecific interactionsin the system; B is
Palm basicity and Et is Reichardt electrophilicity, which
determine specific interactions; 5% and the molar volume of
solvent V,, characterize the structural factors.

The calculation methods are based on The IUPAC
Group for Correlation Analyss in Chemistry recom-
mendations [17] and werereported in detailsin the previous
artices[13-16].

The data on rubber swelling Q are presented in [3] in
ml of liquid, adsorbed by 1 ml of rubber. However, our
previous investigations showed that the calculations with
the use of the Eq. (2) usualy can be performed rather in

+a +agB+aEr +asd +aVy (2

moles of liquid, adsorbed by the unit of the polymer weight
or volume, though the volume or the weight units may be
used as well. That is why for comparison the data from [3]
Q (ml/ml) have been expressed in ml and g of liquid,
adsorbed by 1 g of rubber S, and S, and aso in the amount
of moles of liquid, adsorbed by 1000 g of rubber S, (for the
convenience of calculations). The respective data on the
amount of solvents, adsorbed during one day by the
samples of vulcanized smoked-sheets rubber are presented
inTable 1.

3. Results and Discussion

The calculation of S, using the Eq. (2) for al 31
solvents from Table 1 leads to the expression with
unacceptably low value of multiple correlation factor R =
=0.911, however the exclusion from calculation (according
to [17]) of the most deviating data for only two solvents —
butyric acid and benzaldehyde — alows to obtain the
adequate (R>0.950) Eq. (3). At plotting IgS vs lgr the
satisfactory linear dependence in accordance with the
known expression S/S, = k ¢ " was found for the first seven
days, however the data obtained for 31 days, deviate from
it. Evidently, the mechanism of penetrating of solventsinto
polymer structure changes after seven days. Additionally,
for some penetrants (nitromethane, nitriles, and higher
alcohals) at the duration of experiments in 31 or 62 days
one can observe congant values of S i.e. complete
saturation by solvent, or even the decrease of this value
Especialy often such deviations take place for the samples
of crude rubber. That is why for further quantitative
analysis we use the data on S for one and for seven days,
when the main part of the penetrant is absorbed.
Additionally, most of results in [3] are presented for these
timeintervals.

1gS, = —2.339 + (14.397 + 1.816)f(n?) +
+(3.009 + 1.155)f(e) — (2.230 +1.255)-10°B —
—(2.285+ 1.575)-10°E;<(5.416 + 0.939)-10°d * -
—(0.369 + 2.240)-10°V,, ©)
with R=0.950 and root-mean-square error s=+ 0.217.

The deviations of some regression coefficients which
are dose or even exceed their absolute values (Vi) indicate
probable insignificance of these terms of equation. In fact
alternate exclusion of individual terms with determining for
every case (according to [17]) of R values has indicated
inggnificance of thetermswith Er and V.

lgS, = —2.457 + (14.391 + 1.452)f(n?) +
+(3.082 + 1.107)f(e) — (2.393 +1.008)-10°B —
—(5.458 + 0.591)-10°d )
R=0.950; s=+0.227.
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It is clear that the increasing of solvent cohesion
diminishes their ability to penetrate into polymer structure
(sign“minus’ at theterm with d ).

The basicity and polarity factors are aso of rlatively
low significance — excluding the first of them we obtain the
equation with R = 0.940 and excluding the second one from
the Eq. (4) leads to the three-parameter eguation 1gQ, =
= f(n? B, d?) with R= 0.936.

At the same time the exclusion of the terms with
f(n®) or d ? destroys the correlation — the value of R for
corresponding express ons becomes less than 0.8.

Non-coordination of the data for butyric acid and
benzaldehyde with generalizing Egs. (3) and (4) may cause
the changing of the mechanism of their diffusion into
polymer structure, which is confirmed by significant
difference of the angles of the dopes of their dependences
IgS vs Igr as compared with other liquids. But inaccuracies
in defining of S due to the dispersion of the investigated
samples of rubber in these solvents seem to be more
probable cause, as it is noted in [3]. Non-coordination for
some other solvents in following calculations may take
place dueto the similar reason.

Similar results have been obtained at generalization
of § data for 31 solvents: R = 0.924, but after exclusion of
the same solvents (butyric acid and benzaldehyde) the
proper equation has been obtai ned:

lgS=-1.914 + (13.363 + 1.692)f(n?) +
+(2.684 + 1.076)f(e) — (1.846 +0.117)-10°B —
—(3.797 + 14.676)-10°E;— (5.563 + 0.875) -10°%d * —
— (0,505 + 2.087)-10°V,, (5)
R=0.960; s=+0.212
and after excluding insignificant parameters V,,, Erand B
1gS, = —1.637 + (13.037 + 1.404)f(n°) +
+(0.922 + 0.608)f(e) — (5.313+ 0.533)-10°d?  (6)
R=0.954; s=+0.227

In Table 1 the experimental and obtained with the
use of the Eq. (6) values of |gS; and their divergences AlgS,
are compared. As one can see the values of AlgS, (except
those for benzaldehyde and butyric acid, which were not
taken into account at cal culation) are within the limits of the
eror corridor s+0.227 or only indgnificantly overstep
these limits (acetic acid, acetophenone, n-propanal).

Generalization of the data on the amount of adsorbed
moles of liquid S, (for obtaining the adequate expression)
requires excluding from calculations of three solvents —
butyric acid, formic acid, and benzal dehyde:
1gS, = 0.670 + (10.891 + 1.435)f(n?) +(1.854 + 0.918)f(e) —

—(0.381 +1.047)-10°B — (25.153 + 13.373)-10°E,—
—~(4.809+0.753) 10°d?— (1.792 + 1.789)10%V,,  (7)
R=0.964; s=+0.179
and after excluding of insignificant parameters B and V.
1gS, = 0.786 + (0.941 + 1.215)f(n?) +(1.603 + 0.573)f(e) —
—~(3.148+ 1.099)-10°E; —(4.241+0553) -10°d?  (8)
R=0962;, s=+0.183

Thus, calculations indicate only insgnificant
differences a the use of three dimensions of adsorbed
liquid — ml/g, g/g and mol/g, although inthe case of Vy, it is
desirable to use a four-parameter equation, since excluding
theterm f(e) decreases Rtill 0.951 and E7 till 0.950. Indll
three cases factors that determine the swdling index are
nonspecific solvation of structural parts of rubber chains by
solvents, caused firstly by their polarizability and solvents
cohesion, which counteracts their penetration into polymer
(dgn “minus’ a the corresponding term). Surprisingly,
possible specific interaction of solvents and polymers is
inggnificant, as well as the molar volume of solvent V,,
thet issize of its molecules.

At longer contact of polymer with organic solvents
its swelling factor usudly increases, evidently, due to
gradual destroying of its structure (Table 2, column 1). For
alkanes this increasing is insignificant (in [3] the authors
observed in some cases even its indggnificant decreasing),
while in the case of aromatic hydrocarbons it reaches 15—
20%. For other solvents, especialy for acids, one can
observe the increasing of Q even till 100 %. Therefore to
examine the approach for generdization of the experi-
mental data proposed in this article as wdl as to determine
factors that govern the sweling chemism we have
generalized the data on swelling index after rubber was in
contact with solvents during seven days. In Table 2 the
respective data from [3] on Q (ml/ml) for 7 days of rubber
swelling and calculated on their basis values of S, (ml/g),
S (9/9) and S, (Mol/1000g) are presented. They also may
be generalized by the Eq. (2), however, the obtained results
are worse since for obtaining of the adequate expressions
exclusion of the data for 4-6 solvents (i.e. till 20 % of their
total amount) from the calculations is necessary.

In the case of generdization of the data on S, for
35 solvents the initial value of R is equa to 0.880 and for
obtaining of the acceptable correation score the values of
S/not only for formic and butyric acids, but aso for cyco-
hexanone, acetone, and benzaldehyde must be excluded
from consideration for obtaining of the acceptable corre-
lation score. The multiparameter equation with R = 0.952
has been obtained. The terms that reflect the influence of
the molar volume Vyy (R decreases till 0.951), polarity f(¢)
(R = 0950) and Er (R = 0.949) were found to be
insignificant:

lgS, = —1.864 + (13.645 + 1.255)f(n?) +
+ (0.7 +0.6)-10°B — (4.6 + 0.4) -10°d 2 9
R=0.949; s=+0.226.

The value of the term with B is insignificant as
well — after excluding it R decreases till 0.946. The same
factors as those in the previous case — f(n?) and &° — are
determinative.

During generaization of the data expressed in the
units of weight §; R of the initially obtained equation is
equal to 0.895; excluding from cons deration of the datafor
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Table2
The amounts of liquids adsor bed by vulcanized rubber in 7 days (1) and by cruderubber in 24 h (1)
| I

No Solvents Q[ s [ § [ s | 0 S S S

1 | Pentane 1.10 1.120 1.789 | 24.838 6.67 6.792 10.850 | 150.640

2 Hexane 1.15 1.171 1.774 20.590 - - - -

3 | Octane 243 | 2475 3521 | 30.832 - - - -

4 | Benzene 450 | 4582 5213 | 66739 | 26.08 | 26558 | 30.214 | 386.813

5 | Toluene 462 | 4705 5427 | 58900 | 2825 | 28.768 | 33.181 | 360.115

6 m-Xylene 4.29 4,369 5.057 47.631 - - - -

7 | Meditylene 3.67 3.737 4320 | 35940 | 2047 | 20.845 | 24.098 | 200.483

8 | Mehylcydohexane 256 | 2.607 3390 | 34525 | 2870 | 29.226 | 38.005 | 387.056

9 | Terdine 6.31 6.426 6.625 | 50.110 | 1665 | 16955 | 17.479 | 132.206
10 | Formicacid 0.21 0.214 0.175 3.802 0.33 0.336 0.275 5974
11 | Acdicacid 018 | 0.183 0.174 2.898 0.22 0.224 0.214 3.564
12 | Butyricacid 1.70 1.183 1.234 | 14.007 331 3.371 3.515 39.898
13 | Acetic anhydride 0.07 0.071 0.066 0.646 0.03 0.031 0.029 0.284
14 | Benzaldehyde 1.73 1.762 1692 | 15944 1.23 1.253 1.203 11.336
15 | Acetone 0.03 | 0.031 0.039 0.671 - - - -

16 | Methylethylketone 0.87 0.886 1.101 | 15.266 0.70 0.713 0.886 12.285
17 | Diethylketone 1.83 1.864 2284 | 26518 7.35 7.485 9.173 106.502
18 | Ethylpropylketone 245 | 2495 3112 | 31.101 8.10 8.248 10.288 | 102.716
19 | Mehylbutylketone 1.02 1.039 1.296 | 12.952 - - - -
20 | Acetophenone 1.40 1.426 1.387 | 11520 0.63 0.642 0.624 5.183
21 | Cydohexanone 480 | 4.888 5162 | 52598 6.55 6.670 7.043 71.765
22 | n-Propand 0.02 | 0.0204 | 0.025 0.416 0.01 0.0102 0.013 0.216
23 | tert-Butanol 0.19 0.193 0.245 3.305 0.13 0.132 0.167 2.253
24 | n-Pentanol 0.09 0.092 0.113 1.282 0.11 0.112 0.138 1.566
25 | n-Hexanol 0.21 0.214 0.261 2.555 0.22 0.224 0.273 2.672
26 | n-Heptanol 076 | 0.774 0.939 8.081 0.9 0.957 1.161 9.991
27 | n-Octanol 098 | 0.998 1.207 9.268 0.72 0.733 0.886 6.803
28 | Amyl dcohal - - - - 0.04 0.0407 0.048 0.826
29 | Benzyl dcohd 0.37 0.377 0.362 3.347 0.09 0.092 0.088 0.814
30 | Cydohexanal 1.27 1.293 1.344 | 13419 0.60 0.611 0.635 6.340
31 | Acetontrile 004 | 0.041 0.031 0.755 0.02 0.0204 0.015 0.365
32 | Propionitrile 005 | 0.051 0.065 1.180 0.08 0.081 0.104 1.888
33 | Benzonitrile 236 | 2403 2.379 | 23.068 3.00 3.055 3.025 29.332
34 | Nitromethane 004 | 0.041 0.036 0.590 0.06 0.061 0.054 0.885
35 | Nitrobenzene 1.13 1.151 0.937 7.612 1.01 1.029 0.837 6.799
36 | o-Nitrotoluene 1.94 1.976 1.699 | 12.390 1.06 1.079 0.928 6.767

formic and butyric acids, acetone and benzal dehyde leads
to the Eq. (10) with R=0.952:
1gS, = —0.646 + (12.499 + 1.343) f(n®) + (2.238 + 0.753)-
-10°B —(0.029 + 0.016)Er — (4.273+ 0.669) -10°5  (10)
R=0.951,s=+0.229

In this case the terms with f(¢) and V), were found to
be insignificant as well; more evidently the effect of Er can
be observed — its exclusion decreases the value of R of the
obtai ned three-parameter equation till 0.945.

Although the expression obtained for al solvents
that generalize their swelling amounts in moles S, may be
characterized by R of the same order — 0.879, for obtaining
of the equation with the acceptable value of R=0.956 it is
necessary to exclude from consderation the data for
already 6 solvents, i. e. ~ 20 % of the total amount — formic

and butyric acids, acetone, benzaldehyde, acetophenone,
and nitrobenzene. In this case the factors f(¢) and Er are
found to beinsignificant again:
1gS, = 0.889 + (10.793 + 1.354) f(n) +(2.293 + 0.738)"
-10%B —(0.037 + 0.015)E; — (3.553 + 0.624)-10% 52 (11)
R=0.951, s=+0212

Further excluding of the term with Er leads to
decreasing of R till 0.941 and of the term with B — till
R=0.934.

Hence, at the large contact time between rubber and
organic solvents the swelling index is determined by the
same factors — the solvents' ability to nonspecific solvation,
which depends on their polarizability and their cohesion that
counteracts swelling. However, some influence (although
inggnificant) of the factor of specific solvation is observed.
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The same regularities were noted at generalization of
the data on crude rubber swelling (Table 2, column I1). First
it must be noted here that amost al solvents (except lower
alcohals) are adsorbed several times better than in the case
of cured rubber probably due to both its less dense structure
and the presence of double bonds. In the limit this rubber
dissolvesin a number of solvents.

The generalization of the respective dataon S, for 31
solvents after swelling during one day leads to the
expression with R = 0.890, however the excluding from
calculation of the data on rubber swelling in formic and
butyric acids, benzal dehyde, and nitromethane allows to get
the adeguate Eq. (12):

lgS, = 1.065 + (13.695 + 2.476) f(n?) —
—(1.040 + 1.147) f(¢) + (2.439 + 1.360)-10°B —
—(0.032 + 0.022)Er—(7.182 + 1.284)-10°5 2 —
—(1.497 + 3.302)-10%V,
R=0.951, s=+0.306

After excluson of ingignificant parameters the
acceptable correlation score can be achieved teking into
account only two parameters, namely f(n) and 6%

1gS, = 0.046 + (13.485 + 1.860) f(n?) —
—(83+06)10%2
R=10.950, s=+0.328

At generdization of the data on S, for the increase of
the initial value of R = 0.902 the exclusion of the data for
the same four solvents is necessary, thus the equation with
R = 0.960 has been obtained:

1gS, = 0.826 + (15.558 + 2.253) f(n®) —
—~(2.487 + 1.057)f(c) + (3.609 + 1.382)-10°B —
—(0.014 + 0.020)Er—(7.925 + 1.230)-10°5 2 —

(12)

(13)

—~(2.838+ 3.254)10*V,, (14)
R=0.960, s=+0.302
and after excluding insignificant parameters
IgS, = 0.024 + (14,533 2.181) f(n®) +
+(1.30+ 1.00)'10°B—(9.00 + 0.70):10°%5 2 (15)

R=0.950, s=+0.336

The influence of the factor of badicity is also
relatively indggnificant. A two-parameter eguation obtained
after the excluson of this factor is characterized by the
value of R=0.940.

The results obtained in the case of the generalization
of the data expressed in moles (S,) are rather worse. The
initial value R = 0.889 may be increased till the acceptable
levd by exduson of the data for formic acid,
benzaldehyde, nitromethane, and acetophenone:
1gS, = 2.945 + (13.788 + 2.494) f(n?) -(2.862 + 1.041)f(¢) +

+(4.001 + 1.361)-10°B — (0.020 + 0.019)Er— (7.689 +
+1.231):10°5 2— (6.554 + 3.205)-10*V,, (16)
R=10.956, s=+0297

However, only one parameter was found to be
inggnificant here — Er; its exduson decreases R
inggnificantly — till 0.955. The exclusion of any other
parameter leads to obtaining of a four-parameter equation
with R lower than the acceptable limit of 0.95. The para-
meter of the molar volumeisaso reatively insignificant:
1gS, = 2.035 + (11.466 + 2.131) f(n?) - (2.458 + 1.122)f(¢) +

+(2.30 + 1.20):10°B — (7.50 + 0.80)-10°%5 2 (17)
R=0.947, s=+0327
Further exclusion of theterms f(¢) or B leads to the
equations with R~ 0.940.

4. Conclusions

The performed mathematical analysis of the data
from [3] on swelling of both vulcanized and crude rubber in
solvents of different nature makes it possible to conclude
that the swelling index is determined mainly by nonspecific
solvation, defined by solvent polarizability, and by their
cohesion, that counteracts this process. Contrary to the
common opinion that the swelling index for rubber depends
on penetrants polarity, the above mentioned factor, as well
as their molar volume, is indggnificant. The influence of
possible specific solvation isinsignificant aswell.

In contrast to the data of [14-16] on some other po-
lymers swelling, according to which the data may be ge-
neralized rather in moles of liquid adsorbed by rubber, in the
case of crude rubber datigtically better results may be ob-
tained at generalization of the data expressed in volume parts.
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SAJIEZKHICTD CTYIIEHS HABPSIKAHHST
IMPUPOJHOI'O KAYUYYKY BIJI BJACTUBOCTEHN
OPI'AHIYHUX PO3YNHHUKIB

Anomauin. Mamemamuunuil ananiz OaHux 3 HAOPAKAHHS
npUpoOHO20 KayuyKy NOKA3ye, WO CMYNiHb NOTUHAHHS POZHUHHUKIE
KAyuyKOM 3aQ1excumyv, 8 OCHOBHOMY, 6i0 iXHbOi 30amHocmi 00
HecneyughiuHol 63aemo0il | Kozesiit, wo npomuodie YoMy npoyecy.

Knwuoei cnosa:. ninitini  6azamonapamemposi - pigHAHHSL,
CMYNiHb HAOPAKAHHS, OP2AHIYUHE POSUUHHUKIL.
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