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Sorption, desorption and diffusion coefficients have been obtained for benzene, toluene, ethyl
benzene, p-xylene, chlorobenzene, bromobenzene, 1,2-dichlorobenzene and mesitylene into thermo-
plastic blend of ethylene-propylene random copolymer and isotactic polypropylene in the tempera-
ture range of 25- 70°C. Diffusion coefficients have been correlated with liquid viscosity and follow
the expected ~ren~ of decre~se in diffusivity with ~ncrease in liquid viscosity. The concentration de- -.f
pendency of diffusIon coefficIents has also been studIed.

Liquid transport in terms of solvent sorption, de- of the poiymer in the presence of solvents. The
sorption and diffusion into polymeric membranes experimental results of diffusion, sorption and de-
has been investigated extensively over the past de- sorption parameters have been discussed in terms
cades. Several types of diffusion anomalies' such of temperature, solvent size, shape and polymer
as case-I, case-II or super case-II and anomalous morphology. The concentration-dependency of
diffusion (non-Fickian) have been described!. For diffusion coefficients has also been analyzed. Ar--
an understanding of the molecular transport of li- rhenius parameters for different transport pro-
quids into polymeric membranes, it is important cesses have been estimated.
to estimate the sorption, desorption and diffusion
parameters. Thus, an accurate knowledge on sol- Experimental Procedure
vent sorption, desorption and diffusion profiles Santoprene rubber samples (sample designation
into network polymers is needed before we envi- '*' 103-40) and preparation of test samples are
sage the diverse applications of polymers in hos- the same as reported earlier. The reagent grade
tile solvent media. benzene (Sisco Chern, India), toluene (Fischer In- ...

This paper presents the sorption, desorption organics and Aromatics, India), ethyl benzene
and diffusion results on thermoplastic blend of (Riedel, Germany), p-xylene (sd Fine Chern, India),
ethylene-propylene random copolymer and isotac- chlorobenzene (sd Fine Chern, India), bomoro-
tic polypropylene, also known as Santoprene, up- benzene (Ranbaxy, India), 1,2-dichlorobenzene
on exposure to benzene, toluene, ethyl benzene, (Sisco Chern, India) and mesitylene (Merck-Schu-
p-xylene, chlorobenzene, bromobenzene, 1,2- chardt, Germany) were double distilled before
dichlorobenzene and mesitylene over the temper- use.
ature interval of 25-70°C. These liquids are chos- Sorption (S)-Desorption (D)-Resorption
en in view of their industrial importance. On the (RS)-Redesorption (RD) Testing-Circularly cut
other hand, Santoprene finds a number of engi- and vacuum dried Santoprene samples weighing
neering applications such as in the manufacturing initially ~ 0.4630 g were placed in screw-tight test
of hose connectors, plugs and o-rings. Hence, in- bottles containing about 15 to 20 mL of the sol-
teraction of aromatic liquids with Santoprene is of vents. The samples were removed from the bot-
some importance before the intended applications tIes at regular intervals, the surface adhered liquid

.drops were wiped by pressing the samples in-be-
tThis paper was presented at the "International Symposium tween filter paper wraps and again weighed on a
on. Macromolec~les" organized by The S«:,cie,ty of ~lymer digital Mettler balance Model AE 240 (Switzer-
Science and Indian Space Research Orgamzatlon dunng 11- ) ' ...
13 January 1995 at Vikram Sarabhai Space Center Thiru- land WIthin a precIsIon of :t 0.01 mg. Equilibn-vana'thapuram. ' urn sorption was attained within 24 h which did
* Author to whom corresponden.:e should be addressed. not change over a continuing period of one or
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Results and Discussion
, S-D-RS-RD phenomena-The dynamic

two days. After sorptIon, the sorbed samples were soq>tion results have been fitted to the relation 3:
placed in vacuum for desorption.

Resorption testing was carried out in the same Q,
manner as sorption. If Santoprene does not exhib- -= Ktn ...(3)
it any weight loss during sorption and desorption, Q.o

the initi.al weight of the polymer ~~ weight ~er where Q, is mass of solvent sorbed at time 1, Q..,
desorptIon should be the same. ImtIally, a W(;lght is equilibrium value and K is an empirical par-
loss of a~out 24-~7% of Santop~ene was o~- ameter which depends on the structural character-
served durIng sorptIon and .desorptIon runs. This istics of the polymer and its interaction with sol-

r is attributed to the complicated morphology of vent molecwes. In desorption, Q, and Q.., are the
San.toprene s~ples. The resorbed samples were mass loss of the drying sample at time t and the
agaIn. pla~ed m vacuu~ oven for a ~ec?nd de- completely dried sample, respectively. The value,-¥ sorptIon, I.e., redesorptIon cycle. At this tIme, the of the exponent n indicates the type of transport

total percent weight loss was within 1 % indicating mechanism. Fo; all transport processes under
no change in the morphological set up of the po- consideration, the values of n vary between 0.51

.lymer... to 0.68 in the temperature interval of 25- 70°C
The follo."'mg relatIons were us~ to calculate ~uggesting the observed diffusion to be of anoma-

the Wt %gamand Wt % loss, respectively. lous type4. The values of K increase with temper-

ature but decrease with increasing size of the li-
WI % gain = ~ -Wox 100 ...(1) quid molecules in ~e of methyl-substituted be;n-

Wo zenes suggesting the mcreased polymer-solvent m-
teractions.

Wo- Wd The reduced plots of S-D runs at 25°C are
Wt % loss= ~x 100 (2) presented in Fig. 1, while those for RS-RD runs

--+- ° are given in Fig. 2. hI all cases, the reduced

where Wo and W, are, respectively, the polymer curves for sorption show the overshoot effects.
initial weight and weight at different times of This ef!ec~ is more f~r be~ene ~d tol~ene th.an
sorption experiments. Wd is the weight of the other liqwds suggestIng higher mteractIons ':"1th
polymer after desorption. benzene than toluene. The overshoot effect IS a
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Table I-Percent overshoot index values, solubility and diffu-sivity for sorption at different temperatures 0.5 !.. a =aa a a a a

Solvent Temperature, .C 0.4 .; o~~ .o,.~

25 40 55 70 03 1:..0 ~ 000000
Goo ...

OJ 0.2 ~
Benzene 44.91 30.92 24.31 14.99 0.1 fA"
Toluene 28.63 24.06 22.29 12.07 ~
Ethyl benzene 34.04 26.63 22.22 13.95 0 aaaa a a a
p-Xylene 27.99 23.37 17.63 13.33 0.5 ao.~

.~ Chlorobenzene 17.23 17.11 13.90 7.69 O lD- -" 00000." _0 ao 00006Bromobenzene 12.25 12.68 9.85 10.35 .~ 0 00 000 0
.~ 0.3 ~o1,2-Dlchlorobenzene 16.02 9.69 16"35 1. 75 ~ ~o

Mesitylene 19.06 20.29 14.33 3.87 a~ 0.2 ,.

S 101 0.1 ..@
,mo 10 0 "' 1 " "

Benzene 0.246 0.309 0.381 0.460 50 100 150 200
Toluene 0.275 0.315 0.363 0.455 0-4 .c, aa 00 a a a ..J
Ethyl benzene 0.221 0.256 0.298 0.369 a

p-Xylene 0.248 0.296 0.343 0.398 0.3 a.~ .
Chlorobenzene 0.337 0.375 0.438 0.524 a 6 0 06606 6

~o .0Bromobenzene 0.337 0.368 0.434 0.512 0.2 a .000
~o1,2-Dichlorobenzene 0.277 0.349 0.368 0.458 ~

Mesitylene 0.207 0.240 U.290 0.393 0.1 @

106 D, cm2/s 00 60 120 180 240 JOO
Benzene 2.32 2.49 3.11 3.22 10th .0.5 -1" ,mln cm
Toluene 2.10 2.36 2.53 3.15
Ethyl benzene 1.94 2.23 2.47 2.89 Fig. 3-Effect of temperature on sorptio~ curves fo (A) ben-

zene (B) chlorobenzene and (C) mesltylene.Symbols: (0)p-Xylene 1.55 2.30 2.42 3.30 ' 25°C, (1:.) 40.C, (8) 55.C, (0) 70.C.

Chlorobenzene 1.40 1.70 1.99 2.65
Bromobenzene 0.90 1.18 1.53 1.98 served with the halo-substituted benzenes, The
1,2-Dichlorobenzene ().43 0.60 1.06 1.06 observed lower values of 01 for a bigger mesity-
Mesitylene 0.79 1.13 1.34 1.22 lene molecule is attributed to the slow relaxation 4

of Santoprene chain segments in the presence of a
smaller beItzene molecule.

further proof of the changes in morphology of The desorption, resorption and redesorption
Santoprene sample, Such overshoot effects have curves at 2Sac are different when compared to
also been observed earlier3,s- 7, sorption curves, Generally, the resorption uptake

The extent of overshoot effect has been calcu- values are higher than the desorption or rede-
lated as percent overshoot index, OJ, using3 sorption uptake values. The uptake values for de-

sorption and redesorption runs are not very much
01 = Qrn -Q~ x 100 ., .(4) ~iffer~nt indicating the identical drying mech~-

Q~ ISms m Santoprene samples. The redesorption
curves follow an identical pattern to those ob-

where Qm is the maximum overshoot uptake va- served for desorption runs. The time required to
lue, However, overshoot effects are not observed reach equilibrium desorption are higher in rede-
for desorption, resorption and redesorption runs sorption than desorption runs. Of all the liquids,
(Figs 1 and 2). The calculated values of 01 are mesitylene in desorption runs shows a more sig-
given in Table 1, Of all the liquids, benzene exhi- moidal behaviour than other liquids, However,
bits a maximum value of 01. Furthermore, the va- equilibrium desorption values for p-xylene and
lues of OJ decrease from benzene to mesitylene. ethyl benzene are almost identical for desorption
Also, OJ. values show a decrease with increasing runs (Fig, 1), In all cases, the desorption and
temperature. This type of dependency is not ob- redesorption curves show Fickian trends, On the



AMINABHAVI & PHAYDE: UQUID TRANSPORT INTO POLYMERIC BLEND 187

0 75 150 225 m T bl 2 C . f I bil ' d diffu.. f d.a.. ~ -ompanson 0 so u Ity an SlVlty or esorp-
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i -:;.- .Solvent D RS RD

0-45 ..6 6 ."A 66 6 S, mol %
~
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0.30 .. Toluene 0.443 0.707 0.422
0.15 Ethyl benzene. 0.374 0.591 0.363
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0.2@ Toluene 0.97 0.22 0.84

0 B 0 Ethyl benzene 0.42 0.15 0.05

~ J 150 m 450 600 p-Xylene 0.03 0.19 0.33
t.: 6. Chlorobenzene 0.48 0.17 0.14

66 .0.30 a6 ..0.8 Bromobenzene 0.19 0.08 0.13
.:.. .1,2-Dichlorobenzene 0.02 0.05 0.03

0-20 ~ 0-6 Mesitylene 0.01 0.13 0.07~ _aa-
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@ In desorption experiments, a major portion of
0 9000 the total polymer void region is lost initially due

0 225 450 675 .
to volume collapse of the matenal as observed by

,. .0.5 -1 d . th . f S I This,tl h,m,n tm a ecrease m e SIZe 0 antoprene samp es.

Fig. 4-Reduced plots of mol % sorption, desorption, resorp- is probably due to a mismatch of the time scale
tion and.redesorption (S-D-RS-RD) at 25°C for (A) ben- for liquid diffusion and polymer chain relaxation
zene, (Br chlorobenzene and (C) mesitylene. Symbols: (8) phenomenon. However, during resorption, the

sorption, (0) desorption, (A) resorption, (A) redesorption. large scale molecular rearrangement may not take
place and diffusion may be more of a void-filling

~ other hand, for resorption, slight sigmoidal tend- process. Thus, sorption results are dependent on
encies are observed for almost all solvents. solvent size, its polarity, void volume and polymer

Typical temperature dependent sorption plots morphology. It is, therefore, difficult to attributeI
presented in Fig. 3 for benzene, chlorobenzene the transport results to anyone particular pheno-
~d mesitylene exhibit overshoot e~ects even at ~en~n and at best, it may be regarded as a. co~-
higl:ler temperatures, but the effect IS smaller at bmation of many transport processes occurnng Sl-

.higher temperatures than at ambient conditions. multaneously.
This, however, depends on the type of liquid Within the investigated temperature range, the
used. Typical S -D -RS -RD plots at 25°C are mol % sorption coefficients, S obtained from the
presented in Fig. 4, wherein, it is seen that the true equilibrium sorption values increase with
shapes of the curves are different for the temperature showing the net effect of polymer
S -D -RS -RD runs suggesting different types of segmental movements and creation of extra free
transport mechanisms operating in these pro- volume within the polymer matrix. These values
cesses. For instance, with benzene, the desorption are given in Table 1. The S values of benzene at

;+ and redesorption curves are somewhat identical 25 and 40°C are smaller than toluene, whereas at
whereas, with chlorobenzene and mesitylene, the higher temperatures, these decrease with increas-
shapes ()f such curves in desorption and redesorp- ing size of liquids in a related series of methyl-
tion experiments are different. For chlorobenzene, substitlued benzenes. However, a symmetric
all the S -D .,- R~ -RD curves are more sigmoid- molecule like p-xylene shows lower S than the re-
al when compared to benzene or mesitylene. latively unsymmetrical toluene at all tem:peratures.
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On the other hand, a more polar molecule like zenes. The presence of a still larger ethyl group as

1,2-dichlrobenzene exhibits lower sorption than in ethyl benzene renders the molecule more slug-

chloro- or bromo-benzenes. This suggests that the gish showing a decrease in D as compared to tol-

sorption results are not merely influenced by the uene. Similarly, diffusivity decreases systematically -

size of the solvent molecules, but by their -shapes with increasing size of halo-substituted benzenes.

and the interacting groups. However, in all cases, the values df D incr~a~e

The mol % uptake values (i.e., moles of solvent with increasing temperature. The D values for

sorbed per 100 g of the polymer)' for D-RS-RD processes at 25°C also decrease

D -RS -RD experiments obtained at 25°C are with increasing size of methyl-substituted ben-

compiled in Tab1p 2. The resorption uptake va- zenes as well as halo-substituted benzenes. Ethyl

lues follow the same trend as those obserV~ for benzene shows lower D values than a somewhat

sorption (Table 1), but the S values for resorption similar size liquid such as p-xylene for the

are higher than sorption. On the other hand, de- RS -RD runs. Similar observations also hold

sorption and redesorption values decrease from good for toluene and bromobenzene which have

benzene to mesitylene, thus showing a depend- almost identical size, but D is higher than brom-

ence Qn the size of the liquid molecule in a relat- obenzene for the D -RS -RD processes. This

ed series of liquids. However, ethyl benzene suggests that the diffusion results are affected not

shows lower values for desorption and redesorp- only by the type of substitution on benzene, but

tion than toluene or p-~lene. With halo-~ubstitut- also the nature of the transport processes. J

ed benzenes, ~e sorption. and r~sorptl°n. data Diffusion of homologous paraffin hydrocarbons

s~ow a decreasmg trend WIth an mcrease m the into rubbery polymers has been studied1O. It was

s~e of the penetrant mole.c~es but, f?r redes<?rp- observed that the presence of side methyl groups

tlon, bromobenzene exhibIts the mte.nnedlary in a molecule lowers diffusivities more than in the

v~ues between those of chlorobenzene and 1,2- absence of such groups. Conversely, when liquid

dichlorobenz;ene. ...molecules are of comparable diameter, but having
Computatzon of diJ[usl~n coefficle~ts- The con- different substitutions, then the effect of change in

centratlon average diffusIon .co~fficlents, D have polarity of the molecule governs the diffusion

been calculated from the relation: mode. This appears to be the case for 1,2-dich-

Q ( 8
) ... ![ 1 ] lorobenzene whose D values are smaller than

-.!- = 1 -2 I ( ) 2 other halo-substituted benzenes, because of its
Q... 1C n=O 2n+l high polarity.

[ -D(2n + 1)21C2t ]] Solvent diffusion into solid polymer matrices

exp h2 ...(5) also depends on the availability of appropriate
molecular size, free voids and the attractive forces

Several numerical solutions to Eq. (5) have been between the liquids and the polymer. The pres-

suggested9. In the present approach, an algorithm ence of voids is a function of both polymer struc- was used to compute D over a range of concen- ture and its morphology. Santoprene is a lightly

tration points up to about 50-55% of equilibrium crosslinked polymer with dense regions distribut-

sorption by the iterative procedure by fitting up ed randomly within the entire matrix. When in

to 11 points (i.e., n~10). Thus, the D values cal- contact with the liquid media, due to solvent mi-

culated by Eq. (5) and compiled in Tables 1 and gration, Santoprene chains expand so that the

2 are regarded as the avcrage values taken over a chain-links become somewhat weaker. This im-

range of concentrations. The symbol h in Eq. (5) plies that polymer chains between crosslinks

indicates thickness of the polymer sample. move more freely and the molecular mobility of

The values of D are different in all the the network is enhanced through diffusion of sol-

S -D -RS -RD processes suggesting different vent molecules. Diffusion in rubbery polymers is

drying and sorption mechanisms of Santoprene in thus influenced by solvent viscosity, 1], as shown

the presence of solvent media. In the present ex- in Fig. 5. Such a correlation was also observed

perimental systems, at all temperatures, the values earlier by Vahdapl. The trend in the variation of

of D for benzene are higher than the other substi- D with liquid viscosity is also in accordance with

tuted benzenes. The presence of pendant methyl thG well-known Stokes-Einstein relation12:

groups in benzene increases the molecular size

and thereby show a decrease in D. M~itylene has D=~ ...(6)

the smallest D than other methyl-substituted ben- 61C1]r~



AMINABHAVI & PHAYDE: UQUID TRANSroRT INTO roLYMERIC BIEND 189

2-3 Table 3-Arrhenius values and niolar volume for Santo-

piene + liquids
+~ -1.8 Solvent EDikJ/mol AH;,kJ/mol V.,cm3/mol

.~
roe Benzene 6.88 11.82 89.4

I.)
u- Toluene 7.20 9.29 106.9

~ Ethyl benzene 7.37 9.52 123.1
0 0.8

p-Xylene 13.19 8.86 123.9

Chlorobenzene 11.72 8.33 102.2
0.)

0-5 0.7 0.9 1.1 Bromobenzene 14.92 8.00 105.5

1J.mPa.s 1,2-Dichlorobenzene 18.83 8.85 113.1

Mesitylene 8.61 11.85 135.6
---Fi$. 5 -Relationship between viscosity and diffusivity for San-

toprene + aromatics at 25°C. Symbols are the same as in
IF. 1 mo wt

Ig. ..Calculated at 25°C using V=-

density

,"
-

-5.51
~~ -5.66 the methyl-substituted benzenes except mesity-

lene. For halo-substituted benzenes, ED increases

-5.81 from chlorobenzene to 1,2-dichlorobenzene

showing a dependence on the molar volume of
-5.96 the liquid.

-6.11 The res~ts of S have been analyzed using van't
0 Hoff ~uatIon:
0' -5-52~ ~v ~Hs

InS=InSo-- ...(8)
-5.82 RT

~ where ~Hs is heat of sorption and is a composite

-6.t2 parameter which depends on both Henry's law

.and Langmuir's type sorption, So is a pre-expon-

ential factor, R is universal gas constant and T is
-6-422.87 ].02 ].17 ].]2 temperature in absolute. ~ ~e ~res.ent systems, ,.-

r ) -t the values of ~Hs are posItIve mdlcanng the pres-
t'Y.10 ,K ence of Henry's law sorption mode. The values of

Fig. 6-Arrheniusplots for the dependence of log D \IS lIT ~Hs decrease from benzene to p-xylene except
,. for S~toprene + aromatics. Symbols are the same as in Fig. 1. ~esitylene. However, the ~Hs values for benzene

and mesitylene are almost identical signifying no

side group substitution effect on the parent ben-, .
~ where kis Boltzmann constant, TIs temperature in zenemolety.

absolute and r is hydrodynamic radius of the .

transporting molecule into the polymer matrix. Conc.luslons ..; 
Arrhenius activation parameters-It was real- This paper presents an analYSIS of sorptIon, de-

ized that the temperature dependence of both sorption, resorption, redesorption and diffusion of
sorption and diffusion follow Arrhenius behav- methyl- and halo-substituted benzenes into Santo-

iour. Th~ activation energy for diffusion, ED has prene by agra~~tric me1!tod in the temperature

been estimated from a least-squares analysis of mterval of 25-.1.0 C. Anal~SlS of the results leads to
the log D versus lIT results, presented in Fig. 6, the und~rstandmg that so!vent tr~p?rt dep~nds

;+.-~ according to the following relation. on the sIZe as well as their chemical mteractIons.

In D = In D -Ei/ RT (7 ) At. higher.~emperatures, the incre"ase in diffus~on
0 ...and relaxation rates of the polymer, accompanied

Here, Do is a pre-exponential factor and RT has by an increase in Santoprene void volume result-:-
the usual meaning of energy. The ED values pre- ed in a higher ~uilibrium penetrant uptake. The

sented in Table 3, increase with increasing size of overshoot effects have been associated with the
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complicated morphology. of Santoprene matrix. Do = Pre-exponentia! factor in Eq.l.7)
The Santoprene-solvent systems of the present R = Gas constant, J/mol K

.fi I: 11 h al .S = Pre-exponential factor in Eq. (8)
study are classl ed to 10 ow t e anom ous type .Oh H t f Uo kJI I.u s = ea 0 sorp on, mo -
transport mechanIsm. k = Boltzmann constant

r = Hydrodynamic radius of the transporting
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