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ABSTRACT: Sorption and diffusion of aldehydes and ketones through different NR
blends of bromobutyl (BIIR), chlorobutyl (CIIR), neoprene, EPDM, polybutadine, and
SBR were studied at 25, 40, and 607C. From the data, the Arrhenius activation parame-
ter for diffusion, ED , was determined. From the temperature dependence of the sorption
constant, the enthalpy of sorption, DH , and entropy of sorption, DS , were also deter-
mined. The activation parameters are found to follow the conventional trend. Transport
properties are affected by the nature of the interaction of solvent molecule, by its size,
and also by the structural variation of the elastomers. For all the solvents, the polymer
blends remained intact but the blends in the presence of benzaldehyde showed degrada-
tive reactions at higher temperature. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67:
101–112, 1998

INTRODUCTION and ketones are used as penetrants. These occur
widely in nature and play an important role in
living organisms—both contain the carbonylThe sorption and diffusion of organic liquids into

crosslinked rubber network systems were studied group. Their transport characteristics with re-
spect to polymer membranes is important.by several authors.1–8 In all these studies, it was

pointed out that the rate of solvent transport A survey of the literature reveals that the elas-
tomeric blends have not been studied thoroughly.within a polymer material depends upon the na-

ture of the functional groups in the solvents and This article reports the experimental sorption and
diffusion results of aldehydes and ketones for thetheir interaction with the polymer chain seg-

ments. It has also been observed that the diffusion natural rubber (NR) blends of bromobutyl
(BIIR), chlorobutyl (CIIR), neoprene, EPDM,mechanism follows the Fickian trend and the ki-

netics of sorption is of first order. The primary polybutadiene, and SBR. The sorption experi-
ments are performed at 25, 40, and 607C and thesegoal of these studies has been to estimate the

sorption [S], diffusion [D], and permeation [P] co- results are used to estimate the Arrhenius param-
eters.efficients besides system parameters n and k and

to study their temperature dependence. These
data have relevance in areas like controlled-re-
lease systems1 (drugs and pesticides), hazardous EXPERIMENTAL
waste treatments,2 reverse osmosis,3 and perva-
poration.4 In the present study, some aldehydes

Reagents and Specimen Preparation

A 6 1 13 inch laboratory mill was used to mix the
Correspondence to: Dr. Siddaramiah.

rubber compound for molding sheets of dimen-
Journal of Applied Polymer Science, Vol. 67, 101–112 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/010101-12 sions 14 1 12 1 0.2 cm in a hydraulic press. The
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102 SIDDARAMAIAH ET AL.

Table I Recipe for Different NR Blends and Curing Conditions

Ingredients NR/BIIR NR/CIIR NR/Neoprene NR/EPDM NR/Polybutadiene NR/SBR

ZnO 5.0 5.0 5.0 5.0 5.0 5.0
Stearic acid 2.0 2.0 2.0 2.0 2.0 2.0
PBN 1.0 1.0 1.0 1.0 1.0 1.0
CBS 0.6 0.6 0.6 0.6 0.6 0.6
MBTS 0.1 0.1 0.1 0.1 0.1 0.1
Sulfur 2.5 2.5 2.5 2.5 2.5 2.5
Curing temp (7C) 160 160 160 160 160 160
Curing time (min) 8 9 13 6 5 9

All the above blends contained about 75 phr of NR and 25 phr of a blending rubber.

compounded blends were cured at 1607C and the ries, the percentage mass uptake and the time
required to attain equilibrium saturation arecuring time is different for different formulations,

which are shown in Table I. found to be inversely proportional to the size of
the solvent molecules. However, an interestingAR-grade solvents, namely, acetaldehyde,

benzaldehyde, furfural, acetone, acetophenone, observation of a sudden overshoot followed by an
equilibrium and subsequent decrease in the sorp-and cyclohexanone, were distilled twice before

use. The polymer samples were cut circularly (di- tion of furfural in the case of NR/neoprene (Fig.
1) was made. The molecular transport of organicameter 1.5 cm) using a sharp-edged steel die. The

thickness of the specimen lies in the range of 0.2– liquids through elastomers is well known but is
not completely understood. Alfery et al.5 classified0.26 cm.
the transport phenomena as case I or Fickian
when the solvent concentration is low and swell-

Sorption Experiment ing is not important. At higher concentrations,
however, swelling to relieve the mechanicalSorption and diffusion of aldehydes and ketones
stresses becomes important so that transport iswas studied using an immersion/weight gain
case II or non-Fickian. Here, the solvent front ismethod at different temperatures of 25, 40, and
sharp and moves at a constant velocity when607C. The samples were immersed in an air-tight
transport dominates the process. If, on the otherglass bottle containing the respective solvents
hand, both mechanisms are operative, the timemaintained at the desired temperature. At an in-
exponent varies between 1/2 and 1 according toterval of 3–4 h, the specimen was removed and
the relationwiped off by filter paper and weighed.

Mt /M` Å ktn (1)
RESULTS AND DISCUSSION

where k and n are system parameters, and Mt and
M` are the mass uptake values at time t and atSorption results are interpreted in terms of a

mass increase in concentration per 100 g of the equilibrium, respectively. From a least-square
analysis of the log Mt /M` vs. log t , the values ofNR blend vs. the square root of time t1/2 . Some

typical plots of the variation of % mass uptake k and n were obtained for aldehydes and ketones
and these are included in Tables II and III, respec-with t1/2 for the NR/CIIR blend in ketones at 407C

are presented in Figures 1 and 2, respectively. tively (Fig. 7). It is found that the values of n of all
NR blends vary between 0.50 and 0.63, suggestingThe plots of all NR blends in furfural at 407C and

in cyclohexanone at 257C are given in Figures 3 that their transport behavior is expected to be of
near-Fickian type. However, it is observed thatand 4, respectively. The NR/SBR blend shows the

attainment of equilibrium more quickly than any there is no systematic dependence of n on temper-
ature but k increases systematically with temper-other blend in furfural (Fig. 3). In ketones, except

NR/BIIR in cyclohexanone, all blends have ature due to an increase in segmental motion with
the increase in temperature.6,7reached equilibrium almost at the same time.

However, with all the blends in the aldehyde se- The sorption plots presented in Figures 1–6
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SORPTION/DIFFUSION OF ALDEHYDES AND KETONES 103

Figure 1 Percentage mass uptake Qt vs. square root of time for NR/neoprene blend
with different aldehyde penetrants.

appear to show linear relations in the beginning, to be operative at the root of the non-Fickian re-
sponses that manifest themselves as sigmoidalsuggesting the transport mechanism to be of a

Fickian type. However, more complex effects seem deviations from the linearity in the plots. An ex-

Figure 2 Percentage mass uptake Qt vs. square root of time for NR/CIIR blend with
different ketone penetrants at 407C.
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104 SIDDARAMAIAH ET AL.

Figure 3 Percentage mass uptake Qt vs. square root of time for different NR blends
with furfuraldehyde penetrant at 407C.

ample of such a non-Fickian response is shown in portant, the transport is found to be Fickian.5 But
at higher concentrations, however, swelling to re-Figure 2 for NR/CIIR in furfural. When the sol-

vent concentration is low and swelling is not im- lieve the mechanical stresses becomes important5

Figure 4 Percentage mass uptake Qt vs. square root of time for different NR blends
with cyclohexanone penetrant at 257C.
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SORPTION/DIFFUSION OF ALDEHYDES AND KETONES 105

Table II Sorption Data n and k Values of NR Blends in Aldehydes at Different Temperatures

Benzaldehyde Furfural Acetaldehyde

Temp k 1 102 k 1 102 k 1 102

NR Blends (7C) n (g/g minn) n (g/g minn) n (g/g minn)

NR/BIIR 25 0.50 3.08 0.54 1.28 0.50 1.47
40 0.50 3.88 0.54 1.59 0.50 3.14
60 — — 0.50 2.80 0.50 3.21

NR/CIIR 25 0.50 3.02 0.53 3.27 0.52 1.18
40 0.50 3.24 0.50 1.23 0.50 1.62
60 — — 0.51 1.90 0.51 3.21

NR/neoprene 25 0.63 1.36 0.60 0.87 0.50 1.18
40 0.50 7.20 0.50 1.80 0.50 1.62
60 — — 0.50 2.20 0.50 1.69

NR/EPDM 25 0.57 1.30 0.55 1.91 0.50 1.13
40 0.50 3.84 0.50 3.69 0.50 1.51
60 — — 0.50 5.29 0.50 2.68

NR/polybutadiene 25 0.57 2.47 0.50 2.47 0.50 2.02
40 0.55 3.34 0.50 3.02 0.50 2.38
60 — — 0.50 3.92 0.50 2.52

NR/SBR 25 0.52 2.11 0.50 3.02 0.50 4.60
40 0.53 3.76 0.50 4.00 0.51 5.00
60 — — 0.50 4.50 0.50 5.20

Table III Sorption Data n and k Values of NR Blends in Ketones at Different Temperatures

Acetone Cyclohexanone Acetophenone

Temp k 1 102 k 1 102 k 1 102

NR Blends (7C) n (g/g minn) n (g/g minn) n (g/g minn)

NR/BIIR 25 0.52 6.39 0.52 2.03 0.50 1.83
40 0.50 10.97 0.53 1.83 0.52 1.94
60 0.50 12.00 0.50 3.21 0.54 2.52

NR/CIIR 25 0.50 6.08 0.51 2.07 0.54 1.09
40 0.50 6.40 0.52 1.72 0.52 1.98
60 0.50 6.65 0.54 1.86 0.50 3.27

NR/neoprene 25 0.50 3.34 0.50 3.50 0.51 1.56
40 0.50 6.02 0.50 2.80 0.51 2.38
60 0.51 2.73 0.51 4.40 0.52 3.84

NR/EPDM 25 0.53 3.69 0.52 2.42 0.58 1.33
40 0.50 5.30 0.55 2.76 0.56 1.74
60 0.53 5.30 0.50 2.84 0.50 2.02

NR/polybutadiene 25 0.54 2.60 0.50 2.65 0.52 1.83
40 0.52 2.87 0.50 2.79 0.51 2.07
60 0.50 9.07 0.50 3.24 0.51 2.13

NR/SBR 25 0.53 6.86 0.50 3.08 0.50 1.83
40 0.53 3.60 0.50 3.02 0.50 2.45
60 0.50 10.23 0.50 3.18 0.51 2.82
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106 SIDDARAMAIAH ET AL.

Figure 5 Percentage mass uptake Qt vs. square root of time for NR/CIIR blend with
furfuraldehyde penetrant at different temperatures.

so that the transport becomes non-Fickian. Here, stress. This phenomenon results in an initial lin-
ear uptake for a time sufficiently small to main-the solvent front is sharp and moves at a constant

velocity characteristic of the interplay between tain a negligible concentration gradient in the
swollen region behind the advancing front.8–10the establishment of the local swelling stress and

the relaxation response of the elastomers to the As shown in Figures 2 and 4, NR/EPDM be-

Figure 6 Percentage mass uptake Qt vs. square root of time for NR/SBR with cyclo-
hexanone penetrant at different temperatures.
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SORPTION/DIFFUSION OF ALDEHYDES AND KETONES 109

Figure 7 Log Mt /M` vs. Log t for NR/SBR with cyclohexanone penetrant at different
temperatures.

haves distinctly different, in that its swelling polar groups such as bromine and chlorine can
interact with the carbonyl group of aldehydes ortendencies are slightly low when compared to

other blends. The diffusion coefficient (D ) and ketones, thereby increasing the sorption values.
The higher S values of 200 1 1002 g/g for NR/sorption (S ) ; i.e., the maximum mass uptake ob-

tained from plateau regions of the sorption curves neoprene in benzaldehyde at 407C may be due to
the presence of the chloride group on the neoprenefor aldehydes and ketones, are given in Tables IV

and V, respectively. From these tables, it is evi- chain segments which may increase its ability to
sorb a polar molecule such as benzaldehyde. Simi-dent that the S values of aldehydes vary in the

range 4.5–200 of the dry sample weight, whereas larly, higher values of 5501 1002 g/g for NR/SBR
in acetophenone at 607C may be due to the factfor ketones, they vary from 8.3 to 600 of the dry

sample weight. Such relatively small values of S that actophenone, being an aromatic, is attracted
by aromatic styrene of the SBR chain accordingfor NR/EPDM are attributed to a relatively

tightly packed structure of EPDM, thereby exhib- to the principle ‘‘like absorbs like.’’
Regarding the effect of temperature on sorp-iting the toughness of the plastic and the elasticity

of the gum elastomeric phase. This intrinsic prop- tion, it is found that the sorption increases with
an increase in temperature for all blends excepterty of EPDM may restrict the free movement of

penetrant molecules and thus cause the low val- NR/SBR in acetone. The dependence of the per-
centage mass uptake of NR/CIIR in furfural andues of sorption. This distinguishing behavior has

also been observed by others for EPDM with sev- NR/SBR in cyclohexanone on the square root of
time at different temperatures are shown in Fig-eral solvents.11,12 Another striking feature of the

sorption data for all NR blends is that sorption ures 5 and 6, respectively (see also Fig. 7). This
effect follows the conventional wisdom that atincreases with increase in the size of the ketones.

Further, there is an increase in sorption values. higher temperatures an increase in the free vol-
ume occurs. The diffusion coefficient D can be cal-However, this is not true in aldehydes. It is ob-

served from Figures 2 and 4 that aldehydes with culated13–18 as
NR/BIIR and NR/neoprene blends show higher
S values. Similarly, ketones with NR/BIIR, NR/ D Å p[hu /4M` ]2 (2)
CIIR, and NR/neoprene blends (Table V) also
show higher values. This clearly suggests that for where u is the slope of the linear portion of the

sorption curve (Figs. 1–6); h , the thickness ofNR/BIIR, NR/CIIR, and NR/neoprene blends the

5012/ 8EF6$$5012 10-29-97 10:39:48 polaa W: Poly Applied



110 SIDDARAMAIAH ET AL.

Table VI Activation Parameters (ED [kJ/mol]; DH [kJ/mol]; DS [J/mol/K]) of NR Blends in Aldehydes
and Ketones

Activation
NR Blends Parameters Furfural Acetaldehyde Acetone Cyclohexanone Acetophenone

NR/BIIR E 2.33 7.56 15.24 18.29 19.95
D
H 19.14 38.29 24.20 32.00 20.00
S 11.48 90.95 28.72 67.97 35.42

NR/CIIR E 2.30 12.79 18.29 12.17 27.78
D
H 35.10 35.74 35.00 23.00 20.00
S 62.22 11.80 45.96 37.34 26.33

NR/neoprene E 29.09 13.36 22.86 23.75 44.02
D
H 25.52 46.00 22.00 22.00 20.00
S 32.55 134.00 9.57 33.50 13.40

NR/EPDM E 16.62 5.12 6.49 11.78 15.87
D
H 25.52 54.00 42.00 27.00 25.00
S 18.18 124.00 89.00 43.08 41.12

NR/polybutadiene E 8.31 14.89 27.00 14.25 43.98
D
H 031.91 40.42 24.80 20.00 23.00
S 0140.73 93.00 30.06 21.06 37.34

NR/SBR E 8.31 19.00 19.40 15.87 22.56
D
H 19.14 54.71 31.70 16.00 21.00
S 5.74 86.17 59.36 11.48 31.59

the sample; and M` , the maximum mass uptake The permeability coefficient, P , is calculated
from the simple relationwhich has been estimated by the least-square pro-

cedure. However, an approximation was made
here by considering the slight sigmoidal shape as P Å DS (3)a linear one.

The variation of the diffusion coefficient de-
pends on the nature of the penetrant molecules The obtained P values of aldehydes and ketones

are tabulated in Tables IV and V, respectively.besides the structural characteristics of the elas-
tomers. The calculated values of the molecular An interesting observation was made from the

sorption curves in Figure 1 for the NR/neoprenevolumes of the benzaldehyde, furfural, and acetal-
dehyde are found to be 168.8, 137.6, and 92.8 A3, blend with the benzaldehyde penetrant. A sudden

overshoot is observed in the uptake values ini-respectively. From Table IV, it is observed that
the diffusion coefficients increased with the mo- tially, followed by a decrease in sorption, and, fi-

nally, near attainment of equilibrium sorption.lecular volumes of the penetrants. However, no
correlation could be established for S values. However, this effect is not prevalent in the case of

furfural and acetaldehyde. A similar observationThe molecular volumes of the penetrants, ace-
tone, cyclohexanone, and acetophenone are calcu- was made by Aminabhavi and Munnolli19 in the

case of elastomers with acetone. This effect waslated to be 121.9, 172.1, and 193.7 A3, respec-
tively. From Table V, it is observed that the D attributed by them as due to the molecular relax-

ations in the rubbery elastomer system when invalues decreased, whereas the S values increased
with increase in the molecular volumes of the pen- contact with polar solvents. A similar observation

was also made for NR/neoprene, NR/SBR, NR/etrants.
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Figure 8 Arrhenius plots for diffusivity for NR blends in furfuraldehyde.

polybutadiene, and NR/EPDM with the cyclohex- D Å D0exp(0ED /RT ) (4)
anone penetrant (Fig. 4).

where D0 is the preexponential factor; R , the mo-
lar gas constant; and T , the absolute temperature.

Activation Parameters Similarly, the temperature-dependent equilib-
rium sorption constant, Ks , values may be fittedThe activation energy, ED , for the process of diffu-

sion is estimated from the Arrhenius relation: to the van’t Hoff relation to estimate the enthalpy

Figure 9 Van’t Hoff plots of log Ks vs. 1/T for NR blends in furfuraldehyde.
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DH and entropy DS of sorption. These values are activation parameters were calculated and the
values fall in the range of 2.33–44.02 kJ/mol.summarized in Table VI and some Arrhenius and

van’t Hoff plots are given in Figures 8 and 9, re-
spectively. The ED values vary from about 2.33 to REFERENCES44.02 kJ/mol for the penetrants under study.
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