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ABSTRACT: The breakthrough time of sulfur mustard (SM) against blends of natural
and nitrile rubbers was determined using the spot disc test (SDT) method. The break-
through time of SM is closely related to the elongation properties of the blended rubbers.
Blends containing higher proportions of nitrile rubber show better protective properties
as revealed by higher breakthrough times. The diffusion of the oxygen analog of sulfur
mustard (OA) across these blends follows an anomalous behavior in that, initially,
they follow a Fickian behavior and later assume a non-Fickian mode. q 1997 John
Wiley & Sons, Inc. J Appl Polym Sci 65: 731–738, 1997

INTRODUCTION materials with improved properties like better
chemical and environmental resistance and supe-
rior mechanical and diffusion properties. At-Sulfur mustard (SM), thiobis-1-1 *-dichloroeth-

ane, is a well-known blistering agent which has tempts were made here, perhaps for the first time,
to study the diffusion behavior of a challengebeen used as a chemical warfare agent a number

of times.1,2 Among the various chemical warfare chemical and its dependence on the physical prop-
erties of the blends. Efforts were made to studyagents, SM is endowed with a unique property

of breaking through varieties of materials.3,4 Its the homogeneity of blends using a scanning elec-
tron microscope as well as to correlate the surfacepenetration across the biological protective barri-

erlike skin is very fast.1 As a result, it is a candi- morphology with the diffusion data as the perfor-
mance of polymer blends depends to an extent ondate agent against which protective materials are

to be tested. Efforts have been made to find a their morphology.
suitable man-made protective barrier to protect
human skin against SM exposure.

Previous studies concerning the diffusion of SM EXPERIMENTAL
through various rubber materials deal with the
measurement of diffusion across butyl, nitrile,

Materialsand natural rubber sheets using FTIR and
weight-gain methods for assessing the protective Nitrile rubber-JSR 230 and Ramix-grade natural
nature of rubber sheets.4 The present study deals rubber were used for the preparation of sheets.
with the diffusion behavior of sulfur mustard Black HAF-N330 (Philips Carbon, India), zinc
across the blends of nitrile and natural rubber. oxide GR (SD India), marcaptobenzothiozole

Many practical benefits can be obtained by (MBTS, Bayer, Germany), stearic acid (Sta, Wil-
blending polymer. Polymer blends can provide son, India), and sulfur laboratory reagent (LR)

grade (Qualigens, India), and napthanic oil were
added as ingredients for the preparation of theCorrespondence to: R. S. Chauhan.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/040731-08 sheets. Nitrile and natural rubber blends of differ-
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Table I Formulations of Rubber Blends

NBR NR Black Oil ZnO Sta MBTS
Formulation (g) (g) (g) (mL) (g) (g) (g)

F1 10 90 40 10 5 2 1
F2 30 70 40 10 5 2 1
F3 50 50 40 10 5 2 1
F4 70 30 40 10 5 2 1
F5 90 10 40 10 5 2 1

NBR, nitrile rubber; NR, natural rubber; Black, HAF-N330 (HAF, high abrasion furnace black);
Sta, stearic acid; MBTS, mercaptobenzothiozole.

ent proportions were molded using a hydraulic Mechanical Properties
press. The mixing of rubbers was done using a Dumbbell-shaped specimens having a test length
laboratory mixing mill. The composition of differ- of 45 and 5 mm width were prepared from the
ent formulations are given in Table I. The opti- sheets. SM, 5 mL, was applied uniformly on the
mum curing time for the different formulations at middle portions of the dumbbell-shaped speci-
1607C was determined using a Monsanto R-100 mens. Sufficient time (36 h) was allowed for SM
rheometer. diffusion into the specimen before tensile testing.

Sulfur mustard (SM, C4H8Cl2S, 98% pure by The stress–strain data of all the samples were
GLC) synthesized in the Chemistry Division of recorded using a Good brand Testometric Micro
the Defence R&D Establishment was utilized for 350 tensile tester with a crosshead speed of 400
the study. SM is an oily liquid with a density of mm/min. Ten specimens each of control as well as
1.27 g/mL3 at 257C. SM freezes at 14.47C and has SM-exposed samples were tested.
a boiling point of 2157C.

The oxygen analog of SM (OA, C4H8Cl2O) was Diffusion Measurements
utilized for the experiment as received from E.

Due to the biological hazard associated with han-Merck, Germany. It has a boiling point of 627C
dling of SM, an oxygen analog of SM (OA) wasand a density of 1.22 g/mL3 at 257C. While han-
used as a challenge chemical to measure the diffu-dling these chemicals, hand gloves and eye guards
sion coefficients. All the polymer sheets (F1, F2,are to be used. The experiments should be con-
F3, F4, F5) were cut into circular pieces (diameterducted in a ventilated room.
2 cm) by a steel die. The thickness of each rubber
sheet was 1.6 mm, measured at several points
using a micrometer with an accuracy of {0.01Methods
mm. The pieces were dried in a vacuum oven at

Spot Disc Test (Breakthrough Time, BTT Test) 807C to remove surface-absorbed moisture. The
specimens were cooled in a dessicator. The piecesThe permeation resistance of polymeric films can
were then immersed in OA in test bottles, afterbe evaluated by the spot disc (SD) method.4 The
recording their initial weight. The sample weightstest is conducted by placing a specified quantity
were taken at different time intervals after re-(118 mL on circular-shaped specimen of 5-cm di-
moving extraneously held OA by padding themameter) of liquid SM on the top surface of the
with a filter paper each time. The experiment wastest material which rests on a Congo red indicator
conducted at 307C. All the weights were recordedpaper dotted with an SD reagent (2,4-dichloro-
by employing a Mettler analytical balance havingphenyl benzoyl chloride). The experiment was
a sensitivity of 1005 g. Complete sorption data areconducted at 37 { 17C. The time required for SM
provided in Table III and the results were plottedto pass through the test material and affect the
as uptake Qt (mol %) of OA versus t1/2 .color change in the indicator paper is the mustard

resistance of the material. An average of five read-
Chemical Etchingings was considered as the BTT of the sample and

the results along with standard deviation values Specimens of rubber blends as well as pure natu-
ral and nitrile rubber were etched at room temper-are given in Table II.
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Table II Physical and Chemical Properties of Rubber Blends

Control SM Exposed Diffusion Coefficients

Percent Percent
Strength Elongation Strength Elongation SM BTT D(OA) D(SM)

Sample (MPa) (MPa) (MPa) (MPa) (min) (cm2/s) (cm2/s)

F1 10.6 531 10.1 360 207 6.3 1 1006 2.09 1 1007

F2 11.3 466 10.9 331 323 4.7 1 1006 1.34 1 1007

F3 11.9 415 10.6 321 345 3.9 1 1006 1.25 1 1007

F4 12.2 303 9.2 252 685 3.8 1 1006 6.3 1 1008

F5 13.7 290 9.9 256 830 3.6 1 1006 5.2 1 1008

ature in 2% KMnO4 solution for 18 h, washed with tions, all other parameters were kept constant.
Table II presents the data on mechanical proper-running water, air-dried, and observed under a

scanning electron microscope. ties, the diffusion coefficient for OA, and the SM
breakthrough time measurements on blends of ni-
trile and natural rubbers. The data indicate thatScanning Electron Microscopy
the breaking load of the blend systematically in-The blends of rubber were studied under a JEOL creases with increase in the nitrile content. How-scanning electron microscope JSM 840 at 5 kV. ever, the percent elongation at break decreasesThe specimens were coated with a thin layer of with an increasing proportion of nitrile rubber ingold in a JFC-1100 sputter coating unit before the blend. The nitrile rubber : natural rubberobservation. (NBR : NR) (10 : 90) blend F1 had a strength
of 10.6 MPa and an elongation at break 531%,
whereas the NBR : NR (90 : 10) blend had aRESULTS AND DISCUSSION strength of 13.7 MPa and elongation at break of
290%. Figure 1 presents the data on SM break-Table I gives the blend composition as well as through time and percent elongation of the rubberdetails of various ingredients used for the prepa- samples. These two parameters have a very highration of rubber sheets. Except the blend propor- degree of association (r Å .96), indicating the de-
pendence of SM breakthrough time on percent

Table III Sorption Behavior of Polymer Blends elongation at break of the rubber specimens.
Exposure to SM deteriorates the tensile as well

t F1 F2 F3 F4 F5 as elongation properties. The reduction in elonga-
(min) Ît Qt Qt Qt Qt Qt tion is higher in the case of higher natural rubber

content. It is interesting to note that the reduction
1 1 0.05 0.10 0.12 0.16 0.20 in percentage elongation at break after exposure
2 1.4 0.11 0.18 0.19 0.26 0.35 to SM is consistent with the increasing ratio of4 2.0 0.17 0.24 0.28 0.34 0.50

nitrile rubber in the blend. It appears that expo-5 2.2 0.22 0.28 0.31 0.39 0.66
sure to SM makes these rubbers behave like a10 3.2 0.24 0.32 0.45 0.54 0.84
brittle material compared to the unexposed sam-15 3.9 0.25 0.34 0.48 0.56 0.92
ples. This is in conformation with the observed30 5.5 0.26 0.36 0.50 0.61 1.00

120 10.9 0.28 0.42 0.55 0.69 1.12 behavior of SM as an antiplasticizer in PET films
240 15.5 0.30 0.44 0.57 0.73 1.27 where the elongation of exposed films showed con-
360 18.9 0.31 0.45 0.59 0.75 1.28 siderable reduction.5,6 It is assumed that SM may
480 21.9 0.33 0.46 0.60 0.76 1.30 be restricting the mobility of chains by function-
660 25.7 0.34 0.47 0.61 0.78 1.32 ing as an antiplasticizing agent and altering the
900 30.0 0.35 0.48 0.61 0.80 1.34 mechanical behavior of the specimen. Antiplasti-

1020 31.9 0.36 0.49 0.62 0.81 1.35 cization has been observed in many polymer–dil-1140 33.7 0.36 0.49 0.62 0.81 1.35
uent systems. Based on previous studies, it is in-1200 34.6 0.36 0.49 0.62 0.81 1.35
ferred that antiplasticization results from one or

t, dipping time; Q, uptake (mol %). more of the following: (1) a decrease in free vol-
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Figure 1 Curve showing correlation between SM BTT and percent elongation of
blends.

ume upon the addition of the diluent, as the dilu- for the sorption experiments. The chemical struc-
ture of these two compounds was previously de-ent fill the excess volume of the polymer, and (2)

polymer–diluent interaction, which creates steric scribed.4 The diffusion coefficient of OA as deter-
mined by the weight-gain method revealed thathindrance and decreases the segmental mobility

of the polymer.7,8 as the percentage of nitrile rubber increases the
resistance to diffusion increases systematicallyThe molecular transport of liquids into rubbery

polymers is a complex phenomenon which de- and the diffusion coefficient decreases. Figure 2
shows the sorption curves for five rubber samplespends on the properties of the polymer as well

as of the liquid.9,10 Understanding the transport having different blend proportions of nitrile and
natural rubber. Diffusion coefficients (D ) for OAproperties of small molecules in the polymer mem-

brane is crucial in evaluating the barrier proper- were calculated from the slope of the initial linear
portions of the sorption curves using the followingties of polymer membranes. The BTT measure-

ment on these rubber blends against SM shows equation9:
that the blends which had higher proportions of
nitrile rubber show greater BTT. The blends con- D Å ∏ [hu /4M` ]2 (1)
taining higher proportions of nitrile rubber (70%
or more) are suitable as protective barriers as where D is the diffusion coefficient; Q, the initialthey offer more than 10 h of resistance against slope of sorption curve; h , the thickness of theSM; the safe limit for a protective device as per the rubber film; and M` , the maximum mol equilib-TNO test method is 8 h.11,12 Whereas the higher rium uptake of the solvent by 100 g of the polymerpercentage of natural rubber in the blend lowers sample.the resistance to SM diffusion as indicated by The diffusion coefficients of SM were computedlower BTT values, the TNO Gc method was de- using the following equation13:vised as a confidence building laboratory test. The
method is as follows: The protective film was posi-

t Å l2 /∏2D (2)tioned on a horizontally oriented glass cell. The
specimen was fixed with a glass ring of 3–5 mm
height and rubber bands. The exposed surface where t is the breakthrough time; l , the thickness

of the sample; and D , the diffusion coefficient.area of the sample was 1.5 cm2. There was a flow
of air parallel to the surface of the specimen at These data are given in Table II. Comparison of

the diffusion coefficients of SM and OA indicate0.5 M/s. SM, 1 mL, was placed on the surface.
A flow of air (6 L/h) underneath the specimen that OA diffuses faster than does SM through the

studied blends. This may be due to the smallertransport the penetrated SM vapors to a bubbler.
The vapor was trapped in an organic solvent (di- molecular size of OA compared to SM.4 Both these

coefficients follow a similar pattern. This indi-ethylsuccinate/diethylphthalate). A solution of
SM thus obtained was analyzed by the GLC tech- cates that OA can be used for a rapid and safer

evaluation of the rubber samples for their suit-nique.12

Due to the hazardous nature of SM, an oxygen ability in NBC use.
From Figure 2, it can be observed that the up-analog of SM (OA) was used as a model compound
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Figure 2 OA sorption curves of the rubber blends.

take of the chemical increases with increasing ni- values of n indicate the type of transport mecha-
nism. A value of n ° 0.5 represents the Fickiantrile content in the blends. It is known that perme-

ability of a liquid through a polymer is a complex mechanism and n ú 0.5 indicates non-Fickian
transport. From a least-square analysis of thefunction of chain flexibility, intermolecular inter-

action, phase and aggregation state of polymer ln(Mt /M` ) data vs. ln t , the values of k and n
blends, packing density, and extent of crosslink- were obtained. The values of n ranged from 0.47
ing. Natural rubber, by way of its chain configu- to 0.73 (n values for F1 Å 0.73, F2 Å 0.54, F3

ration, has a high amorphous structure, chain Å 0.50, F4 Å 0.47, F5 Å 0.55), which indicate that
flexibility, and comparatively weak interchain in- the diffusion behavior of OA across the polymer
teraction. All these factors are conducive to high blends may be Fickian or anomalous depending
permeability. It is well known that the introduc- on the polymer composition.16 However, any sys-
tion of substituents like {Cl, {OH, {C6H5, and temic dependence of n on temperature was not
{CGN into the main chain enhance the in- observed, and during sorption experiments, no
terchain interaction14 and, hence, reduce the significant swelling was observed with any of the
chain mobility. Nitrile rubber has a linear com- polymer blends. Thus, the diffusion coefficients
pact structure with a denser macromolecular calculated from eq. (1) can be regarded to be con-
packing. The substituents like {CGN in the centration independent.9
main chain lower the free activation energy of the The diffusion characteristic of polymer blends
diffusion, reduce chain mobility, and, in turn, may also depend on their surface morphology to
show lower permeability. To confirm whether the some extent, particularly in incompatible ones.
sorption mechanism follows the Fickian mode or Therefore, surface examination of these polymer
not, the sorption data of the penetrant–polymer blends was undertaken after etching, which
system were fitted to the following relation9,15 : brings out subtle structural differences in materi-

als. Figure 3 shows the surface morphology of F1

ln(Mt /M` ) Å ln K / n ln t (3) and F5 before and after SM exposure as well as
KMnO4 etching.

Figure 3(a,b) presents the surface of blends F1where Mt and M` represent the uptake (mol %) at
and F5, respectively. Both the micrographs showtime t and at equilibrium time. K is a constant

characteristic of the polymer–solvent system. The a relatively smooth surface with no distinct topo-
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logical features. Figure 3(c,d) shows the surface behavior along with other macromolecular char-
acteristics of individual polymers.of SM-exposed F1 and F5 samples. SM induces

surface cracks in the blend having a higher pro-
portion of natural rubber (F1), perhaps due to
differential swelling and contraction behavior.

CONCLUSIONAfter KMnO4 etching, the surface of F1 revealed
[Fig. 3(e)] two types of globular structures. Big-

The diffusivities of the rubber blends were foundger globules with large numbers and the other
to increase linearly with the increase in percentwith smaller-sized globules which were less in
elongation at break. BTT has a very high correla-number were observed. Figure 3(f ) depicts the
tion (r Å .96) with the elongation properties ofmorphology of F5 after etching, showing a uniform
blended rubbers. The reduction in elongation canand almost monophasic appearance. The heavier
be attributed to the antiplasticizing behavior ofglobules were very fewer in number.
SM. Both SM and its oxygen analog (OA) tend toTo identify the two types of globules, the sur-
modify the surface of rubber blends on exposure.face morphology of pure natural and nitrile films
The effect is more pronounced in the blends hav-were also examined after KMnO4 etching. The
ing a higher content of natural rubber which in-natural rubber surface showed only larger glob-
duces cracks of varying size. SM appears to beules or aggregates of globules of varying size [Fig.
more potent than is the OA in deteriorating the3(g)] . Figure 3(h) shows the surface of nitrile
surface. The KMnO4 etching is able to bring subtlerubber after etching. It shows well-arranged em-
differences to the polymer blends.bedded globules with a monophasic appearance.

From the foregoing, it appears that natural
rubber has a tendency to form larger aggregates The authors are thankful to Dr. R. V. Swamy, Director
whereas nitrile rubber globules may conform to DRDE, for his encouragement. Thanks are also due to

Dr. R. C. Malhotra for providing the sulfur mustard.smaller aggregates or globules. Considering the
Facilities provided by Prof. S. Maiti, IIT Kharagpur,properties of nitrile and natural rubber which dif-
for the preparation of rubber blends is gratefully ac-fer in their structural conformation and other
knowledged.properties, during blending, coalescene at the mi-

croscopic level cannot be ruled out. Studies on the
effect of concentration and compatibilization and
coalescence in polymer blends have shown that REFERENCES
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rough surface. (Magnification 10001.) (b) Scanning electron micrograph showing sur-
face of blend F5. Smooth surface. (Magnification 10001.) (c) Scanning electron micro-
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