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This paper describes the temperature dependence of estimates that were within 23% of experimental values over

N-methylpyrrolidone (NMP) permeation through gloves used
in microelectronics fabrication facilities. One type of butyl-
rubber glove (North Bl61), two types of natural-rubber
gloves (Edmont Puretek® and Ansell Pacific White®), and a
natural rubber/nitrile/neoprene-blend glove (Pioneer Tri-
onic®) were tested at four temperatures from 25-50 °C using
the ASTM F739-85 permeation test method. The butyl-rubber

glove showed no breakthrough after four hours of exposure at N

the temperature range examined. Modeled SSPR values were
within 50% (typically within 25%) of experimental values.
Another model based on a generalized Arrhenius relation-
ship also provided useful but generally less accurate esti-
mates of the changes in BT and SSPR values with
temperature.

-methylpyrrolidone (NMP) is a dipolar aprotic sol-

any temperature. The variations with temperature of mea- . .
. P P / vent having the following structure:

sured breakthrough times (BT) and steady-state permeation
rates (SSPR) for the other gloves were described well by

Arrhenius relationships, with BT values decreasing by factors CH3
of 7-10 and SSPR values increasing by factors of 46 over the I
temperature range studied. Extrapolation to 70 and 93 °C, N 0

the temperatures at which degreasing is often performed,
vielded BT values of <2 min and < 0.5 min, respectively, in
all cases. With the exception of the butyl-rubber glove, fol-
lowing an initial exposure at 25 °C and air drying overnight,
low levels of NMP vapor were detected off-gassing from the
inner surfaces of the gloves. Experimental results were then
compared to those expected from several permeation models.
Estimates of the equilibrium solvent solubility, S, were calcu-
lated using a model based on three-dimensional solubility pa-
rameters. Estimates of the solvent diffusion coefficient, D,
were obtained from correlations with either the solvent kine-

It is used industrially as a selective extraction solvent for
aromatic and other conjugated unsaturated hydrocarbons,
and as a formulating solvent for paints, paint strippers, plas-
tics, cleaners, and pesticides."” NMP also is used widely in
the microelectronics industry as a photoresist stripper, de-
greasing agent, and solvent for phenolic “die-coat” resins
for encapsulating finished device packages.'”

The low vapor pressure of NMP (0.342 mm Hg at 25
°C)V limits the saturated vapor concentration to about 450
ppm at room temperature, and it has been reported that hy-
drolysis in air at relative humidities of 40-60% can reduce
maximum concentrations to approximately 130 ppm.?
This, in turn, reduces the potential inhalation hazard of
This project was funded by Grant No. RO3-OHO2667 from NMP. However, NMP is readily absorbed through thej skin,
the National Institute for Occupational Safety and Health of and repeated or prolonged skin contact with the liquid can
the Centers for Disease Control. cause severe dermatitis.”

matic viscosity or the product of the Flory interaction parame-
ter, x, and the solvent molar volume. Combining these values
of D and S in Fickian diffusion equations gave modeled BT
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Acute effects of NMP vapor exposure include headache
and irritation of the eyes and respiratory tract.”” Animal tox-
icity testing indicates that NMP is not mutagenic or carcino-
genic, but there is evidence for teratogenicity at high
doses.”” Subchronic exposures to aerosol/vapor mixtures
caused respiratory, hematologic, and hematopoetic effects in
rats,'” but vapor exposures to similar concentrations did not
cause these effects. Aerosol size and relative humidity levels
appear to influence the toxicity. It has been suggested that
dermal absorption may be partly responsible for observed
differences in effects between aerosol and vapor exposures.'”

Although there are currently no established limits for oc-
cupational NMP exposure in the United States,”* several
European countries have adopted eight-hour time-weighted-
average (8-hr TWA) limits of 100 ppm,"'” and corporate lim-
its of 100 ppm? and 25 ppm™ have been reported. In a recent
study of exposure to NMP vapors in microelectronics pro-
duction facilities, symptoms of eye irritation and headache
were observed at relatively low vapor concentrations
(0.72-15 ppm).”*’ Based on these results, the authors of that
study recommended a maximum exposure limit of 0.1 ppm.
A “skin” designation also was recommended in recognition
of the dermal absorption potential of NMP, although the im-
portance of this exposure route was not investigated.

The use of chemical protective clothing (CPC) is re-
quired in most microelectronics facilities, in part because of
the extensive use of organic solvents, mineral acids, and
bases in standard production processes. Yet, contact with
chemicals has historically ranked highly as a cause of injury
and illness in this industry.”"” Published glove-permeation
data indicate that butyl-rubber and natural-rubber gloves can
provide reasonably good resistance to NMP permeation at
room temperature,'>™ but data at higher temperatures have
not been reported. These factors, coupled with the high der-
mal-absorption potential and use of NMP at elevated tem-
peratures prompted this investigation.

Practical limitations allowed testing only up to 50 °C,
however, extrapolation to 70 and 93 °C, typical of degreas-
ing bath temperatures,*'> was possible. The relative impor-
tance of diffusional and solubility effects on the temperature
dependence of permeation was assessed. Comparisons also
were made between experimental permeation parameters
and those determined from recently developed models.

THEORETICAL CONSIDERATIONS

The importance of temperature effects on the permeation of
solvents through polymers and polymeric CPC has been rec-
ognized for some time,"'*'® but very few systematic studies
have been performed on commercial CPC materials.'*-2"
Invariably, permeation rates increase with increasing tem-
perature, resulting in shorter breakthrough times (BT) and
higher steady-state permeation rates (SSPR). The extent to
which these permeation indices are affected by temperature
is a function of the composition of the solvent and the CPC
material.

Assuming Fickian diffusion, the following expression
can be used to define the steady-state permeability coeffi-
cient, P (ug/cm—min);"'®

P=JL=DS (1)

where J, is the steady-state flux (ug/cm>-min, equivalent to
the SSPR), L is the polymer thickness (cm), D is the steady-
state diffusion coefficient of the solvent in the polymer
(cm*/min), and S is the equilibrium solubility of the solvent
in the polymer (ug/cm?).

The temperature dependence of P can be described by an
Arrhenius relationship,*!-2"

P =Pe BN 2

where P, is an entropic constant (g/cm ~ min), E, is the ac-
tivation energy of permeation (kcal/mole), R is the gas con-
stant (1.987 X 10°* kcal/mole-K), and T is the absolute
temperature (K). Plotting 1/T versus In P at several tempera-
tures should yield a straight with a slope equal to —E/R.
The temperature dependence of P arises from the com-
bined effects of temperature on D and S. It is possible, there-
fore, to rewrite the Arrhenius relationship of Equation 2 in
terms of these two temperature dependent quantities:'®

P — (Doe ED/RT)(SOCAH*/RT) (3)

where E, is the diffusion activation energy (kcal/mole), AH,
is the heat (enthalpy) of solution (kcal/mole), and D,
(cm*min) and S, (ug/cm®) are constants. By evaluating P
and S at different temperatures one can obtain values of E,
and AH,, from which E, can be obtained (since E,=Ep +
AH,). Alternatively, E; can be determined directly from
Arrhenius plots of D, where D at a given temperature is ob-
tained from experimental P and S values using Equation .
Comparing AH, to E, can then reveal the relative importance
of diffusional and solubility effects to the temperature de-
pendence of the overall permeation process.

Prior to steady state, the theoretical expression for the
flux or permeability coefficient at a given elapsed time, t, for
an open-loop system is (from Fick’s Laws)??

P,=J,L=DS {1 + 2i(-1)“ exp[—(nnf(Dt/Lz)]] @

Provided that values of D and S are known, the breakthrough
time can be determined by setting J, equal to the permeation
rate at the analytical detection limit and solving for t. If per-
meation and immersion test data are already available,
Equations 1 and 4 can be used to determine D. Note that for
many organic solvents the D value calculated from Equation
I may be greater than that calculated from Equation 4 be-
cause D for such solvents often exhibits a positive concentra-
tion dependence."'® However, this is not always the case. %)

Although Equation 4 indicates that the variation of the
BT with temperature is more complex than that of the SSPR,
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it has been shown for the permeation of toluene and 1,1,1-
trichloroethane through nitrile, neoprene, and butyl-rubber
glove samples from 25-65 °C that the temperature depen-
dence of the BT can be described by an Arrhenius equation
of the following form:"'?

BT = BOCEB/RT (5)

where B, is a constant (min) and Eg is the (nominal)
activation energy for breakthrough (kcal/mole). Our own
calculations using published experimental BT values for
eight other solvent-CPC combinations over various temper-
ature ranges'?"**?® indicate that this relationship is quite
general. That is, plots of I/T versus In BT yielded straight
lines (r2 > 0.994) in all cases.

Thickness-normalized BT values (BT, = BT/L?) also
have been used in the above expression for comparing or
combining data obtained from different glove materials.®"
The justification for this normalization method is somewhat
tenuous, being based on the assumption that the BT is pro-
portional to the lag time, t; (note: under the assumption of
Fickian diffusion t; is proportional to the square of the thick-
ness). This leads to the expectation that BT/L? will not vary
with the CPC-sample thickness. One obvious problem is that
the relationship between BT and t, depends on the analytical
sensitivity of the test system employed. Moreover, as point-
ed out by Schwope et al.,*” even for a constant breakthrough
detection limit, Equation 4 does not predict BT/L? to be inde-
pendent of thickness. However, over moderate ranges of
thickness (i.e., 0.04-0.05 cm) we find that BT/L? varies by
less than 7% (according to Equation 4) if the analytical sen-
sitivity is held constant, whereas over this same thickness
range the calculated BT changes by 40%.

Equations 2 and 5 can be used to model the changes in
the SSPR and BT with temperature: once E,, P,, Ep, and B,
are defined, the SSPR and BT values at higher temperatures
can be estimated by extrapolation. Rogers’® warns that the
temperature range over which Equation 2 applies may be
limited. A similar limit is likely to apply to BT values esti-
mated from Equation 5, although this has not been studied.

MODEL DESCRIPTIONS

The approach described above for estimating SSPR and BT
at different temperatures requires values of the Arrhenius
parameters which, in turn, requires measurement of SSPR
and BT at several temperatures. It is desirable to be able to
predict the variation of BT and SSPR with temperature with-
out actually having to perform permeation tests at different
temperatures.

Model A

Perkins and You recently examined the temperature de-
pendence of permeation for 16 different solvent-CPC com-
binations. *"

Data for five of the combinations were collected by
those authors from 25-50 °C. Data for the other 11 combina-
tions were obtained from previous reports involving perme-
ation tests within the range of 7-65 °C. The data were pooled
and empirical linear relationships derived between the per-
meation coefficient and thickness-normalized breakthrough
time measured at 25 °C (P,s and BTy ,s, respectively) and the
corresponding activation energies, E, and E;. Additional
equations relating the activation energies to the pre-expo-
nential factors, P, and B,, were also derived. These equa-
tions are given below:

InP,; = —0.079E, + 7 (2 = 0.884) (6a)
inP, = 0.33E, + 6.8 (2 = 0.990) (6b)
In(BTy_,5) = 0.08Ez + 1.84 (1 = 0.846) (6c)
InB,=—033E; +2.2  (* = 0.990) (6d)

According to this model, measurements of P and BT at
25 °C can be used to obtain the variables needed in
Equations 2 and 5 for determining P and BT, values at high-
er temperatures. Although the accuracy of this approach was
not assessed, the regression r? values in Equations 6a and 6¢
suggest that reasonably good estimates should be possible. It
was implied that since this model was derived using data
from several different solvents and CPC polymers, that it
should be general. The ability of this model to estimate the
temperature dependence of NMP permeation through the
natural-rubber gloves examined here is evaluated below.
(Note: this model is referred to hereafter as Model A.)

Models B and C

An alternative approach to modeling the temperature de-
pendence of permeation involves estimating S and D sepa-
rately and then combining these values in Equations | and 4
to obtain estimates of BT and SSPR. The model employed
here for estimating S is based on the solvent and polymer
three-dimensional (3-D) solubility parameters and is derived
from the polymer solution theories of Hildebrand et al. >
and Flory and Rehner.**?* In the model, the weighted differ-
ence between the 3-D solubility parameters of the solvent
and CPC polymer, A,, is calculated by the following
equation:*"

A,=6,-6,

w

=[a(84 ~ 84)* + b((8, ~ 8,0)* + (84 — 8)HI"? @)

where & is the solubility parameter ((cal/cm?)""?) for the sol-
vent (subscript 1) or polymer (subscript 2); a and b are em-
pirical weighting factors; and the subscripts d, p, and h refer
to the components of the 3-D solubility parameters
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corresponding to dispersion, dipolarity, and hydrogen-bond-
ing interaction forces, respectively.

In most reports attempting to relate solubility parameters
to solvent-CPC BT and SSPR data, the dispersion term in
Equation 7 is multiplied by a weighting factor of four, and
the polarity and hydrogen-bonding terms are left unweighted
(i.e..a = 4and b = 1 in Equation 7).%'~"*' However, the use of
this particular set of weighting factors for the purpose of cal-
culating solvent-CPC S values has never been validated. In a
separate study,”” we found for a wide range of organic sol-
vents in commercial Viton® glove samples that the correla-
tion of solubility with the solubility parameter difference
determined using a = 4 and b = 1 was very poor. Attempts to
calculate actual solubility values for the same solvents using
the equations presented below also resulted in large errors
with that approach. Instead, it was found that different
weighting factors had to be used, depending on the chemical
class of the solvent, in order to accurately estimate solubility.
This typically involved weighting the dipole and hydrogen-
bonding terms (b in Equation 7) rather than the dispersion
term.

The use of weighting factors for the dipole and
hydrogen bonding terms has been employed by several au-
thors as a means of accounting for the variation in the
strength of these interaction forces as a function of the sol-
vents and/or polymer being considered.™~” Weighting fac-
tors of a = 1 and b = 0.25, recommended by Hansen and
Beerbower as a rule-of-thumb for mixtures of organic sol-
vents and polymers,”” are employed in calculations of A,
for the NMP/polymer combinations considered in this study.

The following equation is then used to determine the di-
mensionless Flory interaction parameter, x:&

X = Xs + V,A%/(RT) (8)

where V| is the solvent molar volume (cm’/mole) and ¥, is an
“entropic” correction factor, which is assumed to be zero in
this model.®” The equilibrium solvent volume fraction, ¢,,
can then be determined from the following expression: "

X = 2VV1(¢275/3 — 1/(20,) — (In ¢|)/¢22 = /¢, 9)

where v is the CPC-polymer crosslink density (¢cm %) and ¢,
is the equilibrium polymer volume fraction (I-@,).
Multiplying ¢,/@, by the solvent density, p, gives the equi-
librium solubility in g/cm®.

The change in the solubility parameter values with tem-
perature can be estimated using the thermal expansion coef-
ficient, &« (K "), of the solvent or polymer in the following
equations.?*"

d8/dT = —1.25a8, (10)
d8,/dT = —8,a/2 (1)
d8,/dT = —8,(1.22 X 107° + a/2) (12)

According to these expressions, the solubility parameters
will decrease with increasing temperature. The effect on the

difference in the solubility parameters of the solvent and
polymer will therefore depend on their respective a values.
Since these are generally of similar sign and magnitude, the
effect of temperature on A,, usually becomes important only
when temperature changes of more than several degrees are
being considered. This approach to estimating S and its varia-
tion with temperature is employed in Models B and C below.

Theoretical models for predicting solvent diffusion coef-
ficients in polymers have been reported by a number of re-
searchers.1623383 Application of these rather complicated
models to the determination of D requires estimation of pa-
rameters not readily available for many solvent-CPC sys-
tems. Models of D based on empirical correlations with
readily measurable properties represent a more practical,
though less rigorous, alternative.

The free-volume theories described by Vrentas and
Duda® and Paul® for predicting diffusion coefficients in
polymer solutions, and the kinetic theory described by
Dullien for predicting self-diffusion coefficients in lig-
uids,“? suggest the following approximate relationship to
describe the change of the solvent diffusion coefficient (D)
with temperature:

D 11y/Dir2y = Mera/ Tty (13)
where T1 and T2 refer to two different temperatures, and 7,
is the kinematic viscosity (cm?/sec) (i.e., dynamic viscosi-
ty/density). This relationship was the basis of a report by
Vahdat® who found good correlations between log D and
log 7, for three solvents in each of two CPC polymers over
the temperature range of 25-65 °C. Notably, for a given
polymer, the variation of D with 7, for all three solvents
could apparently be described by the same line (though this
was not shown explicitly). Southern and Thomas“" also re-
ported strong correlations between viscosity and D for vari-
ous solvents permeating through natural rubber at 25 °C. In
that study, the relationship between D and 5 was linear for 7
values below about 100 centipoise, which includes the val-
ues for most organic solvents. Published values of viscosity
as a function of temperature are available for a wide range of
solvents,“? facilitating this approach to modeling changes
of D with temperature. Correlations of D with 7, are used in
Model B described below.

An alternative approach explored here for estimating the
change of D with temperature is based on empirical correla-
tions between experimental D values (determined at both
breakthrough and steady-state) and the product of the Flory
interaction parameter and the solvent molar volume (i.e.,
xV,). In a previous study, strong correlations were found be-
tween D values determined for various solvents permeating
through Viton at a given temperature and the quantity
xV,.*» Since both x and V, vary with temperature, it was
thought that correlations based on xV, might also be useful
in modeling the change of D with temperature. This ap-
proach is employed in Model C below.

Modeled values of D and S determined from the preced-
ing expressions can be combined in Equations 1 and 4 to es-
timate BT and SSPR at any temperature.

AM.IND. HYG. ASSOC. J. (54) / September 1993
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TABLE I. Description of Glove Materials and 3-D Solubility Parameters of Gloves and

NMP was then transterred to

NMP the challenge side of the cell by
Average Solubility Parameters® ~ cannula under a positive pres-

Glove or Glove Thickness cal/cm®)2 sure of air. The temperature of

( ) p

Solvent Composition (cm) Sy 3, S, the N, gas stream was also reg-
Edmont Puretek natural rubber 0.051 9.4 1.0  1.08Y u]z}ted to i.l.S C by heating a
(30-139) coiled section of the upstream
Pioneer Trionic natural rubber/ 0.046 9.2 1.6 1.28 “‘P”‘g with .a h§at1ng mantle
neoprene/nitrile prior to passing it through the

blend test cell. The N, temperature

Ansell Pacific natural rubber 0.041 9.2 16 12¢  Was monitored with a thermo-
White (LP-050) couple inserted in-line just up-
North buty! rubber 0.039 8.6 0o o«  stream from the cell. The
(B-161) downstream tubing also was
NMP — — 8.8 6.0 35  heated to prevent condensation
A25 °C data of NMP vapor from the sample

BTrionic 3-D solubility parameters are based those determined for a Pioneer natural-rubber glove in reference 31

©3-D solubility parameters assumed to be the same as the Pioneer values

EXPERIMENTAL METHODS

Ta_b/lél lists the brand, model, polymer component(s), aver-
age thickness, and 3-D solubility parameters (at 25 °C) of
each glove tested. The solubility parameters for NMP (at 25
°C) are also shown in Table I. NMP (99%, Aldrich,
Milwaukee, Wis.) and the glove materials were used as
received.

The gloves selected for testing included one butyl-rubber
glove (North B-161) and three other gloves composed of ei-
ther natural rubber (Edmont Puretek® and Ansell Pacific
White®) or a blend of natural rubber with small percentages
of nitrile and neoprene rubbers (Pioneer Trionic®).
According to the manufacturer, the Pioneer glove consists
mainly of natural rubber, with only traces of the other poly-
mers. For simplicity, it is referred to below as a natural-rub-
ber glove. The latter three gloves were selected because they
are specially designed and packaged to minimize particulate
generation and are marketed specifically for use in micro-
electronic production facilities (i.e., clean rooms). Use of
three natural-rubber gloves permitted an assessment of the
variation in performance between glove manufacturers.
Butyl-rubber gloves are not generally used in clean rooms
because they are treated with talc as an adhesion inhibitor
during packaging. However, they are used in service areas
outside of clean rooms and the expectation of good perme-
ation resistance warranted their inclusion in the study.

Permeation tests were performed according to the
American Society for Testing and Materials (ASTM) F739-
85 method,“? using a 5.1-cm (2-inch) diameter test cell
(Pesce Lab Sales, Inc., Kennett Square, Penn.) in an open-
loop configuration with N, gas as the collection medium.
The N, flow rate was maintained at a constant value be-
tween 500 and 3000 cm’/min for all experiments (see
below). Components downstream from the test cell were
constructed of Teflon® or stainless steel. A thermostatted
water bath controlled the cell temperature to +0.5 °C, and
the test cell and flask in which the NMP was stored were
thermally equilibrated in the water bath prior to testing. The

stream.

Test samples cut from the
gauntlet region of each glove
were clamped into the cell and tightened to a constant pres-
sure of 30 inch-1b with a torque wrench. Sample thicknesses
were determined before testing by averaging the micrometer
measurements taken at five locations across the sample.

The gas downstream from the test cell was sampled with
a 5 mL gas-tight syringe and analyzed with a gas chromato-
graph (Model 3700, Varian Associates, Palo Alto, Calit.)
equipped with a glass-lined flash injector, a packed column
(2-foot glass, 0.25-inch o.d., packed with 4% Carbowux
20M and 0.8% KOH on 60/80 mesh Carbopack B, Supelco,
Inc., Bellefonte, Penn.) and a flame-ionization detector. The
detector output was monitored with a standard strip-chart
recorder and peak heights were used to quantify signal in-
tensities. Instrument calibrations were performed daily
using solutions of NMP in CS, that spanned the range of in-
jected NMP masses encountered during permeation testing.
For higher temperature experiments, the gas-tight sampling
syringe was preheated between injections to avoid NMP
condensation on the interior surfaces of the syringe.
Experimental temperatures were limited to 50 °C becausc of
difficulties in handling the syringe above this temperature.

The breakthrough time was defined as the time required
to reach a permeation rate of 0.10 ug/cm*-min. This perme-
ation rate corresponds to downstream vapor concentrations
of 4.0 and 0.7 ug/L for N, flow rates of 500 and 3000
cm’/min, respectively. These concentrations yield injected
masses that were well above the limits of detection for NMP.
Where necessary, BT values were interpolated from mea-
surements directly before and after the defined break-
through-time permeation rate. Average SSPR values were
calculated from five measurements obtained after the down-
stream solvent concentration showed no further increase
with time. Appropriate corrections were applied to the air
concentrations of injected samples collected at different
temperatures. All tests were performed in duplicate using
samples cut from different gloves.

To examine the effects of repeated exposures, samples
were exposed initially until steady-state permeation was
achieved, carefully removed from the test cell and toweled
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FIGURE 1. Effect of N, flow rate through collection
chamber on (a) BT and (b) SSPR measurements of NMP
through Ansell natural-rubber gloves from 25-50 °C

dry to remove any liquid on the outer surface of the samples,
and allowed to air dry overnight (~20 hr) in an exhaust hood
having a face velocity of 27-30 m/min. Samples were then
remounted in the test cell and the N, stream was sampled re-
peatedly over 10~-30 min for residual solvent vapor emanat-
ing from the glove. The challenge chamber was then filled
with NMP and the test was performed in the usual manner.
Equilibrium solubility measurements were obtained by
placing small (~5 cm?), pre-weighed samples of each glove
material in vials of NMP and allowing the samples to stand
in an oven for several hours at each of the temperatures used
for permeation testing. For each test temperature, an unex-
posed glove sample also was heated and weighed along with
the exposed samples to account for any thermally induced
weight changes. Weight changes of the exposed samples
were then adjusted accordingly. Samples were weighed at
two-hour intervals until no change in weight was observed.
For the Ansell glove samples, an increase in weight was
observed after two hours at all test temperatures, followed
by a decline in weight indicating that some component was
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FIGURE 2. Experimental and modeled values of (a.c,
¢) BT (min) and (b,d.f) SSPR (ug/cm®-min) for NMP
through the natural-rubber gloves

—

being extracted from the glove. As a result, S values for this
glove were based on the two-hour weight change.

RESULTS AND DISCUSSION

N, Flow Rate Effects

The low vapor pressure of NMP required that the N, collec-
tion stream and sampling syringe be heated for tests per-
formed above room temperature in order to avoid
condensation of the NMP. The possibility that permeating
NMP might condense on the inner surface of the glove sam-
ples rather than completely evaporating in the collection
side of the cell was also recognized and investigated.

Initial permeation tests were performed with the Edmont
and Pioneer gloves at N, flow rates of 500 cm*/min, and no
evidence of condensation on the inner surface of the samples
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FIGURE 2. Continued

was observed by visual inspection. However, for the Ansell
glove small droplets of amber liquid were observed at the
end of initial experiments at each of the four challenge tem-
peratures. Experiments with the Ansell glove were repeated
at different flow rates and the resultant BT and SSPR values
were compared. Tests were performed at 25 °C at N, flow
rates of 500, 1500, and 3000 cm*/min. (Note: pressure read-
ings within the collection side of the cell over this range of
flow rates remained below 3 in H,0O, confirming that pres-
sure changes at the higher flow rates were negligible.)
Results for the lowest and highest flow rates are shown in
Figures laand b.

Increasing the flow rate to 1500 cm’/min did not signifi-
cantly affect the measured BT values but resulted in a large
increase in the measured SSPR values. In addition, no
residual droplets were observed on the glove sample follow-
ing exposure. Increasing the flow rate to 3000 cm®/min did
not change the measured BT or SSPR values relative to
those at 1500 cm*/min. All permeation tests for the Ansell
glove were then repeated (in duplicate) at 3000 cm®/min.
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FIGURE 2. Continued

Similar tests of flow-rate effects were performed for the
Pioneer glove, but there was no effect on the measured per-
meation indices. Tests of the Edmont glove were deemed
unnecessary since it had the lowest SSPR values of the three
gloves and showed no signs of NMP condensation at any
temperature.

It is interesting to note that even at the lower flow rate.
the SSPR values for the Ansell glove could be described well
by an Arrhenius equation. But the activation energy, which
provides an index of the temperature dependence of the
SSPR, was much lower than that measured at 3000 cm*/min.

In retrospect, the problem with the Ansell glove at low
flow rates might have been anticipated. At 25 °C, the mea-
sured SSPR for the Ansell glove corresponds to a steady-
state air concentration downstream from the test cell of 192
ppm at 500 cm*/min. This is only a factor of 2.3 times less
than the nominal saturation concentration of 450 ppm. If
mixing at the inner surface of the glove were somewhat less
than ideal, then saturation of the air could occur and accumu-
lation of liquid NMP would be expected (as was apparently
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observed). At the higher flow rate of 3000 cm*/min, the air
concentration at steady-state permeation is about 14 times
lower than saturation. For the Pioneer and Edmont gloves,
the SSPR values were much lower than for the Ansell gloves
and even at 500 cm*/min the air concentrations at steady-
state were 6-7 times lower than the NMP saturation
concentration.

Experimental S, D, BT and SSPR Values

Figures 2a—f show the results of permeation tests at each
temperature for the three natural-rubber gloves. The relative
standard deviations for the duplicate BT and SSPR measure-
ments were less than 9% in all cases. Permeation through the
butyl-rubber glove was not detected at any temperature after
four hours of exposure. For the remaining gloves the perme-
ation resistance decreased significantly as the temperature
was increased. Measured BT values for all three gloves were
very similar and decreased by factors of 7-10 on going from
25 to 50 °C. Although the Ansell glove showed consistently
higher SSPR values, all of the natural-rubber gloves showed
similar relative increases in the SSPR with temperature (i.e.,
SSPRs increased by a factor of 5-6).

On re-exposure to NMP at 25 °C, the butyl-rubber
glove continued to provide excellent resistance with no
breakthrough being observed again after four hours. For the
other gloves, residual NMP vapor was measured in the back-
ground samples prior to re-exposure. For the Edmont glove,
these levels exceeded the breakthrough criterion concentra-
tion. while for the Pioneer and Ansell gloves the levels were
slightly below this concentration. Upon re-exposure, the
residual concentration in all cases remained relatively con-
stant for the 4050 min period prior to the sharp increase as-
sociated with breakthrough on initial exposure. The SSPR
values for the first and second exposures were very similar,
indicating that the integrity of the gloves was not affected by
prolonged contact with the NMP. (Note: the total contact
time for both exposures ranged from about 600-800 min.)

Figures 3a and b show Arrhenius plots of BTy (i.e.,
BT/L?) and P, respectively, for the natural-rubber gloves.
Linear regression correlation coefficients (r}) were all >
0.99. The corresponding activation energies and pre-expo-
nential constants, determined from the slopes and intercepts
of the regression lines, respectively, are listed in Table 1T and
are discussed further below. The regression equations were
used to determine BT and SSPR values at higher tempera-
tures by extrapolation. As discussed above, degreasing oper-
ations involving NMP are typically performed in the range

TABLE Il. Activation Energies and Heats of Solution for
NMP and Natural-Rubber Gloves*

Edmont Pioneer Ansell
Ee 14.10 13.54 11.38
Eg 16.35 15.80 18.29
AH, 2.61 2.03 1.21
Ep 11.49 11.51 10.17

“Allvalues are in kcal/mole.
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FIGURE 3. Arrhenius plots and linear regression
correlation coefficients of the (a) thickness-normal-
ized BT and (b) permeability coefficient, P. for the nat-
ural-rubber gloves
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of 70-93 °C. (Note: the NMP flash point is about 96-98 °C.)
The BT values for the natural-rubber gloves calculated at 70
and 93 °C were < 2 min and < 0.5 min, respectively,
representing reductions by factors of > 26 (70 °C) and >
100 (93 °C) relative to values at 25 °C. SSPR values in-
creased by factors of > 15 (70 °C) and > 47 (93 °C) relative
to those at 25 °C.

Table 111 presents the results of immersion tests at each
temperature. Increased temperature led to a moderate in-
crease in NMP solubility for all of the gloves. For the natur-
al-rubber samples, S values at 50 °C were only 1.2-1.4
times those at 25 °C. For the butyl-rubber samples, S in-
creased by a factor of 2.5 between 25 and 50 °C. Arrhenius
plots of these data (Figure 4) yielded the AH, values listed
in Table II.

Using the measured BT and S values, the experimental
diffusion coefficients at breakthrough, Dy, were determined
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TABLE Ill. Experimental and Predicted Solubility and

Diffusion Coefficient Values

TABLE Ill. Continued

Edmont Pioneer Ansell North Edmont Pioneer Ansell North
Solubility (S, g/cm?) Steady-State Diffusion Coefficient (Dg, cm%/s X 10°)
25°C 25 °C
Experimental 0.229 0.262 0.330 0.028 Experimental 2.17 2.1 3.94
Predicted 0.221 0.247 0.247 0.0674 Model B® 2.22 2.07 3.97
Error 3% —6% —25% 139% Error 2% —2% 1
37°C Model B¢ 2.63 2.63 2.63
Experimental  0.279 0.290 0.349  0.046 Error 21% 25% ~33%
Predicted 0.243 0.271 0271  0.076 Model C 225 209 4.04
Error ~13% ~7% ~22% 65% Error 4% —1% 3%
44°C 37°C
Experimental  0.304 0.321 0.365 Experimental — 4.92 4.39 7.64
Predicted 0.253 0.283 0283  0.081% Model B® 4.69 4.44 7.86
Error ~17% —12%  —22% Error —5% 1% 3%
Model B¢ 5.47 5.47 5.47
50°C Error 12% 25% —28%
Experimental 0.320 0.341 0.390 0.070 Model C 4,78 4.51 7.88
Predicted 0.267 0.298 0.298 0.087% Error —3% 3% 3%
Error -17% —-13% —-24% 24%
44°C
Breakthrough Diffusion Coefficient (Dg, cm¥/s X 10%) Experimental 6.98 6.33 12.7
25 9C Model B® 7.09 6.76 11.4
Experimental 2.98 2.99 2.66 Error 2% 1% - 10%
Model B® 2.87 2.92 2.55 Model B® 8.18 8.18 8.18
Error — 49, _o9, 49 Error 17% 29% —36%
Model BE 277 277 277 Model C 6.52 6.28 10.5
Error —7% —7% 4% Error - 7% -0.7% —-13%
Model C 2.91 2.97 2.60 50°C
Error —2% —0.7% 2% Experimental  9.83 10.1 14.6
37°C Model BB 9.96 9.55 15.6
Experimental  7.15 6.73 5.82 Error 1% ~5% 7%
Model B° 743 717 6.49 Mode! B 1.4 1.4 1.4
Error 4% 7% 11% Error 16% 13% —22%
Model BC 702 700 700 Model C 10.5 10.0 15.8
Error —920, 4% 21% Error 6% -0.7% 9%
Model C 7.61 7.31 6.63 “Predicted S values muitipiied by 0.85 to account for the 15% by volume (26%
Error 6% 9% 14% by weight) of carbon black in the glove
8Based on individual regression equations (see Figure 5)
44 °C ®Based on group regression equation (see Figure 5)
Experimental 11.5 12.1 1.5
Model BB 12.5 11.8 10.9
Error 9% -3% —5%
Model BE 1.7 17 1.7 from Equation 4 with a simple computer program.
Error 20, —39% 2 Experimental steady-state D values, D,, were calculated
Model C 1.3 10.8 9.93 from Equation | using the measured values of SSPR and S.
Error o9, —11% —14% Both sets of D values are presented in Table 111.
The Edmont and Pioneer D, values were quite similar
50°C and slightly lower than the Ansell values. These results are
Experimental ~ 21.0 17.9 16.8 consistent with the evidence that there is some extractable
Model B® 19.3 17.7 16.6 material in the Ansell glove in which the NMP has a higher D
Error ~8% —3% —5% value or which, upon extraction by the NMP, renders the
Model B 17.8 17.8 17.8 glove more permeable. (Note: plasticizers are not used in
Error -15% -0.3% 6 these gloves.)
Model C 20.6 18.6 17.5 Interestingly, Dy > Dg for the Edmont and Pioneer gloves
Error —2% 4% 4

over the entire temperature range, whereas Dy << D for the
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FIGURE 4. Arrhenius plots of equilibrium solubility
of NMP in the natural-rubber gloves
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Ansell glove. As discussed above, the latter result is expected
for organic solvents with concentration-dependent D values.
Although the change of L was not accounted for in determin-
ing the D values, this alone could not account for the relative
order of Dy and Dy for the Edmont and Pioneer gloves.

One explanation that, though speculative, is consistent
with the data, is that for the Edmont and Pioneer gloves the
NMP diffusion is affected by internal swelling stresses cre-
ated during the early stages of permeation. Such stresses,
caused by hydrostatic pressure at the boundary between the
swollen and unswollen regions of the polymer sample, have
been postulated to account for solvents diffusing through
glassy polymers where Case II rather than Fickian diffusion
behavior is observed.“*® Although the polymers considered
here are not glassy, they are crosslinked and therefore have
some degree of inherent elastic stiffness that would give rise
to a similar, though considerably lower, resistance to
swelling.”? To the extent that stress is created in the polymer
samples, the concentration gradient prior to steady state
would be greater than that assumed in the Fickian model.
This, in turn, would lead to an overestimation of Dy using
Equation 4. That this would occur with the Edmont and
Pioneer gloves and not with the Ansell gloves implies that
the former samples have a higher crosslink density.
Although this is consistent with the lower NMP S values
found for the former gloves (see below), it could not be de-
termined definitively.

The E, values listed in Table II reflect the relative order
of the NMP SSPR values and emphasize the difference be-
tween the Ansell glove and the Edmont and Pioneer gloves.
The more rapid decrease of the NMP BT with increasing
temperature for the Ansell glove is reflected in its higher E,
value. Comparison of E,, AH,, and E, shows that for all of
the gloves the value of E, is dominated by the Ej, term. This
follows from the experimental data showing a much larger
increase in D than in S as the temperature increases. In addi-
tion, a comparison of E; and Eg, values indicates that the BT is

a more sensitive function of temperature than is the SSPR.
The relative values of the activation parameters observed
here are similar to those previously reported for other
solvent/glove combinations."”’

Modeled vs Experimental Results

For modeling permeation parameters at elevated temper-
atures with Model A, experimental BT and SSPR values
measured at 25 °C were used to calculate the corresponding
P and BTy, values needed in Equations 6a and ¢ to obtain E,
and Eg. Since these equations are sensitive to the units used
for these quantities, units of wg-mm/cm’-min were used for
P and units of min/mm? were used for BTy. P, and B, were
then obtained from Equations 6b and d. From these general-
ized Arrhenius parameters, SSPR and BT values at the high-
er temperatures were calculated from Equations 2 and 5.

The Model A values of BT and SSPR are shown in
Figures 2a-f. The errors in modeled BT values range from
38-150% and steadily increase with increasing
temperature. From a practical standpoint, the estimates are
reasonably accurate (i.e., the absolute errors are relatively
small), although this may be a result of the BT values being
so low. The SSPR values were also overestimated in all cases
with this model (errors range from 44~100%) and, again, the
errors increase with increasing temperature.

As the first step in estimating BTs and SSPRs with
Models B and C, predicted values of S at 25 °C were deter-
mined from Equations 7-9 using the 3-D solubility parame-
ters listed in Table 1. The solubility parameters used for the
gloves were those published by Perkins et al.*"** The solu-
bility parameters for the Pioneer Trionic glove were not
available, so values for a Pioneer natural-rubber glove were
used instead. The same values also were used for the Ansell
glove.

For estimating S at temperatures above 25 °C, the com-
ponents of the 3-D solubility parameters were adjusted
using the thermal expansion coefficient, &, according to
Equations 10-12. An average value of @ = 9.65 X 107 * K™
was used for NMP based on the change in the molar volume
over the range of 25-50 °C. For the natural-rubber gloves, a
value of « = 6.6 X 10 * K™' was used based on data for
lightly crosslinked (vulcanized) natural-rubber samples.*“’#®
An a value of 4.6 X 107* K™' was used for butyl rubber
based on data collected for a crosslinked polyisobutylene
filled with carbon black (33% by wt.)."” (Note: according to
the manufacturer, the North butyl-rubber glove contains
26% by weight of carbon black filler.) NMP molar volumes
and densities at different temperatures were obtained from
the literature." Calculated values of A%, and x are listed in
Table IV.

Since values of the crosslink density, », were not avail-
able from the glove manufacturers, an assumed value had to
be used in Equation 9. According to the literature, v values in
the range of 5 X 10 %to 5 X 107* cm ™ are typical of lightly
crosslinked polymers.?*#5 The effect on the modeled S val-
ues of varying the crosslink density was therefore examined
over this range. As shown in Table V, the effect is quite small
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TABLE IV. Temperature Dependent Parameters Used to Model Solubilities and

Diffusion Coefficients?

filled with carbon black in
studies of toluene sorption.”"

T v, A2, 7 0 T Experimental S values may
(°C)  (cm*mole)  (cal/cm®) X (g/cm—s x 108)  (g/em®)  (cm?/s x 10?)  also be low due to insufficient
time being allowed for true
25 96.6 8.17(E) 1.33(E) 5.31 1.026 5.14 equi]ibriuri to be obtained. As
7.81 . . )
7218:; 15;2:; with the natural-rubber sam-
12‘1(N) 1-97(N) ples, the modeled change in S
) ) with temperature for the butyl-
37 97.7 8.07(E) 1.28(E) 3.87 1.015 3.82 rubber SZmpleS is somewli/at
7.72(P)  1.22(P) N
smaller than that actually ob-
7.72(A) 1.22(A) served y <
11.8(N) 1.88(N) The next step in estimating
44 98.5 8.02(E) 1.25(E) 3.26 1.007 3.24 BT and SSPR values involves
7.67(P) 1.20(P) estimating values of D, and
7.67(A)  1.20(A) D;. For Model B, D
1.7(N) 1.83(N) values were determined based
50 98.8 7.97(E) 1.23(E) 2.84 1.003 2.83 . . R
7.63(P) 1 17(p on correlations with the kine-
7'63 A 1.17(A) matic viscosity of the NMP.
-63(A) 17(A) Values of 1, 1, and p are listed
11.6(N) 1.78(N)

in Table I'V. Plots of log 7, ver-

AE := Edmont; P = Pioneer; A = Ansell; N = North

(< 15% change in all cases) for the natural-rubber and butyl-
rubber gloves. This is partly due to the low-to-moderate
range of modeled S values for the NMP: the effect of
crosslinking on S is generally more important for more
highly soluble solvents.®” Notwithstanding the evidence de-
scribed above for a difference in crosslink densities
between the natural-rubber gloves, a common value of 5 X
10° cm ~* was assumed for all of the gloves.

The resulting modeled values of S are presented in Table
I11 beneath the corresponding experimental S values for each
glove. S values predicted at 25 °C are quite accurate for the
Edmont and Pioneer gloves and somewhat less accurate for
the Ansell glove. At higher temperatures, the error increases
for all of the gloves. A comparison of the ratios of higher
temperature S values to those at 25 °C, however, shows that
the variation in the modeled S values with temperature is
only about 10-20% lower than actually observed. In any
case, the error in S even at the
higher temperatures does not

sus log Dy and log Dy are

shown in Figures Sa and b, re-
spectively, along with the equations and r’ values obtained
from linear regression. The resultant modeled D values dif-
fered from experimental D values by only 1-11% (Table 111).
Similar correlations were obtained using viscosity rather
than kinematic viscosity (data not shown).

In practice, it usually would not be feasible to determine
correlations separately for each glove. Therefore, a single re-
gression equation for all three gloves was generated by pool-
ing the data. The resulting equation and r* value are shown in
Figure 5 below the individual regression equations. Although
there is some loss of accuracy, the values of D from the group
equation still differ from the experimental D values by less
than 36% (Table III).

For Model C, D values were determined from correla-
tions with xV, (see Table IV for the values of x and V, at
each temperature). Plots of xV, versus Dy and Dg are shown
in Figures 6a and b. The correlations are quite good in all

TABLE V. Influence of Assumed Crosslink Density, », on Predicted Solubilities

exceed —25%.

For the butyl-rubber glove, Tem;:er ature — _\?o/ubi/ity (9/ ?gna) . -
values of S were consistently Glove <) »r=5x10 10 5x10 10 5x10
overestimated even after ac- Edmont 25 0.224 0.224 0.221 0.218 0.196
counting for the percentage of 37 0.246 0.245 0.242 0.239 0.214
carbon black. Given the very 44 0.257 0.256 0.253 0.249 0.223
low § values, the practical im- 50 0.271 0.270 0.267 0.263 0.234
plications of this error are Pioneer/Ansell 25 0.251 0.251 0.248 0.244 0.218
probably minor. One factor 37 0.275 0.275 0.271 0.267 0.237
contributing to the error may 44 0.288 0.287 0.283 0.279 0.246
be a constrictive effect associ- 50 0.303 0.302 0.298 0.293 0.258
ated with the carbon black in  North 25 0.080 0.080 0.079 0.079 0.074
the butyl glove. Such an effect, 37 0.090 0.090 0.090 0.089 0.084
which is similar to an increase 44 0.096 0.096 0.096 0.095 0.089
in crosslinking, was observed 50 0.103 0.103 0.102 0.101 0.095

for natural-rubber samples  units of »are cm ™
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6.6 « Ansell  log Dy = -3.15(log n)-11.65 (°=0.991)
& Pioneer log D, = -3.03(log n,)-11.44 (°=0.997)
68 o Edmont log D = -3.20(l0g n,)-11.67 (°=0.991)
I R Grouped log Dy = -3.13(log 7,)-11.59 (r2=04986)
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FIGURE 5. Log-log plots of kinematic viscosity ver-

sus (a) Dy and (b} Dg for NMP in the natural-rubber
gloves from 25-50°C

——————————

cases, being somewhat better for Dy than for Dy, in general.
The errors in the modeled Dy and Dg values are very low
(0.7-14%) as shown in Table III. Pooling the Ansell and
Pioneer data yielded somewhat larger errors in modeled Dy
(4 to 20% and 1 to —14%, respectively) and Dg (—13 to
--33% and 25 to 38%, respectively) values. However, since
the use of a common set of 3-D solubility parameters for
these gloves already represents an approximation, the indi-
vidual regression equations were used for subsequent calcu-
lations of BT and SSPR.

Inserting the modeled values of D and S into Equations 1
and 4 yielded the BT and SSPR values shown in Figures 2a-f
for Models B and C. The BT estimates from both of these
models were similar, falling within 29% of experimental
values for all gloves and temperatures. In terms of absolute
error, all modeled values were within 13 min of the actual
BT values and most were within 5 min. Modeled SSPR val-
ues werc within £29% of experimental values for the

o Ansell InDg=-0.271(xV,)}+15.88 (°=0.979)
-14.0 4 & Pioneer In Dy =-0.261(xV,)+14.83 (*=0.988)
o Edmont In Dy = -0.260(1V,)+16.15 (*=0.998)
-15.0 1
o -16.0 1
o
[ =
- -17.0 A
-18.0 A
-19.0 1
115 120 125 130
3
xV,{cm/mole)
a
o Ansell InDg=-0.194(¢V,}+6.83 (*=0.972)
-15.0 A o Pioneer InDg = -0.223(xV,)+9.78 (°=0.999)
© Edmont In Dg = -0.204(xV,)+8.64 (r2=0.992)
-16.0
o0
Q 47,01
£
-18.0 A
-19.0 1
115 120 125 130
3
XV {em /mole)
b
FIGURE 6. Plots of xV, versus (a) Dy and (b) In Ds
for NMP in the natural-rubber gloves from 25-50°C

Pioneer and Edmont gloves. In contrast to Model B, Model C
showed a tendency toward underestimation. Errors in the
Ansell SSPR values were generally larger (— 16 to —49%)
and both Model B and C consistently underestimated the
SSPR values. There is no apparent correlation of the errors
in BT and SSPR estimates with temperature for either
model. Overall, Models B and C performed similarly and in
all cases gave smaller errors than Model A.

None of the models could be used to predict the BT and
SSPR values of the butyl-rubber glove because permeation
tests were concluded prior to observing breakthrough at all
temperatures. However, as noted above, the report by
Vahdat®” suggests that the correlation of 7, with D might be
similar for different solvents in a given glove material.
Using published S, BT, and SSPR values for toluene versus
butyl rubber (designated as a NASA butyl-rubber material)
from that report, Dy and Dg values were calculated and plots
of log 7, versus both log Dy and log D¢ were generated. The
r2 values for the linear regressions were 0.980 and 0.935, re-
spectively. These regression equations were then used with
7, values for NMP to estimate its D values. The resulting Dy

AM.IND. HYG. ASSOC. J. (54) / September 1993

476



Downloaded by [CDC Public Health Library & Information Center] at 11:41 05 June 2014

values ranged from 1.5 X 107" 10 9.2 X 107" cm¥sec over
the temperature range of 25-50 °C. These data, together with
the modeled S values in Table 111, gave (via Equation 4) BT
values of several days even at the highest temperature.
Although our experimental tests were concluded after only
four hours (or eight hours at 25 °C) and an exact comparison
is therefore not possible, the modeled results are not incon-
sistent with the experimental data.

To further explore this issue, the same regression equa-
tions were used to model Dy, and Dy values for the permeation
of 1,2 dichloroethane through North butyl-rubber gloves
from 25-50 °C as reported by Perkins and You.?" An S value
of 0.33 g/cm’ was used at all temperatures based on data re-
ported by Goydan et al. at 23 °C."*” The Dy values determined
from the model were within a factor of 2.2 of those deter-
mined from the experimental data. Given the approximate
values of S employed, the agreement is quite good. Estimates
of Dy were less accurate, but this may be the result of differ-
ences in BT detection limits between the two studies.

CONCLUSIONS

As shown from these results, the influence of temperature on
the BT and SSPR can be significant even over relatively
small temperature ranges. (Note: an increase from 25 to 50
°C corresponds to only an 8% increase in absolute tempera-
ture.) Although the BT values and the effects of temperature
on the BT and SSPR values of NMP through the natural-rub-
ber gloves were similar for the three natural-rubber gloves
examined, the Ansell gloves showed consistently higher
SSPR values. This may be attributable to a lower degree of
crosslinking or to the presence in the Ansell glove of some
extractable material.

While thermal discomfort reduces the likelihood of sus-
tained contact with NMP above 70 °C, these results indicate
that even incidental contact, such as a splash, at elevated
temperatures can lead to rapid permeation and potential der-
mal irritation or absorption. The butyl-rubber gloves provid-
ed excellent protection under all test conditions, suggesting
that these gloves be used for protection from NMP in all
cases where particulate contamination can be tolerated. The
higher cost of the butyl-rubber gloves is at least partially off-
set by the ability to reuse the gloves even after NMP expo-
sure. Use of natural-rubber gloves may be adequate for
certain situations, but the rapid permeation above room tem-
perature and apparent persistence of NMP following expo-
sure indicate that they should be replaced promptly if any
exposure occurs.

Arrhenius plots of the solubility and permeation data re-
vealed that the increase in permeation with increasing tem-
perature is largely due to increases in the diffusion
coefficient of NMP rather than the equilibrium solubility.
This result appears to be general™ and underscores the need
for accurate measures of D in attempting to predict the ef-
fects of temperature on solvent permeation.

Of the three models examined here, those based on sepa-
rate estimates of S and D used in conjunction with Fickian
diffusion equations (Models B and C), provided better

estimates of the change in BT and SSPR with temperature
than the model based on generalized Arrhenius parameters
(Model A). While Model A still provided useful levels of ac-
curacy, both the BT and SSPR values for each glove were
consistently overestimated, and errors were found to in-
crease with increasing temperature.

The method employed in Models B and C to predict the
solubility of NMP, based on the solvent and polymer 3-D
solubility parameters, was quite accurate for the natural-rub-
ber gloves, though somewhat less accurate for the butyl-rub-
ber glove. Given the approximations made (i.e., using
estimated Pioneer and Ansell 3-D solubility parameters and
assumed values for the weighting factors in Equation 7 and
the crosslink densities for all of the gloves) the results were
remarkably good. It is suspected that the presence of carbon
black in the butyl-rubber glove affected the solubility in a
manner that could not be accounted for with the solubility
model. With further investigation, a means of incorporating
this factor into the solubility prediction model should be
possible.

The high correlations of Dy and Dy with the kinematic
viscosity found here for NMP in natural rubber are similar to
those found for Dg with other solvent/polymer combina-
tions,”” providing support for the generality of the model. It
was shown that for a single solvent (NMP in this case) a
common regression equation could be used to model the
change of Dy or Dg with temperature for all three natural-
rubber gloves. Preliminary evidence also suggests that the
regression equation determined with one solvent in a given
glove material could be used to estimate the change of D
with temperature for other solvents in the same glove mater-
ial. However, these results need to be verified for a wider
range of solvent-CPC combinations.

The correlations between D values at different tempera-
tures and the product of the Flory interaction parameter and
the solvent molar volume were also quite strong. This is the
first report of such correlations. These results, coupled with
the strength of similar correlations found for a range of sol-
vents in Viton (at a single temperature)** provide support
for the generality of this model as well. A unique feature of
Model C is that 3-D solubility parameters are used in model-
ing both S and D as a function of temperature.

All three of the models examined require some experi-
mental data for their implementation. For Model A, this en-
tails permeation testing at one temperature to determine the
permeability coefficient and breakthrough time. For Model
B, this entails determining the relationship between the sol-
vent kinematic viscosity and the diffusion coefficient(s) as a
function of temperature. However, as just mentioned, there
is evidence to suggest that a single relationship may apply to
several solvent/polymer combinations, which would obviate
the need for individual determinations of the D-7, relation-
ship(s). For both Models B and C, the weighting factors used
to calculate the 3-D solubility parameter difference are need-
ed and, while accurate modeled values of S and D (for Model
C) were obtained using values of a = 1 and b = 0.25 for the
solvent/CPC combinations here, different weighting factors
are likely to be required for different solvents and/or
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polymers.****~*" At present these must be determined empir-
ically, but correlations have been found between the weight-
ing factors and the functional groups of the solvents,*” and
studies are currently in progress to determine if the weight-
ing factors can be predicted from other known properties of
the solvents and polymers. Finally, although the polymer
crosslink density did not have a large influence on the mod-
eled S values for the systems examined here, this is not like-
ly to be the case for solvents with relatively high solubilities
in these or other CPC polymers.

Thus, the predictive capacities of all of the models pre-
sented here are limited at present by the need for experimen-
tal data and/or key solvent and CPC variables. However,
recognition of the importance of these variables represents a
critical step toward developing truly predictive permeation
models. The approach presented here for using solubility pa-
rameters to model S and D, and ultimately BT and SSPR, in-
corporates these variables into a general model with the
potential for broad application.
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