
Table IV. Parameters of Various Equations for Excess Gibbs Free Energy 
~~~ ~ 

Redlich- Wster, 3-parameter" Wilson, 2-parameterb NRTL, 3-parameterc 

System Temp, "C B C D ud A n  Aai ud r12 7 2 1  CY Ud 

DMSO(1)-acetone(2) 25 
35 (Run 1) 

(Run 2) 
45 

25 
35 
45 

aceta te(2) 25 
35 
45 

DMSO(1)-tetra hydro- 
f u ra n (2) 

DM SO(1)-et hy I 

0.6910 
0.6553 
0.6524 
0.6247 

-0.0651 
-0.0455 
-0.0333 
-0.0345 

0.0233 
0.0125 
0.0303 
0.0095 

0.37 
0.24 
0.27 
0.33 

0.5498 
0.5948 
0.6321 
0.6273 

0.8271 
0.8078 
0.7684 
0.7987 

0.37 0.3153 
0.24 0.2689 
0.45 0.3556 
0.33 0.2641 

0.5585 
0.4916 
0.4702 
0.4470 

0.9068 
0.6763 
1.0147 
0.6456 

0.36 
0.26 
0.29 
0.33 

1.2506 
1,2188 
1.1779 

-0.1919 
-0.1934 
-0.1836 

0.1228 
0.1198 
0.1077 

0.56 
0.58 
0.51 

0.2941 
0.2981 
0.3128 

0.6543 
0.6756 
0.6906 

0.61 0.6240 
0.63 0.5991 
0.53 0.5656 

1.2174 
1.1984 
1.1405 

0.6627 
0.6772 
0.6825 

0.35 
0.38 
0.28 

1.2212 
1.1813 
1.1514 

-0.0831 
-0.0763 
-0.0741 

0.1031 
0.0917 
0.0944 

0.27 
0.40 
0.32 

0.4008 
0.4177 
0.4300 

0.5499 
0.5642 
0.5725 

0.62 0.7352 
0.62 0.7029 
0.64 0.6932 

0.9875 
0.9381 
0.9188 

0.6836 
0.6894 
0.7174 

0.27 
0.36 
0.29 

GE 
- = x1x2[8 + C(x1 - x2) + D ( X I  - x # ]  Redlich-Kister equation ( I  3): 
ur 

G E  
- = x1 In (XI + A I ~ x ~ )  + x z  In (x ,  + A21x1) 
RT 

*Wilson equation (78): 

1 7 2 1  exp ( - a m )  712 exp ( - a r l L  

x1 + x2 exp (-CYrz1) + x2+ x1 exp ( - a r m )  

GE 
c NRTL equation ( 1 4 ) :  - = xlxg 

RT 

Standard deviation in relative pressure, %; N, number of experimental points: 1 0 0 ~ ~ ~  ('exptl - 
Pexptl 
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Permeability of Teflon Polytetrafluoroethylene Resin and Buna-N 
Butadiene-Nitrile Rubber to Deuterium' 
Roy G. Derrick and Mclntyre R. Louthan, Jr. 
Savannah River Laboratory, E. 1. du Pont de Nemours & Co., Aiken, S.C. 29801 

valves, transducers, and/or secondary containers in hy- 
drogen handling systems ( 7 ,  3, 5 ) .  Systems handling 
deuterium, an hydrogen isotope, are similarly con- 
structed. Permeation data for Teflon and buna-N are nec- 
essary to predict system responses to various deuterium 
exposures where low-level permeation through the gas- 
kets must be controlled. The permeability and the diffu- 
sivity of deuterium in these gasket materials were mea- 
sured over a range of temperatures. 

Experimental 

The permeability was calculated from measurements 
of the steady-state deuterium flux through membranes 
exposed to 0.16-5 atm deuterium gas in the test appara- 
tus sketched in Figure 1. Test specimens were -0.050 
cm thick by about 4.83 cm in diameter. High-purity 

~ ~~ 

The permeability, 4, of Teflon and buna-N to deuterium 
at 0.1 6-5 atm between 196 and 441 K is given by: 
($Teflon = 2.8 x 
1.02 X lo -*  exp (-6700/RT) cm3 (NTP gas) cm-l  
atm - sec-1. Temperature dependence of deuterium 
diffusivity, D, in these materials was calculated from 
measurements of the rate of rise to, and decline from, 
steady-state permeation. Deuterium solubilities, S, were 
also calculated. 

exp (-4950/RT) and ( $ B ~ ~ ~ - N  = 

Teflon polytetrafluoroethylene resin and buna-N, a ni- 
trile rubber, are often used as gasket materials to seal 

' Address correspondence to A. E. Symonds, Technical Information 
Service, Savannah River Laboratory, E. I .  du Pont de Nemours & Co., 
Aiken, S.C. 29801. 
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Table 1. Deuterium Permeability and Diffusivity in Teflon 

Permeability, 

To Leak D e t e c t o r  
Figure 1. Cell for measuring permeation of deuterium through 
membranes 
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Figure 2. Permeability of Teflon to deuterium 

(99,9%) deuterium gas was introduced to one side of the 
membrane, and the quantity passing through the mem- 
brane (flux) was monitored with a Consolidated Electro- 
dynamics Corp. Type 24-1208 leak detector. The system 
was evacuated to torr before deuterium was intro- 
duced. Specimen temperature during the test was con- 
trolled to f l K .  Measurements of flux at steady state, J,, 
were converted to permeability, 4, by 

Jm’ cm3 (NTP 02)  cm- ‘a tm- ’  sec-’ (1) dJ = A(p i  - Pz) 

where I was the membrane thickness and A, the area ex- 
posed to hydrogen at pressure p 1  on the entrance side 

(NTP) Diffusivity, cm2 sec-1 
TernD, Press. sec-1 atm-l . .  

K atrn cm-1 Rise Decline 

196 
273 
273 
273 
300 
300 
300 
300 
300 
313 
313 
315 
315 
328 
328 
328 
328 
348 
348 
348 
378 
378 
378 
396 
441 

0.16 
0.16 
1.0 
5.0 
0.16 
0.50 
1.0 
3.0 
5.0 
3.0 
5.0 
0.16 
0.50 
0.16 
0.50 
3.0 
5.0 
0.16 
1.0 
3.0 
0.16 
0.5 
1.0 
1.0 
1.0 

1.07 X 10-e 
3.91 X 10-8 
2.70 X 10-8 
2.90 X 10-8 

1.06 X 1 0 - 7  
1.25 X 1 0 - 7  

1.00 x 10-7 

0.97 x 1 0 - 7  

0.90 x 1 0 - 7  
1.20 x 10-7 
1.40 x 1 0 - 7  
1.25 x 10-7 
1.20 x 1 0 - 7  
1.39 X 10-7 
1.41 X 1 0 - 7  
1.43 X 10-7 
1.42 x 10-7 
3.34 x 1 0 - 7  

2.50 x 1 0 - 7  
4.75 x 1 0 - 7  

2.51 X 1 0 - 7  

4.10 X I t 7  
3.30 X W7 
5.15 X 1 0 - 7  
9.25 x 1 0 - 7  

6.98 X 10-8 
6.79 X lo-’ 

7.91 X 10-7 
1.80 X 10-6 
1.28 X 10-6 
1.46 X 10-6 

7.48 x 10-7 

... 

... 
2.39 X 10-6 

2.13 X 10-6 

3.10 X 10-6 
3.40 X 10-6 
3.81 X 10-6 
4.19 X 10-6 
5.13 X 10-6 
4.19 X 10-6 
5.24 X 10-6 
5.99 x 1 0 - 6  

7.31 X 10-6 
7.62 X 10-6 

... 

... 

1.02 x 1 0 - 5  
1.94 x 1 0 - 5  

... 
5.31 X 1 0 - 7  

4.96 X 
1.53 X 10-6 
1.38 X 10-6 
1.52 X 10-6 

1.61 X 10-6 
2.00 x 10-6 
2.20 x 10-8 

2.20 x 10-6 
3.07 X 10-8 
2.60 X 10-6 
3.00 X 10-6 
2.88 X 10-6 
4.88 X 10-6 
4.17 X 10-6 
4.42 X 10-6 
6.80 X 10-6 
6.88 X 
6.58 X 10-6 

1.95 X lk5 

5.76 x 10-7 

... 

... 

1.02 x 1 0 - 5  

Table I I .  Deuterium Permeability and Diffusivity in Buna-N 

Perrnea bility, 

Diffusivity, crn2 sec-1 crn3 (NTP) 
Temp, Press, sec-latrn-1 

K atm cm-1 Rise Decline 
~ ~~~~~~~~~ 

296 1.0 9.77 X 10-8 1.56 X 10-6 1.12 X 10-6 
312 1.0 1.85 X le7 2.63 X 1.93 X 10-6 
325 1.0 3.02 X 10-7 2.96 X 10-6 4.10 X 10-6 
353 1.0 7.33 X I t 7  7.70 X 10-8 7.13 X 10-8 
362 1.0 8.51 X 10-7 1.38 X 10-6 1.05 X 10-5 
389 1.0 1.33 X 10-6 1.53 X I F 5  1.97 X le5 
401 0.16 2.40 X 10-6 1.98 X le5 1.94 X I t 5  

and p2 on the exit side. Under the experimental condi- 
tions, p2 was neglected because p 1  was much greater 
than p2. 

Deuterium diffusivities, D, were calculated from mea- 
surements of the rate of rise to, or decline from, steady- 
state permeation. During rise to steady state, the ratio of 
flux at any time ( J t )  to the steady-state flux ( J , )  is given 
by 

Solution of this equation for a flux ratio of 0.90 gives 

(3) 

Equation 3 was used to calculate diffusivities from rise to 
steady-state measurements. A similar equation, valid at a 
flux ratio of 0.45, is 

(4) 
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D = 1.7 X exp (-4100/RT) om2 sec- '  ( 7 )  

The solubility of deuterium, therefore, is proportional to 
the pressure and can be represented by 

C = 0.16 p exp (-850/RT) cm3 (NTP D2)m?r3 

= I .02 x IO- e x  p ( - 67001 R T ) 

Range Reported 

Notural Rubber 

- 
in Ref. 2 for 

(sample) (8) 

The solubility range investigated in these studies is from 
approximately 0.003 to 0.060 cc (D2)/cm3 (sample). 

Buna-N. The permeability of buna-N to deuterium be- 
tween 296 and 401K at 1-atm pressure, calculated from 

- 

l I I I I - 

1 t 
i 

'o-El.O 2.0 3.0 4.0 5.0 6.0 
Temperature, IOOO/OK 

Figure 3. Diffusivity of deuterium in Teflon 

Diffusivities from measurements of decline from steady- 
state permeation were calculated from Equation 4. 

Deuterium solubilities, C, were calculated from the re- 
lationship: 

(5) C = 4 P  , cm3 (NTP D2).cm-3 (sample) 

Results and Discussion 
Teflon. The permeability of Teflon to deuterium at 

0.16-5 atm between 196 and 441K can be expressed by 
the equation: 

4 = 2.8 X exp (-4950/RT) cm3 (NTP D2) 
sec- l  a tm- ' cm- '  (6) 

Data used to develop this equation are given in Table I 
and Figure 2. The lack of significant scatter in Figure 2 
indicates that the assumption is valid that the permeation 
rate of deuterium through Teflon depends directly on 
pressure. This result indicates that the permeation pro- 
cess involves solution and diffusion of molecular deuteri- 
um. 

The permeability of Teflon to deuterium and the activa- 
tion energy for permeation are lower than for hydrogen 
(6). Similar isotopic effects have been observed in other 
elastomeric membranes and have been attributed to dif- 
ferences in zero-point energies ( 4 ) .  However, detailed 
comparison of permeabilities to the three hydrogen iso- 
topes was not attempted in this study because the exper- 
imental apparatus was only sensitive to deuterium. 

Deuterium diffusivities are summarized in Table I and 
Figure 3. For the range studied, the diffusivity does not 
depend upon pressure (concentration), and 0 can be 

- 1- '0-5F-----l represented by 

Figure 4. Permeability of buna-N to deuterium 4 = 1.02 X 10-2exp ( -6700/RT) cm3 (NTP 0 2 )  
s e c - ' a t m - ' c m - I  (9) 

As shown in Table I I  and Figure 4, the observed perme- 
ability is in reasonable agreement with published data for 
hydrogen in natural rubber (2) .  The one measurement at 
0.16 atm indicates that deuterium transport through 
buna-# is also by molecular diffusion. The calculated 
temperature dependence of deuterium diffusivity in buna- 
N (Figure 5) is given by 

D = 6.5 X 10-zexp (-6325/RT) cm2sec- '  (10) 

and the solubility (assuming no dissociation on solution) 
is 

C = 1.57 X 1 0 - l ~  exp ( - 3 7 5 / R T )  cm3 (NTP 0 2 )  cm3 
(sample) (11) 

2 2 The low values for the calculated heats of solution, 850 
cal for Teflon and 350 cal for buna-N, indicate that the 
solubility of deuterium in both materials is not very de- 
pendent on temperature. 

2.4 2.6 2.8 3.0 3.2 3.4 3.6 
Temperature, IOOO/"K 

Figure 5. Deuterium diffusivity in buna-N 
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Pressure System." USAEC Report SC-DR-72 0593, Sandia Laborato- 
ries, Albuquerque, N.M., Nov. 1972. 

(6) Technical tnformation Bulletin T-30, "Chemical Properties Of DuPOnt 
Teflon FEP Film," E. I .  du Pont de Nemours & Co., Plastics Depart- 
ment, Fluorocarbons Division, Wilmington, Del. 19898. 
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Carbon Dioxide Solubility in Aqueous Carbopol Solutions at 
2 4 O ,  30°, and 35OC 
Jerome F. Perez and Orville C. Sandall' 
Department of Chemical and Nuclear Engineering, University of California, Santa Barbara, Calif. 93106 

Solubilities for carbon dioxide in 0.25, 0.75, and 1 .OO wt 
YO aqueous Carbopol (carboxy polymethylene) solutions 
are determined at 24", 30", and 35°C. The rheological 
behavior of these solutions can be described by the 
Ostwald-de Waele power-law model with the flow 
behavior index varying between 0.916 and 0.594. The 
solubilities are expressed in terms of Henry's Law and 
decrease with increasing Carbopol concentration and 
temperature. 

Aqueous Carbopol-934 (carboxy polymethylene) solu- 
tions are often used as model nonNewtonian fluids since 
their rheological behavior is well characterized by the 
power-law relationship. For interphase gas-liquid mass- 
transfer studies, with nonNewtonian fluids, carbon diox- 
ide is a convenient choice as the solute to be transferred 
since large mass-transfer rates can be achieved owing to 
its relatively high solubility in aqueous solutions. 

Another advantage with the use of carbon dioxide in 
aqueous solutions is that concentrations may be mea- 
sured in a straightforward manner by wet chemistry tech- 
niques. To experimentally determine interphase mass- 
transfer coefficients it is necessary to know equilibrium 
solubilities for the binary gas-liquid system. In the work 
described here, solubilities for carbon dioxide in 0.25, 
0.75, and 1 .Od wt YO aqueous Carbopol solutions were de- 
termined for partial pressures near atmospheric and for 
temperatures of 24", 30°, and 35°C. The Carbopol solu- 
tions were pseudoplastic with the flow behavior index 
varying from 0.916 to 0.594. 

Experimental 

A schematic drawing of the experimental apparatus is 
shown in Figure 1. The solutions were saturated by bub- 
bling "bone-dry" grade carbon dioxide through a fritted- 
glass disc in a gas-washing bottle for approximately 1 hr. 
Initially, several runs were made lasting 2 hr, and these 
showed no differences with runs lasting 1 hr. Thus, the 
majority of the runs were made with a 1-hr bubbling peri- 
od. A liquid seal was provided for the saturation vessel by 

' To whom correspondence should be addressed. 

placing a 500-ml Erlenmeyer flask in series with the satu- 
ration vessel as shown in Figure 1. 

After turning the gas to the bubbler off, a sufficient pe- 
riod of time, usually about '/2 hr, was allowed to elapse to 
ensure that the pressure which initially was slightly in ex- 
cess of atmospheric was reduced to atmospheric. The 
saturation vessel was shaken manually at 5-min intervals 
during this period. The initial excess pressure was ap- 
proximately 1 in. of water. The temperature was con- 
trolled to within f0 . l "C  by placing the saturation vessel 
in a constant-temperature water bath. The use of low gas 
flow rates minimized evaporation losses of water which 
would have altered the solution compositions. 

A 50-ml pipet was used to transfer samples out of the 
saturation vessel for concentration measurements. Car- 
bon dioxide concentrations were determined by precipita- 
tion as barium carbonate from standard barium hydroxide 
solutions with the excess hydroxide determined by titra- 
tion with hydrochloric acid to a phenolthalein end point. 
Since Carbopol solutions are acidic, it was necessary to 
perform blank titrations on carbon dioxide-free solutions. 
Care was taken to avoid the loss of carbon dioxide to the 
atmosphere during the transfer of samples from the satu- 
ration vessel and to prevent the introduction of carbon 
dioxide from the atmosphere during the titrations. The 
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Figure 1. Solubility apparatus 
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