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ítmmary 

¡ r imenta I measurements of the solubility of oxygen ir KOH, 

H2S04 and H3P04 solutions, and of straight-chain, saturated hydro¬ 

carbons in phosphoric acid have beer, made over the fall electrolyte 

concentration range. The diffusion coefficient of oxygen m .Oh 

solutions at 25°C and in 85% H^PO^ solutions at 60’ and SO'c are 

also reported. 

A correlation for the solubility of ga^es in phospharic acid 

solutions has been derived by dimensional analysis, and shown to fit 

the measured values within the limits of experimental err^r. The 

correlation presented should enable the solubility of oxygen and 

hydrocarbons in 85-105% to be predicted with reasonable 

accuracy. 

The values of the diffusivity of oxygen in KOrt have teen shown t :> 

obey the theory of Ratcliff. A correlation for the diffusion coeffi¬ 

cient of gases in phosphoric acid solutions has been derived, buí 

insufficient experimental data was obtained for a test of the 

correlation to be made. 



1. INTRODUCTION 

It seems probable that In some cases the current obtainable 

from fuel cells is limited by diffusion of the reacting gas (or 

liquid) through the liquid (electrolyte) phase to active sites on the 

surface of the electrode. Under these conditions it foil>ws from 

Pick's Law that the limiting current that may be drawn from a given 

electrode will depend on the concentration of the reacting substar.vv 

in the bulk electrolyte and on its d^ffusivity. A knowledge of the 

magnitude of both of these properties is needed b»:f,re any estimate if 

mass transfer limitations may be made. 

The work reported here has been aimed at making experimental 

measurements of the solubility and diffusivity of fuel cell gases in 

suitable electrolytes, and at developing theoretical or empirical 

methods of estimating these properties for sys^ms that have r t been 

studied experimentally. The correlations available for the prediction 

of gas solubilities ard diffusivities in pure liquids are not generally 

applicable to electrolyte solutions, a^d a modified approach is 

necessary. 

Previous workers have estimated the rate of mass transfer at 

fuel cell electrodes using the values of the solubility ard diffusivity 

of the gas in pure water. According to Pick's Law the rate of mass 

transfer it proportional to the product of tho solubility and diffusiv- 

ity. Experimental measurements on fuel cell electrolytes have indicated 

that this product may be as low as 17t of the value in pure water 

Calculations of the current expected from a mass■transfer limited 

fuel cell in which data for pure water are assumed will therefore give 

1 



2 

current values that are much too high. 



2. SOLUBILITY STUDIES 

2.1 Theory 

2.1.1 Variables Involved 

The solubility of a gas in electrolyte solution may be 

expected to vary with the properties of the solute gas, concentration 

of the electrolyte, temperature and pressure. The system is a complex 

one, since the electrolyte solution is itself a mixture of chemical 

species; in the case of phosphoric acid the solution composition 

varies with the temperature. Because of this, attempts to provide a 

sophisticated theoretical treatment by analysis of the intermolecular 

forces involved or along the lines adopted by Hildebrand and Scott (1) 

appear likely to prove difficult. For the purpose of predicting 

solubility data for engineering use an empirical method of correla¬ 

tion has been selected. 

Although empirical correlations may be necessary to predict 

the solubility, the variation in solubility of a given solute with 

temperature and pressure will follow well-known thermodynamic laws. 

Thus the variation in solubility is^> with temperature wH1 be given 

by. 

(2-1) 

where c_ is the concentration of electrolyte and represents the 
O 

differential heat of solution per mole of gas. Equation (2-1) may 

be integrated, if AH may be assumed independent of temperature, to get 

( Ins (2-2) 

3 
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• II» -in integration constant. A positive heat of solution 

: "rii,re produce a decrease in solubility with rise in tempera- 

tun. ind vice versa. Although most systems show the former type of 

'r, there ate also cases in which solubility may increase with 

rise in temperature. While equation (2-1) will be true in all cases, 

the integrated equation (2-2) will hold only if the heat of solution 

is independent of temperature. Since the chemical composition of 

phosphoric acid changes with temperature, the heat of solution may 

well vary with temperature, so that equation (2-2) may not hold in 

this case. 

The eifect of pressure on the solubility of gases in 

liquids is described quantitatively by Henry's Law, which states 

that solubility is directly proportional to the partial pressuie of 

the gas above the liquid. 

( ”1 )t,c * h (2-3> 
B 

where h is the Henry's Law constant. Henry's Law has been found to 

hold well for gases of low solubility at pressures such that fugacities 

may be replaced by pressures (2); thus it may be expected to hold 

satisfactorily at pressures up to a few atmospheres. Deviations from 

Henry's Law may be expected for hign pressures, low temperatures, or 

cases where the solute and solvent interact chemically. It therefore 

seems likely that the pressure effect of solubility of oxygen and 

hydrocarbon gases in electrolyte solutions should be quite well 

described by equation (2-3) at pressure, up to 4 or 5 atmospheres. 

P.ynter and McDonald (3) have reported data for the solubility of 
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propane in phosphoric acid at various partial pressures which appear 

to obey Henry's Law up to 1000 mm H . 
g 

For solutions of gas mixtures, Henry's Law may be applied 

independently to each gas irrespective of the pressures of the others, 

provided that the conditions noted in the previous paragraph are 

fulfilled. Thus the solubility of each component of the mixture 

should be directly proportional to its partial pressure. The solubility 

of gases and hydrocarbons in electrolytes is so low that the assumption 

of each solute acting independently appears valid. 

For a gas mixture containing components 1, 2.i..., 

at partial pressures p^ .p,.... the solubilities of the various 

components will be given by the set of equations of general form, 

(2-4) 

where (s^)^=^ is the solubility of the pure component gas i at a 

partial pressure of one atmosphere. If solubility data are available 

for the pure component gases contained in the mixture the solubility 

of any mixture may be readily obtained from the set of equations (2-4). 

The above discussion assumes that Henry's Law holds for each component 

of the gas mixture. If Henry's Law is found by experiment to hold for 

oxygen and hydrocarbons in electrolyte solutions, it should be possible 

to predict the solubility of any gas mixture from experimental data 

for the pure component gases. 

Several workers have considered the solubility of gases in 

aqueous salt solutions (4,5), and an empirical correlation of the 

form, 
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s 
A 

log 
o 

* kc 
B (2-5) 

s 
A 

cB is the concentration of salt. The Oebye-Huckel theory has been 

used to predict theDretically the salting-out coefficient k, however 

this treatment applies only t :> dilute solutions of completely ionized 

electrolytes, and so may no* be expected to apply to phosphoric acid 

solutions or to concentrated strong electrolytes. 

2.1.2 Dimensional Analysis of Solubility 

As discussed in the previous section, the solubility of 

gas mixtures may be obtained from equation (2-4) provided that data 

for the pure component solubilities are available and that Henry's 

Law holds. For phosphoric acid electrolytes, the solubility of any 

pure component gas will be a function of temperature, pressure, concen¬ 

tration of phosphoric acid, and the properties of the solute gas. If 

all the variables that affect the solubility can be suitably defined, 

dimensional analysis may be used to simplify the correlation of the 

variables. The problem is thus reduced to finding suitable parameters 

to define the properties of the solute and the solvent. A possible 

choice for a parameter characterizing the solute is the molal volume 

of the solute at the normal boiling-point (VA), since this has been 

successfully used to correlate Tther solution properties. 

If the solution obeys Henry's Law, equation (2-3) states 

should be independent oi pressure. The effect of the solvent 
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(phosphoric acid) on the solubility will depend on the temperature 

and composition of the solvent. Under these conditions we may expect 

the solubility to be a function of the following variables: 

s 

- f(T,V R,c ,c .c_ ) (2-6) 
PA A B1 B2 Bi 

where R is included as a dimensional constant and cn .c_ are 
“i Bt 

the independently variable con.ertrations of the chemical species 

present in phosphoric acid; the latter will include water, various 

ions, H^PO^, a number of polyphosphoric acids, etc. In view of the 

large number of chemical species present in phosphoric acid, a 

dimensional analysis of equation (2-6) would yield expressions which 

are too cumbersome to be of practical value. In addition, the 

composition of phosphoric acid solutions over the range of temperature 

and concentration of interest is uncertain. 

Because of the complexity of equation (2-6), a property 

of the solvent that would summarize the effects of the various 

concentration terms on solubility was sought. Hildebrand and Scott 

(1) have obtained good results using a solubility parameter involving 

the energy of vaporization of the solvent. Unfortunately extensive 

data for the latent heat of vaporization of phosphoric acid solutions 

is not available. However, thermodynamic considerations suggest that 

the latent htat and vapor pressure of a multicomponent solution are 

closely related. Extensive experimental measurements of the vapor 

pressure of phosphoric '•id have been reported (6,7,8,9). If solvent 
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>r pressure is a sufficient variable to characterize the effect 

'tvent, the solubility may be written as 

f(T’VR*V (2-7) 

where pB° is the solvent vapor pressure. A dimensional analysis of 

equation (2-7) yields a functianal relation between two dimensionless 

groups , 

f-SAVAPB 

V PA 
(2-8) 

or, since R is constant, 

■ Ktt-) 
afb 

so that a plot of (SVApß ) vs. (T/VAPB°) should correlate all gas 
g 

solubilities on a single curve. In equation (2-9), — has been 

replaced by the solubility measured experimentally with the gas at one 

atmosphere. In view of the somewhat intuitive deviation and of the 

assumptions made, equation (2-9) should be regarded as tentative. 

2.2 Experimental Approach 

The general experimental procedure for the determination of 

dissolved gases in electrolytes has been previously described (10). 

This paper is included in Appendix 1, and the method described there 

has been used to determine the solubility of oxygen and hydrogen in 

several electrolyte solutions (11). 

In the determination of oxygen solubilities in phosphoric acid 
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solutions at higher temperatures the procedure was modified in order 

to overcome corrosion difficulties. Above 100°C phosphoric acid 

rapicly attacks stainless-steel syringe needles. In these experiments 

the syringe was filled with sample using a Teflon needle; the gas¬ 

stripping cell used was equipped with a Hamilton Teflon valve in 

place of the rubber septum, and the sample was injected directly into 

the cell without the aid of a needle. Samples of phosphoric acid were 

equilibrated with oxygen gas in an oil bath controlled to 0.05°C. 

Because the above procedure leads to errors in transferring the 

sample to he gas chromatograph, the apparatus was modified in order 

to determine hydrocarbon solubilities in phosphoric acid. A flow 

diagram of the apparatus is shown in Figure 1. The solvent was 

equilibrated with the gas in a gas-lift device (C). The vessel was 

filled with solvent (phosphoric acid) and brought to the required 

temperature; gas introduced at the base of the vessel lifted slugs 

of solvent up to the disengaging section, causing continual circula¬ 

tion of the liquid. This method of achieving equilibrium avoided the 

possibility of supersaturation, whereas dispersion of the gas through 

the liquid in the form of small bul bles may cause a high value to be 

obtained because of the Thomson effect. The volume of liquid contained 

in vessel C was approximately 50 ml , and equilibrium was reached 

after bubbling for about 15 minutes. Before entering C the gas was 

passed through a preheating coil (A) and two presaturators (B) contain¬ 

ing the solvent. From a knowledge of the vapor pressure of the solvent, 

the partial pressure of the gas contacting the solvent in C may be 

estimated. A condenser (F) was provided for the collection of readily 
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condensable hydrocarbon solute gases. 

During the equilibration period stopcocks and were adjusted 

so that the helium carrier gas bypassed the solubility apparatus and 

passed directly to the columns and detector. When saturation was 

complete, stopcocks S1 and S2 were adjusted to allow solution to flow 

by gravity into a sample tube (D) of known volume. Stopcocks S^, S^, 

S1 and S2 were then adjusted to allow the helium stream to push the 

liquid contained in D into a gas *stripping cell (E). The gas-stripping 

cell was equipped with a coarse-porosity frit which served to disperse 

the helium through the liquid sample. Dissolved gas was rapidly 

stripped from the sample by the helium stream and passed to the detector 

via a drying*tube (G) which served to remove solvent vapor. Sample 

tubes (D> having volumes in the range 1-5 mi. have been used. 

For the determination of the solubility of permanent gases in 

aqueous solutions Drierite effectively removes water vapor before 

passing the gas stream to the detector. In the case of hydrocarbons, 

a drying-tube containing calcium chloride has been used, since hydro¬ 

carbon gases are readily adsorbed by Drierite and silica gel. A tube 

containing Aseante was also included to remove phosphoric acid vapor. 

The apparatus was assemblfd using ball-and-socket joints sealed 

with a silicone grease (Dow Corning 11 Compound) having a very low 

vapor pressure. Controls were provided so that the stopcocks Sj and S2 

could be operated from outside of the oven. 

2.3 Results 

The solubility data obtained are presented in Tables 1-5. The 

solubility values (S) quoted are expressed as g.moles of gas/liter at 
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PABLE 1 

SOLUBILITY OF 02 IN l^SO^ SOLUTIONS 

T <.Tpc r dturc 

-30JC 

>30 

-30 

-30 

-30 

-30 

LJ -îr Ivtf Cdr„ -n*.ra* i ".r Wt • ^ H2S°4 

3.69 g.mole/1. 29.9 

5 30 39.9 

7-5 50.6 

10.30 65.1 

12-i0 72.4 

17.00 o i c 

25°C 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

0.10 

0.30 

1.00 

2.00 

3.00 

4.00 

6.00 

8.00 

10.00 

12.50 

12.70 

15.00 

15.65 

16.95 

17.65 

1.0 

2.2 

9.4 

17.2 

25.0 

32.0 

44.1 

54.5 

64.0 

74.0 

78.5 

83.4 

86.0 

91.5 

95.0 

S X 103 

1.136 

0.889 

0.828 

0.506 

0.430 

0.766 

1.229 

1.183 

1.014 

0.824 

0.721 

0.657 

0.601 

0.550 

0.489 

0.451 

0.452 

0.492 

0.568 

0.860 

1.105 

I 
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TABLE 2 

SOLUBILITY OF 02 IN KOH SOLUTIONS 

Temperature 

25°C 

25 2.0 

25 2.35 

25 3.96 

25 4.00 

25 5.15 

25 7.07 

25 10.30 

25 12.55 

25 14.00 

5.2 0.874 g.mole/1. 

10.2 0.594 

11.8 0.444 

19.0 0.270 

19.1 0.290 

23.5 0.159 

30.8 0.0803 

41.0 0.0295 

47.5 0.0260 

51.5 0.0310 

Electrolyte Concentration Wt . 7. K3ti 

1.0 g.mole/1. 

S X 10“ 

50 

50 

50 

50 

3.96 

5.15 

7.07 

14.00 

19.0 0.239 

23.7 0.149 

30.8 0.0833 

51.5 0.0174 
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TABLE 3 

SOLUBILITY OF 0_ IN H PO, SOLUTIONS 
_£_3 4 

Temperature 

-30°C 

Electrolyte Concentration Wt ' H3P°4 

8.42 g.mole/1. 58.5 

9-97 65.8 

S X 103 

0.787 g.mole/1. 

0.706 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

0.332 

0.41 

0.68 

1.19 

1.81 

2.00 

4.16 

8.42 

9.97 

14.33 

3.6 1.236 

A.4 1.231 

6.9 1.151 

11.1 1.065 

16.5 1.024 

18.0 0.976 

33.8 0.769 

58.4 0.513 

65.8 0.426 

84.3 0.276 

120 

120 

120 

120 

120 

85.54 0.423 

96.07 0.307 

100.02 0.347 

105.36 0.349 

105.36 0.385 

130 85.54 0.446 

150 85.54 1.126* 

85.54 1.003* 

90.61 0.487 

95.90 0.374 

100.02 0.313 

105.36 0.384 

*These results are probably too large because of inefficient 
oxygen presaturation. 
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TABLE 3 (Continued) 

Temperature 

180°C 

Electrolyte Concentration 
Wt. % H-PO. 

3 4 

95.90 

100.02 

105.36 

S X 103 

0.415 g.mole/1. 

0.355 

0.364 

27 
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I 
j TABLE 4 

S X 103 

0.783 g.mole/1. 

0.744 

0.679 

I 
I 
I 
I 
I 
I 
I 
I 
I 

i 
I 

I 
I 
I 

I 

SOLUBILITY OF H- IN H,PO. SOLUTIONS 
__i_3 4 

Temperature 

25°C 

25 

25 

Electrolyte Concentration 

0 

0.332 

0.68 

Wt. % H,P0. 
_3 4 

0 

3.6 

6.9 
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TABLE 5 

SOLUBILITY OF HYDROCARBONS IN H^PO, SOLUTIONS 
_3 4_ 

Solute Temperature 
Wt. % H_PO. 
_3 4 S X 10' 

n-C5H12 
130°C 

130 

150 

180 

85.54 

104.4 

104.4 

104.4 

0.0749 g.mole/1. 

0.348 

0.153 

0.0787 

"-C6H14 
130 85.54 0.039 

n-C7H16 
130 

130 

150 

180 

85.54 

104.4 

104.4 

104.4 

0.0210 

0.190 

0.148 

0.0517 

n’C8H18 
130 85.54 0.015 
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tmosphere pressure. Henry's Law was assumed in adjusting the 

solubility values to 1 atmosphere pressure. The results for the solu¬ 

bility of oxygen and hydrogen in H^, KOH and at temperatures 

up to 50°C were generally reproducible to ±4%. The relative accuracy 

of the measurements for the solubilities in concentrated phosphoric 

acid (oxygen and hydrocarbons) at high temperatures (Tables 3 and 5) 

is estimated to be within ±10%; the possibility of errors was increased 

in these measurements because of the difficulty of working with 

phosphoric acid. 

The results for the solubility of oxygen in sulfuric acid at 

25 C are in good agreement with data given by Bohr (12); the minimum 

exhibited in the plot of solubility against concentration is also shown 

by Bohr s results. Geffcken (13) has reported measurements of oxygen 

solubility in dilute potassium hydroxide solutions at 25°C, and his 

results are in good agreement with those in Table 2. 

The results given in Tables 1-5 are plotted in Figures 2 to 6. 

In Figure 5 the data point for propane was supplied by General Electric 

Co. (3). 

2.4 Discussion 

Figures 3 and 4 show that the solubility of oxygen falls off 

continuously with increasing electrolyte concentration for potassium 

hydroxide and phosphoric acid solutions; the decrease in solubility 

is particularly marked in the case of KOH solutions. The minimum in 

the solubility curve in the case of sulfuric acid has been discussed 

by Bohr (12). The form of Figure 3 suggests that an equation similar 

to equation (2-5) should apply to the solubility in KOH solutions, and 

J 

I 
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Figure 2. The Solubility of Oj in HjSO^ Solutions 
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Figure 4. Th# Solubility of In H3?04 Solution* 
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Figure 5. Solubility of n-Hydrocarbons in H,PO, 
•t 130°C 3 4 

Figure 6. Solubility of n>Pentane and n-Heptane 
in 104.4X H,PO. 
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probably to other completely dissociated electrolytes. For electro¬ 

lytes of this type it seems likely that the effect of electrolyte on 

solubility could be separated into terms representing the effect of the 

individual ions; this approach has been used successfully in the study 

of viscosity and diffusion in strong electrolytes (14,15,16). 

Equation (2-9), developed in section 2.1.2, has been applied to 

the experimental results for the solubility of oxygen and hydrocarbons 

in phosphoric acid. The necessary calculations are presented in 

Table 6. The vapor-pressure data for phosphoric acid (pD°) were 
O 

obtained from references (6,7,8,9). The molal volume of the solute 

at its normal boiling-point (V^) was estimated by the atomic group 

contribution method of Le Bas (17). Values of V. calculated in this 
A 

way for oxygen and normal, saturated hydrocarbons in the range to 

^10 are Presented *-n Table 7. The resulting dimensionless groups are 

plotted in Figure 7. Experimental data are included for oxygen, 

propane, pentane, hexane, heptane and octane for the phosphoric acid 

concentration range 85-105 wt. %. The solubility data for propane in 

phosphoric acid were those given by H. R. Maget (9). 

The hydrocarbon data appear to fall on a smooth curve as shown. 

The scatter observed in these results may be due to experimental errors, 

which may be appreciable for the low solubilities exhibited by hydro¬ 

carbons. In addition, the scatter in the results do not show a 

progressive trend with temperature, phosphoric acid concentrations or 

solute. The results for oxygen do nor fall on the same curve as those 

for hydrocarbons, and are better fitted by the curve shown. The oxygen 

results show less scatter than do the results for hydrocarbons. This 



S
O
L
U
B
I
L
I
T
Y
 
D
A
T
A
 
F
O
R
 
H
 
PO
, 

24 

4) 

V 
I 

o o 

r-t 
O 

f- < 

•/> 
o 

<~vl 
CM 

in 
00 

«I <n 

oo »-• 
<7» 

o *n 
<c 

<N O 
•I o 
CM O 

A 

? 

c"i ( 
O 

V 
• o m 
^ a X < 

> 
r/i 

oo r« 
vO O O 

^ m *o *n 
CT» o • ' * •-< 

• • • • 
nj O O O 

á 

vO O 
<t no OO 00 

^ OO •—1 
<-• O o 

• • • • 
-4 0 0 0 

OV 
CM 
O* 

CM O o o • • 
o o 

? 

O CO 
a 

m 
CM 

m 
vO 

m 
O 

m n 
cn 

m m 
CM vO o 

m »-* 
cn 
co 

m 
cn 
cn 

• • 

- ? 

i 
o 
o 

B u 
•« 
U 
o 

«0 

>» <t '¡r • • • • 
00 00 00 00 

vO 
o 

X 
in 

<JV 

r«. 
o 

oo cn oo 

O 
o 

^ 2 

o 
<y 

r» 
Ov 
r> 
O 

oo ao oo 
CM 
v£) 

CM CM 
SO sO 

CM 
vO 

O 
—* O OO —1 
cm ov m 
O —i o • • • • 
o o o o 

m 
oo 

m 
o 
o 

o o 
* • 

Mt 
n. r» 

r-4 r-4 
• • 
o o 

o“ 
o 
m en o «n n 
o o cm m o 

^ ^ 
CO CO CO CO CO 
o o cm m o 
-Í «■» Ml 

ao ao 
Os Os 
CM CM 

o 

CO 
K 

M m 
ao 

^ 't X» 
• • • 

á ^ â 

a ^ 
in 
ao 

m 
oo 

<* <r 
• • • 

ê $ s m 
ao 

00 
• 

m 
ao 

SO 
Os 

o 
tn 

CM 
»-M 

03 
m c: 

sO 
u 
I 
a 

>o 
*«4 

u 
I a 

00 
rH 
X 
00 
u 

a 

« 
00 
X 
CO 
u 

a 

i 

♦D
a
t
a
 
p
r
o
v
i
d
e
d
 
b
y
 
H
.
 
R
.
 
M
a
g
e
t
,
 
G
e
n
e
r
a
l
 
E
l
e
c
t
r
i
c
 
C
o
.
,
 
p
r
i
v
a
t
e
 
c
o
m
m
u
n
i
c
a
t
i
o
n
 



T
A
B
L
E
 
6
 
(
C
o
n
t
i
n
u
e
d
)
 

25 
N 
O 

N 
r** 

O ** m 
«*> OS 

_ _ «n 
o ^ r>* ^ 

• • • • 
Os f4 m so 
sO 

5 
• • 

* ^ 

O 
M <n •rt o >o o 

• • • . 
o o sO sO 

•A ir» P4 P4 (M ^ 
^ <0 00 P4 

« 

o 

K 

O m 
o. 
w 
> 
M 

00 oo 
t" ir» i-i o 

- 5 2 s ^ ^ 2 
* • • • • • • 
o o O O O r-. r-. 

3 2 

O o <M 

Os 
sO sA »o oo 
•a «*> ¡a © 

O fA 

àt ^ O' 
•A O p-l 
<M OS o O 

o o O O O o 

■o 
§ 

0*0 o. 

•A «A O O 
oo «h oo r> 

oo 
IA 
«0 

os n 
os OS 

•A o 
'O 'O o 

«N »A m 
sfoo«A*in2Sg0"<* 

^ IA T-t 

O O O O O O 

fv £ ^ rv 

»i> 
o 
p» 

K 

t/l 

i 00 

O 

O A» O 
SO © IA 

PM r-l 
Os IA O 
•A 00 sO 

O O O O O O 

sO sO sO sO sO • • • • # 
•A IA lA IA lA 
A* Al Al Al Al 

sO 

•A 

sO sO sO 

ÍM IN 
•A IA sa 
A4 AI Al 

sO O IA A* ia 
O' >í Al © r-* 
Al IA O 

• .. 
o o o o o O O 

A. IA SA A. 
*0 IA 
«A IA IA 

O O O O 

O 
© 

O 
•A 
kl 
U 
U 
« 

—t 
U 

•0 
k> 
41 
c 
41 
O 

sO oo 
IA PU IA 4j 

4) 
M 

£’ 
r 

01 

0« 

IA IA IA IA IA IA PA 
2 2 2 2 ° 5 *A «A IA IA sjf ^ 

O) so 00 OS ps| «A 
*•••••# 

ï« 2 2 ^ K ^ ç» 
*0 OS *0 os os OS 9s 

*2 SiSí^^^SAOsPMsA 
'»'í '''»A'OiA-o.ofAÏàrsr 

so A* 1¾ o 
• • • • 

^ 
os o o ° ^ ^ ^ 

>s 
J3 

•V 
V 

•V 
•H 
> 
o 
U 
a 

SSSSS888SSS 2 
pM pM U 

5 

« 
M® C 

tTâ 
I w 
a Al 

I 
I 
I 
I 
I 
! 



26 

TABLE 7 

ALUES OF MOLAL VOLUME AT THE NORMAL BOILING POINT 

Solute 

0 
2 

n-CH, 

n_C2H6 

"*C3H8 

n‘C4H10 

n'C5H12 

"•C6H14 

"-C7H16 

n*C8H18 

n“C9H20 

n'C10H22 

25.6 cc./g.mole 

29.6 

51.8 

74.0 

96.2 

118.4 

140.6 

162.8 

185.0 

207.2 

229.4 
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ittributed to the fact that the experimental accuracy was greater 

t0r ’,leSe measurements because of the higher solubility of oxygen. The 

dotted part of the hydrocarbon curve is tentative due to the small 

amount oí data in this region. 

The tact that the results for oxygen and hydrocarbons do not fall 

on the same curve emphasizes the limited nature of the correlation, 

and the assumptions involved. The curves presented in Figure 11 may 

not apply to other solutes which are chemically dissimilar to hydro¬ 

carbons. However, the good agreement shown for the results obtained 

SO far strongly suggests that the curves presented may be used to 

obtain reasonable estimates of the solubility of oxygen and hydro¬ 

carbon. in phosphoric acid for systems that have not been studied 

experimentally. 

2.5 Conclusions 

Measurements have been made of the solubility of oxygen in KOH, 

H2S04, and H3P04 solutions, and of the solubility of hydrocarbons in 

phosphoric acid. A dimensional analysis of the solubility problem 

gave a relationship between two dimensionless groups. When the solubil¬ 

ity data for hydrocarbons in phosphoric acid were plotted in this way 

the data were found to fall close to a single smooth curve; a similar 

correlation was obtained for the oxygen results. These two curves 

should enable the solubility of oxygen or any saturated hydrocarbon 

solute in phosphoric acid to be predicted with reasonable accuracy in 

the concentration range 85-1057. HjPO^ Some additional experimental 

solubility data would be useful in further defining certain parts of 

the dimensionless plot. 



3. DIFFUSION STUDIES 

3.1 Theory 

3.1.1 Variables Involved 

The diffusion coefficients of gases in electrolyte solutions 

may be expected to vary with temperature, pressure, concentration of 

phosphoric acid and solute properties. Up to the present time little 

progress has been made in deriving statistical or kinetic theories 

capable of predicting liquid diffusion coefficients. The most success¬ 

ful methods for predicting liquid diffusion coefficients presently 

available are the Eyring absolute rate theory, the hydrodynamic theories, 

and engineering correlations such as the Wilke-Chang equation. 

The temperature dependence of the diffusion coefficients in 

liquids is usually described by a relation of the form 

DAB * K e*P(-Ed/RT) (3.!) 

where Ed is generally referred to as the activation energy of diffusion, 

and is obtained experimentally by plotting log D vs. 1/T. Equation 

(3-1) has been verified experimentally for a large number of liquid 

systems . 

Comoaratively little work has been done on the pressure 

dependence of diffusion in liquids. Johnson and Babb (18) have 

reviewed liquid diffusion data up to 1956, and report several instances 

in which Dab has been measured at various pressures. In all cases the 

effect of pressure on the diffusion-coefficient is very small except 

for pressure changes of the order of hundreds of atmospheres. Thus 

Drickamer (19) reports that the self-diffusion coefficient of water at 

29 
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increases by about 9% when the pressure Is increased from 1 to 

It therefore seems very likely that the diffusion coefficients 

o: oxygen and hydrocarbons in electrolytes will be virtually independent 

ot pressure over the range 0-5 atm. 

When several concentration gradients exist in the electrolyte 

due to the simultaneous diffusion of a multicomponent mixture of 

dissolved gas or liquid solutes, the diffusion coefficient of any one 

solute species will in general be affected by the presence of the 

others. The liquid diffusion coefficient is determined by the nature 

and strength of the intermolecular forces existing between the 

diftusing molecule and the molecules through which it passes. For 

oxygen and hydrocarbons dissolved in phosphoric acid the solubility 

ranges from about 0.3 x 10 3 g.mole/1, for propane to about 1 x IO*5 

g.mole/1, for octane (3). Thus the concentr i* on of solute is less 

than 1 solute molecule in 105 solvent molecules. The effect of inter- 

molecular forces between two diffusing solutes of different species 

should therefore be quite negligible, and the diffusion coefficient 

for each diffusing species should be independent of the presence of 

other solutes. 

3^1.2 Recommendations for Predicting Diffusivitv 

While no satisfactory theory is available for predicting 

diifusion coefficients even in simple liquid systems, a number of 

semiempirica1 relations have been found useful in practice. Equation 

(3-1) provides a satisfactory means of predicting the diffusion 

coefficients for a paiticular solute-solvent system over a temperature 

range from only two experimental measurements. This equation has been 
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shown to be closely obeyed by a large number of gas-electrolyte systems 

(14). 

A number of liquid diffusion theories predict that the group 

^AB should be constant for a particular solute-solvent system, 

V¡B 
T constant (3-2) 

For solvents consisting of a pure component, equation (3-2) appears 

to hold within fairly narrow limits. For gases diffusing in electrolyte 

solutions the group has been found to vary somewhat with 

electrolyte concentration (14); however its use should enable D 
AB 

to be predicted within about 30-40% from a knowledge of the diffusion 

coefficient of the gas in water at one temperature. Although equation 

(3-2) may provide a means of approximately estimating D._ for strong 

electrolyte solutions, its application to strong phosphoric acid 

solutions is of doubtful validity, since the concentration of poly- 

phosphoric acids increases markedly as the concentration approaches 

100%. Experimental measurements would be required to test the accuracy 

of equation (3-2) in this case. 

Hildebrand (20) has recently reported measurements of the 

diffusion coefficients of a large number of gases in several liquids. 

His results closely obey the equation. 

2 
DAbC * const. (3-3) 

where O represents the diameter of the molecule, and may be taken as 

the Lennard-Jones 6-12 diameter for neutral molecules. Since this 

equation appears to be of general validity, a measurement of the 
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"n toelfie lent of a single solute gas in a particular electrolyte 

(of iven concentration) should provide sufficient information for the 

estimation of DAR for any other solute gas. 

In summary, equations (3-1) and (3-3) provide a fairly 

reliable means of extrapolating existing diffusion data to other 

temperatures and solutes. The prediction of the variation in diffu¬ 

sion rate with electrolyte concentration is considerably more difficult; 

equation (3-2) should provide a rough guide to the variation in D 
AB 

with electrolyte concentration for strong electrolytes, but may not 

apply to concentrated phosphoric acid solutions. 

—A_Theory of Diffusion in Strong Electrolytes 

According to the Eyring reaction-rate theory, the binary 

diffusion coefficient in dilute solution is given by, 

AB kd>.2e-*VRT (3-4) 

where kd is approximately constant and involves the average distance 

between liquid molecules, X represents the average distance moved by 

the diffusing molecule for each jump, and £G* is the free energy of 

activation for diffusion. The diffusion coefficient for the process 

is determined primarily by the activation energy and the temperature. 

Using equation (3-4) Podolsky (15) has derived an expression 

for the fluidity of an electrolyte solution, and Ratcliff (16) has 

proposed a corresponding equation for the diffusion coefficient of 

neutral molecules in electrolytes. 

The presence of ions in the solution is assumed to cause 

changes in the free energy of activation of th e process; changes in the 
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lattice spacing X due to the presence of ions are assumed to have a 

negligible effect on the transport coefficient as compared to the 

effect of changes in free energy of activation. The free energy of 

activation in equation (3-4) is replaced by a free energy of activa¬ 

tion which is averaged over all possible configurations of the molecule 

undergoing diffusion. 

A solute molecule is assumed to interact with n surrounding 

solvent molecules; on replacing one of the surrounding water molecules 

by an ion of type i, the free energy of activation is supposed to be 

perturbed by an amount ij. so that the free energy of activation for 

diffusion becomes (AC* + „here AG* represents the free energy of 

activation for pure water. If it is assumed that the distilbutlon of 

ions in the neighborhood of the solute molecule is the same as that 

in the bulk solution, the average free energy of activation is given 

by, 

- AG* + 18‘Bn<~Vl * V2> 
\ d / d 1000p - cnM + 18cd(v + V ) i3-5) 

where Cß is the concentration of the electrolyte in g.mole/1., p is 

the solution density, M the molecule weight of the electrolyte, and 

Vi 18 the number 8- ions of ions of type i for each g. mole of 

electrolyte. The second term in equation (3-5) represents the change 

in free energy of activation for the solute molecule in water due to 

electrolyte. Combining equations (3-4) and (3-5), and assuming the 

second term is small and that X is not affected appreciably by the 

presence of electrolyte. 
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D * D 1 cBn(y i + w-i 
55.5 RT D0d - acg) (3-6) 

:,tre Do ,s the diffusion coefficient of the solute in pure water. A 

plot of D against concentration of electrolyte should therefore be a 

straight line of slope a. Equation (3-6) has been shown to hold for 

a variety of electrolytes up to quite high concentrations (14,16). The 

term a may be split into effects characteristic of the individual 

ions, so that data from experiments performed on a relatively small 

number of electrolytes may be used to predict diffusion coefficients 

for electrolytes on which no measurements have been made. 

ULd—Dimensional Analysis of Diffusion 

If the diffusion coefficient may be assumed to be Independent 

of pressure, should be a function of temperature and the properties 

of the solute and solvent. As in section 2.1.2, the molal volume at 

the normal boiling-point (Vg) may be taken as characterising the solute 

species. The effect of the solvent will depend on a number of factors 

such as the type and concentration of the various chemical species 

present. It is well-known that for liquids D^ß is closely correlated 

with the liquid viscosity. For a particular electrolyte, such as 

phosphoric acid, it may be possible to correlate D^g with the viscosity 

(t)B) of the solution. Using this assumption Dßß would be given by 

DAB " £<T'VA'7VR,gc) (3-7) 

where R and gc are dimensional constants. Dimensional analysis yields 
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or, 

3/2 3/2 
Equation (3-9) suggests that a plot of (üAß/T ) against ) 

should yield a single curve for a variety of solute-solvent systems. 

The result is rather tentative in view of the assumptions, but might 

be expected to apply to a variety of solutes diffusing in phosphoric 

acid solutions of variable concentration and temperature. 

3.2 Experimental 

A review of the possible experimental methods for the determina¬ 

tion of diffusion coefficients in liquids (18,21) indicated that the 

polarographic method and the diaphragm cell method appeared most 

promising. In addition an attempt has been made to develop a steady- 

state method which would enable data to be obtained rapidly whilst 

providing an approach that would be generally applicable to all gas- 

liquid systems. The principal difficulty in ail liquid diffusion 

measurements arises from the slowness of the diffusion process as 

compared to convection due to thermal and density gradients or vibra¬ 

tion. 

3.2.1 Polarographie Method 

Reduction of the diffusing species at the dropping mercury 

electrode (DME) provides a simple and relatively rapid means of 

determining the diffusion coefficient. The method is capable of an 

accuracy of about ±4%. Its principal disadvantage is that its use 

is restricted to gases that react suitably at the DME to produce a 
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cur i t it limited by the rate of diffusion rather than reaction rate. 

This method was used to determine the diffusion coefficient 

of oxygen gas in aqueous potassium hydroxide solutions over the con¬ 

centration range zero to saturated at 25 C. The electrolyte solution 

to be studied was saturated with oxygen in a polarograph cell of 

standard H-form. The resulting polarogram showed a horizontal limiting- 

current portion over the voltage range -0.2 to -1.0 V. vs. saturated 

calomel; this region corresponded to the reduction of oxygen to 

hydroxyl ion, 

02 + 2H20 + 2e = H202 + 20h" 

The second wave, corresponding to reduction of the peroxide, was 

less well-formed, and the first wave was used in all determinations. 

The procedure, and recommendations for the care and use of the DME 

given by Kolthoff and Lingane (22) were used. 

The diffusion coefficient was calculated from the modified 

Ilkovic equation, 

,_7 _ 1/2 2/3.1/6 
607nD^g cm t 

(1 + 

A'D1/2fl/6 

m 
1/3 •) (3-10) 

where A' * constant 

n * number of electrons in reaction 

c * concentration of gas 

t = drop time of DME, sec. 

m = drop rate of DME, mg./sec. 

The drop-rate (m) was determined electrically for each run by the 

method of Lingane (23). The gas concentration was found by gas 

chromatography . 
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Different workers have given somewhat different values for 

the constant A, ranging from 17 to 39. The value of 31.5 given by 

Meites and Meites (24) was chosen in using the Ilkovic equation since 

it seems to fit experimental evidence somewhat better than the other 

values. Under normal experimental conditions the value obtained for 

D is not highly sensitive to changes in the value of A; thus changing 

the value of A from 31.5 to 39 produces a change in the value of D of 

only about 47.. 

3.2.2 The Diaphragm Cell Method 

Although the polarographic method is simple and rapid it is 

unsuitable for the study of some gases, notably hydrocarbons. The 

porous diaphragm cell method of Liu and McBain (25) has the advantage 

of simplicity and is generally applicable to all systems. The 

apparatus and theory has been thoroughly reviewed by Gordon (26). 

The apparatus consists of a cell having two compartments 

separated by a porous frit or diaphragm; solution is placed in one 

compartment, and pure solvent in the other (Figure 8). The solutions 

in both compartments are stirred by magnetic stirrers so that concen¬ 

trations are uniform in each compartment (27). In this way a relatively 

large concentration gradient is confined to a relatively small frit 

thickness. After a suitable time (usually 24 hours or more) the cell 

is removed and samples taken from each compartment for analysis. The 

use of a diaphragm ensures that mass transfer may only occur by 

diffusion, and the possibility of convection is eliminated. 

The system may be regarded as a quasi-stationary state, and 
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Figure 8. Diaphragm Cell 
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Pick's law of diffusion may be solved to give (26) 

where ß is the cell constant, t the time of diffusion, ana D is the 

integral diffusion coefficient; Cj and C2 are the initial 

concentrations of gas in the high and low concentration compartments 

of the cell respectively, and c3 and c4 are the final concentrations. 

A glass cell having compartments of about 2l> ml. was used. 

The solutions were stirred by magnetic stirrers at a rate of 100 r.p.m. 

Failure to stir the solutions was found to result in errors of about 

37.. Experiment indicated no detectable streaming of the solution 

through the diaphragm due to density gradients. 

The cell was calibrated using 0.1 N KC1 solution, for which 

accurate values of the differential diffusion coefficient are available 

(26). In performing experiments on the gases, the cell was filled 

with electrolyte that had been freed from dissolved gases by refluxing 

under vacuum. The electrolyte in the upper compartment was then 

saturated with the gas under study, and the time of diffusion was 

measured from the start of saturation. Experiments were conducted in 

a water-bath controlled to 0.05°C. Since the solubility of the gases 

studied was of the order 10 3 molar or less, the diffusion coefficient 

given by equation (3-11) may be regarded as the differential coefficient 

at infinite dilution. At the end of the experiment, samples were taken 

from each compartment and analysed by gas chromatography. 

The usual procedure in measuring diffusion coefficients by 
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lii 'Phra«m cell method is to allow diffusion to occur until a 

linear concentration gradient has been established across the dlephraga,. 

n.e solution in the compartment of lower concentration is then 

replaced by fresh solvent, and the time of diffusion under quesista- 

tionary conditions is measured from the time of replacement. This 

procedure is unsatisfactory when studying the diffusion of gases in 

liquids because of the difficulty of replacing the solution on one 

side of the diaphragm with gas-free solvent. In addition it is 

difficult to avoid creating temperature fluctuations in the cell when 

replacing solutions; this effect is particularly liable to lead to 

difficulties when measurements are made at temperatures appreciably 

different from ambient. 

To overcome this difficulty the time of diffusion was measured 

from the time at which the cell was filled with the gas-saturated 

solution. At the end of the experiment a correction was applied for 

the initial period of unsteady-state operation. The required correction 

may be estimated with sufficient accuracy by solving the diffusion 

equation with the following initial and boundary conditions: 
t 

' *0 K0 o^L 

c * Co t>0 

c - 0 t>0 

The solution of the diffusion equation is (28), 

C X 

x<0 

x>L 

r V 00 

- -2- - ¿ V «i -J ° L ” ¿ j in “r e 
j-i 

2 2 2 
Drr t/IT 

(3-12) 

where c I. the concentration of gas at position x. co is the initial 
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gas concentration, t is time, and L is the length of a cylinder of 

..................... ..„ tii 
diaphragm. From a knowledge of th* 

ge ot the cell constant the necessary 

correction to be applied for rho 
for the unsteady-state period was obtained 

from equation (3- 12). 

jj.3 Steady-Stat* n,ffusion r<> n 

In an effort to obtain dlffu.fon data „ore rapidly, a 

ateady-atate diffusion method has beer, developed- the a 
eioped, the apparatus is 

solutions, pore penetration does not occur Th* o* - w 
occur. The gas to be studied 

was passed through one side of the cell and n Kid 
tne cell, and pure helium through the 

other side. Aftpr a „..rrj a 
sufficient time had elapsed (about 1 hour), a 

linear concentration gradient of rh* ff d 
g of the diffusing gas was established 

cel, then contained a constant concentration of the diffusin, g.. 

Measurement of this concentration, tether with a hnoWed.e of the 

helium flow rate, is sufficient to determine the diffusion coefficient 

from the equation 

na ■ adabI » 
w-ere N. is the diffusion rat. in g.m.L/.e... A and , the croti. 

section and length of the ,i,uid f„m respectively, and c is the 

concentration of diffusing gas in the liguid surface in contact with 

Pure diffusing gas in g.mole/cm3. 

The cell is shown i„ Figure 10. The Uquld ^ 
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Liquid 
fila 

Teflon 
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ring 

Clase cell wall 

Iron weight 
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with holes 

Poroua Teflon 
discs 

Support plat. 

2" diameter 

spring 

Spring retainer 

Figure 10. Steady-State Diffusion Cell 
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< ! Î diets separated by a Teflon spacer ring of about 0.020" 

A liquid film of reproducible thickness (1) was obtained 

by holding the assembly together using a spring and weight as shown. 

A flow diagram of the complete apparatus is shown in 

Figure 9. The solute gas was passed through a pre-saturator contain- 

ing the liquid studied, followed by a trap, before entering the upper 

compartment of the ditfusion cell. The helium entering the lower 

compartment was also presaturated. A, B, C, D and E in Figure 9 

represent 3-way stopcocxs. These were set in position 1 during the 

period of approach to steady-state. When steady-state conditions had 

been attained, these stopcocks were turned to position 2. The gas 

sample, containing helium and the diffusing gas, wa.s swept from the 

sample tube into the gas chromatograph, and analyzed using a flame 

ionization detector. A calcium chloride drying tube was used to 

remove water vapor The flow-rate of both gases was controlled using 
i 

metering valves, and the helium flow rate was measured with a soap- 

bubble flowmeter. Fressures in the upper and lower cell compartments 

were equalized by adjusting the flow rates of the two gases. A sample 

tube of about 5 ml. volume was sufficient to provide a large signal on 

the gas chromatograph. 

In principle the values of A and 1 could be determined by 

direct measurement Since the por jus Teflon discs are not perfectly 

flat, however, it is necessary in practice to calibrate the cell using 

a gas-liquid system for which E>AB is accurately known; since the 

diffusion data for gas-liquid systems reported by various workers 

generally show rather poor agreement (21), this is a disadvantage of 
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the me', hod. The principal advantages of the technique are the 

rapidity with which data may be obtained, and the relatively large 

sample of diffusing gas available for analysis due tD the large value 

of A ar.d small value 3f 1 

3.3 Results 

The results obtained for the diffusion coefficient of oxygen in 

potassium hydroxide solutions at are given in Table 8 and plotted 

in Figure 11. These results were obtained by the polarographic method. 

Taking int5 account the uncertainty in the value of the c mstant A, 

and experimental errors in the measurement of the variables in the 

Ilkovic equation, it is estimated that the maximum error of the 

diffusivity values reported is abou. ±67„. 

Extrapolation of the curve in Figure 11 back to zero concentration 

gives a value of 1.90 x 10 ^ cm.^/sec. for the diffusion coefficient 

of oxygen in water at 25 C. This is in good agreement with values 

determined by other workers (21); thus Kreuzer (29) gives 1.90 x 10"5. 

Semerano (30) gives 1.87 x 10‘5, and Jordan (31) gives 2.12 x 10’5. 

Table 9 presents results obtained for the diffusion coefficient 

of oxygen in 85% phosphoric acid solution at two temperatures. These 

measurements were made by the diaphragm cell method using a glass 

diaphragm having a pore size of about 10,.. At these temperatures the 

glass diaphragm was attacked only very slowly by the phosphoric acid, 

and the cell constant did not change during the experiments. Because 

of the high viscosity of the solutions diffusion was very slow, and each 

experiment took about 6 days. As a result of the experimental difficulties 
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:abli a 

diffusion coefficient of û2 IN KOH SOLUTIONS 

^lyte C rc .r.trat i n Wt % KOh 

1.00 g.m?lfc/I. 

2.00 

3 00 

4.50 

6 .00 

8.25 

11.00 

14.26 

5.2 

10 2 

14.8 

2i .2 

2 7.0 

24.8 

43.1 

52.0 

_lAB_ 

1.641 X 10 cm^/sec. 

1.457 X 10‘5 

1.324 X 10*5 

0.867 X 10*5 

0.747 X 10*5 

0.575 X 10’5 

0.177 X 10'5 

0.037 X 10*5 
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method of Lingane Ihe gas concentration was rouna oy gas 

chromatography . 
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TABLE 9 

DIFFUSION COEFFICIENT OF 0. IN H^PO, SOLUTIONS 
_¿_3 4 

Temperature 

60°C 

83 C 

Wt . % H PO. 
_3 4 

85.0 

85.0 

2.2 X 10 ^cm.^/sec 

4.2 X 10 ^cm.2/sec 



The system may be regarded as a quasi-stationary state, and 
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involved the estimated accuracy of the data is only about ±157.. 

Attempts to obtain data for diffusion coefficients in 857. 

phosphoric acid at temperatures much above 80°C using a glass 

diaphragm cell were unsuccessful, because of the rapid corrosion of 

the diaphragm. In addition, measurements at higher phosphoric acid 

concentrations were impractical due to the inordinate time needed 

for each measurement. This situation arises from the rapid increase in 

viscosity with concentration. 

The steady-state method described in section 3.2.3 has been 

tested using the system ethane-water at 25°C. Although the results 

obtained were not in very good agreement with those reported by others 

(32), the method appears worthy of further investigation. 

3.4 Discussion 

The diffusion coefficients for oxygen in potassium hydroxide 

shown in Figure 11 give an almost linear plot against concentration 

up to about 40 wt. 7. KOH. This suggests that equation (3-6) should 

apply to this system; studies for a number of strong electrolytes 

should provide sufficient data to enable diffusion coefficients to be 

predicted for gas-electrolyte systems that have not been studied 

experimentally. The slope of the plot of “ vs. concentration (a in 
o 

equation (3-6) appears to be almost independent of the solute gas (14). 

For diffusion in phosphoric acid, insufficient data was obtained 

to make possible a test of the dimensional equation (3-9) derived in 

section 3.1.4 For the two experimental results reported in Table 9 

for oxygen, the group was constant within 67. (well within the 
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>f experimental errar) for this phosphoric acid concentration. 

1 I ’ ^s1h1e ta extr ap )late these two results to other temperatures 

using the constant group or equation (3-1). Extrapolations 

were performed by bath methods; the values obtained for D by the 
AB 

two methods agreed within 15¾ over the temperature range 0-1003C; 

the agreement was somewhat poorer over the range 100-150°C Table 10 

snows the results of this extrapolation; the values of D shown there 

are the mean of the values predicted by the above two extrapolation 

methods. The accuracy of these predicted values is probably of the 

order 130¾. 

Equation (3-3) may be applied to the data of Table 9 to give a 

rough estimate o f 0AB f or other solute gases in 85¾ phosphoric acid. 

The values of predicted in this way are shown in Table 11. 

Values of 0 used were the Lennard-Jor.es 6-12 parameters (33). The 

predicted data are tentative, and are probably accurate to within 

40-50%. 

It may be possible to estimate the variation of D with phosphoric 
A D 

acid concentration for a particular solute by assuming that the group 

DAB^T remains constant, as suggested in section 3.1.2. Since 

experimental data is available at only one concentration there is no 

means of checking the correctness of this assumption, and this extra¬ 

polation method has not been attempted. 

3.5 Conclusions 

Diffusion coefficients have been measured for oxygen in KDH 

solutions at 25 C over the full concentration range of KOH. The 
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TABLE 10 

PREDICTED VALUES OF DAß FOR OXYGEN DIFFUSING 

_IN 85?. PHOSPHORIC ACID 

Temperature 

0°C 

25 

50 

75 

100 

125 

150 

0 25 X 10 ^ cm?/sec . 

0.70 X 10*6 

1.7 X 10‘6 

3.4 X 10~6 

6.0 X 10‘6 

9.9 X 10"6 

15.4 X 10‘6 
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TABLE 11 

VALUES OF Dab PREDICTED FROM EQUATION (3-3) 

—rpR VARIOUS SOLUTES IN 85% PHOSPHORIC ACID 

-Soluté 

CH, 

C2H6 

C3H8 

"'VIO 

n-C5H12 

n"C6H14 

n-C8H18 

O 

3.487 A 

3.809 

4.418 

5.061 

4.997 

5.769 

5.909 

7.451 

dab at 6q3c 

2.2 X 10 ^ cm?/sec. 

1.8 X 10*6 

1.4 X 10”6 

1.0 X 10‘6 

1.0 X 10-6 

0.80 X 10”6 

0.77 X 10’6 

0.48 X 10"6 

DAR at 83°c 

4.2 X 10 ^ ctn?/sec 

3.5 X 10"6 

2.6 X 10‘6 

2.0 X 10"6 

2.0 X 10‘6 

1.5 X 10"6 

1.4 X 10‘6 

0.92 X 10'6 
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results appear to support the theory of Ratcliff (16). Two 

measurements have been made of the diffusion coefficient of oxygen in 

85/. phosphoric acid. These results have been used to predict values of 

DAB for oxy8*n in 85% at other temperatures, and values of D 
AB 

for other solutes in 85% H^PO^. Considerable experimental difficulties 

were encountered in measuring diffusion coefficients in concentrated 

phosphoric acid because of corrosion problems and the high viscosity 

of the phosphoric acid. A steady-state method for measuring diffusion 

coefficients has been developed which should enable diffusion data 

to be collected more rapidly for these systems. 
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SYMBOLS 

i * constant in equation (3-6) 

A = area of liquid film in steady-state diffusion experiment 

A' = constant in Ilkovic equation 

c - concentration of solute gas in electrolyte solution 

Co ~ concentration of solute gas in concentrated side 
of diaphragm cell 

Cg * electrolyte concentration 

DAB " tnuLual diffusion coefficient of solute in electrolyte 
solution 

Do * diffusion coefficient of solute in pure water 

’’ab « integral diffusion coeff’ itni 

Ed * experimental activation energy for diffusion 

gc * gravitational constant 

* 
ÙGd - free energy of activation for diffusion of solute in 

water 

^’dy M avera8e free energy of activation for diffusion of 
solute in electrolyte solution 

h “ Henry's Law constant 

AH « differential heat of solution 

ij * limiting polarographic diffusion current in Ilkovic 
equation 

I - integration constant in equation (2-2) 

k » constant in equation (2-5) 

“ constant in Eyring rate equation 

K = constant in equation (3-1) 

1 = liquid film thickness in steady-state diffusion experiment 

L » diaphragm thickness in diaphragm cell 
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4 

m 

M 

n 

mass flow rate of mercury in Ilkovic equation 

molecular weight of electrolyte 

aVerage number of nearest neighbor molecules to 
diffusing molecule 

n » number of electrons involved in electrochemical 
equation (3-10) 

NA " rate of diffusion of solute, g.mole/sec. 

p * pressure 

partial pressure of solute gas 

“ partial pressure of solute species i 

o 
PB - vapor pressure of electrolyte 

R * gas constant 

S « solubility of gas in electrolyte 

t * time 

react ion, 

f = mercury drop-time in Ilkovic equation 

T * temperature 

VA - molar volume of solute at its normal boiling-point 

X - distance in direction of diffusion in diaphragm cell 

Greek Letters 

ß = cell constant for diaphragm cell 

<51 - perturbation of free energy of activation for diffusion 
due to an ion of type i fusion 

"Hg » viscosity of electrolyte 

X average distance moved by diffusing molecule in 
jump in Eyring rate equation 

each 

Vi m number of 8* ion8 of ions of type i/g.mole of electrolyte 

p * density of electrolyte solution 
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- diameter of solute molecule (using Lennard-Jones 6-12 
potential) 

Subscripts 

A * solute 

B * solvent (electrolyte solution) 

i * chemical species i 

1,2 = upper and lower compartments of diaphragm cell at start 
of experiment 

3,4 * upper and lower compartments of diaphragm cell at end of 
experiment 
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Abstract 

A procedure is described for the de¬ 
termination of gu* solubilities. It has 
been applied to the determinetien of 
the solubility of oiygen and hydrogen 
in KGH, M,SO, and H,P0, alactrolytas 
ever the temperelure ranga —SS*C ta 
1-fO'C. 

Of Ihn analytical mnlhorio avnil- 
ahln for thn quantitative determina¬ 
tion of Hisaolv-I pannn, gas chroma¬ 
tography in particularly euil •M* 
Imrnn.'rn it provirlos rapid analyses 
arnt has the nr>m«jsnry versatility. 
( i'•'micaI and electroriiemiral meth¬ 
ods, on the other hand, are re¬ 
alm-tod in application since they 
are not easily applicable to déter¬ 
minations of gama m liquida of 
widely variable composition. 

Inc method described has been 
Uf-ri in thin laboratory for the de¬ 
termination of the solubility of oxy¬ 
gen and hydrogen in electrolytes 
commonly n I in finí celia (3), 
inri.ifüiig Kt»H, ïf.Sf), and lî,P04 
aol liions over the temperature 
range -5T.*C to d 70*0. Tire method 
is similar in principle to that de- 
acnrwyi bv Swinnerton (4), hut 

some mndifications to the procedure 

were found to be necessary. 

Procedure 

An F & M Model 700 gas chro¬ 
matograph was used, modified so 
that thermal conductivity and flame 
ionization detectors could be used 
in series. The carrier gas used was 
helium (except for measurements 
of hydrogen, when nitrogen was 
used as carrier gas) and the column 
consisted of a 3 meler length packed 
with molecular sieve MS I3X. 

l’he solution aampie to he ana¬ 
lyzed was injected into a glass s( rip- 
pi’ • II outside the chromatograph 
( Figure 1 ). nie carrier gas flowing 
through the sample ¡inc of the chro¬ 
matograph was diverted through 
this cell and its associated equip¬ 
ment before re-entering the sample 
column. Oils of various size were 
used, but a cell having a volume of 
about 7 ml. was found to lie moat 
satisfactory for general purposes. 
Tlie glass cell had a medium poros¬ 
ity glass frit (fine frits were found 
to give rise to excessive pressure- 
drop when wetted), and was 
equip,>ed with a rubber septum for 
injection of the sample, and a two- 
way glass cock to facilitate drain¬ 

ing of Dio cell. 

A solation sample of known vol¬ 
ume, usually 6 nil., was injected us¬ 
ing a syringe equipp'd with Chaney 
adapter. Carrier gas, dispersed by 
the frit, rapidly removed dissolved 
gases and carried them into the 
chromatograph column. Before re¬ 
turning the gases to the column 
they were passed through two dry¬ 
ing tabes containing Drierite. fol¬ 
lowed by a stainless steel coil im¬ 
mersed in a water-bath. The latter 
server! to bring the g.isos to ambient 

temjierature before returning them 
to the column; this was particularly 
important when determining solu¬ 
bilities at very low or high tempera¬ 
tures, since the sudden cooling or 
heating of the gas stream caused 
baseline instability. Care was taken 
to keep all tubing (especially the 
drying tubes) of small diameter to 
prevent hark mixing and broaden¬ 
ing of the peaks. 

In order to determine a gas solu¬ 
bility, a sample of the required elec¬ 

trolyte solution was equilibrated 
with the gas at atmospheric pres¬ 
sure and the desired temperature in 
a water-bath controlled to ±0.1 *C. 
A sample of distilled water was sim- 
Isrly equilibrated with the gas at 

26 *C and atmospheric pressure. 
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P'gur» 1. Apparatus for gas solubility determinations. 
f'-Mire 2. Peak obtained for 0, dissolved in 4N KOH at 25’C, 
co.»pared mth peaks for o*ygcn d.ssoived in water at 25X.’ 
figures beneath peans are areas counted by disc integrator. 

Since Ihe nnlubility of most com¬ 
mon gases in water at 2.VC is ac- 
curately known from chemical anal¬ 
ysis. the water sample served ns a 
stall«¡.mi for calihr.'iieiii purivi^a. 
Mcnii. ' volumes (Rini.) of thesat- 
uratifi water nnd saturated sample 
solutions were injected into the 
rnromntograph. and the peak areas 
clue to dissolved gases were com¬ 
parai. This procedure eliminated 
errors resulting from changes in in¬ 
strument sensitivity over extended 
periods of time. 

Results and Discussion 
/ 

The solubility of the gas in the 
Sample was calculated from the 
eci nation 

Eq 1 
where 
S, - g mole/liter of gas in sample 

sol ¡lion equilibrated with gas at 
1 atmosphere par*¡»I pressure 
(exruiding partial pressure of 
wafer) nt temperature T. 

S. - g avole/liter of gas in distilhx] 
water solution equilibrated with 
gas at 1 atmosphere partial pres¬ 
sure fexcluei .- partial pleasure 
of water) at 25*C. 

x _ area for sample at T*C 

Í^^jTãrcTÍõrlvãtêrãrSô^ 
r = atmospheric pressure 

P — vapor pressure of pure water 
at 25"C 

P = vapor preasure of sample solu¬ 
tion at T"C 

Equation 1 assumes Henry’s Law 
in order to correct for the eff«*ct of 
solution vapor pressures; for fairly 
low temperatures where p nnd p' are 
small the eiror in making this as¬ 
sumption will he negligible. At low 
tempera!ures, when the vapor pres¬ 
sures are small, ir may be taken as 
760 mm Hg with negligible error, 
thus eliminating the need to meas¬ 
ure atmospheric pressure. 

Eq. 2 

Figure 2 shows a peak obtained 
for oxygen dissolved in 4N KOH 
«t 2.VC compand with the jreak 
for water at 2f>"C. Tire peaks ob¬ 
tained are broadened liocause of 
the time required to completely 
«»rip the gas from solution, and 
also because of Lack-mixing in the 
externai part of the flow circuit; 
with electrolyte solutions at low 
temperatures faliout -5.TC) it was 
ini()ossihIe to inject the sample 
rapidiy because of very high vis- 
t'nsity of the solution. Even for solu¬ 
tions containing ver little dissolved 
gas. however, tire carrier gas rap¬ 
idly . completely stripped gas 
from solution, and there was no pro¬ 
nounced peak tailing. With the 6 
ml. sample use», «ne peak broaden¬ 
ing was not excessive, and the 3 m. 

MS 13X column gave complete 
separation of oxygen and nitrogen 
peaks at all temperatures. Very 
little precise data is available in 
the literature for gas solubilities in 
electrolytes; the results obtained by 
the above technique Live been in 
good agreement with data obtained 
by Bohr (1) and C.eiTcken (2) us¬ 
ing manometric methods. 
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