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Diffusion of Gases in Electrolytic Solutions 
KEITH E. GUBBINS, KAMLESH K. BHATIA, and ROBERT D. WALKER, JR. 

University of Florida, Gainesville, Florida 

Measurements of the diffusion coefficients of hydrogen and methane in strong aqueous elec- 
trolytes have been made with the use of the diaphragm cell method. The variation of the dif- 
fusion coefficients with electrolyte concentration, type of ion, and temperature hos been studied 
over the electrolyte concentration range zero to saturated, and for temperatures in the range 
25” to 65°C. 

The results have been interpreted with the Eyring rate theory. The presence of ions in 
water increases the activation energy for diffusion which results in a decrease in the diffusion 
coefficient. The increase in activation energy is represented by terms that are additive for the 
ions involved. The influence of ions on the diffusion coefficient increases rapidly with ionic 
charge, but seems to be little affected by temperature or solute for the systems studied. 

The prediction of the rate of diffusion of nonelectro- 
lytes through aqueous electrolytes is of interest in a num- 
ber of practical problems, for example, the study of mass 
transfer limitations at electrodes. Although the Wilke- 
Chang equation (1, 2) provides a means of estimating 
binary diffusion coefficients in liquids, it is not immedi- 
ately applicable to electrolytes, since it involves the solvent 
molecular weight and an association parameter. The Ey- 
ring theory ( 3 ,  4 )  of reaction rates provides a starting 
point for the development of correlations for diffusion in 
electrolytes, and has been used by Podolsky ( 5 )  and Rat- 
cliff (6) in developing relationships for the fluidity of 
electrolytes and also for the diffusion of nonelectrolytes. 
Very few experimental studies of diffusion of dissolved 
gases in electrolyte solutions are available, and the meas- 
urements reported have been made a t  a single tempera- 
ture (6, 7). The object of the present work is to examine 
the variation of gaseous diffusion coefficients with solute 
gas, electrolyte, concentration, and temperature. 

K. K. Bhatia is with Procter and Gamble Company, Cincinnati, Ohio. 

THEORY 
According to the Eyring reaction rate theory, the fluid- 

ity of a liquid # and the binary diffusion coefficient in 
dilute solution D are given by 

Weyman (8) recently has derived equations similar to 
(1)  and ( 2 )  by more rigorous statistical mechanical 
methods. The diffusion coefficient (or fluidity) is deter- 
mined primarily by the activation energy for the process 
and the temperature. 

Podolsky ( 5 )  has derived an expression for the fluidity 
of an electrolyte solution using Equation ( l ) ,  and Ratcliff 
(6) has proposed a corresponding equation for the diffu- 
sion coefficients of gases in electrolytes. Their derivation 
is outlined below. 
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The presence of ions in the solution is assumed to cause 
changes in the free energy of activation for the process; 
changes in the Iattice spacing 1 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 activa- 
tion in Equations (1) and (2)  is replaced by a free en- 
ergy of activation which is averaged over all possible 
configurations of the molecule undergoing diffusion or 
viscous flow. 

<AG*> = s pihGi* (3)  
i 

In considering the case of diffusion, a solute gas molecule 
is assumed to interact with n surrounding solvent mole- 
cules; on replacing one of the surrounding water mole- 
cules by an ion of type i, the free energy of activation is 
supposed to be perturbed by an amount Si, so that the 
free energy of activation for diffusion becomes (AG"* + 
Si) .  If it is assumed that the distribution of ions in the 
neighborhood of the solute molecule is the same as that 
in the bulk solution, the average free energy of activation 
for the diffusion of sparingly soluble gases is obtained 
from Equation (3) as 

The second term in Equation (4) represents the change 
in the free energy of activation for the solute molecule in 
water due to the electrolyte. By combining Equations 
(2)  and (4) and by assuming the second term in Equa- 
tion (4) is small and that 1 is not affected appreciably 
by the presence of electrolyte, we  obtain 

( 5 )  
Ax 

(1 - x) + (v* -k v z ) x  
h.1- 

The plot of D vs. x/[,( 1 - x) + (v1 + v Z ) x ]  at a given 
temperature should therefore be approximately linear at 
electrolyte concentrations that are not too high. The cor- 
responding equation for fluidity has been obtained by 
Podolsky ( 5 )  as 

+ 
4" (6) 

r(l + r') (vlnlS1' + v2n2S2') 
RTC(1 -x) + (v1 + v 2 ) x l  

- 1- - _  

The perturbation terms Si and 8: are generally different 
since they represent ion-solute and ion-water interactions, 
respectively. Equation (6) is formally similar to equa- 
tions proposed by Jones and Dole (9) and Bingham (10). 
The latter has tabulated the contributions (corresponding 
to n161' and n&') of the separate ions to the fluidity. 

Recently McCall and Douglass ( I 1  ) measured the self- 
diffusion coefficient of water as a function of concentra- 
tion for several electrolytesr at 23°C. With the use of 
Podolsky's approach ( 5 ) ,  the effect of eIectroIyte on the 
self-diffusivity of water D,  is given by 

The perturbation terms 6: will be the same as in the 
case of fluidity. McCall and Douglass tabulated the con- 
tributions of the separate ions for self-diffusion of water. 

EXPERIMENTAL 

Measurements of the diffusion coefficients were made by 
the diaphragm cell method (12  to 1 4 ) .  The cells were filled 
under vacuum with gas-free electrolyte solution, and the liquid 
on one side of the cell was saturated with the gas under study. 
Diffusion was then allowed to take place for 24 to 48 hr. 

Afterward the concentration of gas in each compartment was 
determined by gas chromatography; the analysis method used 
has been described elsewhere (IS). Experiments were carried 
out in water baths controlled to t 0.05"C. and the solution 
on each side of the diaphragm was stirred by means of mag- 
netic stirrers at a rate of 100 rev./min. (16). The cells were 
calibrated with potassium chloride solution at 25°C. 

To check the possibility of gas adsorption on the frit, the 
concentration of dissolved gas in both compartments was meas- 
ured both before and after a diffusion experiment. A mass 
balance indicated no measurable loss of gas. The cell calibra- 
tion of each of the cells used was checked periodically (about 
once for each ten diffusion measurements). During the course 
of the experiments reported here, the calibration constants of 
each of the cells used changed by less than 1%. 

The usual practice in measuring diffusion coefficients by the 
diaphragm cell method is to allow diffusion to occur until a 
linear concentration gradient has been established across the 
diaphragm. The solution in the compartment of lower con- 
centration is then replaced by fresh solvent, and the time of 
diffusion under quasistationary conditions is measured from 
the time of replacement. This procedure is unsatisfactory when 
studying the diffusion of gases in liquids because of the diffi- 
culty 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 prone to lead to difficulties when 
measurements are made at temperatures appreciably different 
from ambient. 

To overcome this difficulty the time of diffusion was meas- 
ured 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 ac- 
curacy by solving the diffusion equation with the following 
initial and boundary conditions: 

t L O  O L X G L  c' = 0 
c' = co t > O  X I 0  
c' = 0 t > O  X 1  L 

The solution of the diffusion equation is ( 1 7 )  : 

From a knowledge of the cell constant the necessary correction 
to be applied for the unsteady state period was obtained from 
Equation ( 8 ) .  In most cases this correction represented about 
1% of the total time of diffusion ( 1 4 ) ,  so that the use of the 
above boundary conditions should not cause appreciable error. 

RESULTS 

The diffusion coefficients of hydrogen and methane in 
aqueous solutions of potassium chloride, magnesium chlo- 

TABLE 1. DIFFUSION COEFFICIENTS OF HYDROGEN 
IN AQUEOUS ELECTROLYTES AT 1 AThI. 

Values reported are D x 105, sq. cm./sec. 

X 

Electrolyte c 

Pure water 0 

Potassium . 1.0 
chloride 2.0 

3.0 

Magnesium 0.75 
chloride 1.5 

2.25 
3.0 

Magnesium 0.5 
sulfate 1.0 

2.0 

x I - x + ( Y I + ~ z ) x  D ~ s  

0 0 4.10 

0.01821 0.0178 3.79 
0.03693 0.0356 3.60 
0.05623 0.0532 3.34 

0.01355 0.01319 3.36 
0.02724 0.02583 3.09 
0.0412 0.03806 2.18 
0.0565 0.05788 1.45 

0.00894 0.00878 3.90 
0.01783 0.01721 2.86 
0.03556 0.0332 1.57 

0 4 5  

6.30 

5.97 
5.73 
5.27 

4.13 
3.38 
2.71 

5.29 
4.41 
2.90 

DS5 

9.44 

8.90 
8.30 

7.39 
6.04 
4.95 
3.47 

7.18 
6.34 
4.27 
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ride, and magnesium sulfate have been determined at  
temperatures of 25", 45", and 65°C. Each electrolyte has 
been studied at a number of concentrations in the range 
zero to near saturation. The results are given in Tables 1 
and 2, together with the diffusion coefficients of the gases 
in water at these temperatures. Concentrations of electro- 
lyte c are values determined at 20°C. Since the concen- 
tration of both hydrogen and methane in these solutions 
was of the order molar or less, the diffusion coeffi- 
cients obtained from the diaphragm cell method may be 
regarded as the differential diffusion coefficients at infinite 
dilution. 

The experimentally determined diffusion coefficients for 
hydrogen in water appear to be in agreement with data 
reported by other workers, although there is some scatter 
in the published data. Thus for hydrogen in water at 
25°C. Vivian and King (18) report 4.8 x lop5, Baird and 
Davidson (19) give 4.27 and 5.52 >: and Ipatev 
(20) gives 3.43 x sq.cm./sec. Ipatev also reports a 
value of 5.7 x sq.cm./sec. for hydrogen in water at 
45°C. The measured diffusion coefficient for methane in 
water at 25°C. agrees well with the value of 1.88 x 
sq.cm./sec. recently obtained by Witherspoon and Saraf 
(21 ) , who used the capillary cell technique. 

The values reported for the diffusion coefficient of hy- 
drogen in water represent the mean value derived from 
three separate experiments. The values of D for methane 
in water at 25" and 45°C. are mean values for two deter- 
minations. The standard deviation of the measured values 
of D for each of the gases in water was approximately 
3% of the arithmetic mean. It is estimated that the abso- 
lute values given in Tables 1 and 2 are probably accurate 
to within 2 10%. Since the effect of electrolyte concen- 
tration on the diffusion coefficient is small in the case of 
potassium chloride solutions, no measurements were made 
at low potassium chloride concentrations for the diffusion 
of methane. 

DISCUSSION 

According to Equation ( 5 )  the plot of D/D, vs. 
x/[ 1 - x + (u l  + u 2 )  x] should be linear if the concentra- 
tion is not large; the slope will be n(& + ~282) /RT.  
Figures 1 and 2 show D/D, as a function of x/[1- x + 
(ul + v ~ ) x ] ;  the latter function is approximately propor- 
tional to concentration for concentrations that are not too 
high. In most cases the data seem to fall on straight lines 
within experimental error; in some cases the data are fitted 
somewhat better by curves. In general the data showed 
slightly better linearity when plotted as D/D,  vs. x/[1 - 
x + (VZ + v ~ ) x ]  than when plotted as InD/D,. 

Dl Do 

1.0 

0 .8  

0.6 

0.4 

0.2 

0 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

1 x/! 1 - x + (Vl + V Z ) X  

Fig. 1 .  Diffusion coefficients of hydrogen. 

A plot of InD vs. 1/T gave good straight lines for the 
data in Tables 1 and 2. In principle the measured slopes 
of these lines should enable the perturbation of activation 
energy due to the electrolyte to be determined. Since the 
change in slope with electrolyte concentration is small, 
however, the perturbations are more accurately deter- 
mined by plotting D as in Figures 1 and 2. Plotting the 
data for diffusion of hydrogen and methane as 1nD vs. 
1/T yielded measured activation energies of 4.22 and 4.01 
kcal./g.-mole for hydrogen and methane, respectively. 

Table 3 shows the slopes A of the lines obtained on 
plotting the data of Tables 1 and 2.  The values of A show 
only small changes with temperature for a particular elec- 
trolyte, and some of these changes may arise from experi- 
mental errors which become magnified in measuring the 
slope. The values of A for carbon dioxide at 25°C. in- 
cluded in Table 3 are those given by Ratcliff and Hold- 
croft (6). Also included in Table 3 are the standard devi- 
ations of the estimate of D obtained from the straightline 
plots. The results indicate that the effect of the electrolyte 
on D is greatest for magnesium sulfate, somewhat less for 
magnesium chloride, and considerably less for potassium 
chloride. This suggests that the perturbation terms are 
strongly affected by the charge of the ions involved, and 
to a lesser extent by the ionic radius. 

These results may be interpreted in a qualitative man- 
ner as follows. The term & represents the change in the 
free energy of activation for a solute molecule when one 
of the water molecules surrounding the solute is replaced 
by an ion type i. 8i should therefore be related to the dif- 
ference between the ion-solute and water-solute interac- 

TABLE 2. DIFFUSION COEFFICIENTS OF METHANE 
IN AQUEOUS ELECTROLYTES AT 1 ATM. 

Values reported are D x 105, sq. cm./sec. 

X 

Electrolyte 

Pure water 
Potassium 

chloride 

Magnesium 
chloride 

Magnesium 
sulfate 

~ 

C x ( 1  

0 0  

2.40 0.04454 
3.55 0.06703 
3.65 0.06904 

1.025 0.01852 
2.02 0.03690 
2.95 0.05545 

0.5 0.00894 
1.0 0.01783 
2.0 0.03556 

D/ Do 

0 1.81 2.78 3.84 

0.04264 3.86 
0.0628 1.65 
0.06458 2.52 3.29 

0.01786 1.60 2.44 3.36 
0.03436 1.41 1.68 2.34 
0.04990 0.79 1.42 1.70 

0.00878 1.88 2.58 3.56 
0.01721 1.42 1.73 2.86 
0.0332 0.73 1.27 1.97 

1.c  

0.8 

0.6 

0.4 

0 .2  
MgS04, 25O 

D M8S04. 6S0 

m MgSO4, 450 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.01 

X I  [I - x +(V + Y )x  
1 2 1  

Fig. 2. Diffusion coefficients of methane. 
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TABLE 3. VALUES OF SLOPE -4 

n(v161 + VZSZ) 
A =  

RT 

25°C. 45°C. 65°C. 
Gas Electrolyte A ce(D)f A ae(D) A ae(D) 

Hydrogen Potassium chloride 
Magnesium chloride 
Magnesium sulfate 

Methane Potassium chloride 
Magnesium chloride 
Magnesium sulfate 

Carbon Magnesium chloride 
dioxide* 

Magnesium sulfate 

3.4 2 0.2t 0.03 x 10-5 3.0 2 0.3 0.07 x 10-5 2.2 2 0.5 0.18 x 
11.3 2 0.9 0.16 x 10.4 t 1.5 0.39 x 10-5 11.2 t 1.0 0.42 X 
18.7 -t 2.4 0.26 x 10-5 16.4 -1- 0.5 0.08 x 10-5 16.5 2 2.3 0.51 X 

10.2 -t 2.4 0.17 x 10-5 10.3 -+ 1.4 0.14 x 10-5 11.3 t 1.2 0.17 X loe5 
17.4 f 3.1 0.14 x 10-5 17.3 2 3.3 0.23 x 10-5 15.0 2 1.3 0.13 x 
11.1 

17.8 

1.4 1.4 1.9 1.4 0.m x 10-5 

* Data reported by Ratcliff and Holdcroft ( 6 ) .  
f ae(D) is the standard deviation of the estimate of D obtained from the straight line plot of D VS. %/[1 - x + 
tThe precision shown is the standard deviation of estimate. 

( YI + v z ) x I .  

tion potentials. For a nonpolar solute molecule, the ion- 
solute electrostatic interaction is given by an equation of 
the form (22) 

(9) 

and the water-solute interaction is given by 

Equation (9)  suggests that Si should increase rapidly with 
zi, and this appears to explain the much greater effect 
on D of magnesium sulfate over potassium chloride. In 
addition, an increase in the temperature of the solution 
will cause a small increase in the average distance r,  sepa- 
rating the solute molecule from the ion or water molecule 
with which it interacts. Since T appears to the fourth and 
sixth powers in Equations (9) and ( l o ) ,  respectively, a 
temperature rise may cause an increase in (uis - tiws) 
and therefore in Si. The results in Table 3 show no clear 
trend with change in temperature, so this effect appears 
to be small. 

Since the values of A in Table 3 show only small tem- 
perature variations, it should be possible to use an average 
value for the temperature range 25" to 65" with little 
error. Table 4 shows average values of A for hydrogen 
and methane for each electrolyte, together with the data 
of Ratcliff and Holdcroft for carbon dioxide in magnesium 
chloride and magnesium sulfate solutions. The effect of 
each electrolyte on the diffusion coefficient appears to be 
litle influenced by the solute gas for the gases studied, 
and further work with other solutes is needed to clearly 
determine the effect of solute. The results shown in Table 
4 should therefore enable a fairly good estimate to be 
made of the diffusion coefficients of other gases in these 
electrolytes, provided that the diffusion coefficient in 
water Do is known; in cases where no experimental meas- 

TABLE 4. AVERAGE VALUES OF A 

Carbon 
Hydrogen Methane dioxide* 

Potassium chloride 2.9 f 0.5f 
Magnesium chloride 11.0 f 0.4 
Magnesium sulfate 17.2 -1- 1.1 

Data of Ratcliff and Holdcroft ( 6 ) . 
f The precision shown is the standard 

mean of A values given in Table 3. 

1.6 2 0.2 
10.6 -1- 0.5 
16.6 2 1.1 

deviation of the 

11.1 
17.8 

arithmetic 

urements have been made, Do may be estimated from the 
Wike-Chang equation. 

The form of Equation ( 5 )  suggests that the effect of 
the electrolyte on the diffusion coefficient may be sepa- 
rated into perturbations characteristic of the individual 
ions, which may be expressed as nSi. Both the conductiv- 
ity and fluidity of electrolyte solutions at moderate con- 
centrations have been found to be made up of approxi- 
mately additive contributions from water molecules and 
the separate ions (10). From mutual diffusion studies in- 
volving a relatively small number of electrolytes it should 
be possible to construct a table of ionic contributions, 
from which the diffusion coefficients in other electrolytes 
could be predicted. 

Unfortunately it is not possible to obtain the values of 
nSi directly from the values given in Table 3, since we 
have in general only ( y  - 1) independent linear equa- 
tions involving n(& + ~ 2 8 2 )  for y unknowns. It is there- 
fore necessary to know the value of n8i for one ion before 
values for the others may be evaluated. Since the limiting 
conductivities of potassium and chloride ions are almost 
equal, these two ions would be expected to have an al- 
most equal effect on the mutual diffusion coefficient of a 
solute molecule. 

By assuming potassium and chloride ions to have equal 
values of nSi, the values shown in Table 5 have been cal- 
culated. The values of nSi for carbon dioxide presented 
in Table 5 were calculated from the data of Ratcliff and 
Holdcroft by assuming values of n8; for potassium and 
chloride ions that are the mean of those for hydrogen and 

TABLE 5. VALUES OF n8i IN KCAL./G.-ION 

Temper- 
Gas ature, "C. K+ C1- Mg++ so4-- 

Hydrogen 25 1.0 1.0 4.6 6.4 
45 0.9 0.9 4.7 5.7 
65 0.7 0.7 6.1 5.0 

Methane 25 0.4 0.4 5.2 5.1 
45 0.4 0.4 5.6 5.3 
65 0.6 0.6 6.3 3.8 

Carbon dioxide* 25 0.7 0.7 5.1 5.4 
Waterf 23 0.3 0.3 7.7 6.1 
( self-diffusion) 

0 Data of Ratcliff and Holdcroft (6 ) .  The values of K+ and C1- were 

f Calculated from data of McCall and Douglass (11 ) for self-diffusion 
taken as being the average of the values for hydrogen and methane. 

of water. 

Vol. 12, No. 3 A.1.Ch.E. Journal Page 551 



methane; this appears to be justified, since the values of 
A in Table 4 for carbon dioxide, methane, and hydrogen 
are very similar. The values of nS( for the self-diffusion 
of water obtained from the data of McCall and Douglass 
are also included in Table 5. 

The values of nSi indicate a marked increase with ionic 
charge, as expected from Equation (9), but seem to be 
little affected by solute or temperature. If the number of 
molecules with which a solute molecule interacts is taken 
as 10, the values of Si are in the range 40 to 800 cal./ 
mole; this represents a change of approximately 1 to 15% 
from the activation energy of diffusion for pure water. 

CONCLUSIONS 

For the electrolytes and solutes studied the diffusion 
coefficient varies approximately linearly with electrolyte 
concentration. The influence of the electrolyte on the dif- 
fusion coefficient seems to be an additive effect for the 
ions involved, and increases rapidly with ionic charge. 
The change in D / D o  produced by a given electrolyte is 
little affected by temperature or solute for the solutes 
studied. By tabulating values of nSi for individual ions it 
should be possible to estimate diffusion coefficients for 
solute-electrolyte systems that have not been studied ex- 
perimentally. Further measurements are needed to obtain 
values of nSi for other ions and to determine clearly the 
effect of solute. 
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NOTATION 

A = slope of plot of D / D o  vs. x/[1 - x + ( V I  + VZ).] 
c = concentration of electrolyte at 20°C., g.-mole/ 

c’ = concentration of solute gas at position x 
co = initial concentration of solute gas in high concen- 

tration side of diaphragm cell 
D = diffusion coefficient of solute in electrolyte at 

temperature T 
Do = diffusion coefficient of solute in water at tempera- 

ture T 
D ,  = self-diffusion coefficient of water in electrolyte 

solution 
D,, = self-diffusion coefficient of pure water 
e = electronic charge 
AG$* = free energy of activation for viscous flow/mole 
A G ~ *  = free energy of activation for diffusion/mole 
hG0* = free energy of activation for diffusion in pure 

h = Planck‘s constant 
i = possible configurations of the molecule trans- 

k = Boltzmann’s constant 
km 
kd 
L 

= n(v181 + UZSZ)/RT 

liter 

water 

ported 

= constant in Eyring equation for fluidity 
= constant in Eyring equation for diffusion 
= length of a cylinder of stagnant liquid having a 

resistance to diffusion equal to that of the dia- 
phragm 

m = molecular mass 
n 

ni 

pi 

R = gas constant 

= number of molecules or ions with which a single 
solute molecule interacts 

= number of water molecules with which an ion of 
type i interacts 

= probability of configuration i in which activation 
free energy is AG~’ 

r 

r‘ 
T 
t 
uis 

u w s  

Vf 

zi 
X 

= distance between two molecules (or molecule 
and ion) 

= constant = 0.055 
=. temperature 
= time 
= intermolecular potential between ion of type i 

and solute molecule 
= intermolecular potential between a water mole- 

cule and a solute molecule 
= free volume 
= mole fraction of electrolyte 
= valency of ion i 

Greek Letters 

a 
Si = perturbation of diffusional activation energy/ 

mole, due to single ion of type i interacting with 
solute molecule 

= perturbation of activation free energy for viscous 
flow/mole, due to single ion of type i interacting 
with water molecule 

= polarisability of solute molecule 

S( 

E+ = activation energy for viscous flow/molecule 
Cd = activation energy for diffusion/molecule 
7 = viscosity 
X = average jump distance of molecule in flow 
pw = dipole moment of water molecule 
ui = number of g.-ions of ion of type i/g.-mole of 

electrolyte 
ve(D)  = standard deviation of estimate of D obtained 

from the straightline plot of D vs. x / [ 1  - x + 
( V l  + d X l  

4 = fluidity 
+o = fluidity of water 
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