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Measurement of the 

hexafiuoride in water 

diffusion coefficient of sulfur 

D.B. King and E.S. Saltzman 

Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 

Abstract. Sulfur hexafluoride has been widely used in field studies and laboratory 
experiments to develop a relationship between gas transfer and wind speed. The 
interpretation of the data from such studies requires the diffusion coefficient of SF 6 
(DSF6), which has not previously been measured. In this study, DSF 6 has been 
determined in pure water and in 359/oo NaCI over a temperature range of 5-25øC. The 
measurements were made using a continuous-flow diffusion cell where SF 6 flows 
beneath an agar gel membrane while helium flows above the gel. The experimental 
data for pure water yielded the following equation: DSF6=0.029 exp (-19.3/RT, where 
R is the gas constant and T is temperature in kelvins). Measurements of DSF 6 in 35% 
NaCI were not significantly different from the pure water values. On the basis of our 
data, we estimate the Schmidt numbers for seawater over the temperature range 5-25 ø 
C to be Sc-3016.1-172.00t+4.4996t2-0.0479657, where t is temperature in degrees 
Celsius. 

Introduction 

Sulfur hexafiuoride (SF6) has been used extensively as a de- 
liberate tracer in field and laboratory studies of air-sea exchange 
processes [Wanninkhof et al., 1987; Upstill-Goddard et al., 
1990; Watson et al., 1991; Asher et al., 1992; Wanninkhof et al., 
1993]. SF 6 is an ideal tracer owing to its lack of chemical and 
biological reactivity, low natural levels, and low detection limit 
using gas chromatography with electron capture detection. The 
results of SF 6 studies have been used as the basis for deriving 
and testing a general relationship between wind speed and the 
gas exchange coefficient k, where 

Flux= k (C - C• / c•) (1) 

and C is the concentration in the liquid (I) or gas phase (g) and a 
is the dimensionless solubility of the gas in seawater [Liss and 
Slater, 1974]. In these tracer studies, SF 6 is released into sur- 
face ocean or lake waters, and the evasion of the gas is moni- 
tored by the decrease in surface mixed layer concentration. For 
dual-tracer studies the concentration of 3He is also monitored, 
and the rate of decrease in 3He/SF6 is determined. There are 
significant differences between various expressions proposed for 
the magnitude and wind speed dependence of gas exchange 
[Smethie et al., 1985; Liss and Merlivat, 1986; Wanninkhof 
1992], and this subject is currently the focus of some contro- 
versy. 

The gas exchange coefficient has been found to be a function 
(/) of the diffusivity (D) of the gas in water according to the 
following relationship: 

k, = f(Sc-"= f(D" (2) 
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where k l is the liquid phase gas exchange coefficient, Sc is the 
Schmidt number (kinematic viscosity/diffusivity), and n may 
vary from 1/2-2/3 depending on the sea state [Liss and Merlivat, 
1986; Jahne et al., 1987b]. 

In previous SF 6 studies, Sc for SF 6 (SCsF6) was estimated 
using a diffusivity calculated from empirical relationships devel- 
oped by Wilke and Chang [1955] and Hayduk and Laudie 
[1974]. These relationships fit diffusivity data for nonelectro- 
lytes in dilute solutions as a function of the molar volume of the 
diffusing gas and the viscosity of the solvent. Estimates for the 
diffusivity have been used because DSF 6 has not previously been 
measured. In this study we measured the diffusivity of SF 6 
(DsF6) in pure water and compare the results to the estimations 
from the empirical formulas. We also measured DSF 6 in 35960 
NaC1 and discuss the implications for estimating ScSF 6 in 
seawater. 

Experimental Method 

The experimental method for this measurement was based on 
the method developed by Barter [1941]. The experimental 
method consists of monitoring the diffusion of a gas through an 
aqueous gel membrane (F-l). At steady state the flux of the gas 
through a planar membrane is given by the following expression: 

D-AC 
(I) = • (3) 

l 

where AC is the concentration difference across the membrane, 
and l is the thickness of the gel (in centimeters). The flux can 
also be expressed in terms of the gas phase concentrations on 
either side of the gel if the solubility of the gas in water is 
known. The equation for the diffusivity of the gas can then be 
expressed as 

D = C2gfd (4) 

where C2g and C lg are the gas phase concentrations above and 
7O83 
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Figure 1. a) Schematic cross section of the diffusion cell. 
The high- and low-concentration chambers are labeled as 
1 and 2, respectively, as in equation (4). b) Schematic of 
the experimental apparatus. The gas flows from the cell 
are labeled as in equation (4). 

below the gel, respectively, f2 is the flow through the upper 
chamber (in cubic centimeters per second), a is the Ostwald 
solubility of SF 6 in water (ratio of aqueous phase to vapor phase 
concenLration), and A is the cross-sectional area of the membrane 
(in square centimeters). 

The diffusion cell consists of a stainless steel housing with a 
chamber above and below an aqueous gel membrane (F-l a). 
This apparatus was developed from a design by Jahne et al. 
[1987a] for the determination of the diffusion coefficient of di- 
methylsulfide [Saltzman et al., 1993]. The configuration was 
then modified for the measurement of DSF 6. The membrane is 
prepared with 0.7% agar dissolved in pure water and is 3.8 cm 
in diameter and approximately 0.30 •m thick. For the NaC1 
gels, 0.75% agar was dissolved in a 3596o aqueous NaC1 solu- 
tion. The gel is supported by a sheet of porous polytetrafiuoro- 
ethylene filter membrane 0.13 mm thick with mean pore size 10- 
20 gm (Zitex, Norton Company, Wayne, New Jersey) and a 
sheet of porous polyethylene 1.59 mm thick with mean pore size 
15-45 gm (X-4900, Porex Corporation, Fairbum, Georgia). 
Both sheets are sufficiently porous that they do not measurably 
inhibit diffusion. 

The thickness of the gel used in each experiment was calcu- 
lated using the weight of the gel and the diameter of the cell. 
The density of the pure water gel was found to be 0.992 gcm '3 
(1, = 0.1%) at 25øC. For the NaC1 gel the density was 1.019 g 
cm '3 (1, = 0.1%) at 25øC. Gel loss due to evaporation during 
the course of an experiment was approximately 1% by weight. 

The thickness of the gel measured at the end of the experiment 
was used in the calculation of the diffusivity. 

The cell was submerged in a stirred, thermostatted water 
bath, and experiments were run at 5, 15, and 25øC. While the 
cell was brought to the appropriate temperature, it was flushed 
with helium to remove air dissolved in the gel during prepara- 
tion. At the onset of the experiment, pure SF 6 gas was intro- 
duced into the lower chamber at a flow rate of 5 cm 3 min '1, 
while the upper chamber was flushed with helium at the same 
flow rate. In order to maintain a constant gas flow rate through 
the upper chamber during the course of the experiment, a mass 
flow controller was used. The gas was allowed to diffuse 
through the gel until the concenLration of SF 6 in the upper 
chamber reached a constant value, indicating that steady state 
had been reached. The outflow of the upper chamber was sam- 
pled every 1.5 min. Ten to twenty concenLration measurements 
were averaged to obtain the steady state value. 

The concentration in the upper chamber was determined rela- 
tive to the concent_ration of SF 6 in the lower chamber. The out- 
flow of the upper chamber was loaded into a Teflon loop (100-1• 
L STP) on a 10-port gas injection valve and determined using 
gas chromatography with flame photometric detection (FPD). 
The concentration of SF 6 in the upper chamber was calculated 
using calibration curves prepared through serial dilutions of the 
effluent of the lower chamber (pure SF6) with He in a glass, 
gastight syringe. The uncertainty in the dilution process was of 
the order of 6% (1•). Calibration curves were run before and 
after every experiment in order to ac,,,ount for drift in the re- 
sponse of the FPD. The curve run immediately after the experi- 
ment was used to calculate the percentage of SF 6 in the upper 
chamber. The analyses were done using an HP5890 gas chroma- 
tograph with a 1/8-inch OD, 1.25-m long stainless steel column 
packed with Porasil B 100/150 mesh (^11tech, Deerfield, Illi- 
nois), an oven temperature of 30øC, and a flow rate of helium 
carrier gas of 40 cm 3 min '1. 

^garose gels have been used extensively in the past in diffu- 
sion studies [Schantz and LauJfer, 1962; Spalding, 1969; 
Langdon and Thomas, 1971]. dtihne et al. [1987a] showed that 
experimental determinations of diffusi city using a gel were more 
reproducible than results obtained using a wetted-frit diaphragm. 
This is probably due to the lesser degree of convection and 
turbulence in the gel as compared with the diaphragm. 
However, the presence of the gel requires a correction. The gel 
decreases the solubility of the gas in the membrane and inhibits 
the diffusion path by the creation of a structure in the membrane. 
Langdon and Thomas [1971] have estimated that both of these 
effects combine to reduce the rate of diffusion by a factor of 
about 2% for a 0.7% gel. After the' diffusion coefficient has 
been calculated the value is increased by a factor of 1.90% for 
pure water and 2.03% for a NaC1 gel to correct for the presence 
of the gel. 

The Ostwald coefficient of SF 6 in pure water was calculated 
using the equation from Wilhelm et al. [1977], based on the 
experimental data of Ashton et al. [1968]. The reported 
uncertainty in this measurement is less than 1% (1,). The 
Ostwald coefficient of SF 6 in 35%o NaC1 was calculated using 
the salting-out coefficient k s for SF 6 in NaC1 at 25øC [Morrison 
and Johnstone, 1955] to correct the pure water solubilities. The 
estimated uncertainty in the Ostwald coefficient for NaC1 at 25 ø 
C is of the order of 5% (1-). At lower temperatures this uncer- 
tainty could be larger since k s is not known at these tempera- 
tures. An important contribution to the uncertainty in this pa- 
rmeter is the temperature of the cell. The thermocouple used in 
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Table 1. Typical Values and Estimated Uncertainties in the Calculation of the Diffusivity of SF s 
in pure water 

Absolute Relative 

Parameter Range Uncertainty_ Uncertainty % 
Flow rate, f2 (in cm 3 sec 'l) 0.088 0.0005 0.6 
Concentration ratio, C2/C • (2.8-3.5)x 10 '5 (1.0-1.3)x 10 '6 3.6 
Temperature, T (in degrees C) 5-25 0.4 n/a 
Ostwald coefficient for pure water, •, 0.006-0.012 0.00003 0.8-2.1 
Gel thickness, 1 (in cm) 0.30-0.31 0.005 1.6-1.7 
Gel area, A (in cm 2) 11.51 0.002 0.02 
Total 4.1-4.5 

this experiment is accurate to +0.4øC. The combined effect of 
the measurement and the temperature result in an uncertainty in 
the Ostwald coefficient of 0.8-2.1% (l c0 for pure water and 
greater than 5% for NaC1. 

The estimated uncertainty in a given calculation of DSF 6 in 
pure water is 4.1-4.5% (lo) but 6.4-7.2% (lo) for DSF 6 in 
NaCI. The largest contributors to this uncertainty are the con- 
centration ratio, the solubility, and the calculated gel thickness. 
The range and estimated uncertainties for the parameters used in 
the detemfination of the diffusivity are listed in T-I. 

Results and Discussion 

Diffusivity of SF 6 in Pure Water 

The diffusivity of SF 6 in pure water was measured at 5, 15, 
and 25øC during this study (F-2). These diffusivities can be 
related to temperature through the following expression: 

D = Ae -•sr (5) 

where Ea is the "activation energy" for diffusion in water (in 
kilojoules per mole), R=8.314x10 '3 kJ mol '1 K 'l, and T is tem- 
perature in kelvins [Eyring, 1936]. A least squares fit of this 
function to the data obtained in this study yields a preexponen- 
tial factor A of 0.029 cm 2 s '1 (lc• = 33%) and an Ea of 19.3 kJ 
mol 'l (1 c• = 5.0%). The mean estimated uncertainty in this fit is 
3.6% (lc0. 

The experimental results are in reasonable agreement with 
empirical estimates of DSF 6. The two most commonly used ex- 
pressions for the estimation of diffusivity were proposed by 
Wilke and Chang [1955] (herein after referred to as W-C) (Dw. 
c) and Hayduk and Laudie [1974) (herein after referred to as H- 
L) (DH.L) and are given below 

Dr c 7.4 x 104(4•M•)ø"T _ = (6) 

1326 (10 -• ) 
Du_,. = (7) 

rl•4 V o.•9 'A 

where • is a dimensionless "associatioa thctor" equal to 2.6 for 
water, MB is the molecular weight of solvent B, T is temperature 
(in kelvins), r/B is the viscosity of solvent B (in centipoise), and 
Vx is the molar volume (the volume of a mole of the pure liquid 
at its boiling point in cubic centimeters per mole) of the solute 
A. These expressions were obtained through empirical fits to 
measured diffusivities for a variety of gases in a variety of sol- 

vents as a function of the molar volume of the gas and the 
viscosity of the solvent. 

The calculated estimates of DSF 6 using these equations are 
shown in F-2. The estimates labeled as W-C (updated) are 
calculated using the W-C relationship with an association factor 
• for water of 2.26 instead of the original value of 2.6. This 
change was recommended by H-L based on the larger data set 
available to them. The value for the viscosity of pure water was 
taken from Korson et al. [1969]. The molar volume ofSF 6 used 
in these calculations is 77.69 cm 3 mol '1 [Wanninkhof et al., 
1985, 1987; Wanninkhof, 1992]. 

The estimates made using the W-C expression are in the best 
agreement with the measured values of DSF 6, with the difference 
ranging from 0.6% at 5øC to 4.8% at 25øC. The W-C expression 
also provides a better prediction of the temperature dependence 
of the diffusivity than the H-L relationship. This is most likely 
due to the inclusion of temperature as an explicit parameter in 
the W-C expression. The discrepancy between the measured 
values and the H-L estimates ranges from only 1.2% at 25øC to 
19.0% at 5øC. 

Diffusivity of SF 6 in Sodium Chloride Solution 

Diffusivities of SF 6 were also measured in an aqueous 3596o 
NaC1 solution at 5, 15, and 25øC (F-3). The measurements of 
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/• this study I 
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I --- pure water fit I 
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Figure 2. Diffusion coefficients of SF 6 in pure water as 
measured in this study and from estimates made from 
empirical expressions from Wilke and Chang [1955] and 
Hayduk and Laudie [1974]. Also plotted are the estimates 
from the Wilke-Chang relationship using an updated 
association factor for water prol:osed by Hayduk and 
Laudie [1974]. The curve is a fit to the experimental data 
taking the form D=0.029 exp (-19.3/RT), where R is the 
gas constant and T is temperature (in kelvins). 
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Figure 3: Diffusion coefficients of SF 6 in pure water and 
35• NaC1 as measured in •is study. The solid line is a 
fit to •e pure water data of the fore D=0.029 exp (- 
19.3/RD, where R is the gas constant and T is the 
tem•ra•re (in keMns). The dashed line is a fit to the 
NaC1 data using a constam value for k s (o•n cimles) •d 
t•es the fore D•.042 e• (-20.2/RD. The dotted line is 
a fit to the NaC1 dam using k s at 25øC and estimates for k s 
at 5 and 15øC based on •eiss [1970] aM t•es the form 
D=0.022 exp (-18.7/RD. 

DSF 6 in 35960 NaC1 gels exhibit considerably more scatter than 
those made in pure water gels. At 5øC the variance in the 
measurements (1, = 14%) is significantly greater than that pre- 
dicted on the basis of experimental uncertainties (6-7%). The 
origin of this variance is not known. The solubilities used in the 
calculation of DSF 6 were obtained from the Setschenow 
relationship 

log Sols = k,C (S) 

where S O and $ are the solubilities of the gas in pure water and 
the salt solution, respectively, C is the concentration of the salt 
solution (in moles per liter), and k s is the salting-out coefficient, 
which is specific to a salt-nonelectrolyte pair. The pure water 
solubilities were taken from Ashton et al. [1968], and the 
salting-out coefficient was measured by Morrison and Johnstone 
[1955]. The salting-out coefficient for SF 6 in NaC1 has only 
been measured at 25øC (k s = 0.195 L/tool), and this value was 
used to calculate DSF 6 at all temperatures. A least squares fit of 
the function given in (5) to DSF 6 calculated using a constant k s 
results in a preexponential factor A of 0.042 cm 2 s '1 (1 o = 66%) 
and an Ea equal to 20.2 kJ tool '1 (lo = 12.6%). The mean esti- 
mated uncertainty in this fit is 10.2% (1 t•). 

The salting-out coefficient, however, is not necessarily con- 
stant with respect to temperature. Gases such as nitrogen, oxy- 
gen, and argon exhibit an increase in k s of the order of 15-16% 
with a decrease in temperature from 25 to 5øC [Weiss, 1970]. If 
we assumed that k s for SF 6 varied in this manner, the calculated 
diffusivities at 5 and 15øC would increase by 4% and 2%, 
respectively, compared with the values obtained assuming 
constant k s. A least squares fit to these diffusivities yields a 
preexponential factor A of 0.022 cm 2 s '1 (1 • = 64%) and an Ea 
of 18.7 kJ tool '1 (lt• = 13.1%) (F-3). The mean estimated 
uncertainty in this fit is 9.8% (1,). It should be noted that gases 
like N 2, 0 2, and Ar are not necessarily good models for predict- 
ing the behavior of larger, more polarizable molecules like SF 6 
[Masterton and Lee, 1970]. 

At all temperatures the difference between DSF 6 in 3596o 
NaC1 and in pure water is not significant at the 95% confidence 
level, according to the t test [Havlicek and Crain, 1988]. This is 
surprising because diffusivity should be lower in NaC1 than in 
pure water, owing to the increase in viscosity with increased 
ionic strength. This effect has been observed in previous studies 
of diffusivity. Ratcliff and Holdcroft [1963] measured the 
diffusivity of carbon dioxide (Dco2) in pure water and in vari- 
ous salt solutions at 25øC. They observed that diffusivity 
decreased with increasing salinity for all salts tested, including 
NaC1. Interpolating from their data, Dco 2 in a 3596o NaC1 solu- 
tion was estimated to be about 6% lower than the pure water dif- 
fusivity. Jahne et al. [1987a] measured the diffusivities of H 2 
and He in pure water and 35.596o NaCI from 5 to 35øC. They 
found diffusivities in the salt solutions to be lower by 5-8%, with 
the difference greatest at the lower temperatures. Jahne et al. 
[1987a] recommended an average correction of 6% when con- 
verting pure water diffusivities to seawater. Saltzman et al. 
[1993] compared the diffusivity of methane in 3596o NaC1 and in 
pure water at 15øC and found the values for NaC1 to be 4% 
lower than the pure water diffusivities. 

The calculated diffusivities of SF 6 in 3596o NaC1 at all tem- 
peratures imply that there is no difference in DSF 6 between pure 
water and NaC1 solutions. The lack of a difference emphasizes 
the lack of understanding of the process ef diffusion. There is no 
existing theory which can accurately predict the effect of pa- 
rmeters such as temperature and ionic strength on the diffusion 
of a gas through a liquid membrane. 

Schmidt Number of SF 6 in Seawater 

The results of this study suggest that the diffusivity of SF 6 in 
seawater should be similar to that in pure water. The Schmidt 
numbers (kinematic viscosity divided by diffusivity, v/D)calcu- 
lated for SF 6 in seawater using our pure water values over the 
temperature range 5-30øC are given in T-2. These Schmidt 
numbers were calculated using kinematic viscosities (v, the ratio 
of molecular viscosity to density) calculated from the viscosity of 
seawater from Millero [1974] and the density of seawater from 
Millero and Poisson [1981 ]. The uncertainty in each Schmidt 
number is dominated by the uncertainty in the diffusivity and 
ranges from 4.1 to 4.5% (l o) over the temperature range given 
in Table 2. A least squares third-order polynomial fit to the 
Schmidt number data yields the following equation: 

Sc = 3016.1 - 172.00 t +4.4996 t -0.047965 t 3 (9) 

where t is temperature (in degrees Celsius). The estimated un- 
certainty in this fit is 0.20% (1,). Wanninkhof[1992] proposed 
a similar relationship for $cSF 6 in seawater calculated from dif- 
fusivities estimated using the W-C relationship, with the up- 
dated association factor, and a reduction to those estimated 
diffusivities of 6%, based on the correction proposed by Jahne et 
al. [1987a]. Values for ScSF 6 obtained using the Wanninkhof 
[1992] relationship are given in T-2. Our values for Sc are lower 
than those recommended by Wanninkhof [ 1992]. The difference 
is larger than the uncertainty in ore' values and ranges from 4.7% 
at 30øC to 12.4% at 5øC. 

Summary 

The diffusivity of SF 6 in pure water and 3596o NaC1 was 
measured in this study. The pure water results agree well with 
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Table 2. Schmidt Numbers for Sulfur Hexafluoride in Seawater of 35%o 
Salinity 

Temperature Schmidt Number 'i So, V/D) 
(degrees Celsius) this study Wanninkhof(1992) , 

5 2263 2544 
10 1698 1849 
15 1287 1379 
20 992 1066 
25 779 842 
30 611 640 

the empirical estimates. The expression from Wilke and Chang 
[1955], using the original association factor, provided the best 
agreement. The diffusivity measured in 3596o NaC1 is not 
significantly different from that in pure water, which is surpris- 
ing in view of previous studies of other gases. It is possible, 
though not likely, that this effect is an artifact mused by 
assumptions about the salting-out coefficient of SF 6 in NaCI 
solution, which has not been experimentally determined at all 
temperatures. Better solubility data are needed to reduce some 
of the uncertainty in DSF 6 for NaC1. Recommended Schmidt 
numbers for SF 6 in seawater are given. The difference between 
experimentally determined DSF 6 and previous estimates used in 
air/sea exchange calculations are small, ranging from 1 to 20% 
over the temperature range 5-25øC. Since air/sea exchange is 
dependent on the square root of the diffusivity, these differences 
are minor. 
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