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Isothermal mutual diffusion coefficients (interdiffusion coefficients) were measured for ternary aqueous
mixtures of NaCl and Na2SO4 at a constant total molarity of 1.000 mol‚dm-3 and 298.15 K. Measurements
were performed using Rayleigh interferometry with computerized data acquisition at NaCl molarity
fractions of z1 ) 1, 0.90, 0.75, 0.50, 0.25, and 0. Densities of the solutions were measured with a vibrating
tube densimeter. At all ternary solution compositions, one cross-term diffusion coefficient has negative
values whereas the other has positive values. These measurements supplement our earlier results at
0.500 mol‚dm-3. Both main-term diffusion coefficients are significantly smaller at 1.000 mol‚dm-3 than
at 0.500 mol‚dm-3 at any fixed value of z1, whereas both cross-term coefficients are shifted in a positive
direction. Trace diffusion coefficients D*(Cl-) and D*(SO4

2-) were extrapolated from these results for the
Cl-(aq) ion in 1.0 mol‚dm-3 Na2SO4(aq) and for the SO4

2-(aq) ion in 1.0 mol‚dm-3 NaCl(aq). Values of
D*(Cl-) in Na2SO4(aq) and in NaCl(aq) were found to be essentially identical, as were D*(SO4

2-) in these
same two electrolytes, provided the comparisons were made at the same volumetric ionic strengths.

Introduction

Many chemical, geochemical, and industrial processes
involve diffusive transport of aqueous electrolytes (Ander-
son and Graf, 1978; Felmy and Weare, 1991; Noulty and
Leaist, 1987; Steefel and Lichtner, 1994). Diffusion coef-
ficients are also part of the transport data required for
calculation of various types of generalized transport coef-
ficients (Miller, 1966, 1967a,b, 1981; Zhong and Friedman,
1988).

Aqueous NaCl solutions are often used to dissolve
proteins, and increasing the NaCl concentration will cause
salting-out of protein crystals in some cases. Sulfate salts
such as Na2SO4 also can cause salting-out of proteins.
Diffusion data for these salts and their mixtures will
complement ongoing work at Texas Christian University
to determine diffusion coefficients of ternary and quater-
nary aqueous solutions containing lysozyme. That work
will provide fundamental data for modeling liquid-phase
transport during protein crystal growth under both micro-
gravity conditions and normal gravity conditions.

Mutual diffusion coefficients have been reported from
dilute solution to near saturation at 298.15 K for binary
aqueous solutions of many of the major and minor salts
present in seawater and other natural waters (see Rard et
al., 1996). Mutual diffusion data are also available at
298.15 K for several common-anion ternary aqueous solu-
tion compositions relevant to natural waters. These are
mostly chloride salt mixtures (Albright et al., 1989; Dunlop,
1959; Dunlop and Gosting, 1959; Kim, 1982; Leaist, 1988;

Mathew et al., 1989, 1990; Miller et al., 1986, 1993, 1996;
O’Donnell and Gosting, 1959; Paduano et al., 1989; Rard
and Miller, 1987, 1988), as well as one composition of the
system NaHCO3 + KHCO3 + H2O (Albright et al., 1987).
Noncommon ion mixtures of NaCl + MgSO4 + H2O have
also been studied (Hao and Leaist, 1995).

However, fewer diffusion studies have been reported for
common-cation aqueous mixtures. These include six mix-
tures of NaOH + Na2SO3 + H2O (Leaist, 1985), several
mixtures of MgCl2 + MgSO4 + H2O (Deng and Leaist,
1991), four mixtures of NaCl + Na2SO4 + H2O at a total
molarity of 0.500 mol‚dm-3 (Rard et al., 1996), and one at
1.000 mol‚dm-3 (Miller et al., 1986).

Except at low molarities of solute, the binary or ternary
solution diffusion coefficients D and Dij cannot be predicted
accurately by the Nernst-Hartley equations (Miller, 1966,
1967a; Miller et al., 1993; Rard et al., 1996; Rard and
Miller, 1987, 1988), which are based on an infinite dilution
model. Consequently, we are determining accurate Dij

values for a few selected representative ternary and
quaternary aqueous salt systems to characterize experi-
mentally the dependences of these coefficients on total
concentration and on the solute mole ratio. These experi-
mental Dij can then be used as a “test bed” for developing
and refining methods to estimate multicomponent solution
Dij for arbitrary mixtures at higher concentrations.

Since experimental Dij for common-cation mixtures are
quite limited, including those with sodium salts, we report
a systematic investigation of the Dij for the system NaCl
+ Na2SO4 + H2O at 298.15 K at a constant total molarity
of 1.000 mol‚dm-3. This is a ternary subsystem of the
seawater salts and extends our previous results (Rard et
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al., 1996) at 0.500 mol‚dm-3 to a higher molarity. The
present study was undertaken in part to determine whether
the cross-term diffusion coefficients D12 and D21 remain
positive and negative, respectively, as at 0.500 mol‚dm-3.

To conserve space here, we refer the readers to our
previous paper (Rard et al., 1996) for some definitions of
quantities reported, equations, and more detailed descrip-
tions and the experiments and data analysis methods.

Experimental Section

All experiments were performed at Texas Christian
University.

Diffusion Coefficient Measurements. Diffusion ex-
periments were performed by Rayleigh interferometry at
(298.15 ( 0.005) K using the high-quality Gosting diffusi-
ometer (Gosting et al., 1973), with automated data record-
ing and with free-diffusion boundary conditions inside the
diffusion cell. Solute molarity fractions z1 of NaCl in these
{z1NaCl + (1 - z1)Na2SO4}(aq) mixtures were 1, 0.900 03,
0.750 43, 0.500 02, 0.250 00, and 0 at a total molarity of
1.000 mol‚dm-3. To facilitate comparison, these z1 values
are very nearly the same as those used at 0.500 mol‚dm-3

(Rard et al., 1996). The values z1 ) 1 and z1 ) 0 correspond
to the limiting binary solutions NaCl(aq) and Na2SO4(aq),
respectively.

Miller et al. (1993) have described the Rayleigh method
in considerable detail, including experimental and compu-
tational procedures. Also see the article by Miller and
Albright (1991).

For each ternary solution composition, four diffusion
experiments were performed at essentially the same aver-
age concentrations of each solute, Ch 1 and Ch 2, but at
different values of the ratio ∆C1/∆C2, where the ∆Ci are
the differences in the concentration of electrolyte i between
the bottom and top of the initial diffusion boundary.
Subscript 1 denotes NaCl and subscript 2 Na2SO4. These
ratios correspond to refractive index fractions of Ri ≈ 0,
0.2, 0.8, and 1 (Dunlop, 1959; O’Donnell and Gosting, 1959).
The Ri are related to the concentration differences, their
ratios, and the refractive index increment Ri for solute i
by

where J is the total number of Rayleigh interference fringes
(not necessarily an integer). The Ri and Ri are obtained
by the method of least squares from the set of experimental
J and ∆Ci values, provided all four experiments are
performed in the same cell.

An alternative type of refractive index increment Ri* can
be defined directly by ∆n ) R1*∆C1 + R2*∆C2, where ∆n
is the difference in refractive index between the top and
bottom solutions forming the diffusion boundary. These
∆n are calculated from ∆n ) λJ/a, where λ ) 543.3655 nm
is the wavelength in air of the helium-argon laser green
line used by our interferometer and a is the path length of
the light inside the diffusion cell. Consequently, R1 )
aR1*/λ and R2 ) aR2*/λ. We report the Ri, since J is a
directly observable experimental quantity. However, the
Ri* formalism is necessary for comparing refractive indexes
from experiments in different cells.

Two different cells were used for the experiments. All
experiments with z1 ) 0.900 03 and for the limiting binary
solutions were performed in cell C-1334-H-11 for which a
) 2.4960 cm, whereas the experiments for the other three
ternary solution compositions were performed in cell
C-1235-H-11 for which a ) 2.5051 cm.

A computer-controlled photodiode array was used for the
“real time” recording of positions of the Rayleigh fringe
patterns during the diffusion experiments. The computer-
controlled photodiode array and its operation, the cell filling
techniques, the recording of the baseline patterns and of
the Rayleigh fringe patterns, etc., have been described
(Rard et al., 1996). However, the original 66 MHz 486 DX
computer was replaced with a 166 MHz Pentium computer
to increase the speed of acquiring and processing the
experimental information.

A computer program TFIT combines the interpolated
symmetrically paired Rayleigh fringe positions, the J
values, the times at which the Rayleigh patterns were
recorded, and the concentration differences ∆Ci of each
solute across the initial diffusion boundary for each set of
four experiments at a given overall composition (fixed z1).
TFIT yields the diffusion coefficients, their standard errors,
and other pertinent quantities described in Rard et al.
(1996), Miller (1988), and Miller et al. (1993).

Solution Preparations and Density Measurements.
Solutions were prepared by mass from samples of oven-
dried NaCl(cr), from samples of stock solutions of Na2SO4-
(aq), and from purified water. The water purification and
drying of the NaCl(cr) were described previously (Rard et
al., 1996). Assumed molar masses are 58.443 g‚mol-1 for
NaCl, 142.037 g‚mol-1 for Na2SO4, and 18.0153 g‚mol-1 for
H2O. All apparent masses were converted to masses using
buoyancy corrections.

Three stock solutions of Na2SO4(aq) were prepared
directly from anhydrous Baker “Analyzed” Na2SO4(s) and
purified water. Two additional stock solutions were pre-
pared similarly from Na2SO4‚10H2O(cr), which was ob-
tained by recrystallization of Na2SO4(s) followed by cen-
trifugal draining.

The densities of all five Na2SO4(aq) stock solutions were
determined in duplicate at (298.15 ( 0.005) K using a
Mettler-Parr DMA/40 vibrating tube densimeter, which
was interfaced to a computer for signal averaging and
increased precision. The molar concentration of each Na2-
SO4(aq) stock solution was calculated from its measured
density using eq 6 of Rard et al. (1996). That equation is
valid to 2.6092 mol‚dm-3, which is well into the supersatu-
rated region. We estimate that these stock solution mo-
larities and molalities are accurate to 0.02 % or better.
However, since all eight solutions for any particular ternary
solution composition were prepared from the same stock
solution, they are internally more consistent than this.

Densities of solutions used for diffusion experiments
were similarly measured in duplicate with the vibrating
tube densimeter. The Ch i and ∆Ci values reported in Tables
1 and 2 were based on the average of the density measure-
ments.

At each given z1, the eight densities from the four
solution pairs were represented by the linear Taylor series
expansion (Dunlop, 1959; Dunlop and Gosting, 1959)

using the method of least squares. The C1 and C2 are the
concentrations of NaCl and Na2SO4, respectively, for each
individual solution, CC 1 and CC 2 are the corresponding
concentration averages for all four solution pairs, Hi are
least-squares parameters, and Fj is a least-squares param-
eter representing the density of a solution with molar
concentrations corresponding to CC 1 and CC 2.

The H1 and H2 parameters of eq 2 are required for
calculating the partial molar volumes Vh i (Dunlop and
Gosting, 1959), given in Table 3, which are in turn used to

Ri ) Ri∆Ci /(R1∆C1 + R2∆C2) ) Ri∆Ci /J (1)

F ) Fj + H1(C1 - CC 1) + H2(C2 - CC 2) (2)
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convert the experimentally based volume-fixed diffusion
coefficients (Dij)V to solvent-fixed ones (Dij)0. See eqs 8 and
9 of Rard et al. (1996).

Calculations for Ternary Solutions

Diffusion of solutes in a ternary solution under isother-
mal and isobaric conditions requires four diffusion coef-
ficients Dij, where i and j ) 1 or 2 (Miller, 1967a). The
main-term diffusion coefficients Dii describe the flow of
solute i due to its own concentration gradient, and the
cross-term diffusion coefficients Dij (i * j) describe the flow
of solute i due to a gradient of solute j. Under our
experimental conditions of relatively small ∆Ci, these Dij

are in the volume-fixed reference frame and are denoted
by (Dij)V.

Experimental values of the (Dij)V and Hi coefficients of
eq 2 were used to test the static and dynamic stabilities of

all our ternary solution diffusion boundaries (Miller and
Vitagliano, 1986; Vitagliano et al., 1984, 1986). Calcula-
tions and experiments indicate all boundaries were stable.

Tables 1 and 2 contain all concentration information for
solutions used in our diffusion experiments, along with the
densities and other experimental information. Quantities
reported (besides those defined in the Experimental Sec-
tion) are Ch i, the average concentration of electrolyte i of
the top and bottom solutions used for that particular
diffusion experiment; ∆t, the starting time correction that
is added to the recorded “clock” times to correct them to
the times corresponding to diffusion from an infinitely
sharp boundary; and DA, the reduced height-area ratio
(Miller et al., 1993). The ternary solution diffusion coef-
ficients (Dij)V were obtained using TFIT exactly as de-
scribed in Section 3 of Rard et al. (1996).

Experimental and calculated J values are both reported
in Table 2. These J(calcd) were obtained from the least-
squares parameters Ri and ∆Ci, using the reciprocal of the
second equality of eq 1.

Calculation of the DA(exptl) values was performed as
described on page 4193 of Rard et al. (1996), with the cutoff
conditions 0.84 > f(J - j) > 0.28 (Miller et al., 1993). Here
f(J - j) ) -f(j) ) (J - 2j)/J and j is the number of any
particular Rayleigh fringe.

The DA(calcd) for each experiment were obtained as
described elsewhere (Miller et al., 1993; Rard et al., 1996)
with the R1 of that experiment and the four least-squares
Rayleigh parameters appropriate to that overall composi-
tion. These four parameters are a, b, s1, and s2, where s1

) xσ+ and s2 ) xσ-. The quantities σ+ and σ- are defined
in terms of the Dij by eqs 12 and 13 of Rard et al. (1996),
and a and b are defined in terms of the Dij and Ri by eqs 8
and 9 of Miller et al. (1993). Comparing these calculated
DA values with the corresponding experimental ones
provides a measure of the internal consistency of the four
experiments at each overall composition. Agreement be-

Table 1. Results from Binary Solution Mutual Diffusion
Coefficient and Density Measurements for NaCl(aq) and
Na2SO4(aq) Solutions at 298.15 K with Rayleigh
Interferometry and Vibrating Tube Densimetrya

quantity NaCl(aq) Na2SO4(aq)

Ch 1.001 38 1.000 02
∆C 0.190 29 0.089 99
F(top) 1.033 383 1.110 370
F(bottom) 1.040 798 1.120 456
m(Ch ) 1.023 31 1.027 365
J(exptl) 82.707 68.003
10-2 × Ri 4.346 3 7.556 7
∆t 13 9
109 × DV 1.482 2 0.654 6
109 × M 1.518 1.129

a Units for Ch and ∆C are mol‚dm-3, of m(Ch ) are mol‚kg-1, of
10-2 × Ri are mol-1‚dm3, of F are g‚cm-3, of ∆t are s, and of 109 ×
DV and 109 × M are m2‚s-1. The density values are the average of
duplicate determinations with a Mettler-Parr DMA/40 vibrating
tube densimeter. These experiments were performed by Onofrio
Annunziata using cell C-1334-H-11.

Table 2. Compositions and Results for Ternary Solution Diffusion Experiments for {z1NaCl + (1 - z1)Na2SO4}(aq)
Solutions at 298.15 K and at CC T ) 1.000 mol‚dm-3 with Rayleigh Interferometrya

quantity expt. 1 expt. 2 expt. 3 expt. 4 expt. 1 expt. 2 expt. 3 expt. 4

z1 ) 0.900 03 z1 ) 0.750 43
Ch 1 0.900 986 0.900 010 0.900 223 0.899 802 0.749 988 0.749 868 0.750 016 0.749 729
Ch 2 0.100 000 0.100 000 0.100 006 0.099 974 0.249 438 0.249 414 0.249 394 0.2493 53
∆C1 0.001 946 0.189 959 0.037 347 0.150 411 0.000 027 0.1878 87 0.037 589 0.152 386
∆C2 0.092 012 -0.000 001 0.070 006 0.019 043 0.091 795 -0.000 015 0.073 785 0.018 292
J(exptl) 79.467 81.246 75.787 80.690 76.954 79.104 77.658 79.381
J(calcd) 79.463 81.285 75.806 80.636 76.942 79.033 77.651 79.440
R1 0.010 48 1.000 01 0.210 82 0.798 19 0.000 15 1.000 16 0.203 65 0.807 02
∆t 13 13 14 15 9 13 11 9
109 × DA(exptl) 0.888 9 1.412 95 0.968 3 1.275 0 0.831 9 1.324 8 0.906 4 1.202 0
109 × DA(calcd) 0.888 4 1.413 4 0.967 9 1.274 0 0.832 4 1.325 2 0.907 4 1.200 75
F(top) 1.039 620 1.041 420 1.040 233 1.041 014 1.051 576 1.053 368 1.051 864 1.052 976
F(bottom) 1.050 601 1.048 719 1.049 970 1.049 045 1.062 358 1.060 530 1.061 957 1.060 8985

z1 ) 0.500 02 z1 ) 0.250 00
Ch 1 0.499 978 0.500 048 0.500 006 0.499 938 0.250 020 0.250 026 0.250 006 0.249 948
Ch 2 0.499 936 0.500 042 0.499 950 0.499 922 0.749 948 0.749 970 0.749 990 0.750 014
∆C1 -0.000 032 0.186 973 0.039 009 0.153 002 0.000 036 0.169 974 0.155 001 0.039 996
∆C2 0.090 954 -0.000 112 0.073 003 0.018 302 0.092 038 0.000 900 0.018 280 0.076 026
J(exptl) 73.508 75.722 74.7625 76.727 71.999 67.570 75.185 75.372
J(calcd) 73.474 75.670 74.790 76.783 72.082 67.533 75.255 75.255
R1 -0.000 18 1.001 20 0.211 34 0.807 41 0.000 20 0.989 56 0.809 80 0.208 96
∆t 10 21 9 12 16 21 12 17
109 × DA(exptl) 0.758 9 1.203 8 0.830 0 1.092 6 0.701 0 1.104 1 1.008 4 0.765 4
109 × DA(calcd) 0.759 25 1.204 2 0.829 9 1.091 9 0.701 1 1.104 5 1.008 8 0.765 4
F(top) 1.071 424 1.073 306 1.071 720 1.072 759 1.090 913 1.092 983 1.092 302 1.091 142
F(bottom) 1.081 932 1.080 196 1.081 630 1.080 513 1.101 374 1.099 232 1.099 988 1.101 229

a Units of Ch i and ∆Ci are mol‚dm-3, of ∆t are s, of 109 × DA are m2‚s-1, and of F are g‚cm-3. Density values are the average of duplicate
measurements (done on separate days) using the Mettler-Parr DMA/40 vibrating tube densimeter. Cell C-1334-H-11 was used for
experiments with z1 ) 0.900 03 and cell C-1235-H-11 for experiments with the other three values of z1.

670 Journal of Chemical and Engineering Data, Vol. 43, No. 4, 1998



tween DA(exptl) and DA(calcd) is exceptionally good for our
experiments at z1 ) 0.250 00.

Results

Binary Solutions. Isothermal diffusion in a binary
solution is characterized by a single, concentration depend-
ent, volume-fixed diffusion coefficient DV. Table 1 contains
the experimental results for the limiting binary solutions
NaCl(aq) (z1 ) 1) and Na2SO4(aq) (z1 ) 0) at 298.15 K. Also
given is the thermodynamic diffusion coefficient M ) DV/
{d(mφ)/dm}, where φ is the molality-based or “practical”
osmotic coefficient of the solution. These derivatives were
evaluated at the molality m(Ch ) corresponding to Ch , using
published equations for φ of Na2SO4(aq) (Rard and Miller,
1981) and NaCl(aq) (Hamer and Wu, 1972).

Rard and Miller (1979a) reported DV for NaCl(aq) at
298.15 K from dilute solution to near saturation using
Rayleigh interferometry and reviewed other published DV

values. The original large-scale plot for their Figure 1
yields DV ) (1.4819 ( 0.002) × 10-9 m2‚s-1 at Ch ) 1.0014
mol‚dm-3. Our experimental value of DV ) 1.4822 × 10-9

m2‚s-1 at Ch ) 1.001 38 mol‚dm-3 is in excellent agreement.
Wendt (1962) reported DV ) 0.6539 × 10-9 m2‚s-1 for Na2-

SO4(aq) at Ch ) 0.999 54 mol‚dm-3 and 298.15 K from Gouy
interferometry, which is in excellent agreement with our
value of 0.6546 × 10-9 m2‚s-1 at Ch ) 1.000 02 mol‚dm-3

from Rayleigh interferometry. A value of DV ≈ (0.654 (
0.001) × 10-9 m2‚s-1 at 1.000 mol‚dm-3 was obtained by
graphical interpolation of a large-scale plot of the Rayleigh
interferometric values of Rard and Miller (1979b), which
were measured with a less precise diffusiometer. All three
values agree within 0.11%.

On the basis of previous experience with the Gosting
diffusiometer, experimental DV values are reproducible to

about 0.03 to 0.05% for binary solutions, but there is an
additional uncertainty of about 0.03% because of uncer-

Table 3. Results from Ternary Solution Mutual Diffusion Coefficient and Density Measurements for
{z1NaCl + (1 - z1)Na2SO4}(aq) Solutions at CC T ) 1.000 mol‚dm-3 and 298.15 Ka

z1

quantity 0.900 03 0.750 43 0.500 02 0.250 00

CC T 1.000 250 0.999 301 0.999 955 0.999 981
CC 1 0.900 255 0.749 901 0.499 993 0.250 000
CC 2 0.099 995 0.249 400 0.499 962 0.749 981
CC 0 54.301 7 54.270 0 54.201 2 54.121 2
m1(CC 1, CC 2) 0.920 260 0.767 013 0.512 051 0.256 408
m2(CC 1, CC 2) 0.102 217 0.255 091 0.512 020 0.769 204
10-2 × R1 4.279 12 4.207 08 4.051 96 3.931 68
10-2 × R2 8.545 70 8.380 69 8.079 62 7.830 23
Fj 1.045 078 1.056 941 1.076 685 1.096 145
H1 38.412 ( 0.139 38.036 ( 0.158 36.902 ( 0.266 36.172 ( 0.211
H2 118.549 ( 0.290 117.405 ( 0.325 115.723 ( 0.551 113.649 ( 0.407
s(F fit) 0.000 024 0.000 027 0.000 045 0.000 034
s(Fj) 0.000 008 0.000 010 0.000 016 0.000 012
Vh 1 20.058 20.426 21.533 22.229
Vh 2 23.519 24.653 26.304 28.335
Vh 0 18.040 18.031 18.009 17.982
10-9 × σ+ 0.666 64 0.660 60 0.667 40 0.687 58
10-9 × σ- 1.227 30 1.295 08 1.391 46 1.470 99
10-2 × SA -70.25 -71.91 -74.65 -77.60
109 × (D11)V 1.5117 ( 0.0005 1.5373 ( 0.0034 1.5259 ( 0.0005 1.4726 ( 0.0011
109 × (D12)V 0.2324 ( 0.0008 0.2372 ( 0.0051 0.1922 ( 0.0007 0.1107 ( 0.0016
109 × (D21)V -0.0349 ( 0.0002 -0.0758 ( 0.0014 -0.1158 ( 0.0002 -0.1305 ( 0.0005
109 × (D22)V 0.8032 ( 0.0003 0.7486 ( 0.0020 0.6911 ( 0.0003 0.6616 ( 0.0006
109 × (D11)0 1.538 8 1.559 9 1.541 2 1.480 1
109 × (D12)0 0.254 0 0.255 1 0.203 6 0.116 2
109 × (D21)0 -0.031 9 -0.068 3 -0.100 5 -0.108 1
109 × (D22)0 0.805 6 0.754 5 0.702 5 0.677 9

a Units for CC i are mol‚dm-3; of mi(CC 1, CC 2) are mol‚kg-1, of 10-2 × Ri are mol-1‚dm3, of Fj, s(Fj), and s(F) are g‚cm-3, of Hi are g‚mol-1, of
Vh i are cm3‚mol-1, of 10-9 × σ+ and 10-9 × σ- are m-2‚s, of 10-2 × SA are m-1‚s1/2, and of 109 × (Dij)V and 109 × (Dij)0 are m2‚s-1. The
quantity z1 is the solute molarity fraction of NaCl, and the total solute molarity is CC T ) CC 1 + CC 2. To obtain densities from eq 2 in units
of g‚cm-3 when Ci and CC i are in units of mol‚dm-3, divide the listed values of Hi by 103. The “(” value given immediately to the right of
each Dij value is its standard error as calculated from the data reduction algorithm.

Figure 1. Values of the volume-fixed mutual diffusion main-term
coefficients (Dii)V at 298.15 K for NaCl + Na2SO4 + H2O at total
concentration CC T ) (0.500 and 1.000) mol‚dm-3, along with the
corresponding values at infinite dilution from the Nernst-Hartley
equation, as a function of the solute molarity fraction z1 of NaCl.
Also plotted are values of DV for the limiting binary solutions
NaCl(aq) (at z1 ) 1) and Na2SO4(aq) (at z1 ) 0) and extrapolated
values of D*(Cl-) and D*(SO4

2-). Symbols: O, 0, ], (D11)V at (0,
0.500, and 1.000) mol‚dm-3, respectively; b, 9, [, (D22)V at (0,
0.500, and 1.000) mol‚dm-3, respectively.
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tainty in the value of the magnification factor MF for the
diffusion cells in the Gosting diffusiometer (Rard et al.,
1996).

Ternary Solutions. Table 3 contains all the derived
quantities for the four ternary solution compositions of the
system NaCl + Na2SO4 + H2O at 298.15 K and CC T ) 1.000
mol‚dm-3. Most reported quantities were defined else-
where (Rard et al., 1996) or in the experimental or
calculations sections. We report both the experimental
volume-fixed (Dij)V and the derived solvent-fixed (Dij)0,
which are related by eq 64 of Miller (1967a). The quanti-
ties m1(CC 1, CC 2) and m2(CC 1, CC 2) are the molalities of NaCl
and Na2SO4, respectively, corresponding to a solution
having the molarities of both salts equal to the overall
averages CC 1 and CC 2 of all four experiments at that overall
composition. Another quantity reported in Table 3 is SA

(Fujita and Gosting, 1956), which can be related to quanti-
ties defined here or in Rard et al. (1996) by

If |10-2SA| decreases below ∼(20 to 25) m-1‚s1/2, then the
standard errors of the Dij generally become significantly
larger than when |10-2SA| has larger values (Miller et al.,
1993; Rard and Miller, 1990). Furthermore, if the σ+ and
σ- values are nearly equal, the nonlinear least-squares
analysis of the diffusion data may not converge. Fortu-
nately, σ+ and σ- differ by about a factor of 2 for our
experiments and |10-2SA| ranges from (70.25 to 77.60)
m-1‚s1/2, and no such difficulties were encountered.

Reported uncertainties in the (Dij)V in Table 3 were
obtained from the statistical analysis portion of TFIT using
standard propagation of error methods. However, we
believe the actual uncertainties are larger than these
statistical uncertainties (Miller et al., 1994, 1996; Rard and
Miller, 1987, 1990). A rough “rule of thumb” for some
systems is that the actual errors are about four times larger
than the statistical errors (Albright et al., 1989; Mathew
et al., 1989, 1990; Miller et al., 1993; Paduano et al., 1989).

An alternative method for estimating realistic errors for
the (Dij)V is by using the data from various subsets of the
diffusion experiments (Miller et al., 1994). These calcula-
tions were performed with the four possible three-experi-
ment subsets of R1. The results are reported in Table 4,
where the values of δ(Dij)V are “n - 1” standard deviations
calculated from the four resulting subset values of each
(Dij)V.

The calculated sets of statistical errors and the errors
obtained by the subset analysis are approximately equal
at z1 ) 0.500 02, and both of these error sets are smallest
at this composition. This agreement implies all four
experiments with z1 ) 0.500 02 are of unusually high
quality and exceptionally consistent.

Errors from the subset analysis and the propagation of
error calculations are generally not completely consistent
for the various (Dij)V. However, the comparison suggests
that the actual uncertainties of the main-term (Dii)V are
e0.004 × 10-9 m2‚s-1 and of the cross-term (Dij)V are e0.01
× 10-9 m2‚s-1.

Miller et al. (1986) reported Rayleigh interferometric
values of the (Dij)V for NaCl + Na2SO4 + H2O at CC T ) 1.000
mol‚dm-3 and z1 ) 0.500 005 at 298.15 K, which is es-
sentially identical to one of our compositions. However,
we later discovered that the computer program used in that

1986 report correctly calculated the (Dij)V but gave errone-
ously large values for their statistical uncertainties. This
error was detected by checking the uncertainty expressions
using the computer algebra program ALJABR. After
properly recalculating the uncertainties, that study yields
(D11)V ) (1.5040 ( 0.0023) × 10-9 m2‚s-1, (D12)V ) (0.1797
( 0.0032) × 10-9 m2‚s-1, (D21)V ) -(0.1086 ( 0.0009) ×
10-9 m2‚s-1, and (D22)V ) (0.6941 ( 0.0012) × 10-9 m2‚s-1.
In addition, they performed only three experiments rather
than our usual four, and a less precise diffusiometer was
used. Consequently, we believe their actual errors are
several times larger than these statistical ones. Despite
this, these earlier (Dij)V agree fairly well with our more
precise results in Table 3. The differences of 0.022 × 10-9

m2‚s-1 for (D11)V, of 0.013 × 10-9 m2‚s-1 for (D12)V, of 0.007
× 10-9 m2‚s-1 for (D21)V, and of 0.003 × 10-9 m2‚s-1 for
(D22)V are smaller than the probable uncertainties of the
earlier study.

Discussion

Extrapolation of some of the (Dij)V to z1 ) 1 and z1 ) 0
yields significant new information. As z1 f 1, (D11)V f DV

for NaCl(aq). Similarly, (D22)V f DV for Na2SO4(aq) as z1

f 0. Also, as z1 f 1, (D21)V f 0 because no Na2SO4(aq) is
present to be transported by coupled diffusion. Similarly
(D12)V f 0 as z1 f 0 because no NaCl(aq) is present to be
transported by coupled diffusion. As z1 f 1, (D22)V f D*-
(SO4

2-), and as z1 f 0, (D11)V f D*(Cl-), where D*(Cl-) is
the trace diffusion coefficient of Cl- in a solution with
molarity 1.000 mol‚dm-3 Na2SO4(aq) and D*(SO4

2-) is the
trace diffusion coefficient of SO4

2- in a solution of 1.000
mol‚dm-3 NaCl(aq). Unlike the other extrapolated values
of the (Dij)V, (D12)V as z1 f 1 and (D21)V as z1 f 0 are simply
limiting values.

The solid curves of Figures 1 and 2 show the trends in
the main-term and cross-term (Dij)V, respectively, as func-
tions of z1 at CC T ) (0, 0.500, and 1.000) mol‚dm-3.
Additional plots (not presented here), similar to Figures 1
and 2, were made at 1.000 mol‚dm-3 with the molarity
composition fraction replaced by the ionic strength fraction,
the equivalent fraction, and the ratio of the ionic molarity
(osmolarity) of NaCl to the total ionic molarity. Extrapo-
lated values of the cross-term coefficients, of D*(Cl-), and
of D*(SO4

2-) were obtained graphically from these four

Table 4. Comparison of Calculated Errors of Ternary
Solution (Dij)V for {z1NaCl + (1 - z1)Na2SO4}(aq)
Solutions at CC T ) 1.000 mol‚dm-3 and 298.15 Ka

z1

quantity 0.900 03 0.750 43 0.500 02 0.250 00

CC T 1.000 250 0.999 301 0.999 955 0.999 981
CC 1 0.900 255 0.749 901 0.499 993 0.250 000
CC 2 0.099 995 0.249 400 0.499 962 0.749 981
109 × δ(D11)V

b 0.000 5 0.003 4 0.000 5 0.001 1
109 × δ(D12)V

b 0.000 8 0.005 1 0.000 7 0.001 6
109 × δ(D21)V

b 0.000 2 0.001 4 0.000 2 0.000 5
109 × δ(D22)V

b 0.000 3 0.002 0 0.000 3 0.000 6
109 × δ(D11)V

c 0.003 3 0.000 6 0.001 2 0.000 3
109 × δ(D12)V

c 0.002 2 0.000 5 0.000 5 0.007 0
109 × δ(D21)V

c 0.001 3 0.011 2 0.000 2 0.000 3
109 × δ(D22)V

c 0.000 7 0.004 0 0.000 2 0.001 9

a Units for CC i are mol‚dm-3 and of 109 × δ(Dij)V are m2‚s-1. The
quantity z1 is the solute molarity fraction of NaCl in the mixed-
electrolyte solutions. b The first set of errors was obtained with
propagation of error equations using the variance-covariance
matrix of the least-squares parameters. c The second set of errors
was obtained by the subset method. Reported uncertainties are n
- 1 standard deviations.

SA ) [D22 - D11 + (R1/R2)D12 - (R2/R1)D21]/[(D11D22 -
D12D21)(xσ+ + xσ-)]

) b(xσ+ - xσ-) (3)
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plots by two of us independently. The average of these and
the DV values for the limiting binary solutions at 1.000
mol‚dm-3 are summarized in Table 5 and were used to
extend the curves in Figures 1 and 2 to z1 ) 0 and 1.

Experimental values of (D11)V and (D22)V are very smooth
and regular functions of z1, and connect smoothly with the
DV for their limiting binary solutions NaCl(aq) and Na2-
SO4(aq), respectively. Thus our extrapolations of (D11)V to
obtain D*(Cl-) and of (D22)V to obtain D*(SO4

2-) should be
accurate. However, the small cross-term (Dij)V values have
significant uncertainties compared to their variation with
z1. Thus it is possible that the extrapolated values of (D12)V

as z1 f 1 and of (D21)V as z1 f 0 could have larger
uncertainties than our estimates.

We do note that the (D12)V and (D21)V curves are roughly
parallel, and thus their difference is approximately con-
stant at (D12)V - (D21)V ) (0.282 ( 0.034) × 10-9 m2‚s-1 at
CC T ) 1.000 mol‚dm-3 for the four values of z1. This

difference is only slightly larger than that at 0.500 mol‚dm-3,
(0.246 ( 0.018) × 10-9 m2‚s-1 (Rard et al., 1996). Cross-
term diffusion coefficients calculated from the Nernst-
Hartley equation (Rard et al., 1996) yield a comparable
difference of (D12)V - (D21)V ) (0.266 ( 0.032) × 10-9 m2‚s-1

at infinite dilution. For both CC T ) (0.500 and 1.000)
mol‚dm-3, (D12)V - (D21)V has a small maximum around z1

∼ 0.5 to 0.6, in contrast to the monotonic increase with z1

that occurs at infinite dilution.
The (D21)V value becomes more negative as z1 f 0, and

(D12)V usually becomes more positive as z1 f 1. Thus,
coupled diffusion enhances the diffusion of NaCl but
reduces that of Na2SO4 in these solutions.

Our extrapolation technique, which uses mutual diffu-
sion coefficients to determine trace diffusion coefficients,
has the advantage over conventional methods in that the
solutions do not contain radioactive tracers or different
isotopes. We are not aware of any direct determinations
of D*(Cl-) or D*(SO4

2-) by conventional methods for the
same ionic media used here. However, some comparisons
are possible.

A value of D*(SO4
2-) ) 0.87 × 10-9 m2‚s-1 was obtained

by interpolation of the results recommended by Mills and
Lobo (1989) for solutions of Na2SO4(aq) at an ionic strength
of I ) 1.0 mol‚dm-3. Their values were based on the then
unpublished study of Weingärtner et al. (1993). Agreement
with our D*(SO4

2-) ) (0.850 ( 0.011) × 10-9 m2‚s-1 is quite
good, given the different electrolyte media.

Similarly, D*(Cl-) for several electrolyte solutions were
tabulated by Mills and Lobo (1989). Values of D*(Cl-) at
I ) 3.0 mol‚dm-3 are needed since this is the total ionic
strength of our solutions at z1 ) 0. The D*(Cl-) for MgCl2-
(aq), BaCl2(aq), and NiCl2(aq) range from (1.10 to 1.52) ×
10-9 m2‚s-1 and indicate that D*(Cl-) depends strongly on
the divalent cation present. Our extrapolated value,
D*(Cl-) ) (1.421 ( 0.027) × 10-9 m2‚s-1, is near the upper
end of this range. In addition, the D*(Cl-) of the alkali
metal chloride solutions show even greater differences and,
except for NaCl(aq), tend to be larger than our value. In
contrast, D*(Cl-) in NaCl(aq) at I ) 3.0 mol‚dm-3, 1.45 ×
10-9 m2‚s-1, is quite close to our value in Na2SO4(aq).

The values of D*(Cl-) are found to be virtually identical
in solutions of NaCl(aq) (Mills and Lobo, 1989) and of Na2-
SO4(aq) at I ) 3.000 mol‚dm-3. The same happens at I )
1.500 mol‚dm-3 (Rard et al., 1996). This is also true for
D*(SO4

2-) in solutions of NaCl(aq) and of Na2SO4(aq) at
both I ) 1.000 mol‚dm-3 (present study) and at I ) 0.500
mol‚dm-3 (Rard et al., 1996). This good agreement may
be more than coincidental and could imply that the trace
diffusion coefficient of an anion Xn- in a solution of
electrolyte MaYb(aq) can be reliably estimated from its
value in the common cation solution of Ma′Xb′(aq) at the
same ionic strength. However, (Dij)V measurements are
needed for additional CC T values for aqueous mixtures of
NaCl and Na2SO4, as well as mutual and isotope diffusion
coefficient measurements for other ternary systems, to test
the generality of this observation.

Figures 1 and 2 contain plots of the main-term and the
cross-term Dij, respectively, as functions of z1 at CC T ) (0,
0.500, and 1.000) mol‚dm-3 and 298.15 K. The Dij at CC T )
0 (infinite dilution) were calculated using the ternary
solution analogue of the Nernst-Hartley equation (Miller,
1967a). The observed opposite signs for (D12)V and (D21)V

at (0.500 and 1.000) mol‚dm-3, see Figure 2, are probably
largely Coulombic in origin because they are predicted
qualitatively by the Nernst-Hartley equation, which is
Coulombically based.

Figure 2. Values of the volume-fixed mutual diffusion cross-term
coefficients (Dij)V at 298.15 K for NaCl + Na2SO4 + H2O at total
concentration CC T ) (0.500 and 1.000) mol‚dm-3, along with the
corresponding values at infinite dilution from the Nernst-Hartley
equation, as a function of the solute molarity fraction z1 of NaCl.
Symbols: O, 0, ], (D12)V at (0, 0.500, and 1.000) mol‚dm-3,
respectively; b, 9, [, (D21)V at (0, 0.500, and 1.000) mol‚dm-3,
respectively. Lines connecting the experimental values of the (Dij)V

at CC T ) (0.500 and 1.000) mol‚dm-3 are only to guide the eye, since
some of the plots are not smooth to this scale.

Table 5. Values of (Dij)V for {z1NaCl + (1 - z1)
Na2SO4}(aq) Solutions as z1 f 0 and z1 f 1 at CC T ) 1.000
mol‚dm-3 and 298.15 K

quantity 109 × (Dij)V interpretation

(D11)V as z1 f 1 1.482 ( 0.002 DV(NaCl) at C1 ) 1.000
mol‚dm-3

(D12)V as z1 f 1 0.204 ( 0.011 extrapolated value
(D21)V as z1 f 1 0 by definition
(D22)V as z1 f 1 0.850 ( 0.011 D*(SO4

2-) at I ) 1.000
mol‚dm-3 (extrapolated)

(D11)V as z1 f 0 1.421 ( 0.027 D*(Cl-) at I ) 3.000 mol‚dm-3

(extrapolated)
(D12)V as z1 f 0 0 by definition
(D21)V as z1 f 0 -0.131 ( 0.021 extrapolated value
(D22)V as z1 f 0 0.654 ( 0.001 DV(Na2SO4) at C2 ) 1.000

mol‚dm-3

a Units for 109 × (Dij)V are m2‚s-1.
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However, there are some sizable quantitative differences
between the experimental (Dij)V and the Nernst-Hartley
values, especially for the main-term (Dii)V as can be seen
in Figure 1. At CC T ) 1.000 mol‚dm-3, the Nernst-Hartley
D11 are significantly higher than the experimental (D11)V

by (0.176 to 0.500) × 10-9 m2‚s-1, and the Nernst-Hartley
D22 are significantly higher than the experimental (D22)V

by (0.292 to 0.545) × 10-9 m2‚s-1. In addition, there are
significant qualitative differences. At infinite dilution, both
D11 and D22 decrease monotonically with increasing z1. In
contrast, (D22)V increases monotonically with increasing z1

at both CC T ) (0.500 and 1.000) mol‚dm-3. Although (D11)V

values at both CC T ) (0 and 0.500) mol‚dm-3 have similar
qualitative trends with z1, at CC T ) 1.000 mol‚dm-3 its
values increase from z1 ) 0 to ∼0.7 and then decrease at
higher z1.

In contrast, at CC T ) 1.000 mol‚dm-3 the Nernst-Hartley
cross-term Dij are closer to the experimental (Dij)V. For D12,
Nernst-Hartley values are larger than experimental (D12)V

by 0.032 × 10-9 m2‚s-1 at z1 ) 0.900 03 but are smaller
than experimental ones by (0.045 to 0.086) × 10-9 m2‚s-1

at the other values of z1. For D21, the Nernst-Hartley
values are more negative than the experimental (D21)V by
(0.005 to 0.0545) × 10-9 m2‚s-1. However, at CC T ) 0.500
mol‚dm-3 the (D12)V at z1 ≈ 0.75 is smaller than the
Nernst-Hartley value, rather than being larger.

Three of these diffusion coefficients, (D11)V, (D22)V, and
(D21)V, form families of curves that vary slowly and
systematically with increasing CC T. Thus it should be
possible to accurately estimate their diffusion coefficients
at intermediate concentrations by interpolation. In con-
trast, the Nernst-Hartley infinite dilution values of D12

have a significantly different qualitative behavior than both
sets of experimental (D12)V. The Nernst-Hartley curve
does not predict the observed maximum and crosses the
experimental curves. Therefore, interpolation to interme-
diate concentrations would yield uncertain results for
(D12)V, particularly when z1 > 0.5.

It is obvious that simple empirical corrections, such as
dividing the Nernst-Hartley Dij values by the relative
viscosity of the solutions, cannot bring them all into
conformity with the experimental (Dij)V or the (Dij)0.

We note that the cross-term (D12)V values at any fixed
value of z1 e 0.6 become larger as CC T increases from (0.500
to 1.000) mol‚dm-3, and that (D21)V seem to be shifting from
more negative to less negative values. It is probable that
(D21)V will become positive if CC T is increased much further.
However, because of the more limited solubility of Na2SO4‚-
10H2O(cr), this sign change may not occur below the
solubility limit for solutions rich in Na2SO4(aq).

We also note that there is a subtle difference in the
dependence of the (D12)V upon z1 at constant CC T ) 1.000
mol‚dm-3 that was not present at CC T ) 0.500 mol‚dm-3 or
at infinite dilution. See Figure 2. The (D12)V exhibit a
slight maximum at z1 ∼ 0.7 when CC T ) 1.000 mol‚dm-3,
whereas at CC T ) 0.500 mol‚dm-3 and infinite dilution (Rard
et al., 1996) they monotonically increase as z1 increases.
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