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,—Variation of equivalent conductances at infinite 
with atomic number for rare earth chloride solu-

NCb(SO4VSH2O will show only one coordination 
number. At the present time there is insufficient 
evidence for conclusions to be made. Any specula­
tions or deductions as to the causes of deviations 
from the Onsager law, etc., are being reserved for 
later papers after data for transference numbers, 
activity coefficients, partial niolal volumes, heats of 
dilution and other properties have been obtained. 
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A Study of the Diffusion of Urea in Water at 25° with the Gouy Interference Method1 

BY LOUIS J. COSTING AND DAVID F. AKELEY 

The variation with concentration of the diffusion coefficient, D, of urea in water has been measured in the concentration 
range from O to 4 molar. These values of D are self-consistent to within about 0 .1%, and it was established that the results 
obtained are differential diffusion coefficients. As the Gouy interferometer measures the optical path difference between the 
two solutions forming each diffusion boundary, refractive index data for the system were also obtained. 

Measurements with the Gouy interference 
method of the diffusion coefficients, D, of sucrose2 

and glycine3 in water have shown the method to 
yield values which are self-consistent to within 
0.1%, while a more recent investigation4 of the dif­
fusion of potassium chloride yielded data which 
were equally consistent with the results that 
Harned and Nuttall obtained with their conduct­
ance method." At higher potassium chloride con­
centrations where the conductance method could 
not be used, the values of D obtained by Stokes6 

with an improved diaphragm cell are in good 
agreement with data from the Gouy method. 
Since the accuracy of the Gouy method thus ap­
pears to be well established, it may now be used 
with confidence to investigate the variation of D 
with concentration for different systems in order 
to test present theories and to provide a basis for 
future theoretical work on this transport process. 
This paper reports results of measurements on the 
urea-water system. 

Experimental 
Our measurements were made with the same equip­

ment2 '3 '7 used for the sucrose and glycine diffusion studies, 
except that a twin double-slit4 was utilized to form an im­
proved reference pattern for the diffusion pictures. The 
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diffusion reference correction, d, and the refractometer ref­
erence correction, S', were each obtained by averaging meas­
urements of 3 to 5 separate sets of photographs in each ex­
periment, but the value of 5 used for each experiment was 
taken from a smoothed plot of all 5 values versus the concen­
tration. 

A Wratten 77A filter served to isolate the green line of an 
AH4 mercury lamp used to illuminate the source slit. The 
optical distance, 6,8 from the center of the diffusion cell to 
the emulsion of the photographic plate was found to be 
304.52 cm.; while the cell thickness, a, along the optic axis, 
was shown to be 2.4862 cm. by direct measurement with a 
traveling microscope and also with a special inside caliper. 

In most experiments diffusion took place from a solution 
containing C2 moles per liter into a more dilute solution of 
concentration Ci, rather than into water. All initial boun­
daries were sharpened by withdrawing from 90 to 140 ml. of 
liquid at a rate of about 4 ml. per minute from the. cell 
through a two-pronged stainless steel capillary adjusted to 
the level of the optic axis. The second when sharpening 
was stopped was taken as the start of the diffusion; then 
the capillary was withdrawn from the cell. From 10 to 15 
Gouy fringe photographs were taken over a period of about 
four hours in each experiment, and, using the Airy inte­
gral refinement2 of the "quarter-wave approximation,"9 

apparent diffusion coefficients, D', were calculated from 
measurements of fringe minima numbered 1 through 8. To 
correct for slight but unavoidable imperfections in each ini­
tial boundary, D' was plotted against the reciprocal of the 
observed time for each experiment.10 The intercept and 
slope of this line were determined by the method of least 
squares to give the correct diffusion coefficient, D, and 
the starting time correction, At. Values of At ranged from 
3.4 to 7.7 seconds, while the mean deviation of points from 
the straight lines varied from 0.024 to 0.056%. 

During all experiments the bath temperature was main­
tained constant to within ± 0.002°. Since the mean tem­
perature of each experiment was always within 0.005° of 

(S) Here b ~ Zli/ni, where U is distance along the optic axis in each 

medium, i, of refractive index m, relative to air as unity. 
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25.000°, the small shift in correcting measured values of D 
to 25.000° was made with the equation 

(ZVD26= = (£Vr)«p (D 

where n is the refractive index of the solution and 
W0 = 1.3339771 is the refractive index of water14 for 
the green line of mercury. 

where T is absolute temperature, r\ is taken as the viscosity 
of water, and subscript exp denotes the experimental tem­
perature. 

Urea Solutions.—Following the procedure of Gucker and 
Ayres,11 C P . urea was recrystallized twice from conductance 
water using centrifugal drainage. The temperature was 
not allowed to exceed 60° and the final crystals were dried 
in vacuo at 55° for six hours after grinding in an agate mortar. 
The melting point of the urea was found to be 132.7-132.9° 
as read from a thermometer calibrated against a standard 
platinum resistance thermometer. This was in good agree­
ment with the value of 132.6-132.8° reported by Gucker and 
Ayres.11 Upon attempting to use the method of Glasgow, 
Streiff and Rossini12 to obtain melting and cooling curves, 
noticeable decomposition of the urea occurred and the ob­
served melting point was low (129.8-130.0°). Solutions 
were prepared by weight, using air-saturated double-dis­
tilled water as the solvent.2 Taking the molecular weight 
of urea as 60.058, the weight per cent, of urea in vacuum was 
converted to moles per liter of solution, C, at 25° using the 
equation of Gucker, Gage and Moser13 for the solution den­
sity, d. 

d = 0.997074 + 0.0159686C - 1.3958 X 10-4C2 + 
2.593 X 10-«C3 (2) 

Urea purified in the above manner lost only 0.02% of its 
weight on drying in vacuo at room temperature for two weeks. 
Further drying for seven hours in vacuo at 65° resulted in an 
additional loss of about 0.03 %, though a considerable amount 
of sublimation had occurred as indicated by crystals on the 
cooler parts of the desiccator. The difficulty of obtaining 
complete dryness may be a limit to the accuracy of the re­
fractive index data given below. 

Results 
The experimental values of the diffusion coeffi­

cient, D, at different mean concentrations, C = 
(C2 + Ci)/2, are presented in column 4 of Table I. 
From the concentration increments, AC = C2 — 
Ci, and the total number, j m , of fringes in each ex­
periment, the refractive increments per mole, Aw/ 
AC, were computed from the values of the cell di­
mension, a, and the wave length, A 5460.7 A., of the 
mercury green line. Here An = \jm/a and is re­
ferred to air as unity. 

To show that these values of D are differential 
values, the data reported in Table II were obtained 
by keeping the mean concentration constant at 
0.248 molar while varying the concentration incre­
ment across the boundary. Since there was no 
significant drift with AC in these values of D, it be­
came possible to consider C as equivalent to C, and 
to use the relatively large value of 0.25 molar for 
AC in the experiments reported in Table I. 

Determination of the constants in a quadratic 
equation by the method of least squares leads to 
the relation 

D X 105 = 1.38I7 - 0.07830C + 0.004646C
2 C < 4 (3) 

which expresses our values of D in Table I with an 
average deviation of 0.05%. Likewise, the follow­
ing relation expresses the refractive index measure­
ments in column 3 to 0 . 1 % or better in (n — M0) 

n = «0 + 8.613 X 10-3 C - 4A3 X 10-5C2 + 1.88 X 
10-« C8 C < 3 (4) 

(11) F. T. Gucker and F. D. Ayres, ibid., 59, 2152 (1937). 
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(13) F. T. Gucker, F. W. Gage and C. E. Moser, T H I S JOURNAL, 60, 

2582 (1938). 

TABLE I 

DIFFUSION COEFFICIENT OF 

l 

C 

0.125Ol 
.24750 
.50000 
.750Ol 

.97820 
1.00003 
1.50004 

2.00005 
3.00016 
3.99994 

UREA IN 

OF THE CONCENTRATION, C; 
2 

AC 

0.25003 

.24998 

.24998 

.25004 

.29390 

.25007 

.24999 

.24991 

.25025 

.24980 

3 
(An/ 
AC) 

X 103 

8.604 
8.593 
8.569 
8.547 
8.534 
8.524 
8.487 
8.458 
8.400 
8.329 

4 
D X 10«, 
sq. cm./ 

sec. 

1.3725 

1.3628 
1.3433 
1.3264 
1.3086 
1.3074 
1.2740 
1.2448 
1.1890 
1.1425 

WATER AS A 

T = 25.00' 
5 

[1 + C 
S In y/oC] £ 

0.9955 

.9912 

.9832 

.9762 

.9706 

.97Oi 

.9606 

.9549 

.9544 

.9687 

FUNCTION 
3 

6 

Do X 10« 
;q. cm./sec. 

1.3852 
1.3878 
1.3930 
1.3998 
1.4026 

1.4034 
1.4129 
1.4227 

1.4328 
1.4358 

TABLE II 

VALUES OF D AT A MEAN CONCENTRATION, C, OF 0.248 FOR 

DIFFERENT CONCENTRATON INCREMENTS, AC; T = 25.00o° 

C 

0.24912 
.24750 
.24753 
.24750 

AC 

0.19676 
.24998 
.34992 
.49499 

jm 

76.93 
97.80 

136.88 
193.66 

Discussion 

( A B / AC) 
X 10» 

8.587 
8.693 
8.592 
8.593 

D X 10' 
sq. cm./sec, 

1.3626 
1.3628 
1.3626 
1.3637 

Onsager and Fuoss18 have shown that the varia­
tion of D with concentration for undissociated mole­
cules may be expressed in terms of a mobility, Q/C 

D = RT (Sl/C) [1 + C d In y/dC] (5) 

where R is the gas constant, T is the absolute tem­
perature and y is the activity coefficient of the solute 
on the C scale. Since the variation of Q/C with C 
has not been calculated theoretically for non-elec­
trolytes, it is of interest to compare our data with 
Gordon's equation16'17 

D = D0[I + C b In y/dCl/nrci (6) 

in which D0 is the limiting value of D as C —> 0, and 
the change of mobility with concentration has been 
approximated by the reciprocal of the macroscopic 
relative viscosity, i\ni, of the solution. 

If equation (6) held for the diffusion of urea in 
water, D0 computed from it at different concentra­
tions would be constant. That this relation is only 
approximate for this case is seen from the drift in 
values of D0 in column 6 of Table I which were 
computed by inserting the experimental values of D 
from column 4 into equation (6). For this calcu­
lation the equation 

In y = -0.03730C + 0.00368^ (7) 

was used to represent the isopiestic da ta of Scatch-
ard, Hamer and Wood18 in order to evaluate the 
thermodynamic term, [1 + C din y/bC], which is 

(14) L. W. Tilton and J. K. Taylor, / . Research Natl. Bur. Standards, 
20, 419 (1938); Research Pater R P 1085. 

(15) L. Onsager and R. M. Fuoss, J. Phys. Chem., 36, 2689 (1932). 
(16) A. R. Gordon, J. Chem. Phys., 5, 522 (1937). 
(17) W. A. James, E. A. Hollingshead and A. R. Gordon, ibid., 7, 89 

(1939). 
(18) G. Scatchard, W. J. Hamer and S. E. Wood, T H I S JOURNAL, 60, 

3061 (1938). 
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tabulated in column 5 to indicate its change with C, 
while the expression 

V,.i = 1 + 0.0370C + 0.00434C
2 (8) 

was chosen to represent the data of several work­
ers19-22 for the relative viscosity of urea solutions. 
Since discrepancies exist between these viscosity 
data, equation (S) may be in error by a few parts 
per thousand. It will be noted, however, that the 
values of D0 drift by more than this amount. 

2 00 r 

Fig. 1.—The variation with molarity, C1 of diffusion co­
efficients of four compounds in aqueous solution at 25°: 
O, experimental values; , equation (9); ,equation 
(6). 

To demonstrate the manner in which each term 
of equation (6) varies with concentration, and to 
illustrate similarities in deviations from this equa­
tion, curves have been drawn, Fig. 1, for four sys­
tems whose diffusion coefficients have been deter­
mined with an accuracy of about 0.1%. Experi-

(19) A. E. Dunstan and A. G. Mussell, J. Chem. Soc, 97, 1935 
(1910). 

(20) H. M. Chadwell and B. Asnes, T H I S JOURNAL, 52, 3507 (1930). 
(21) G. Jones and S. K. Talley, ibid., 55, 624 (1933); 55, 4124 

(1933). 
(22) G. R. Hood, Physics, i, 211 (1933). 

mental values, represented by circles, are taken 
from the literature for potassium chloride,4-6 gly­
cine3 and sucrose2 while data for urea are from Ta­
ble I. The solid lines represent variations in D 
with C predicted by equation (6) using values of D0 
determined by extrapolation of experimental data 
for the non-electrolytes, and from the Nernst limit­
ing law for potassium chloride. Dashed lines were 
computed from the expression 

D = D, [1 + C a In y/bC] (9) 

in which the mobility, (Q/C), of equation (5) is held 
constant at its limiting value and the entire varia­
tion of D with C is attributed to the thermodynamic 
term. 

It has been shown previously6'23 that the data for 
potassium chloride are well represented up to 0.3 N 
by the complete Onsager-Fuoss theory16 which 
predicts from the interionic attraction theory an ap­
preciable variation of (U/ C) with C. Since t\re\ 
changes very little21 over this concentration range, 
neither equation (6) nor equation (9) could be ex­
pected to hold for this salt. It is to be noted that 
the experimental points lie above the solid curve. 
This is also true of the other results except for the 
sucrose data which are well represented by equation 
(6) over the concentration range shown. While the 
data for both urea and glycine lie between the val­
ues predicted by equations (6) and (9), the less po­
lar urea appears to conform more closely to equation 
(6). Additional experiments are planned on rela­
tively non-polar solutes to see whether their diffu­
sion coefficients, like those of sucrose, agree with 
equation (6) in relatively dilute solutions. 
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