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Rates of mass transfer by free convection have been measured for spheres of three organic 
acids dissolving in three solvents, water, n-butanol and benzene. The results fell into two groups, 
one in which flow is completely laminar and one in which turbulence had set in in the boundary 
layer. Turbulence appears to set in a t  N' Ra 1 t c 6 x lo*. 

Little work has been carried out on 
mass transfer by free convection from 
solid spheres, and usually it is treated 
by analogy with heat transfer. The 
present work was designed to measure 
mass transfer rates over a wide range 
of the relevant variables and to provide 
data for comparison with mass transfer 
at very low flow rates. A series of sys- 
tems (benzoic acid in water, succinic 
acid in n-butanol, succinic acid in ace- 
tone, and salicylic acid in benzene) was 
chosen to give a wide variation in 
Schmidt and Grashof numbers. 

THEORY 

A dimensional analysis of the prob- 
lem of mass transfer by free convection 
gives 

= f ( N ' w ,  Nsc) (1) 
= f ( N z , ,  N s e )  

Schmidt and Beckman (10) suggested 
that the problem could be attacked by 
means of boundary-layer theory. For 
this method to be applicabIe all viscous 
and concentration effects must be re- 
stricted to a thin layer close to the sur- 
face; that is the ratios of transverse 
co-ordinates and velocities to longitud- 
inal ones are considered to be negligi- 

d2 u aZ"u" 

axp au2 
ble ( y << x, o << u,-  << -1. 
Merk and Prins ( 9 ) .  for the caze of 
heat transfer, show that this applies 
where Nan > lo'. They obtained the 
boundary-layer equations which, writ- 
ten in a form applicable to mass trans- 
fer, are 

d(ru)  +-= 
ax JY 

au au AD 2 1 1  . .. - I  a -  + 0- = g-sine + Y- 
ax ay P dY2 

This assumes that the viscosity and 
diffusivity do not vary with concentra- 
tion, which will be approximately true 
for the dissolution of sparingly soluble 
materials. The equivalent equations for 

heat transfer are integrated to give the 
momentum and energy integral equa- 
tions which can be solved by a method 
due to Squire and Eckert ( 1 3 ) .  This 
involves the following assumptions : 

1. The thickness of the boundary 
layers is finite. This may be considered 
to be a reasonable approximation, al- 
though the real boundary layers merge 
assymptotically into the surrounding 
fluid. 

2. There is negligible difference in 
thickness between the thermal and 
hydrodynamic boundary layers. This is 
questionable if N p r  # 1, but if N,,  >> 
I, a satisfactory agreement is obtained 
with Schuh's (11 ) more exact calcula- 
tions for a flat plate. 

3. Velocity and temperature profiles 
in the boundary layer may be repre- 
sented in polynominals in y/6. 
4. The thickness of the boundary 

layer is small compared with the radius 
of curvature. 

The final solution is 
- 
NNu = 0.558 Nnd" ( N m  >> 1) 

( 3 )  
A parallel equation for mass transfer, 
with allowance for the effect of molec- 
ular diffusion, would be 
- 
N S L  = 2.0 + 0.558 NIX:'' ( N s ~  >> 1) 

(4) 
This might be expected to apply for 
Rayleigh numbers of 10' to about lo', 
as turbulence has been found to arise 
in the boundary layer in experiments 
on heat transfer at about Ra = 10'. 

For turbulent free convective heat 
transfer in two-dimensional flow it has 
been shown (2) that 

- 
NNu = 0.10 NR,"." 

2 x 10' < N R ,  <lo" 

N,, = 0.183 NR2" 
or - 

2 x 10" < N R a  < 10" 
( 5 )  

A parallel expression for three-dimen- 
sional flow has not been reported, but 
heat transfer data in this region is 
usuaIIy correlated by equations of the 
tYPe - 

N N U  = f (NRa?")  (6) 

Some idea of the time taken for 
steady flow to be established may be 
obtained from the work of Siege1 ( 1 2 )  
who employs the method of character- 
istics to solve the time dependent free 
convection equations of momentum 
and energy placed in the integral form 
for heat transfer from a vertical flat 
plate. The result, written in a form ap- 
plicable to mass transfer and with the 
assumption that N s ,  >> 1, is 

EXPERIMENTAL METHOD 

In order to obtain a large variation in 
Schmidt and Grashof numbers a series of 
systems was investigated, namely benzoic 
acid in water, salicylic acid in benzene, 
succinic acid in n-butanoI, and succinic 
acid in acetone. Six difFerent sizes of 
spheres were used for each system, the 
diameters ranging from v4 to %in. in '/a- 
in. increments. The spheres were made by 
compression of the crystalline acid between 
a punch and die in a fly-press, giving 
pellets of high sphericity and density. 

The most important factors in the design 
of the apparatus were that the sphere must 
be held rigidly in the stagnant fluid at 
constant temperature, and in order to meas- 
ure the rate of dissolution, photographs of 
the dissolving sphere must be free from 
distortion. A column of square cross section 
with plane glass windows in two opposite 
sides was chosen, since this would eliminate 
optical distortion effects arising out of the 
difference in refractive index between the 
solvent in the column and the water in 
the constant-temperature jacket which 
would enclose it. In deciding on a column 
6-in. square the thickness of the boundary 
layer on the spheres was estimated by Merk 
and Prins' relationship: 

ha( x %  

L L N'm 
( 8 )  

It was found that the boundary layer rc- 
mained thin in comparison with the clear- 
ance between the sphere and the wall for 
all sphere sizes over the range to be in- 
vestigated, and so the walls should have 
little effect on the flow. Another indication 
is given by the work of Kraussold (6)  
who investigated heat transfer, for water 
and two oils, between two concentric 
vertical cylinders, the inner being heated 
and the outer cooled. Free convection ciir- 
rents were upwards at the inner cylinder 
and downwards at the outer. It was found 
that convection was suppressed and that 
conduction controlled for Rayleigh numbers 
(based on the clearance between the two 
cylinders) of less than lo3. For the systems 

-=- 

Page 148 A.1.Ch.E. Journal March, 1961 



(;" 
5 CO"lT.*i 

IEY.r".I""t 
,.T" 

Fig. 1. Apparatus. 

under investigation in the present work the 
Rayleigh number based on the clearance 
between the sphere and the walls of the 
column was never less than 10'". 

No information appears to he available 
for the calculation of the height of the 
column, so that the surfaces would have no 
effect on the convection currents. It was 
decided that for a column 3 ft. long the 
volume of solvent contained would be such 
that there would be negligible build-up 
in the concentration of solute around the 
sphere during a series of runs. Also since 
free convection currents should have more 
effect downstream than upstream, it was 
decided to support the spheres 1 ft. from 
the top of the column leaving 2 ft. clear- 
ance below them. The spheres were sup- 
ported on a fine wire from the upper pole, 
since this was found to have negligible 
effect on the flow ( 5 ) .  

The column was completely enclosed in 
a constant-temperature jacket of similar 
construction which was designed so that 
water could be pumped around it rapidly 
from a separate constant-temperature bath 
without any undue pressure drop which 
might cause heating. The pump was 
mounted separately to the column on a 
rubber pad, and connection to the column 
was made with rubber tubing so that no 
vibrations were transmitted. The tempera- 
ture in the bath was controlled by means 
of a 60-w. lamp, a toluene regulator, and 
a cooling coil, and control was generally 
better than & 0.1"C. A diagram of the 
apparatus is given in Figure 1. 

The column was constructed from YS 
in. thick aluminium sheeting, two pieces of 
which were folded until the had an L 
section and then welded togetier down the 
edges to give the square section required. 
Flanges of aluminium % in. thick were 
welded to the top and bottom. The 
windows were held in place by aluminium 
frames connected by ten tie bars of 3/16 
in. diam. Cork gaskets were used as a seal. 
The water bath was of similar construction 
except that the windows were of polythene 
held in place by aluminium frames and 
3/16 in. studs. The spheres were in- 
troduced into the column through a short 
section of 1% in. diam. aluminium tubing 
screwed into the top end plate and which 
passed through a gland in the jacket. The 
column was drained by a %-in. pipe in 
the bottom which also passed through a 
gland in the jacket. The inner column 
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Fig. 3. Laminar free convection, local mass transfer rates. 

rested on a collar which was supported by 
the jacket base, and the column was held in 
position by the friction in the glands. The 
sphere support consisted of 2 in. of 0.015- 
in. nichrome wire soldered to 7 in. of 1/16 
in. diam. brass rod which in turn was 
brazed onto 6 in. of 3/16 in. diam. brass 
rod. 

The column was supported on a frame- 
work of light angle iron with a rigid, 
horizontal camera platform fixed level with 
the front window and a 60-w. lamp illumi- 
nating an etched perspex screen fixed over 
the back window. The perspex screen both 
diffused the light and acted as a heat trap. 
Two thermometers 0" to 50°C. in l/lO"C.) 
were introduced into the column through 
glands, one at the top and one at the bot- 
tom. 

Procedure 

The column was filled with the liquid 
under investigation and brought to con- 
stant temperature. After a period of an 
hour at constant temperature the sphere 
was introduced and its dissolution meas- 
ured photographically with a speed graphic 
camera. This was a double extension bel- 
lows, quarter plate camera with a lens 
aperture of f 5.7 and a focal length of 170 
mm. A supplementary lens of + 3 diopters 

enabled object distances as low at 5 in. to 
be obtained. Kodak 0-800 orthochromatic 
plates were used and were subsequently de- 
veloped in a mixture of phenidone and 
hydroquinone at 70°F. 

One exposure was taken at the beginning 
and one at the end of the test period. The 
negatives were projected by a diascope 
giving a magnification of about  OX, and 
the initial and final outlines of the sphere 
traced out. A small amount of solder on the 
support enabled the two silhouettes to be 
superimposed. The diminution of the radius 
at successive intervals of 10 deg. was 
measured around the periphery of the sil- 
houettes. For an average diminution of 
radius by 0.015 in. and an over-all magni- 
fication of 20x, this diminution could be 
measured t o  within 7 % .  

Photographing the spheres in one plane 
only is thought to give a sufficiently ac- 
curate measure of the rate of dissolution. 
The spheres were of uniformly high density 
and care was taken to make sure that the 
flow was completely uniform. Thus the 
rate of mass transfer from the spheres 
should be axially symmetrical. 

Mass transfer coefficients could be cal- 
culated from this diminution, h, since 

W = h S p , = K L . S . a c  
t t 
- -  

Fig. 2. Over-all transfer rates. 
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or (9) 

K, = - 
t A c  
hP. 

Over-all transfer coefficients were then 
calculated by finding the average dissolu- 
tion,% by graphical integration 

._ total volume dissolved 
h =  

surface area 

2 n a 2 6 h  sin 8 dB 
- - 

4 Tc ua 

= M r h s i n  ed0  (10) 

This photographic method of measuring 
mass transfer rates was chosen because it 
gives the variation of mass transfer over 
the surface of the sphere. Over-all transfer 
coefficients can be obtained by finding the 
loss of weight of the sphere over a period 
of time, but considerable errors can be 
introduced during the process of removing 
the solvent from the sphere before weigh- 
ing. 

The time for steady state to be reached 
was estimated by means of Equation ( 7 )  
and was found to be negligible in all cases. 
This agrees with the work of Wilke, Tobias, 
and Eisenberg ( 1 5 )  who, in their investi- 
gation of free convective mass transfer from 
vertical flat flates by an electrolytical 
method, foun the unsteady state time not 
to exceed a few minutes over a wide range 
of Rayleigh numbers. 

To determine the dimensionless param- 
eters of free convection N'G,, N s o ,  Nsh 
the following information was required: 
s here density, solubility and diffusivity of 
t K e solute in the solvent, and viscosity and 
density of the saturated solutions. 

Nom- 
inal Actual Disso- 

sphere sphere Sphere lution 
diam., diam., density, time, Temp., 
(in.) (in.) (g./ml.) (hr.) ( 'C . )  

0.250 0.256 1.302 7.0 29.95 
0.375 0.376 1.301 8.0 30.1 
0.500 0.505 1.294 8.25 30.0 
0.625 0.620 1.280 10.0 30.0 
0.7Si) 0.759 1.281 12.5 30.0 
0.875 0.893 1.294 13.0 30.0 

0.250 
0.375 
0.500 
0.625 
0.750 
0.875 

0.250 
0.375 
0.500 
0.625 
0.750 
0.750 
0.875 

av: 1.292 (99.5% solid) 

0.265 1.338 2.0 25.0 
0.384 1.339 3.25 25.0 
0.512 1.305 3.25 25.0 
0.640 1.296 5.0 25.0 
0.775 1.306 5.0 25.1 
0.905 1.324 5.415 25.1 - 

av. 1.318 (89.0% solid) 

0.262 1.509 2.25 25.0 
0.383 1.495 4.0 25.0 
0.499 1.497 5.25 25.0 
0.619 1.508 6.5 25.0 
0.765 1.515 6.0 25.0 
0.764 1.514 6.25 25.05 
0.895 1.480 6.5 25.0 

av. 1.503 (96.2% solid) 

Sphere densities were measured by 
Archimedes principle. The data of Gaffney 
and Drew ( 4 )  were used for the systems 
succinic acid in n-butanol, succinic acid in 
acetone, and the salicylic acid in benzene. 
These were all measured and should be 
self-consistent. The diffusivity of benzoic 
acid in water was estimated from the 
relationship of Wilke and Pin Chang (14), 
and the solubility was taken from the 
literature ( 1 ,  3 ) .  The viscosity of saturated 
solutions of benzoic acid in water was 
taken to be the same as that of pure water 
at the same temperature, since it is only 
slightly soluble. The density of saturated 
benzoic acid solution was measured with 

DISCUSSION OF RESULTS 

The results in the table fall into two 
separate groups, one in which the mass 
transfer rate is a minimum at the rear 
stagnation point and one in which 
there is a minimum elsewhere. With 
the latter group it has previously been 
shown that turbulence has set in and 
has resulted in the alteration of the 
position of the minimum ( 5 ) .  

suggests that there is a linear 

mass transfer by laminar free convec- 

The0 
relations 7 ip between NQh and NIRd14 for 

two 10 ml. standard graduated pyc- tion. Thus the ;esults for the over-all 
nometers, the mean of three readings with transfer rate in this range were cor- 
each at 30°C. being 0.99642 k 0.00005 related by the method of least squares. 
g./ml. A11 properties were evaluated a t the  The correlation coefficient was 0.795. 
average concentration in the boundary 
layer, assumed to be half the saturation 
value. 

and this was shown to be highly sig: 
nificant in the statistical sense, The 
equation of the line so obtained is The total range covered is 

RESULTS 

The experimental results are given 
in the table. Those for the system suc- 
cinic acid in acetone are omitted, as it 
was found that the rate of dissolution 
was too rapid. This gave severe pitting 
of the sphere surface and prevented 
accurate measurement. The over-all 
transfer results are plotted as (NSA - 
2.0) vs. NtRa in Figure 2. 

The mean error of these results is 
calculated as 14%; the error in projec- 
tion is 7 % ,  in diffusivity 5 % ,  and in 
density 5%. Thus when one assumes 
these to be the major sources of error, 
the maximum experimental error is 
about 17%. There are however several 
points which lie outside these limits of 
experimental error. For the salicyclic 
acid in benzene system this may be 
due to the fact that the spheres are 
less dense than the others, although in 
general the outline of the spheres after 
dissolution was smooth. 

N&% 
wf3r N 8 C  N I X a  Over-all 0" 30" 60" 90" 120" 150" 180" 

3.12 X lo3  
7.98 x 10' 
2.39 x 104 
4.44 x 104 
8.15 X 10' 
1.33 X lo6 

1.875X lo4 
5.74 x 1 0 4  
1 . 3 6 ~  105 
2.78 x lo6 
4.88 X 10' 
7.72 X 10' 

8.46 x 103 

2.58 x lo4  
4.95 x 1 0 4  
9.33 x 104 
9.33 x 1 0 4  

1.14 x lo4  

1.49 X106 

Benzoic acid in water 
7.88~10 '  2 .46~10 '  24.5 32.3 31.9 28.9 24.8 20.7 17.0 16.0 
7 . 8 8 ~ 1 0 ~  6 .28~10 '  36.6 42.6 42.6 42.1 37.6 33.2 28.2 22.3 
7 . 8 8 ~ 1 0 ~  1 . 8 9 ~ 1 0 ~  38.9 48.5 48.5 45.7 40.5 34.1 25.2 18.1 
7 . 8 8 ~ 1 0 ~  3.50x107 42.8 68.4 67.4 58.8 43.4 28.8 17.4 10.3 
7.88X1O2 6.43xlO' 46.5 73.7 72.4 65.3 49.9 30.2 12.7 5.4 
7 . 8 8 ~ 1 0 ~  1.045~10' 52.0 72.6 72.6 70.7 55.4 38.8 25.2 20.6 

Salicylic acid in benzene 
4.10X1O2 7 .74~10 '  23.7 39.4 35.4 30.4 24.8 17.9 9.8 0.8 
4.10x1O2 2 .35~10 '  31.4 46.6 45.6 41.8 33.8 21.9 12.7 11.0 
4.10x1O2 5.58x10' 31.6 62.8 60.5 35.0 25.6 23.2 21.2 19.1 
4.10X1021.13X108 35.4 47.0 44.8 41.6 37.6 32.1 20.5 4.2 
4 . 0 7 ~ 1 0 ~  1.99X10' 74.0 89.6 89.5 87.1 81.5 69.6 37.8 1.9 

,4.07x1O2 3.14><106 76.7 95.5 94.5 90.2 81.8 66.1 47.7 55.8 

Succinic acid in n-butanol 
1.22X10' 1 . 0 3 5 ~ 1 0 ~  44.5 47.2 46.8 45.7 44.2 43.3 42.3 41.3 
1.22X10' 1.39x106 56.2 53.0 51.4 50.6 63.0 54.6 60.2 70.6 
1.22X10' 3.14x10' 65.4 50.5 40.0 68.9 76.0 64.1 64.1 88.7 
1.22xlO4 6.02X10' 71.0 60.0 42.2 55.5 79.4 80.5 90.1 128 
1.22X1O4 1.135~10'  131 103 104.5 134 129 112 193 249 
1.22X104 1.135X1Oo 125 103.5 101.5 126 136 123.5 134 201 
1.22XIO' 1.82x1O0 133 129 103 140 140 131 143 179 
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Fig. 4. Dissolving sphere showing onset of 
turbulence. 

Equation (11) is in fair over-all 
agreement with Merk and Prins' theo- 
retical equation: 

- 
Ns, = 2.0 + 0.558 N',;'' 

but both of these are lower than Gar- 
ner and Keey's correlation ( 5 )  : 

- 
Nm = 23.0 + 0.585 N',;'' 

In the earlier work the values used 
for the density of saturated solutions 
of benzoic acid in water differed some- 
what from a value given in the litera- 
ture (15), and densities were accord- 
ingly measured and found to be in 
good agreement with those of Wilke 
et al. Garner and Keey's results, re- 
calculated on this basis, are shown in 
Figure 2 together with the present 
work; the former are still somewhat 
higher than the latter. This may be due 
to improved temperature control in 
the present work eliminating thermal 
convective currents. However it can be 
seen that both sets of results can be 
correlated by the equation of Merk and 
Prins with a mean deviation of about 
&25%. The large scatter may be due 
to the fact that the experiments were 
performed on the threshold of turbu- 
lence. If flashes of turbulence, such as 
those observed in cylindrical pipes ( 7 ) ,  
occurred, the rate of transfer would 
be increased. 

The results for the local mass trans- 
fer rates are more scattered than those 
for the over-all transfer. This is to be 
expected, since the former will be more 
affected by any error in superimposing 
the two sphere outlines prior to meas- 
urement. Thus it is thought that the 
best way to represent local transfer 
rates for laminar free convection is to 
plot N9hN'R,-1/r vs. 8, since it has been 
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Fig. 5. Isothermal mass transfer by free convection. 

shown theoretically that the product 
NBh NfEa-'14 is almost independent of 
WRa for Na,  >> 1 (9 ) .  When one as- 
sumes this product to be constant at a 
given point on the sphere surface, the 
mean probable errors of the average 
local transfer rates at successive angles 
of 30 deg. beginning at the front pole 
for the present work together with that 
of Gamer and Keey are +_ 22.4, 20.0, 
21.5, 20.2, 22.9, 31.0, and 39.6%. 
These errors, with the exception of the 
last two, are of the same order as the 
experimental error, and the large devi- 
ation is not surprising near the rear 
pole where the transfer is low and dif- 
ficult to measure with any accuracy. 

The local mass transfer rates for 
laminar free convection are presented 
in Figure 3. These are somewhat higher 
than those predicted for heat transfer 
( 9 ) ,  but over most of the surface of 
the sphere (up to 19 = 140 deg.) the 
form of the distribution is in good 
agreement. Disagreement near the rear 
pole is to be expected, since in this re- 
gion the boundary layer thickens 
rapidly and the flow leaves the sphere 
in the form of a tail; therefore bound- 
ary-layer theory will no longer apply. 
I t  is probable that towards the rear of 
the sphere the velocity gradient will in- 
crease, since fluid will be falling almost 
vertically away from the sphere. This 
would tend to counteract the thicken- 
ing of the boundary layer and result 
in transfer tending to remain constant 
near the rear pole, as is shown by the 
experimental results: 

The variation of mass transfer rate 
around the surface of the sphere tends 
to be rather undulating for turbulent 
flow. This may be caused by flashes of 
turbulence similar to those which have 
been found in transitional flow in cir- 
cular pipes before the motion becomes 
fully turbulent ( 7 ) .  Such flashes would 
increase the mass transfer rate locally. 

A.1.Ch.E. Journal 

It is thus difficult to state exactly when 
turbulence sets in, but the results sug- 
gest a critical Rayleigh number of from 
2 to 6 x lo', based on the distance 
along the sphere surface from the front 
pole to the point of onset of turbu- 
lence. This may be compared with a 
value of 3.5 x lo8 obtained by Gamer 
and Keey ( 5 ) .  

Figure 4 clearly shows the onset of 
turbulence in the boundary layer. This 
is a photograph of a benzoic acid 
sphere dissolving in acetone. The solu- 
bility is high, and the boundary layer 
is visible because of the variation of 
refractive index with concentration. 
The thin streak of light around the 
surface of the sphere down to an angle 
of about 150 deg. from the front stag- 
nation point is the laminar boundary 
layer. Near the bottom of the sphere 
the boundary layer thickens rapidly, 
and the flashes of light show that tur- 
bulence has set in. The flow leaves the 
sphere in a characteristic tail. 

The points obtained in the turbulent 
region are few and scattered, but the 
dotted line has been drawn through 
them. Its slope changes from one 
quarter in the laminar region to one 
third as required by theory. More ex- 
perimental work is needed to position 
this line accurately. 

These results are compared with 
data on the sublimation of naphthalene 
and benzene coated spheres at low 
pressures (8) in Figure 5. The latter 
cover a much lower Rayleigh number 
range than the present work, but the 
two sets of data seem to be consistent. 

NOTATION 

a = sphere radius, L 
c = concentration, ML" 
d = sphere diameter, L 
D = diffusivity, L'T" 
f = functional sign, - 
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g 
h 
K L  

L 
c 

S 
t 
U 

0 

W 
X 

Y 

= gravitational acceleration, LT” 
= diminution of radius, L 
= mass transfer coefficient, LT-* 
= characteristic length, L 
= distance radially from sphere 

= surface area, L2 
= time interval, T 
= velocity parallel to surface, 

= velocity normal to surface, 

= total mass transferred, M 
= distance coordinate along sur- 

= distance coordinated normal to 

center, L 

LT” 

LT-’ 

face, L 

surface, L 

p = density (fluid) 
pa = density (solid) 

Dimensionless Groups 

N, ,  = gd3p A T / $  = Grashof number 
N,?  = gd” AP/V’P = modified Grashof 

number for mass transfer 
NNu = h’d/D = Nusselt number 
N p 9  = v / K  = Prandtl number 
N,, = g 8 B   AT/^ K = Rayleigh num- 

ber 
N R a  = gd” A p / v 2 p  ‘ v / D  = modified 

Rayleigh number for mass 
transfer 

N,,  
N,,  

= v / D  = Schmidt number 
= K d / D  = Shenvood number 
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The Distribution of Nitric Acid Between 
Water and Tributyl Phosphate - Hexane 
Solvents 

DONALD R. OLANDER, LUCIEN DONADIEU, and MANSON BENEDICT 
Mossochusetts Inst i tu te  o f  Technology, Cambridge, Mossachusetts 

The distribution of nitric acid between water and solutions of tr ibutyl phosphate in  n-hexane 
has been measured over a greater range of acid and tributylphosphate concentrations than 
have been reported previously. 

The partitioning of nitric acid between water and tributylphosphate-hexane solvents has been 
satisfactorily explained on the basis of the commonly accepted equilibrium complexing reaction, 
with this modification: The over-all aqueous-to-organic reaction is subdivided into the distribution 
of uncomplexed nitric acid and an organic phase complexing reaction. This alteration is found 
necessary to  account for the behavior of the partitioning data of dilute acid over the entire 
tributylphosphate-hexane range. The residual discrepancy between the theory and the data can 
be qualitatively attributed either to modest nonideality of the organic phase or to  the effect 
of the varying water content of the solvent on the distribution coefficient of uncomplexed nitric 
acid. 

The sparse data on water extraction by tributylphosphate-hexane solvents are not amenable 
to the same type of analysis, even though a type of complexing similar to that found for nitric 
acid has been previously proposed. The interaction between water and tributylphosphate appears 
to be stronger than that  normally attributed to nonideality but weaker than a true chemical 
complex. 

Like many heavy metal nitrates nitric 
acid reacts chemically with tributyl- 
phosphate to form a stable complex. 
Although the compound nitric acid- 
tributylphosphate has never been 
chemically isolated, its existence has 
been conclusively demonstrated by the 
ultraviolet spectral evidence of Col- 
lopy and Blum ( 3 ) .  However no ana- 
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lytical method, has yet been devised to 
differentiate quantitatively the small 
amount of physically dissolved nitric 
acid from the complex in the organic 
phase. 

Warf (13) and Moore (11) were 
the first to point out the competitive 
effect of nitric acid on the extraction of 
the lanthanide and actinide nitrates. 
Alcock (1 ) , Fletcher ( 4 ) ,  and Gruver- 
man (6) have done further experimen- 
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tal work on the extraction of pure ~ 

aqueous nitric acid into tributylphos- 
phate, while Kooi (7) and Fletcher 
( 4 )  have investigated the partitioning 
of nitric acid between water and other 
organic solvents. Recently Alcock et al. 
(1 ) , McKay and Healy (10) and Tuck 
(12) have subjected the nitric acid- 
water-tributylphosphate diluent system 
to an exhaustive examination. An ex- 
cellent summary of the physical chem- 
istry of these complexing reactions has 
been presented by Glueckauf ( 5 ) ,  
while Baldwin et al. ( 2 )  have investi- 
gated the distribution of a large num- 
ber of monovalent electrolytes between 
water and tributylphosphate. 

Nitric acid, unlike the heavy metal 
nitrates, does not have a coordination 
number to be fulfilled; yet there is 
strong evidence that it forms only one 
complex with tributylphosphate, namely 
nitric acid-tributylphosphate. First the 
spectrum of nitric acid tributylphos- 
phate solutions indicates no higher 
complexes (3). Secondly there is a 
tendency for the organic phase to 
saturate at  a 1-to-1 mole ratio of nitric 
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