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ABSTRACT

Job’s method of continuous variations has been applied
to U0,(Cl10,}; - H;PO, mixtures in I¥ and in 0.1M HC1O;,. In
both cases the data indicate the présence of complex species
in which the ratio PO, -3/U0,** is unity. A formation con-
stant, K} = 38 * 12, has been calculated from the data in 1M
perchloric acid. : ‘ -
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THE CHEMISTRY OF URANIUM{VI) ORTHOPHOSPHATE SOLUTIONS:

PART I, A SPECTROPHOTOMETRIC INVESTIGATION

- OF URANYL PHOSPHATE COMPLEX FORMATION IN

PERCHLORIC ﬁCID SOLUTIOH

INTRODUCTION

"This is the first in a series of reports describing
an investigation of the chemistry of uranium{VI) orthophos-
phate solutions which is at present underway in this
laboratory. Spectrophotometric, potentiometric and solu-
bility studies have been carried out, and it is the first of
these whlch is reporied here. ,

Informat1on available on other uranyl complex systems
indicates that the equilibria involved are rapid and re-
versible and that polymerization complexes are not usually
formed. The only previous investigation which supplies
pertinent information regarding the solution compositions ,
involved in the present measurements is that of G. R. Leader. (1)

. His solubility results in nitric acid solution indicate that

a complex, UO,H,PO,%, is formed in solutions of moderate phos-

- phoric acid concentyration and that in excess phosphoric acid,

higher complexes are formed.

Wheniphosphoric;acid is added to an acidified solution
of uranyl perchlorate; a distinct color change occurs,

- Preliminary measurements revealed that these solutions obey

Beer s law in the presence of a constant phosphoric acid
concentration {indicating no polynuclear uranium complexes

- to be involved) and that a sufficient change in the ab-

sorption specirum of ‘uranyl ion is produced to permit Job's

~method of coatinuous variations 2} to be reasonably appllcable




at several wavelengths. F m. the resulting continuous
variation curves foﬁ‘uu 0,10 perchlgric acid solutions,
the presence of one- ouonu uranyl §£OQﬂhate complexes has
been established and a total formation constant evaluated
in 1M perchloric acid.

EXPERIMENTAL

All absorbancy measurements were performed with a
Beckman D. U. spectrophotometer, using 1.00 cm corex and
silica matched cells, for which no blank correction was re-
quired. All measurements were performed in a room thermo-
stated at 25 ¥ 20C.

Uranium(VI) perchlorate stock solutions were prepared
by dissolving purified UO, (free of nitrate) in an
approximately equivalent amount of perchloric acid and
diluting the filtered solution to the desired volume. The
puriflcation of UO; was accomplished by the peroxide
method. (3

Mallinckrodt's UO; was dissolved in a perchloric
acid solution and dlluted to a uranium concentration
of 5%. Using a Beckman pH meter, the rapidly agitated
solution was adjusted to pH 2 through the addition of
a dilute ammonia solution. A 30% H,0, solution was
added dropwise, resulting in the precipitation of uranyl
peroxide. The pH was kept at 2 by the simultaneous
dropwise addition of ammonia. The hydrogen peroxide
was added until further addition caused no change in
pH. The slurry was then stirred for 1 hour and filtered
through a 6-1/2" Buchner funnel containing coarse filter
paper. The precipitate was washed with 1% H,0,, which
had been adjusted to a pH of 2 with perchloric acid. The
precipitate was again washed with 1% H,0,, filtered, and
dried at 110°C. The cake was ground, placed in a large
platinum dish, and heated at 350°9C for 3 days.

Solutions prepared from this purified UO3 yielded a
negative brown ring test for nitrate.

Analysis for uranium(VI) in the perchlorate stock
solutions was performed by a volumetric dichromate method
which has been described previously. (4) The perchlorate con-
centration was checked by analysis using the method of
Loebich,(5) which involves the precipitation of nitromn per-
chlorateo Stock solutionﬁ’pf g?ogphoric and perchloric acids




were prepared from reagent grade acids and their concen—
trations determined by titration agaxnst standard1zed sodium
hydroxide.

The method of conitinuous variations was applied o two
series of solutioms. In one series, the acidity was adjusted
to approximately one molar with perchloric acid and the sum
of the analytical comcentrations of uranium{VI) and phos-
phoric acid held at 0.137M. Twelve solutions were prepared
such that the uranium{ V1) concentration varied from 16.7% to
100% of the sum of the uranium(?!} and phosphoric acxd con—
centration.

In a second series of measurements, the acidity was
adjusied to approximately 0.1M with perchloric acid and the
sum of the uranium{VI) and phosphoric acid concentrations
was 0,014¥. The ionic sirength of these solutions was held
approximately constant at 0.14M by the addition of C. P.
sodium perchlorate. In these T.1M acid solutions, it was
necessary to reduce the uranium{VY)-phosphoric acid concen-
tration level to 0.014M in order to avoid the precipitation
of UO,HPO, .4H;0. As a result of this lower councentration,
it was found convenient to make optical densiity measurements
in the region of the ultraviolet {280-310 my) , where higher
- molar extinction coefficients are encountered; rather than
- in the range 350-500 mu used for the more concentrated 1¥
acid solutions.

RESULTS AND DISCUSSION

During the course of the continucus variation measure-
ments in one molar perchloric acid, complete spectral curves
- were run on several of the solutions., These data are listed
in Table 1, and plotted in part in Figure 1. It is evident
- from these curves that the addition of phosphoric acid -

increases the maxima of the uranium(VI) absorption spectrum
~and shifts them to longer wavelengths,

, The cnntinnous variation resulis are plotted in
Figures 2 and 3 from the data listed in Tables 2 and 3. In
"the last column of these tables are listed the calculated
~values of the hydrogen ion concentration which would result
if no complexing occurred. These calculated final acidity
‘values are greater than one molar because the U0,{Cl0,),
stock solution used in thesc measurements contained an
appreciable excess of free perchloric acid. The quantity
X which appears in the tables and figures is the ratio of
The total phosphate to the sum M of the total phasphate
‘and the total uranyl eoncenttatibn in solution, i.e.,



Table 1

ABSORBANCY DATA FOR UO,(Cl0,), - H,PO,

0.1374M

MIXTURES IN 1M HClO,, sUO,** + =pPo,~3 =

Optical Density Readings at Various
Mole Ratjios, PO, -3/ =U0,**

PN

mAL 0 1/5 1/3 1/2 1/1 2/1 3/1 5/1

350 0.404 0.380 0.369 0.363 0.310 0.234 0.174 0.116
354 0.333 0.288 0.267 0.248 0.195 0.138 0.099  0.067
358 0.328 0.265 0.243 0.219 0.166 0.112 0.076 0,056
362 0.390 0.318 0.290 0.259 0.194 0.130 0.095 0.070
366 0.307 0.260 0.241 0.220 0.171 0.123 0.087 0.063
370 0.358 0.290 0.267 0.239 0.179 0.120 0.089 0.061
374 0.349 0.300 0.274 0.253 0.196 0.134 0.099 0.069
378 0.323 0.279 0.269 0.240 0.190 0.133 0.101  0.069
382 0.303 0.330 0.306 0.279 0.215 0.146 0.112 0.078
386 0.431 0.376 0.358 0.331 0.262 0.185 0.139 0.098
390 0.551  0.470 0.442 0.409 0.324 0.222 0.190 0.115
394 0.652 0.574 0.543 0.500 0.395 0.273 0.208 0.143
398 0.678 0.622 0.604 0.567 0,463 0.334 0.254 0.175
402 0.821 0.757 0.703 0.650 0.521 0,367 0.280 0.191
406 0.917 0.847 0.792 0.745 0.603 0.431  0.330 0.225
410 0.860 0.835 0.800 0.771 0.653 0.477 0.366  0.249
414  0.980 0.900 0.840 0.794 0,649 0.465 0.355 0.239
418 0.998 0.955 0.884 0.840 0.684 0.489 0.375 0.255
420 0.930 0.902 0.865 0.821 0.698 0.511 0.394 0.268
424 0.773 0.775 0.755 0.738 0.644 0.478 0.373  0.250
428 0.798 0.743 0.708 0.668 0.556 0.402 0.308 0.205
432  0.720 0.691 0,660 0.630 0.529 0.389 0.300 0.203
436 0.519 0.539 0.535 0.527 0.468 0.354 0.277 0.185
440 0.403 0.406 0.400 0.390 0.341 0.259 0.199 0.133
444  0.362 0.353  0.337 0.325 0.275 0.200 0.155 0.106
448 0.287 0.281 0.279 0.273 0.234 ~ 0.171  0.134  0.098
452  0.209 0.210 0.206 0.203 0.173 0.129 0.102 0,070
456 0.175 0.177 0.170 0.165 0.141  0.107 0.076. 0.058
460 0.138 0.158 0.157 0.156 0.138 0.105 0.076  0.059
464 0.110 0.128 0.131 0.134 0.122 0.096 0.069 0.053
468 0.108 0.112 0.110 0.108 0.093 0.071 0.054 0.039
472 0.118 0.117 0,114 0.109 0.092 0.065 0.052 0.038
476 0.080 0.103 0,103 0.106 0.097 0.074 0.058 0.042
480 0.031 0.056 0.063 0.070 0.071 0,062 0.047 0.034
484 0.022 0.034 0.036 0.041 0.040 0.033 0,025 0.021
488 0.036 0.036 0.033 0.034 0.022 0.019 0.016 0.014
492  0.036  0.036 0.036 0.027 0.021 0.017 0.014
496 0.012 0.017 0.022 0.018 0.014 0.012
500 0.005 0.007 0.008 0.011 0.008 0.007 0.008

0.009
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Table 2

CONTINUOUS VARIATION DATA IN 1M HC104 *

0.167
0.250
G6.300
0.333
0.400
0.500
0.600
0.667
0.700
0.750

0.833

U0, (C10,), + H;PO,, M = 0.1374M

Y410
.120
.156
.177
.196
.216
.223
.214
.192
.175
.153

.109

Y420

127
.165
.188
201
.221
. 229
227
201
.183
.161

. 113

Y424

.131
175
.200
223
.229
. 257
. 243
. 220
.198
.180

. 125

1.07

1.07

*X and Y are defined on pages 3 and 10,

respectively.



Table 3

CONTINUOUS VARIATION DATA IN 0.1M HCIO, *

U0, {C10,), + H;PO,, M = .014, M= 0.142

x Yz90 Y300 Y310 B
.1 .100 .061 . 047 .6989
2 .167 . 097 . 080 .0978
.3 206 .135 .111 L0971
4 . 246 146 .123 L0966
.5 .242 .155 .129 . 0964
.6 .235 .146 .124 . 0966
7 .204 .132 .112 .0971
.8 .153 .102 .088 .0978

.9 .091 . 062 . 055 . 0989

*X and Y are defined on pages 3 and 10,
respectively.
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= po, ~3 = po, ~3
X = = =
sro,"3 + =vo,** M

The quantity Y is the difference between the observed
optical densify and that calculated for the case in which
no complexing occurs. Thus, since the extinction co-
efficients for phosphoric acid at the wavelengths used
may be neglected, and since uranyl ion in perchloric acid
has been shown to obey Beer's law,(6) then

Y = d - §m(1-x%) (1)

wherein d is the observed optical density and €y is the
corresponding molar extinction coefficient for uranyl ion.

The continuous variation curves in Figures 2 and 3
clearly indicate the presence of complex species in which

the phosphate to uranyl ratio is one. Thus, a general
equilibrium may be written,

+{x~1
vo,” " + H,PO, = UO,HyPO, (x-1) (3-x)H',

for which the equilibrium quotient is

[vo, HxPO, +(x-1]] [6*] (3-x)

1% 8, P0, ] [ U0, ++]

?

in which the bracketed quantities denote molar concentra-
tions. Taking the acidity as one molar,; a total formation
constant Kj may be defined as,

ppo.po, 7] + [uo.HPO,] +. ...+ U0, xpo, H (¥~ 1]

X
Ky = =0ZKl,x = - ”
[H3PO4] [vo, ]

X

(2)



or
o
- [n',, PO;] [ vo, ++] | {3)

K3

wherein Cj represents the total concentration of all the
1:1 complex species. ~ ' ;

Assuming these to be the only complexes present in

appreciable concentration in these solutions, the formation

constant Ky may be evaluated from the continuous variation
data as follows: : :

Since

[vo,**] = M(1-3) - 3 | NS
and ; k

[B;P0,] = MX-Cy | | (5)
then,

]

[ux-{:l] (1-x) —cﬂ

M X{1-X)-C3{M-C}) {6)

[0, ++] [ 0,]

]

substituting Eq. 6 into Eq. 3 and rearranging terms,

M2 X(1-X)

1/Ky = - ¥+ Cy . {(7)

Ci
¥rom Eq. 1, we have
Y = EU[voz“‘*] + §Cy - M(1-X)

wherein El is the average molar extinction coefficient of
the one-to-one complexes. From Eg. 4,

11
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Y = €g[m(1-x)-c1] + &0y - Egu(1-X)

or
Y - €0 - Eyey = (6
Thus,
Y = ACy
and
o Y
A

wherein A is a constant equal to 61 - €U°
Eq. 8 into Eq. 7 gives

M2X(1-X)A ¥
1/k} = ————— - M + —
Y A

which, upon rearrangement, gives

X{1-X) 1 1+K1M
— e i b Y 4
Y Mz A? | K1M? A

Substituting

It is evident from Eq. 9 that a plot of §L%:§L vs. Y

should result in a straight line of slope S equal to

1+K1M

KiM2A~
permit the calculation of Kj; thus,

-1/M?A2 and intercept I equal to

(8)

These quantities



Table 4

THE DETERMINATION OF Kj FROM THE

CONTINUOUS VARIATION DATA IN 1M HC1Q, *

N= 410 mg A= 420 muL N= 424 mpy
X{1-X) X{1-X) %{ 1-X)
X{1-X) Y Y X Y R Y

.139 .120 1,16 .127 1.09 .131 1.06
.188 .156 1.21 .1565 1.14 .175 1.07
.210 .177 1.19 .188 1.12 .200 1.05
.222 .196 1.13 .201 1.10 .223 1.00
.240 .216 1.11 .221 1.09 .229 1.05
.250 .223 1.12 .229 1.09 .257 .97
.240 .214 1.12 .227 1.06 .243 .99
.222 .192 1.16 .201 1.10 .220 1.01
.210 .175 1.20 .183 1.15 .198 1.06
.188 .153 1.23 .161 1.17 .180 1.04

-139 .109 1.28 -113 1.23 .125 1.11
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and
i
Kl = —
I¥ea ~ M
or
JS
Kl =

wl- Vs

The application of this graphical method for the
determination of Ky fo the data in 1M acid is shown in
Table 4 and Figure 4. The resulis are summarized below:

410 %ﬂ 420 %ﬂ 424 %ﬂ

S: -1.48 ~-1.40 ~-1.04
I: : 1.44 1.39 1.24
K1: 38 43 34

The A values which correspond to these wvalues of X, are:

410 my 420 my; 424 RVL

A: 5.96 6.17 - 7.14

The uncertainty of the individual Y valaes is larger
for the low X values since here the guantity resulis from
the difference between two relatively large numbers.
Accordingly, in plotiing the three lines in Figure 4, the
points corresponding to X = 0.5 to 0.833 were favored.

The resulting slopes have an estimated uncertainty of =20%,
giving A to 110% and K3 to perhaps *30%. Thus the agree-
ment between the above three determinations is better than
could be expected from the accuracy of the data. In this
calculation, no attempt has been made to correct for the
relatively small variation in the acidity of the solutions
used {Table 3), since it can be shown that the resulting
changes in Kj are within the uncertainty of the present
determination. From the above values,
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Ky = 38 % 12,

A similar graphical treatment of the 0.1M acid data
results in positive S values, which is a physically
meaningless result indicating distortion of the continuous
variation curve from that to be expected for only one-to-
one complex formation. Whereas it is possible to deduce
on the basis of additional K values to be presented in a
later report that tha higher complexes are not appreciably
abundant in the 1M perchloric acid solutions involved in
the present measuTements, no such simplifying condition
can be deduced for the 0.1M acid solutions. The possible
interference of higher complexes here, along with the
generally less accurate ultraviolet spectral data¥,
evidently limits the resulting continuous variation curve
to only a gqualitative interpretation.

The present results give no information concerning
the average number of hydrogen ions involved in the one-~
to-one complexes. The solubility results of G. R. Leader(l)
suggest

++

vo,™™ + H,PO, = UO,H,PO," + H'.

On the basis of solubility results to be presented in a
subsequent report; one may suggest

Uo,** 4+ H,PO, = UO,H,PO, "

also to be a contributing equilibrium in acid solution.

At any rate; whatever number of different one-to-one
species exist in sclution; Kj is the sum of their formation
quotients in 1M perchloric acid (Eq. 2). This matter will
be discussed flurther in later reports.

*In the wavelength range (290-310 my) used here, the
absorbancy increases rapidly with decreasing wavelength
for all the solutions; resulting in a high dependence of
the measured optical densities on the precision of wave-
length selection.
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