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ABSTRACT

The extraction of uranium from acidic sulfate aqueous
systems by benzene solutions of tri-n-octylamine sulfate was
studied under various conditions of uranium loading, acid
activity, sulfate ion concentration, and amine concentration.
The data are consistent with the reaction

nxRH2S04 + n(1~x> R2H2S04 + U02 S04

= RnHnU02 (S04)n + ~ H2S04
-+1 2
2

where R = (C8Hl7)3N, x = [RH2 S04 ]/([RH2 S04 ] + 2[R2H2S04]), and
n is the number of equivalents of amine per mole of uranium in
the complex. Under conditions of constant acid activity,
amine concentration, and low uranium loading, the distribu
tions observed at varying aqueous sulfate levels lead to the
following estimates of the formation quotients for the aqueous
complexes U02S04 (Kj ) and U02(S04)2= (K2 ) at unit ionic
strength;

K, = 34(17-135), K2 = 200(100-760), K2 /Kx = 6.0 ± 1.0

(The parenthesized ranges are based on 90% confidence interval
statistics.) These K values are in reasonably good agreement
with those reported by Ahrland. The present evidence suggests
only very low or negligible proportions of the trisulfate com
plex at sulfate molarities below 1,
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1. 0 SUMMARY

The extraction of uranium from acidic sulfate solutions

by benzene solutions of tri-n-octylamine sulfate (TOAS) is
rapid and strong at 25°C. The measured extraction equilibria
are consistent with the reaction

nxRH2S04 + n(1"x) R2H2S04 + U02 S04

RnHnU02 (S04)n + M H2S04
-1

2

where R = (C8H17)3N, x = [RH2 S04 ]/([RH2 S04 ] + 2[R2H2S04]), and
n is the number of equivalents of amine per mole of uranium in
the complex, A value between 4 and 5 for n over a range of
acid, sulfate, and amine concentrations is consistently indi
cated by the limiting uranium loading attainable, analysis of
the extraction isotherm at intermediate loadings, and the
ratio of acid released to uranium extracted at known initial

values of x. The consistency between these different measure
ments also indicates that bisulfate is not included in the

uranium-sulfate-amine complex, and that at a given aqueous
acid activity the bisulfate/total sulfate ratio x in the un-
complexed portion of amine salt is unaffected by the presence
of extracted uranium.

At constant aqueous composition and constant low uranium
loading, the uranium extraction coefficient E = [U]org/[u]aq,
is directly proportional to the total amine concentration over
a considerable range, at least 0.02 to 0.2 M. This behavior
may be interpreted as indicating that the significant organic
uranium activity is proportional to the ratio [U]0rg/[uncom-
plexed TOAS] or to the uranium equivalent fraction based on
uncomplexed amine salt.

At constant aqueous acid activity, constant total amine
concentration, and low loading, uranium distribution at vary
ing aqueous sulfate levels leads to estimates of the con
stants for the formation of the aqueous mono- and disulfate
complexes, U02S04 and U02(S04)2=. Based on approximate ionic
strength corrections from the Debye-Hlickel limiting law, the
values obtained for zero ionic strength are

[U02S04] \
Kai =( — = 580 (300-2300)

[U02++][S0J] ifi=0
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Ka2 = |— 2 4 2 = 3450 (1900-13000)
[U02++][S04]2/ fi=0

and Ka2/Kai = K2/Kj = 6 ± 1, where the numbers in parentheses
represent the high and low values consistent with the data
provided the ratio K2/Kx is within the range given. These
numbers are in good agreement with corresponding constants
evaluated by Ahrland at unit ionic strength when the same
limiting-law adjustments are applied in order to obtain com
parisons at (i = 0. Ahrland's potentiometric results suggested
a formation constant K3 for the trisulfate complex of 2500 ±
1000; his spectrophotometry results did not yield a value of
K3, the latter data indicating only a much lower value than
the former. The highest value of K3 consistent with the
present extraction data is ~125; it is suggested that the
weight of evidence indicates only low if not negligible frac
tions of the trisulfate species at sulfate molarities less
than 1.

2.0 INTRODUCTION

The present investigation was undertaken with the object
of further elucidating the equilibria involved in the extrac
tion of various substances from aqueous solutions by the high-
molecular-weight amines in organic diluents. Tri-n-octylamine
is typical of the good tertiary extractants, and the
equilibria between this compound, as well as di-n-decylamine,
and sulfuric acid have already been examined in some detail.1
As in previous studies, benzene has been used throughout as
the organic diluent. Most of the results have already
appeared in the open literature, however, this report pre
sents important material (Table 2, Figs. 6 and 8, and a much
clearer presentation of the mathematics leading to the evalua
tion of the uranium sulfate complex formation constants) that
was not included in the journal article. The present treat
ment is in general accord with that described by McDowell for
uranium extraction by di-n-decylamine sulfate.^

The first use of amines for separations was reported by
Smith and Page, who also suggested the use of such reagents as
anion exchangers. A number of analytical separations have
been based on amine extractions of various metal ions. For

several years an intensive study of the amines as extractants
for uranium from acidic sulfate solutions has been underway at
this laboratory.6 The primary objective of this effort has
been the development of reagents capable of forming the bases
of competitive processes for the purification of industrial
uranium liquors arising from the sulfuric acid leaching of
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ores. The resulting Amex processes have been described in
recent papers.

In the course of this development program a wealth of
evidence relating to the extraction of uranium from acidic
sulfate solutions by a large number of organonitrogen com
pounds has been accumulated. It has been shown that, while
individual uranium extraction coefficients may vary widely,
and while marked diluent effects may obtain, in several
respects the amines behave quite similarly. Thus, loading
numbers (equivalents of amine per mole of uranium in the satu
rated organic) of 4 to 6 have been obtained for a wide variety
of amines. It has been shown that extraction power dependence
on amine concentration is approximately linear. The uranium
extraction coefficients show a marked inverse dependence on
sulfuric acid activity, and a less marked inverse dependence
on total sulfate concentration.

The author is indebted to G. N, Case for technical
assistance, and to W. J. McDowell, C F. Baes, Jr., and C. F.
Coleman for helpful discussions throughout the work.

3.0 EXPERIMENTAL

Material and Apparatus. The tri-n-octylamine* used in
this work has been described previously.1 Standard uranyl
sulfate solutions were prepared by the usual methods from
black oxide (U308) equivalent to National Bureau of Standards
material. The other reagents used were of the standard rea
gent grade furnished by the large chemical supply houses.

Equilibrations were carried out in separatory funnels
agitated by a motor-driven assembly in a 25.0 ± 0.1°C thermo
stat. Five minutes' shaking was sufficient for the attain
ment of equilibrium under widely varying extraction condi
tions. The data reported below are based on shaking times of
15 min or more.

Procedures and Analyses. The techniques used in running
the equilibrations were similar to those described in the
acid work.1 Known quantities of sulfuric acid, sodium sul
fate, uranyl sulfate, and water were shaken with freshly
prepared benzene solutions of TOA of known titer. In most
cases the organic phase was not pre-equilibrated with a
uranium-free aqueous solution; the quantities of acid neces
sary for the desired final aqueous and organic concentrations

♦Hereinafter tri-n-octylamine will be referred to as TOAs the
sulfate-bisulfate mixture as TOAS, and the amine molecule
(C8Hj 7)3N as R.
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were calculated from the constants reported previously.1 In
some of the acid transfer runs, where more accuracy was
required, a quantity of amine solution was shaken with a
uranium-free sulfuric acid—sodium sulfate solution. A given
volume of the resulting aqueous phase was carefully evaporated
20-30%, a known amount of uranyl sulfate solution added, and
the solution made back up to the given volume with water. A
portion of this solution was then shaken with the correspond
ing pre-equilibrated organic at the previous phase ratio.
Careful titrations of the aqueous phase before and after the
uranium equilibration thus measured the acidity changes due
only to the given uranium transfers.

The procedures for determining free amine and organic
sulfate were described previously.1 Most of the aqueous
uranium concentrations were measured by potentiometric titra
tion, using an automatic method.8 In many cases it was
necessary to evaporate as much as 10-20 ml of aqueous raffi-
nate down to 0.5 ml in order to obtain reliable titrations.

Where this was not possible, as in the case of the high
sodium sulfate runs, fluorimetric analysis was used. The
reliability limits of the extraction coefficients from all
the methods used may thus be considered to vary roughly as
the magnitude of the coefficients themselves, i.e., from
~ ±5 to ±25% for coefficients from ~100 to 4000. Organic
uranium concentrations were calculated from material balances.

The extraction coefficient E is equal to [u]0rg/[Ujaq»

4.0 RESULTS AND DISCUSSION

4.1 Organic Species; Acid Transfer

A typical isotherm for the extraction of uranium by 0.1
M TOA in C6H6 from sulfuric acid in water is shown in Fig. 1.
Extraction isotherms at other acid and total sulfate levels
have been similar to the one shown, the only important
difference being the derived extraction coefficient (a trans
lation of the curve to left or right, to give higher or lower
E values, respectively). The linearity and unit slope of
these curves at the lower uranium levels suggest that the
organic complex is monomeric with respect to uranium, since
the aqueous uranium is known to be monomeric in this range of
acidities. Loading numbers (equivalents of amine per mole of
organic uranium) calculated from the points at high uranium
levels are shown in Table 1. The apparent regular increase of
these n values with acidity is not considered significant,
since the high acid curves show a comparatively gradual
asymptotic approach to a saturation value.

Figure 2 shows the dependence of E on total amine con
centration at constant acid activity and constant low loading
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iog [U]aq
Fig. 1. Typical uranium extraction isotherm; 0.1 M TOA in

C6H6, initial (no U) [H2S04]aq = 0.308, [H2S04]org =~0.0830.
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1

0„1 _J I i

0.001 0.01 0.1 1

[TOAS]

Fig. 2. Extraction coefficient vs. amine molarity: [H2S04]nn
0.76, [SR]/[SU] = 100. 2 4 aq
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Table 1. Values of n under Various

Conditions as Obtained by Different Methods

H2S04-H20, TOA system

— n

Acid

[H2S04]aa [Na2S04]aq [H2S04]org [TOA] Loading Isotherm Transfer
0.0485 0.100 4.1 4.3

4.6
4.1

4.7

0.0257 0.0

0.0713 0.0

0.168 0.0

0.308 0.0

0.456 0.0

0.763 0.0

0.102 0.400

0.202 0.300

0.405 0.100

0.200 0.300

0.200 0.300

0.0570 0.100 4.2 4.5

0.0635 0.100 4.3 4.2

0.0830 0.100 4.7 4.6

0.0876 0.100 5.1 5.0

0.0926 0.100 5.2 4.5

0.0576 0.100

0.0648 0.100

0.0731 0.100

0.0367 0.050

0.1497 0.200

4. 3

4.4

3.9
4.8

4.6

(100 equivalents of amine per mole of total uranium taken). On
such a plot, if the amine sulfate was monomeric, a slope of 2
or more would be expected to correspond with a combining ratio
of 4-5 amines per uranium. It was found in the acid work,1
however, that the activities of the amine sulfate and bisulfate
species could be represented by their respective equivalent
fractions.* The behavior represented in Fig. 2 may thus be
interpreted as indicating that the significant organic uranium
activity is proportional to the ratio between the organic
uranium concentration and that of the TOAS; i.e., a given
aqueous uranium activity results in a given fraction, xu =
[U]Org/[T0AS], of organic uranium per mole of amine, which is
independent of the quantity of diluent (benzene) present.

The assumption that xjj should be based on the uncomplexed
fraction of TOAS permits resolution of the intermediate part of
the isotherm of Fig. L Values of [u]Qrg are read from the

♦The acid extraction behavior was interpreted in reference 1 by
hypothesizing an aggregation of the amine sulfate-bisulfate
species at concentrations greater than 0.02 M. Reliable
physicochemical measurements9 have since shown that the normal
sulfate of TOA is monomeric and that the bisulfate is dimeric
in benzene (several other amine sulfates have shown aggrega
tion numbers of from 4 to 40, TOAS being apparently an
exception). Thus, the use here of equivalent or mole
fractions is merely a convenient empirical description of the
activity behavior of the organic uranium.
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curved portion of the isotherm, the quantity [2R] - n[U]Qrg
is calculated, and the corresponding extraction coefficient,
[U]org/[U]aqj is evaluated. Figure 3 is a log-log plot of
([SR] - n[Ujorg) vs. E for n values of 4 and 5. Here it is
seen that the resulting uncomplexed amine molarities diverge
from a line of unit slope in opposite directions, suggesting
intermediate values of n. The n values estimated from Fig. 3
and from similar plots at other acid levels (Table 1) corres
pond roughly with the average obtained from the loading
values. Similar behavior has been shown by a number of other
amines,10

Accepting tentatively the hypothesis that a certain
average number of equivalents, n, of normal amine sulfate are
combined with each mole of uranium in the complex, an equation
can be written for the reaction of the organic sulfate-
bisulfate species with a neutral uranyl sulfate molecule;

nxRH2S04 + ~ (l-x)(RH)2S04 + (U02S04)aq

= (RH)nU02 (S04 )n +™(H2S04)aq (1)
2+1 Z

where x is the equivalent fraction of bisulfate present in the
uncomplexed TOAS, i.e., x = [RH2S04]/([RH2S04] + 2[R2H2S04]).

Equation 1 contains the implicit assumption that the
uranium-bearing complex involves no amine bisulfate. It is
generally recognized that the aqueous uranyl sulfate complexes
do not involve the bisulfate ion, even at high sulfuric acid
concentrations, and, while this does not preclude the presence
of bisulfate in the organic complex of interest here, it does
provide some basis for the analogous representation shown. On
this basis, eq, 1 predicts the transfer of nx/2 moles of sul
furic acid to the aqueous phase per mole of uranium absorbed
into the organic. Thus, the quantity nx/2 can be calculated
from measurements of the aqueous acidity changes accompanying
the sorption of known quantities of uranium. On the basis of
the additional assumption that x depends only on the acid
activity, independent of the presence of the uranium-bearing
complex, and can therefore be calculated from the constants
given in reference 1, estimates of n can be obtained from
these values of nx/2. Under various conditions of acidity,
aqueous sulfate, and amine concentration, the numbers obtained
(Table 1) are in good agreement with those estimated from
loading data and isotherm analysis.

The n values plotted in Fig, 4 were calculated from
similar data obtained at constant acid activity and amine con
centration, but with widely varying quantities of uranium. It
is apparent here, within the progressively wider limits of
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[SR] - n[u]0rg
Fig. 3. Values of E vs. uncomplexed amine molarity for

n = 4 (A) and n = 5 (0), (data of Fig. 1).
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Fig. 4. Values of n obtained from acid transfer vs. uncomplexed

amine molarity; the line indicates navg> = 4.6.
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error imposed by the smaller acidity changes accompanying the
lower uranium transfers, that the constancy of x assumed in
making the calculations leads to reasonably constant values of
n. Thus, while the possibilities have not been eliminated
that the presence of some bisulfate in the complex is compen
sated for by changes in x and/or n, or that both x and n
change in an equally compensating way, the simplest interpre
tation is that x is indeed independent of the presence of the
uranium complex and that n is constant within the ranges of
the variables examined.

4.2 Effects of Aqueous Complexes

On the basis of eq„ 1 an equilibrium constant for the
extraction of uranyl sulfate by the amine sulfate-bisulfate
species can be written

[RnHnU02 (S04)n+1]0[H2S04]£X/2
tr — 2 _ q (2.^

TuoTso7j7iRH2so4]Sx[RzH2so4]S(1~x)/2

where, following Kraus and Nelson, the symbol Gr is used for
the appropriate activity coefficient ratio. It was found in
the acid work1 that the activities of the amine sulfate and
bisulfate species could be represented, at least for the pur
pose of evaluating a concentration-independent constant for
sulfate-bisulfate exchange in this system, by their respective
equivalent fractions:

x = [RH2S04 ] ,.j)
RH2S04 [rh2so4] + 2[R2H2S04]

x = 2[R2H2S04]
R2H2S04 [rh2S04] + 2[R2H2S04]

Evidence presented in the preceding section suggests an
analogous representation for the activity of the uranium-
bearing complex:

n[RnU]
xy = — — (4)

[251] - n[RnU]

where RnHnU02(S04)n is abbreviated RnU. Writing a^ for the
2

aqueous uranium activity and ajj2qq^ for the sulfuric acid
activity, eq„ 1 can be written
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nx/2
XU aH2S04 (5)

_ „nx n(l-x)/2
aU xRH2S04 XR2H2S04

Equations 1, 2, and 5 suggest that uranium extraction should
show a marked inverse dependence on acid activity. This is
known to be the case (see Fig. 5).

Equation 5 involves rather unwieldy power dependences;
moreover, it is probable that these dependences may be
anomalous, as was observed in the sulfate-bisulfate equilib
ria.1 It is apparent that in attempting to resolve the
effects of aqueous uranyl sulfate complexing on this equilib
rium the superimposed effects of sulfuric acid activity and
amine sulfate-bisulfate exchange should be kept as small as
possible. Thus, at constant acid activity, constant total
amine concentration, and constant low loading (the latter con
ditions making it possible to ignore loading effects and write
aUorg oC[u]org)3 eq. 5 can be written

K, , Worg . E (6)
au ay/LSUJaq

which is the expected form of the distribution relation,
showing that the quotient of the extraction coefficient and
the ratio between the appropriate aqueous uranium activity and
the total aqueous uranium concentration should be constant.

In Table 2 are presented uranium extraction data obtained
at three acid activity levels, where the total aqueous sulfate
concentration was varied at each level. Loading was kept at
20 amines per uranium in these runs, and, while it would be
desirable to have results at still lower loadings, practical
limitations were imposed by the extremely low equilibrium
aqueous uranium concentrations that had to be measured.
However, while some interference may have been introduced by
the tieing up of as much as one-fourth of the amine present as
uranium-bearing complex, it is felt that the comparative
results are reasonably indicative of the E vs. M relations*
that hold under more nearly ideal conditions.

The sulfuric acid concentrations necessary for the main
tenance of constant activity within each series were calcu
lated from the amine-acid constants of reference 1, together

♦The acid activity ^ so = 4V± m2M, where m = [H2S04]aq and
M=[H2S04]aq + [Na2S041aq.



W

bX)
O

2 -

-14-

Fig, 5. Log E vs. log M; 0, H2S04; A, H2S04 + Na2S04 at
constant aH2so4 = 3.5xl0"6; Q, a^so, = 4.7x10-5; v, aR SQ
= 3.0x10-4.

0.7

100 200

G/[S07]

Fig. 6. 1/E' - c'2[SOz] vs. G/tSOi1] for estimation of a and
b; A' t^S0^ =3'5xl°" '°> aH2S04 =4.7x10-5; Q, aH2so4 =

300 400
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Table 2. Uranium Extraction by 0.1 M TOA at

Constant Acid Activities

[H2S04]aq [Na2S04]aq [SU]aq [S04]org [2*j]org

aH2 S04i = 3.5xl0~6

0.0218 0.000 1.2xl0~6 0.0561 0.00500

0.0222 0.018 1.2xl0~6 0.0561 0.00500

0.0234 0.048 l.OxlO-6 0.0561 0.00500

0.0245 0.077 1.2xl0~6 0.0564 0.00500

0.0270 0.125 1.7xl0~6 0.0566 0.00500

0.0286 0.173 l.SxlO"6 0.0561 0.00500

0,0322 0.270 2.2x10-6 0.0561 0.00500

0.0365 0.465 2.6xl0~6 0.0561 0.00499

0.0399 0.662 4.0xl0-6 0.0560 0.00499
0.0445 0.957 4.9xl0-6 0.0561 0.00499

*H2 S04t = 4.7x10-5

0.0782 0.000 2.3x10-6 0.0673 0.00499
0.0827 0.035 2.6x10-6 0.0677 0.00499
0.0854 0.072 3.1x10-6 0.0677 0.00499
0.0942 0.144 3.1x10-6 0.0667 0.00499
0.1014 0.217 3.8x10-6 0.0668 0.00499

0.1133 0.365 5.1x10-6 0.0667 0.00499
0.1244 0.514 6.6x10-6 0.0667 0.00498

0.1342 0.744 9.3x10-6 0.0668 0.00498

0.1498 0.888 12.3x10-6 0.0669 0.00497

aH2S04t = S.OxlO"4

0. 204 0.000 9.4x10-6 0.0739 0.00498

0.219 0.085 11.0x10-6 0.0745 0.00498

0.244 0.260 16.0x10-6 0.0745 0.00497

0.263 0.440 18.6x10-6 0.0744 0.00496

0.294 0.710 27.3x10-6 0.0748 0.00495

0.313 0.890 35.4x10-6 0.0748 0.00493

with activity coefficients for the sulfuric acid—sodium sul
fate system assembled and re-evaluated by Baes from existing
emf data.12 Experimental verification of the resulting activ
ity constancy is evidenced by the column headed [S04]Org°
Also, it should be pointed out that each value of [H2S04]aq>
[^Ulaqs and [S04]org represents an average of at least two
analytical determinations on each of at least two separate
equilibrations at each total sulfate level shown. Values of
[S0j]aq at the m and M levels shown were calculated from the
relations given by Baes.



-16-

Of the several uranium species present in aqueous sulfate
systems, i.e., U0£+, U02S04, U02(S04)2~, ... , one, the neutral
monosulfate complex U02S04, should show activity behavior
independent of ionic strength variations in the medium. It is
assumed therefore that eq. 6 can be written

K» = E[^j]aq/[U02S04]aq (7)

i.e., the fraction of total aqueous uranium in the form of the
neutral complex should be proportional to the extraction
coefficient under the conditions of constant acid activity,
etc., stipulated above. Defining the fractions of the uranyl
species (all molarities given in the following sections repre
sent equilibrium aqueous concentrations) as

fo
= [uot+] fi = [U02S04]

[2«] * [SU]
(8)

= [uo2 (so4)rl f = [uo2 (so4)|-]
[su] 3 [su]

and for the reactions

vot+ + sor ^=^ U02S04

U0t+ + 2S0r ^=i U02(S04)2= (9)

U0t+ + 3S0r x=^ U02(S04)3~

and writing the concentration quotients

Kl = [UQ2SQ4]^ K2 = [uo2(so4)r]
[uot+][soi] 2 [uot+][sor] 2

K3 = [U02(S04)t ] (10)
[uot+][so4=]3

it is easily shown that insystems of the kind under dis
cussion, where [2U] « [S04],

fo
1 + K, [SO4-] + K2[SOr]2 + K3[SOrP
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f, = f0K, [sori

(11)
f2 = foK2[S04]2

f, = foK3[S0:]3

Higher complexes than the trisulfate will not be considered
here, since even the trisulfate fraction must be very small
compared to f! and f2 for [SO?] < 1 (see below).

Equilibrium constants for reactions 9 may be written

Kai = Kj Gj Ka2 = K2G2 Ka3 = K3G3 (12)

where the G's are the appropriate activity coefficient ratios.
It is customary to assume that such ratios remain constant at
a given ionic strength, independent of medium effects. In the
present systems both the ionic strengths and the media change
markedly, the latter changes being from pure sulfuric acid to
predominantly sodium sulfate solution. While it is realized
that such medium changes probably have some effect on the G's
(and therefore also on Ki , K2, and K3), in the absence of
quantitative theoretical relations for their estimation they
will be ignored. Ionic strength corrections, on the other
hand, can be estimated on the basis of the Debye-HUckel limit
ing law. We write

log Ka = log Km - 0.509A(Zi) ^ (13)
i + p \/jr

where Ka is the constant at zero ionic strength \i (at n = 0
the activities are assumed to be proportional to the concen
trations), and Km is the concentration quotient at a given
finite ionic strength.♦ This equation has been found to give

♦It is realized that eq. 13 is at best only a good approxima
tion. In systems that lend themselves to determinations of
the concentrations of the individual species, it is sometimes
possible to use expressions of the form

d^ + B|i + C|i2 + ...
1 + a \/jr

which give progressively better fits to data at high ionic
strengths (|J.>1) as more terms are taken. The present distri
bution data allow no such treatment; values of the constants
B, C, etc. would have to be chosen arbitrarily. Thus, it
seemed preferable to use only the limiting term, accepting
the probability that at the higher ionic strengths the approx
imation to the activity coefficient ratio becomes poorer.
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reasonably good correlation with data on U(IV) hydrolysis
obtained by Kraus and Nelson.13 Values of p of 2.0 to 2.5
have been used for electrolyte systems similar to the present
one;* fortunately, the relative changes of Km and jj. are not
markedly affected by the particular p value chosen in the
range 2.2 < p < 2.4, and 2.3 will be used here throughout.
For reactions 9 described by Kj , K2, and K3 of eq. 10, we have,
respectively,

A(Zi)x = -8 A(Z|)2 = -8 A(zi)3 = 0 (14)

If we put

log G = 0.509(8) ^ (15)
1 + 2.3 /JT

it follows from eq. 13 that Gj = G2 = G, and G3 = 1. Values
of |j. were calculated from the relation

|i=-2 Ciz| = M + 2[SOr] (16)

and G was then evaluated from eq. 15 for each value in Table 2,

From eqs. 7 and 8, replacing the constant K" (independent
of ionic strength) by 1/b, we have

— = K" = - (17)
fi b

It follows that

E_ = [U]org = K"Kia[S04~] = [S04]
fo [UOt+]aq G aG

E = [U]org _ K"Kj a _

*2 [U02(S04)2-]aq K2a[S04] c[S04]

E _ [U]org K"Korg *"Ki a

f3 [U02 (S04)3~]aq K3G[S04]2 dG[S0r]2

(18)

*The value 2.3 results from a mean distance of approach of 7
A; this distance value is intermediate between the 7.5 A
used by Kraus and Nelson13 and the 6 A used by Robinson and
Harned for similar electrolyte systems.14
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where a, b, c, and d are constants involving only K", Kia, K2a>
and K3, all of which are independent of ionic strength varia
tions. Solving eqs. 17 and 18 for the f's and adding, we
obtain, on dividing through by E,

1 aG + b + c[SOr] + dgtSOj]2 (19)
E [sori

The following procedure was used in evaluating a, b, and
c from the data of Table 2 (d will be considered later). For
each set of data* at the acid activities 1, 2, and 3, 1/E was
plotted against [SOJ]. From the resulting curves, each of
which was fairly linear over a considerable range, tentative
values of the slopes Cj , c2, and c3 were obtained. Using these
slopes, 1/E - c[S04] was then plotted against G/[S04!=] , and
tentative values of ai , a2, and a3 were calculated. From these
a values, 1/E - aG[S04=] was calculated and plotted against
[S04] for each of the three acid activities. The resulting
plots showed better linearity than the initial 1/E vs. [SO^]
plots, and new values of the slopes, Cj , c2, and c3, were
obtained. The 1/E values at the low and high acid activities
were then normalized to correspond with those at the inter
mediate activity by multiplying by c2/c/ and c2/c3, respec
tively. The resulting normalized reciprocal extraction coef
ficients, 1/E', were used in calculating the quantity 1/E' -
c2' [SOf] for all the data of Table 2. A plot of this latter
quantity against G/[S04] is shown in Fig. 6. From the plot
of Fig. 6 a final value of a was obtained, as well as an
estimate of b. The quantity 1/E' - aGfSOf] was then calcu
lated; a plot of this quantity against [S04] is shown in Fig.
7, from which final values of b and c were estimated visually.

The results of least-squares analysis of the data of
Figs. 6 and 7 were in good agreement with the slope and
intercept values obtained visually. The standard deviations
of these quantities were calculated and adjusted to a 90%
confidence interval by multiplication by the appropriate
value of the t statistic.15 The following numbers are thus
shown with the associated range of deviation within which
corresponding numbers calculated from similar sets of data
could be expected to fall nine times out of ten:

a = 0.00058 ± 0.00042

b = 0.335 ± 0.033

c = 2.00 ± 0.11 (20)

*The E values calculated from Table 2 were divided by 1000
before making these plots for more convenient numerical
handling.
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Fig. 7. 1/E' - aG/tSO^] vs. [S04] for final values of b and c;
A» aH2S04 = 3.5xl0-6; 0, aH2S04 = 4.7xl0~5; D, aH2so4 = 3.0x10-4.
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Fig. 8. 1/E' - aGtSO^] - c[S04] vs. GtSO^]2 for estimate of
upper limit of d; A, aH2g04 = 3.5xl0~6; 0, aHzS04 = 4.7x10-5;
D, aH,so4 = 3.0xl0-4. The line shown was drawn with intercept
b = 0.335 and slope d = 0.02.
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Figure 8 shows a plot of — - - c[S04] against
E [S0f]

G[S04]2. It is apparent on this plot that there is little or
no justification for attempting to assign a value to the slope
d. On the other hand, from the general appearance of the plot
it may be estimated reasonably that d cannot be greater than
~0„02 for the present data. Back calculations using this
maximum value of d showed that the resulting changes in a, b,
and c were negligible.

From eqs. 12 through 18

Kai = b/a Ka2 = c/a

Kas - K3 = * Kaj_ = Ik = c (21)
a Kai Kj b

In Table 3 the values of Kai , Ka2> etc., calculated from
eqs. 12, 20, and 21 are presented together with corresponding
values of these constants obtained by Ahrland,!6 although the
values obtained here and those given by Ahrland are not
strictly comparable. In the first place, Ahrland's measure
ments were made in aqueous systems containing uranyl per-
chlorate, sodium sulfate, sodium perchlorate, sodium acetate,
and acetic acid, maintained throughout at unit ionic strength.
As in the present work, no allowance for medium effects was
possible. The present data yield directly only the Kaj , Ka2 >
and K3 values at jx = 0; the numbers given for fi = 1 are esti
mates based on eq. 13. The same limiting-law adjustments were
applied to Ahrland's values in order to obtain comparisons at
fx = 0. In the second place, Ahrland's measurements were made
at 20°C, while the present data were obtained at 25°C. With
some knowledge of the appropriate heats of reaction this
temperature difference might be corrected for; however, in
view of the spreads shown in Table 3, which for the present
data are inclusive in all cases of Ahrland's ranges, it is
doubtful that such corrections would result in any signifi
cant differences in the correspondences shown. In the light
of these considerations, it is felt that the agreements among
the values given in Table 3 are good, and especially so in the
case of the ratio K2/Kj . The situation with K3 is less satis
factory; it is to be pointed out, however, that even here
there is reasonable agreement with Ahrland's spectrophoto-
metric results, for which he claimed greater precision in his
values of Kj and K2. The weight of evidence suggests low if
not negligible proportions of the trisulfate complex at sul
fate molarities below 1.
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Table 3. Formation Constants of Uranyl Sulfate Complexes

This Paper, Ahrland16

TOA Extraction Dataa Potentiometrie Spectrophotometrie

H = 0, G = 1

Kai 580 (300-2300) 860 ± 170 960 ± 100

Ka2 3450 (1900-13000) 6000 ± 2600 7700 ± 860

K3 (0-125) 2500 ± 1000 «2500

K2/K! 6.0 ± 1.0 7 (3.3-12.5) 8 (6.5-10)

Lt = 1, G = 17.1

50 ± 10 56 ± 6

350 ± 150 450 ± 50

2500 ± 1000 «2500

7 (3.3-12.5) 8 (6.5-10)

The numbers given in parentheses represent the low and high
values obtained from eqs. 21 on substituting the correspond
ing values of the constants minus or plus their associated
deviations shown in eqs. 20; e.g., Kaj (low) = (0.335 -
0.033)/(0.00058 + 0.00042), Kai (high) = (0.335 + 0.033)/
(0.00058 - 0.00042), etc.

Ki 34 (17-135)

K2 200 (100-760)

K3 (0-125)

K2/K, 6.0 ± 1.0
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