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ALKYL PHOSPHORIC ACID EXTRACTIONS

D. C. Stewart and T. E. Hicks
" Radiation Laboratory
University of California, Berkeley, California

August 9, 1950

ABSTRACT
Organic solvent extraction techniques were used to sebarate the mono- and
di%alkyl substituted coﬁmercial phosphoric acid mixtureéo Extraction coefficients
and titration curves for several systems are presented. |

Tracer quantities of U233 were extracted by the separated acids. The equili-

brium extraction reaction for the moderate-to high-initial-acid systems is

prcposedu
Tracer U233 extractions by TBP seemed to verify previous studies of the

same system by other laboratories.

239

Tracer Pu extraction by dibutyl phosphoric acid from HNOB sclutions are

_presented.

Some preliminary experiments on the separability of U233 and Pu239, by

alkyl phosphoric_acid extraction, were undertaken and the data presented.
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ALKYL PHOSPHORIC ACID EXTRACTIONS
D. C. Stewart and T. E. Hicks
Radiation Laboratory
University of California, Berkeley, California
INTRODUCTION

The use of alkyl phosphoric acids in organic solvent carriers as extracting
agents for uraniu@ was described in a previbus repoft.l In this preliminary
paper it was pointed out that the extraction mechanism prébably involved the
formation of an organic solvent-soluble, uranyl-alkyl-phosphate complex. Since
the commercial alkyl phosphoric acids, as obtained; are mixﬁures of the mono-
and di-alkyl substituted forms (HzRPOh and HRzPoh), it was not possible at the
time to state quantitatively the details of the extraction mechanism, since
these mixtures were all that had been studied.

The preliminary report also presented evidence indicating the possibility of
separating the two acid forms of the commercial product By taking advantage of
the differences in their distribution between two non-miscible liguid phases.
Such separations have since been made for a number of the alkyl phosphoric¢ acids.
The availability of these separated acids has made it possible to determine that |
with all the carrier solvents studied (save the higher alcohols) the uranium is
primariiy extracted as a complex with thé HR2POA acid form. Accordingly, this
ﬁechanism_has been intensively studied; and it is now possible tb write definite
equations for the process occurring in systems containing moderate or high amounts
of nitric acid. There is still some questioﬁ as to the situation existing when
the HRéPOh is used to complex wranium in low-acid solutions.

Ufanium can be extracted by some of the mono-substituted (HZRPOh) alkyl
phosphoric acids if amyl alcohol is ﬁsed as the organic solveﬂt carrier. Some

studies on this mechanism will be described. Some other miscellaneous experiments
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have besn made, including the effects of various anions on the extraction cf
uranium by alkyl phosphoric acids. The extradtability of the Pufh ion was studied
briefly. Some evidence will be given to corrcborate the mechanism recently sug-

gested by various investigators ~ for the éxtraction of uranium by the. completely

alkyl-substituted phosphoric acid, tributyl phosphate.

IT. FRACTIONATION OF ALKYL ACIDS

A. Materials Received

 The acid mixtures which have been studied are listed in Table I.

Table I

Composition of Alkyl Phosphoric Acids as Received

Concentrations HzﬁﬁQzﬁﬁzPQA

HRPO,  HRPO, Betio
Ethyl Phosphoric Acid (Eastman) L6640  h.36M 107
nopropyl " o 436 3.15F 1.385
e L
Isobutyl * " (Mbnsanté) 3.57 2;56 1.39
n-amyl " m n 3.48 1.81 1.92, .
n—octyi o oo "2.01 1.75 ;;15::'
*Presented in former paper,lvyg | » S B 7 '

”

The titration curves for the first three of these (ethyl, n—propyl,_and n~butyl)

*%Note:vSpecial long leads to the electrodes were used in the potentiometric

apparatus employed for these first titrations. It was later discovered that their

use resulted in a high pH reading at the high acid end of the curves and in a low
pH reading at the alkaline end. The breaks in the curves, however, were unchanged.
The titration curves of UCRL-585 &re thus incorrect to the degree indicated.
The titrations for Fig. 1 of this report were also made using the long leads.
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were presented in the previous réporto The last three'(isobutyl, n-amyl, aﬁd
n~o¢tyl) were titrated with staﬁdardized NaOH in a similar manner, and the datg
obtained were used to calculate the guantities of thetzRPOh an@ HRZPOA forms
present in the coﬁmercial products. As before, the assumption was made tha£ no
free phosphoric acid was present meaning'that the titre between the two breaks
of the curve could be taken to represent the amount of H2RPO4, and this valpe
subtracted from the titre to the first break; to represent the HRZPOLO The acid
molarities calculated on this basis are summarized in Table I, including some
values from UCRL-585 for comparison purposes.
| Octyl phosphoric acid emulsifies very readily in water'éolutions, and it
was found neceséary to make a ten~fold volume dilution with 75% ethyl alcohol

before making this titration.

Aéid Sepérations

Fig. 1 comprises a series of titration.curves which indicate the basis of
the fractionation method used to separate any given pair of mono- and di-substi-
tuted alkyl phosphoric acids. In this experiment, a mixturé of 40 volumes-
percent butylﬁphosphoric acids in commercial dibutyl ether was equilibrated
with an equal volume of water. The two phases were then separated; the aqueoﬁs
phase waéhed with an equal volume of fresh dibutyl ether; and the organic phasel
washed with an equai volﬁme of distilled wétero Aliqucts were then removed

from each of the washed phases and from the wash liquids, and these were titrated.

‘These curves are shown in Fig. 1 as unbroken lines. It will be seen that the

relative positions of the breaks in the curves are changed by the washing treét—
ment; indicating changes in:the_proportiohs of H2BuPOA and HBuzPohg with the
former faVoring the aqueous phase énd the latter the 6rganic phéise° The ‘
original dibutyl ether phase was‘tﬁenvwashed.seven more ﬁimes with equi-volume

portions of water, and the original aquecus phase was washed twice more with
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2.0 mi H0 USED TO WASH
Bu,0 LAYER Ist TIME

5.0 ml Bu,0 USED

TO WASH ‘H,0 LAYER
FIRST TIME

| 1
o’ 15

L
5

U

7 o o ° ml BASE ,
T ' ~"Z— 2.0 ml Bu,0 LAYER

WASHED 8x WITH H,0

20ml H,0 LAYER
WASHED Ix WITH Bu,0

i
|
‘
Y ‘ . . !
’ |
1
1
i

2.0.ml H0 LAYER— 2

WASHED 3x WITH Bupy O . Fle. |
’—' SEPARATION OF n- BUTYL
PHOSPHORIC ACIDS BY

EXTRACTION WITH DIBUTYL

2l : :
v 2.0ml Bu,0 LAYER ETHER
- WASHED IX WITH H,0
_ ] ] - ] : | |
5 10 15 20 v 25 30 °

ml 0.1212 }4 NaOH ' MU 704
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dibutyl ether. Aliquots of éach of these washed pﬁases were again removed and
tiiratedg the curves being shown as dotted lines in Figo‘i, It will be seen that
the #8X washed'BUQO" curvé now shows bﬁt one break, indicating that only'HBuzPOh
is presént» whereas in the "3X washed HQO layer,® the titre between the two breaks
is equal to the titre to the first break, indicating that the washed aqueous
phase now-contains only HzBuPOho

A similar series of batch extractions with dibutyl ether were carried out

in order to separate the ethyl phosphoric and the propyl phosphoric acid combi-
nations. With these; however; it was found that eight washings of the organic
layer removed substantiélly all of‘the desired HRQPO4 form of the acid, indicating
a mudh decreased organic solvent extractability,; particularly for the déethyl
forms. Accordiﬁglyg a series of single batch equilibrations were carrie& out
with the'vafious alkyl phosphoric acids and an assortment of solﬁents in hopes

of finding systems which would give mere effective separations. These batch

. tests were made by equilibrating two volﬁmes of the commercial phosphoric acid

with four volumes each of water and the solvent. Aliquots of each phase were

then taken and titrated as usual; the data being used to calculate the distri-

" bution coefficients of the mono- and di-alkyl acids. These constants are

summarized in Table II. It will be seen that in every case a solvent was found

which gave sufficiently different distribution ratios for the two acid forms

to permit their separation by solvent extraction techniques. The most unsatis-

factory separation is still that of the ethyl phesphoric acid where; even‘with
amyl alcohol as a solvent, the differénce between the two distribution constants
is not great and the distribution of HEt2P04 into the solvent is comparatively
low. This.meéns that a number of extractions are required for good separation;

but; eﬁen if these are carried cut; the final yield of HEt2P04 is very poor.
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Table IX
Distribution of Mono- and Di-alkyl Phosphoric Acids
Between Immiscible Phases
Acid | Distribution Ratio (E) Into Solvents from HéO
Solvent Bmpo,  THR,PO,
Ethyl phosphoric (Eastman) n-primary amyl alcohol 0.69 1.7 )
. Dibutyl carbitol 0.14 0.51
n%propyl_phosphoric n-primary amyl alcohol - 0.86 §;A
(Eastman) Dibutyl carbitol 1.4 1.2
nebutyi phosphoric n-primary amyl alcohol 2.9 o0 ?
(Fastman) Dibutyl carbitol 2.1 39
Dibutyl ether 0.66 15
W : e o
- Isobutyl phosphorlc Dibutyl ether 0.54 i1
{Monsanto) e -
y A .
L nsamyl phoéphoric Dibutyl ether 0.72 6.2
(Monsante) S : o ‘
n-octyl phosphoric% Diethyl ether 42 - ~760
{(Monsanto) Hexone - 28 ~106
: ‘ Dibutyl ether™ 0.447% 7.0%¥

%Emulsifies very strongly in water systems with diethyl, isopropyl and
dibutyl ethers, and with hexone or carbon tetrachloride. Volume changes,
howeverg indicate very high dlstrlbutlon of both acid forms into the organlc
phase in-each case. : :

*Fout of diethylene glycol rather than HQOQ

‘The octyl phosphoric acid was again a special case, since it emulsified‘
so strongly whenever water was used as one of the partitioning phases. A?proxi—
mate distribution ratios were obtained in some cases by centrifuging the equili-
- grated mixtures for long pgriodé to break the emulsion. The data obtained indi-
cated that the solvent extraction cf both occtyl acid forms out of water was
ver& high, which would make a separation very difficult or evén impossibleo
* However, it was foﬁnd thaf if diethylene glycol was used Lo'replace the wéter

N
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phase, the emulsion difficulties not only were eliminated, but the octyl phos-
phofic acid distribution ratios into dibutyl ether were of the proper magnitude

to ensure good separation. The distribution coefficients for this system are

. also indicaﬁed in Table II.

Fig. 2 gives the titration curves for a number of the separated di-alkyl

phosphoric acids. The n-butyl, isobutyl and n-amyl forms were prepared by equiii—

“brating two volumes of the commercial acid with four volumes each of water and

dibutyl ether. The water phase was then discarded, and the organic phase washed

seven more times with equal wolumes of water. The n~propyl acid was similarly

suspended and washed eight times in iso-propyl ether;, and the ethyl acid was

suspended in n-amyl alcohol. In this last case; a total of only six water equili-

brations was used. vThe n-octyl acid was.suspended'in dibutyl ether; phis mixture
being equilibrated eighﬁ times with diethylene glycol. As before;, the titrationi.
of the separated octyl acid had to be carried out in a ten-fold dilution with
ethyl alcohol. ' The other titrations were all made on aliﬁuots which had been
diluted with 20 ml of water.

Most of the various propdsed plant processes using tributyl phosphate aSraﬁ
extracting ageht for uranium involve the use of a hydrocarboﬁﬁcarrier solvent
(kerosene; hexane, etc.). If smll amounts of the mono- or di=buty1 acids were

formed by hydrolysis, the extraction results would change markedly; It therefore

- was of interest to determine the maximum solubility of these forms in n-=hexane,

and it was found that a saturated solution at rcom tempefature contained 0.152M
HBuPO, and 0.186M HB“2P04° ‘

- In regard to the sams'ppcblems a 20 voluma-percent solﬁtion_of tributyl
phosphate in dibutyl ether was left in contact with 6§'HCI for a period of six
weeks. At the end of this time, sn aliquot of the organic phase was titrated

and showed only one ‘break in the curve, indicating that if any hydrolysis of
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S5 mi PROPYL PHOSPHORIC AGID
IN ISOPROPYL ETHER-» WASHED

// 8x WITH H20~

25 mi ETHYL PHOSPHORIC
AGID IN n- AMYL ALCOHOL

WASHED 6x "WITH HpO.

2ml n-AMYL PHOSPHORI

ACID IN Bup0 - WASHED
8x WITH H, 0.

2ml OCTYL PHOSPHORIG AGID —
IN BupO - WASHED 8x WITH
DIETHYLENE 6GLYGCOL

2ml n-BUTYL PHOSPHORch
AGID IN Bup,O - WASHED
8x WITH HO

=

2 ml I1SOBUTYL PHOSPHORIC
ACID IN BupyO - WASHED

8x WITH HpO. ]

J : |

. Fl6. 2
TITRATION GURVES OF SEPARATED
DIALKYL PHOSPHORIC AGIDS

|

5 10

ml 0.0966 M NaOH

15 20

MU705 164781
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the tributyl phosphate had occurred; it had not progressed as far as the

‘H2BuP0h,stage,

ITII. EXTRACTION BY DI-SUBSTITUTED ACIDS -

A. Effect of Substituents

Each of the separated di-alkyl forms whose titration curves are shown in
Fig. 2 was'used to prepare a series of mofe dilute solutioné of the acid in the
same solvent. Portions of each of these diluted solutions were then equilibrated
with equal volumes of U233'tracer in 1.98M HNO3° 'After equilibration, aliquots
of each phase were removed; plated; and the numbef of alpha-counts present
determined by the usdal methods. The data thus obtained were used to calculate
E, the distribution ratio of the 33 between the organic and aqueous phases.
The results of these experimenﬁs are showﬁ in Fig. 3, where E id plotted oh a
log-log séale against the HR2P04 copcentration in the original organic solvent
phase. The amount of diethyl phosphoric.acid available after the separation.
process described in the first section was too small to permit preparation of
a series of diluted solutions. A single experiment indicated an E value for
U233 of about 0.06 when 00631g HEt,PO, in n-amyl alcohol was equilibrated with
the 1.98M HNo3 tracer solution

In addition to the dl-alkyl acids which were obtained by the batch extractlon
methods described; a sample of diphenyl phosphorlc acid was tested for its
extractive effect on U233, and the resulting curve is also included in Fig. 3.
This diphenyl phosphorid acid id a product of Dow Chemicél Company, and isra
plnklsh solid which is soluble to about 0.12-0.15M in dlbutyl ether at room
temperature. A saturated soclution thus prepared was dlluted sllghtly w1th more
dibutyl.ether, and an aliquot was titrated with standardized sodium hydroxide°
. The titration curve oétained showed but one break9 the titre'corresponding to

en H QPO&'concentration of 0.107M. This stock was further diluted to give the.



[

UCRL-861
Page 13

FIG. 3
EFFECT OF VARYING ALKYL PHOSPHORIC AGID GONGENTRATIONS
ON THE EXTRACTION OF U?® FROM 1.98 M HNO,

10 — T 7T T T T T T T
n H(i-Bu), PO, IN Bu,0 i
- SLOPE = 2.00 _ . -
HAM,PO, IN Bu,0 HO,PO, N Bu0 -
SLOPE = 2.4 -
SLOPE = 1.9
HOC, PO, IN Bu,0
Lo b SLOPE ¥ 1.97 —
E - _
R -
Pr PROPYL
Ol fer Bu BUTYL ]
= i-Bu  ISOBUTYL —
~ Am  AMYL -
- 0c  0CTYL 7
= g  PHENYL 7]
i HBu, PO4IN Bu,0 Bu,0 DIBUTYL ETHER’
/* SLOPE %2.06 7
y HPry PO, IN ISOPROPYL ETHER N
. - “SLOPE = 2.00
0.0i PR/ S T W I R ] | S I |
0.00! . o0l 0.10
ORIGINAL HR, PO, GONGENTRATION (M) IN ORGANIC PHASE
' MU 706

162791
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series of solutions equilibrated with the 1.98M acid U?BB tracer solution.

Comparison of Fig. 3 with the distribution coéfficients of the acids_thém—
selves (Table Ii)freveals the following likenesses and differences:

(a) The dimocﬁyl phosphoric acid is the most efficient extractive for uranium '
as might be predicted from the very high distribution 6f the acid into organic
solvents from wéter,solutionég the only surprising featuré being that the observéd
difference between its effect and that of the others is not gféaﬁer than iﬁ_iso

{t) On the othef hand, dibropyl phosphoric acid; ﬁhich apparently haé a low
distribution into dibutyi of di-isopropyl ethers, is almost as effective an -
extractive agent for uranium as dibutyl or diubctyl phosphoric acids.

(e) The effecfivénéss of the amyl versus the isbbutyl forms as uranium
extractives is in the reverse order from the distribution of the free acids.

themselves,

Some of these effects might pdssibly be explained on the basis of the size

of the complex molecule formed.

B, Eguilibrium Extraction Conditions

It would seem reasonable;, as a first'assumption; to suppose that the experi--
ments whose results are plotﬁed in Fig. 3 involve only uranyl ion, dibutyl phos-
phoric acid, hydrogen ion and perhaps nitrate ion. On this basis; a general

éxpression might be written:

T ey N0, p (U0,) (NO.) (BuPO,) + zH (1)
%00, "+ y NO3™ + z HBu PO, = 05) (MO,) 0,), + @

 [(wo),(m05)(Bupo, ) i) (2)

K
- (w0, Y0, o,
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If it ié now assumed:
| (a) That all of the complex ion goes into the solvent layer,
{b) That concentrations can be substituted for activiﬁies,
Then:s _
K = E (H)* o )

(N05™)" (HBu,P0, )

log E = log K - 2 log (H+) +.y log (N037) + 3z log (HBuZPOh) (4)

In the experiments of Fig. 3, no appreciable~amount of free (H+) was produced

as a result of the reaction, since the uranium was present only in tfacer amounts

(0.00013-0,00032M) . Therefore, the‘hydrogéﬁ”ion and nitrate concentrations could

be considered ag being constant, and the slope of the lines of Fig. 3 should

equal "z% in the equations above. It will be seen that tﬁié value was essentially

tWo for(all the di-substituted acids'tested in dibutyl ether carriefs° - |
sting dibutyl phosphoricvacid as a prototype for the series, an experiment

was then run to determine whether or not nitrate ion was involved in the reaction

mechanism. A series of‘U233,tracer solutions was prepared in which the acidity ”

was held constant at 0.05M HC10,, and the Na' concentration at 0.5M. In these

solutions the N03= concentration was varied from 0.0 to 0.5M; the anion strength
being balanced by corresponding changes in Cth== concentration from 0.5M to 0.0.

Portions of these solutions were theh equilibrated with equal volﬁmes of 0.00235M

HBuzPOI+ in dibutyl ether; and the distribution ratios were again obtained by

plating and counting aliquots of each phase. These E values are graphed against

- the nitrate ion concentration in.Fig. 4. In this experiment, the nitrate ion is

the only varying quantity, therefore; it would appear that "y" of Equation 4 is.

equal to zero and that nitrate ioﬁ.does not enter into the reaction. On this
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FIG. 4
EFFEGT OF VARYING NITRATE CONGENTRATION ON THE EXTRACTION
ofF U%*® BY HBu,PO4 IN DIBUTYL ETHER FROM 0.05 M_
' HCIO,, CONSTANT IONIC STRENGTH,SOLUTIONS.
'o_ I T T T 1 T T 17 T T T T 1
t— 1 ’
VS 0.00235 M HBU,PO4 IN BuyO
10— ° Zi ' ° —
n ) AN ]
E : .
— —
0.l | | 1 I S [t IL 1 | I 11
, 0.0l - 0.10
. ORIGINAL NITRATE (M) IN AQUEOUS PHASE
‘ MU 707

164801
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basis;, Equation 1 would then reduce to:
U0’ + 2HRPO, = (UO,)(R,FO,), v 2H (5)
2(aq.) 2772 W 2%(Buy0)  (aq.) |

The next step was to test the hydrogen ion dependence of the reactioﬁ. The
results of the experiments on this point are given in Fig. 5,' Disregarding thé
lower curveé for the moment; the uppermost line represents an experiment.in which
y233 solutions were prepared with the‘total nitrate concentration held at 3&
and the H' concentration varied betweenierand 3M, the difference in the amount
of cation present being made up by lithium ion. ‘Portions of these solutions
were equilibrated with 0.0188M HBuzPOL in dibutyl eiher; and the distribution

233

coefficients for the U were determined as usual. In this experiment, the
hydrogen ion is the only variable, and. the slope of-abproximately minus two found

| for the upper curve of Fig. 5 then corroborates Equation 5 as being the equilibrium
reaction for tﬁe extraction of uranyl ion by dibutyl phosphoric acid in dibutyl
ether carrier solvent oﬁt of aqﬁeous'solutibns containing one molar ér higher

initial nitric acid,

The qualifications r;lade in the last statement should be noted, since it is
evident from the other curves of Fig. 5 that the simple mechanism shown in
Equation 5 does not hold at lower acidities. Before discussing this point, it
might be of interest to calculate the equilibrium constant K for the conditions
where-Eduation 5 does apply. This has been-done for the.dibﬁtyl phosphoric acid
system in two ways: (1) by using the data used to draw its curve in the constant
acid, varying HBuQ'POl+ situation of Fig. 3, and (2) from the varying high acid,
constant HBuzPQA curve of Fig. 5. The results‘of these calculations are given

in Table III.
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FiG. 5 )
EFFECT OF VARYING AGIDITY ON THE EXTRACTION OF u 233
BY HBuaPO4 IN BupO (GCONSTANT NITRATE GONCENTRATION )
10 T T T T T T7TT T T TTTTT
- 0.0047 M'HBu, PO, IN Buy0 .
- . —— —
- vs HNOgz-Na NO3 -
00047 M HBu, PO, N
[~ IN Bup O vs HNOj3- LiNOy -
0.0188 M HBu, PO, IN
Bu,0 vs HNO5-LiNO
+o - or SLOPE 22.00
o . ]
- * -
.-

E \'
Ol — 1ok —
= 0.00235 M HBu,PO, i
_ IN Bu,0 vs HNOy- NaNOy ]
L o
" 0ot Lo Lot 11yl R
0.0l 0.1 1.0 10

(HY) CONCENTRATION (M) - MU 708

164811
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Table III

Calchlation of K for Equation 5, Using Dibutyl Phosphoric Aéid»Data

Experimert T log (HBugP0,) 21log (H') 1logE  logK K
Constant (H') 5,257 0.594  -1.481 4370 23400
Varying (HBuzPOh) o 5.098 | L <1.464  4.228 1§§oo
| 4.848 . 19 4249 17700
L.656 v (-0.720 (4530 (33850
e {;0.9A6 {;.304 20100
4.303 " -0.49h  L.403 25250
. 4.052 Cn 0236 4410 25650

Average K = 23300 ¥ 4300

Constant (HBuPO,) 3.452 0.000 1.128 4,580 38000
Varying (H) " 0.352 0.825  4.629 42500
" 0.603 0.500  4.555 35850

" 0,797 0.390  4.639 43500
" 0.955  0.212  4.619 41550

Average K = 40300 = 2700

., , The variance between the equilibrium conétants calculated fof'tﬁé mean .
Qonstanﬁ_(Hf)-data and mean constant—(HBu2P04)=data probably indicates the:_
incompleteness of the assumed simple equation for representing the.eqniliﬁfium
system. The equilibriuﬁ reactionmay involve another constant which will explain
the deviation from second order (H') and'(HBuzPOh) dependence as the acidity

is decreased below one molar. The appreciable deviation in the higher acid

data represents the available accuracy in reproducibility of equilibrium conditions.
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The data of Fig. 3 may be similarly used to calculate the K values when the
“other di-substituted acids are used to complex uranium in high acid solution.
This has also been done, and the data are summarized iﬁ’Table IV. In thesé cases,
a single vaiuev(at E.= 1) was taken from each curve to use in calculating the K
values shown.
Table IV

Approximate K Values for Eguation 5
(Calculated from data of Figure 3)

Acid log B 2 log (HY) -2 log (HRPO,) 1logK K

HPr PO, 0.0 0594 - 3580 417 14900
HBUPO,, o 3.820 L.hlh 25900
H(i-Bu),PO, ™ " © 3.658 4.252 17850
HAm,PO,, " " 3.940 L.534 34200

H PO, " " 1,086 4,680 46750

H oPO, " " 2.852 3.446 2790

C. Extraction at Lower Acidities

Fig. 6 shows the change in E when varying concentrations of HBuzPoh were
used in dibutyl ether amd n-hexane as extracting agents for U233 tracer solutions
in various strengths of nitric acid. It will be seen that as the initial acidity
of the systemé with dibutyi ether is decreased; a change occurs in the slope
of the line from approximately 2 at 1.98M HNOB to 3 at 0.06M nitric acid. 'In the
n-hexane systems, the slopé is almost 3,'even when the nitric acid concentraticn
- is 1.98M. 1In other wﬁrds, at lower acidities iz dibutyl ether systems, and
_even in moderately high acid concentrations in n-hexane systems, the second

order dependence of the reaction mechanism on hydrogen ioa concentration has

o
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disappearedg and Equation 5 apparently no longer holds as the sole reaction
taking place. | |
Since the nitrate dependence experiment (whose résults are graphed in Fig. 4)
was done at.a low acid concentration, it still seems safe to eliminate nitréte

ion as a possible reactant at low acidities. The hydrogen ion dependence was

checked several times in the 0.03 > 0.6M (H*) range.- The first- series of
y233 test solutions to be made was prepared using NaN03 and HNOB, varying the
proportions of each so as to maintain a constant ionic strength. This series of
aqueous solutions was tested with two different concentrations of HBuQPOh in
dibutyl étherg and the resulting changes in E with acidity are shown in Fig. 5.
Since these curves did not have a constant slope as anticipated;, it was thought
that the fault might lie in the fact that the activity coefficients of NaNOB
and HNO3 are not identical throﬁgh this range. A fresh series of test U233
tracer solutions using HNO3~LiN03 combinations gave the same type of curve
however, as will also be‘seen,in Fig. 5. Commercial n-~butyl phosphoric acid
(the mixture of H2BuPOh + HBuéPOh) also gave the same type of curves when tested
against these constant nitrate ‘solutions (results not shown here)°

It is difficult to write a single reaction which will account for these
observed facts; i.e.; the third power dependénce on HBuZPOA concentration, no
involvement of free nitrate ion, ‘and a hydrogen ion dependence which apparentlj is
approaéhing zero at IOW»aciditiés. A nunber of possibilities were tested; none
of which gave a satisfactory explanation.

(1) Presence of carbonatéz If substantial amcunts of carbonate wefé present
in the NaNOBwHNOB and LiN03=HN03 series of solutions used for the varying H'
experiments of Fig. 5, this might account for the low E values observed since

this would complex uranium in the aqueous phase. Tests on the nitrate salts

used did reveal the presence of small amounts of carbonate, particularly in the
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NaNO3 series, However, calculation indicates that even assuming 0.1M H2003,
at 0.03M H' the concentration of.HCOBB will be lOmég and of 003: will be less
than 10”9ﬂ° Since the effect on the slopes of the curves of Fig. 5 apparently
starts even at much higher aciditiesglthe concentration of the carbonate ions
present must be far too low to‘bevqf consequence. Tdos the assumption that
the competitive action of carbonate was causing the low E wvalues of Fig. 5 would
not account for the third power dependerice on HBﬁQPOh seen in Fig. 6.

{2) Hydration of uranyl ion: This might cut down the effective concentration
of uranyl ion if the hydrated form did nct complex with butyl phosphoric acid.

Suttons studied uranyl ions in perchloric acid seclutions and determined that

the probable hydration reaction at pH 2 was:

. 200, + H,0 = U0 U02++'+ " (K = 1.24 x 107°) (6)

2 3

Assuming this reaction,to hold at 0.03M acid (pH = 1.52), the‘(U03U02++)/(Uozf*)2 .
ratio is 0.0015. In other words, if the trécer“uranyl concentration is 10“4g,
the‘concentration of hydrated form is 1.5 XflOcllg which represents far tooc small
a loss of uranyl ién to be of any significance.

(3) Complexing of uranyl ion by nitrate: The data of Fig. L would ‘indicate
that no uranyl is being tied up as a nonwextractablé uraﬁylmhitrate complex.,

(4) Dissociation of dibutyl phosphoric acid: Since it would seem probablé
that the uranyl species present is not the cause of the anomalous behavior noted,
consideration was next given té the properties of the alkyl acid. Kumler and
| Eileré rep&rt a value.of 1.72 for the pKa of HBu2P049 and this figure has been
’foughly confirmed_by titratioﬁs and pH ﬁeasurements made du}ing the present -
work. The fact that the alkyl phbsphoric acid is only a moderately sﬁrong one
would mean that: (a) both Bu2P04” and'unionized HBuQPO4 would be present at

'lqwer acidities, and (b) free hydrogen ion would be produced by the dissociation
. ' /7
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v of the complex1ng acid so the actual acld concentratlons 1n the experlments of
Flg. 5 would be hlgher than the nomlnal values .This latter effect wonld-move
the more~1eft=hand pblnts,of\the lower curves. of Figf 5 to the right; and the

flrst effect would perhaps account for the tendency of the equlllbrlum reactlon

to assume a zero dependence on (H )

Bu 2P0 L

+ U02++ ='U02€Bu2POh)2

Both of thesereffects would help explain the shape of the curves of Fig. 5 in a
qnalitative way, although they would not do so for the third power dependence on
- the HBuzPO cbncentration as shown in Fig. 6. Also, calculation indicates that
. the amount of free hydrogen ion contributed by the dissociating acid is a small
amount and inadequate to do much in straightening out the upper part of the
curves of Fig. 5. | _

- {5) Effect of acidity on alkyl phosphorlc acid extraction: If the ionized
"form of the butyl phosphoric acid is non-extractable, the apparent dlstrlbutlon
‘of the complexing agent into the organic phase should change as a function of

 the acidity. This was checked by equilibrating 0.707M HBu,PO, in dibutyl ether

. with aéueous’phases‘containing varying anounts of nitric acid° Aliqucte of

- each phase were titrated at this point, and the balance of the aqueous phase was
'tthen-extracted with fresh dibutyl ether. A}iquots of these organic phases were
‘then titrated. Blanks were also run, using dibutyl ether and the nitric acid

~solutions alone. These data permitted calculating the E value for the HBu,PO,

in twc different ways, first by taking the difference'in-the-titre of the equili-

' “brated’aqueous"phase‘andfits.HNOB.contentraS'representing the HBu2POL present,
\and,Secondly, by.aséuming'that;the second dibutyl-ether.phase.contained substan»l
--tialiy all cf thquBuzPOh which hadfbeen.ieft‘in the'aqneous phase of the first‘

equilibration.” Both methodsjinvolved taking the differences between large

’
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numbers, as well as the application of substantial blank correctidns for HN03

‘at the higher-acidities,~str’ﬁhis reason, the values shown in Fig. 7, where the

distribution ratio of HBuzPO is shown as a. function of"theeoriginal a¢id concen-

4
tration in thé'aqueous phase, are oﬁly approximate. " They do indicate that the -
hydrogen ion concentration hés‘a definite effect on the amount of dibutyl phos-
phoric acid.pfesent in- the aqueous pﬁaseo “Howéverp attempts to use this as an
explanation for the 1oﬁ;acid uranium extréétability behavior have been unsuccess=-.
ful. " At the present time, it would appear thatlsuch an explanation cannot be

given. VA“éurve showing the calculated percent ionization of HBu2P04 as a

function of acidity is .also included in Fig. 7.

D. Stability of HBu,PO,

Samples of HBuzPOL in dibutyl ether were 1éft in contact with 2.75M HNOB
solutions for vérying periods. "None showed any evidence of a second break in
their titration curves updn being titrated; even after more than three monthé'

time.

E. Extraction by Monobutyl Phosphoric Acid

When monobutyl phosphoric acid’(HzBuPOh) was suspended in dibutyl ether or

n-hexane; and the resulting solutions equilibrated with U233 tracer solutions, -

~ the extraction of uranyl ion was found to be essentially zero. However; when

the "3 x Bu20 washed? équeous layer of Fig. 1 was treated with‘n—primary amyl

alcohol, it was found that.the resulting organic layer gave good extraction of
_U233, Mopbbutyl phosphoric_acid‘was the only one of the monoalkyl acids. thus

prepared, and only preliminaﬁy studies have been made on its reaction mechanisms

with uranium.
Fig. 8 shows the éffect of varying H2BuPOh.in n=amyl alcohol on the éx-

traction of U233 from 0.06M HNO, solution. Fig. 9 indicates the nitrate ion
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. dependence of this system to be‘zefo, as with the dibutyl form, and Fig. 10 gives

the experimental results of tests for the hydrogen ion dependenéeﬁ Again, the
low acid behavior seems to be different from the picture when high acid solutions

are used. In the latter case, iﬁ seems probable that the mechanism is simply:

.

_++ ‘ ) + ) F :
U0, ¢+ H2BuPOh = U02BuP04 + 2H ‘ - (8)

The acid depéndence data of Fig. 10, while admittedly incompleté, would seem to
indicate that the full Second power dependence on (H+) is not arrived ét until

the initial HNO3 concentration is well past one molar.

F. Extraction by Tributyl Phosphate

Ellison;, Ferguson, and Runion,2 while studying the use of fributYl phosphate
fof'recovering uraniﬁm'from metal waste, concluded from their data that a solvent
éolublé éomplex férmed and that it "--- apparently inﬁolves two‘moles éf-the
sélvent and appafently two moies of nitric acid per mcle of uranium.? M’oor,e3
‘studied the complexrforming reaction directly,‘using 20% tributyL phosphate
L He set the pr§ba51e réactidn as beingg'_
++ ]

Uoz(aq.) + 2N03(aq°) + 2TBP(orgo).= (UOQ(NOB)2(TBP)2)(OPgO) | (9)

K =7.7 at 2500,

' Berkmanh ;eported éboutvthe same time that two TBP molecules were involved perA

mole of uraniﬁm extractéd,‘but had not cbmpleted his studies_on the nitrate ion
or nitric acid roles in the mechanism at the time of the report.

Figs. 11, 12, and 13 give the results of some tests which were made during
the present study to determine the TBP? the hydrogen ion and nitrate ion dependence
of the TBP-uranyl ion reaction meéhanism° The methods used were those employed

33

in the experiments already described; i.e.; the distribution of t‘racer”U2 was

/
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determined in each case from a series of solutions in which one component only
was being varied.

o Some of the experimental points obtained show considerable scattering, but
Figs, 11_énd 12 would éeem to corrobofate the second order TBP énd zero»ofder
hydrégeh ion dependence indicated by Equation 10. The reaction with nitrate
ion, howevér, may be partially a function of nitrate concentration, as is indi-
cated in Fig.>l3.- In this experiment; a constant slope was not obtained when
the dlstrlbutlon ratlo for U233 was plotted against the melarity of nitrate
present in a ser1e§ of constant ionic strength, 0.05M HCth solutions, Admittediy,
the exact position drawn for the upper part of the curve is somewhat arbitrary
but it would appear that the slbpe is approaching 2 at the higher nitrate con-

centratlons as would be called for if Equation 10 is correct.

G. Effect of Anions on U233 mxtrac tion

| Since uranium must often be recovered from_Solutions‘of an ﬁnknown nature,
it was of ihterest to determine the effects of various anions on the extraction
of ﬁranyl ion by dibutyl phosphbric adid in dibutyl ether. A series of ’U‘“’3
tracer s@lﬁtions containing known anountsvof'various anlons was prepared, and fhe
uranium distribution coefficients determined after the series was equilibrated
with 0.0094M HBu, PO, in dibutyl ether. The distribution coefficients found are
givén.ih Tébie V. |

The low E values found for some of the systems would be of practical value

Jif it was de51red to recover uraninnrfrom an ovgan;c layer after lt had been

TR PR o

complexed by dlbutyl phosphorlc acld
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‘Table V

Effect of Anions on the Extraction of U233
by HBuzPOh in Dibutyl Ether

Aquedus Layer -  Organic layer. (E)

0.534 HNOg 0094} HBu PO, in Bu,0 ~ ~25.8
10.5M HAc Kl 23.6
0.03M HNOs - , .
0.5M HC1 " 0.85
0.03M HNOg

0.5N HoS0, - " 0.42 .
0.03M fiNo3 - : -
0.5N HqPO, - n | . 0.068
0.03M 3N03 |

0.5M HF noo 0.034 \
OoOBM HN03 ' . ) '
0.5) NagCOq " o 0.0011

- This table is rather a poor representation of anionic effect since the

‘ pH varies from 0.276 to greater than 7 in the various solutions. - However, ore

may get a rough indication of the actual effect on E by-calculatingfthe.pH'from

the acid disso¢iatibn‘constants and making a suitable correction to E. -

H. Extraction of Plutonium
The results of some very preliminary expe£iments using Pu(IV) tracer afe'
preéented in_Figs,rlh and 15, The former_shows the effect df varying.HBuzPOh
concentration on the extraction of ﬁlutonium, ard the latter the effect of
varying HZBU?OAO In the case of thgﬂ@ibgty; Ehosphoric écidé two_diffgfent 
solvent carriers were used, each being tested with Pu(IV) tracef solutions of

different HNO, strength.
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IV, MISCELLANEOUS
A few qualitaﬁive tests were made to add to the general observations
reportéd in 'UCRL-585. Dibﬁtyl phosphoric acid in'amyivaicoholiwill remove all j
of the color from the‘aqueous phase when it is equilibrated with an aqueous gold
solution; and; does not produce a}preciﬁitate when used with é pféseodymium

solution. The mixed butylvphoéphoric acids in Ooh%'concentratidn in tertiary

~amyl alcohol gives an E value of about 2.3 for y?33 out of 0,13M HNO3° This is

approximately the same value ag was found, and previously reported; when benzene,

n~hexane; dibutyl ether or n-amyl alcohcl were used as the carriers.
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