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ORGANO~PHOSFHCRUS COMPOUNDS FOR SOLVEST EXTRACTION

C. E. Higgins, ¥. H. Baldwin and J. M. Ruth

Surmary:

The influence of the structure of phosphate esters on the distribution coefficient
of uranium betwsen soclutioms of these estersz in carbon tetrachloride and aquecus ni-
trate solutions has been studied., Esters of secondary alcohols showed higher distri-
bution coefficients then primery alcchols. Phenyl esters extracted less uranium than
alkyl esters, end the presence of other negative groups also resulted in less extraction

Compounds containing carbon to phosphorus bonds gave higher distribution coeffi-
cients than the corresponding esters, and the distribution coefficients incresssd with
the muwber of such carben to phosphorus bonds. Tributyl phosphine oxide (with three
carban to phosphorus bonds) showed high distribution coefficients with many salts,
inciuding uranyl ritrate, uranyl sulfate, uranyl chloride, thorium nitrate, plutonium
(IV) nitrate and some of the fission products in nitrate solution. It is planned to
study these and similar compounds further.

INTRODUCTICHN

Bxtrection with organic solvents has proven s valusble tool in the separation and
purification of certain inorgsnic materials. The formation of coordination compounds
between the solute and solvent yeguires that the sclvent poseess structural groups
capable of coordination, such as oxygen comtaining groups. Some solvents known to
possess this abillty to coordinate are esters, ethers, alcchols, sldelydes, ketones,
ard those containing nitroe groups. Additionsl requirements on physical and chemical
properties, such as wvolatility, ioflammsdbility, viscosity, etc., may limit the use-
fulness of many organlc compounds thet have the necessary structural ehar»cteristics
ag far as extractlon alopne is comcermed. ;

The earTiev methods smployved for the extraciicn of uranium from nitrate solutions
reguired the use of salting sgents to drive uranyl nitrate into the orgenic solvent
phase. The wpg of-nitric acid ag a salting agent in auch & process has significant
advantages .over metallic nitrates, but requires thet the solvent be stable toward reac-
ticn with this scid. Tributyl phosphate is an orpanic ester of an inorganic acid that
poesesses high stsbility toward reaction with nitric scld and has a high affinity for
uranium and other source and fissionable materisls. Development work has been extensive
with tributyl phosphate because it is commercially available, and it does have desir-
eble properties. The present work was underiteken to study the behavior of tributyl
phosphate and o sesk other compounds that have more desirable properties. The phos-
phate molecule has been modified by preparing oiher esters that have different con-
figurations in the organic shaine and by connechbing the organic chains directly to the
phoaphorus rather than through the ester linkage. :

The tertiary butyl sster of crtho phosphoric acid has been sssigped the structure

?%59
Q e P a2
f f
Chﬁé 0 CpHq

;nd is kmown either as tribubtyl phosphste or simply as butyl phosphate. Partial esters
‘of phosphoric acid likewlse are known. The monobubtyl eater of ortho phoesphoric acid

in which there are two iomizable hydrogens is kmowa sither as monobutyl phosphoric acid
or monobutyl phosphate. Similarly, the dibulyl ester is kmowa al ther as dibutlyl phos-
phoric acid oy dibutyl phos;hatec ; ' ,
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, The ester im which one ester linkage has been replaced by a butyl group linked
carbon to phosphorus is known as dibutyl butylphosphonate having the structure

0 (31@9

|
¢ Jp—— P —3
Cz,,H9

C‘aﬁ9

This is the dibutyl ester of butylphosphomic acid having the structure
0 E |
B —— P —=0
Cy g
The acid in which two butyl groups are linked carbon to phosphorus is dibutyl-
phosphizic acid with the formula :

,CL:_H9
Bo— P — o
CyEqg
The butyl ester of this acid (butyl dibutylphosphinate) is represented
Cully
A S
ChHg éhﬁg

When all three 1inkages of the butyl groups are carbon to phosphorus, the resul‘ting
coxpound is tributy.t phosphine oxide,

cuty.
CuEg—P = 0

t
CpEg

This compound can result from the oxidetion of tributyl phosphine.

s
Cuflg—>

Chﬁg
- The trislkyl phosphimee are basic compounde that form salts with acids in a manner -

similar to tertiary amines. However, the tertiary phosphine oxides show nome of the
basic reacticms in agueous solutions Lhat are exhibited by the tertiary amine oxides.
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EXPERIMENTAL

An organic phase (5 ml) comsisting of 0.75 molar phosphorus compound dissolved
in CCly was equilibrated with 5 ml of an aqueous phase that contained 0.1 molar uranyl .
salt with or without a salting agent. The standard nitrate system conmtaining 0.1 molar
uranyl nitrate and 0.6 molar nitric acid was selected because tri-n-butyl phosphate
extracted sbout 50% of the uranium from such an aguecus phsse.

The two ph&sea were eqnilibrated by tumbling end over end in a conmtant temperature
bath (25 + 0.2° G} for 30 minutes in glass stoppered cemtrifuge comes. The stoppers
were greased with fluorocarbom lubricant. At the emd of the turbling period, the tubes
wers centrifuged immedistely, aliquota were removed from each phase apd submitted to
tze Analytical Chemistry Division where the analyses wvere usually completed within
2k hours.

RESULTS AND DISCUSSION

Extraction with Phosphates -~ The trialkyl phosphates preparsd from primsry alco-
hols extracted about the same amount of uranium under the conditions of the test {sse
Table I). Fhosphates of the normal alechols (n-propyl, n-butyl, aad n-amyl) snd of
isobutyl alcohol extracted 5% to 5% of the uranium. Tristhyl phosphate extracted less
uranium, but this is umdoubtedly due to the greatser solubility of ths ethyl phosphate
in water giving sm effectively lower concemtration in the organic phase. Phosphates
of the secondary alcohols {secondary propyl and secondary butyl) extracted a signifi-
cantly grester amount of uranium in the egquilibration (68 and 72% respectively).
Insufficient data are avsilable to distimguish the contributisons to be expected from
steric effects and from electronic effects,

Phosphate esterﬁ containing electrom atirscting groups showed a decrease in the
extraction of uranium. This is shown by the resulte cbtained with dioetyl phenyl (11%
extracted), octyl diphenyl {0.%%), butyl diphenyl {44}, and triphenyl phosphate (0.004%).
Likewine ths chlorine atom in trichiorosthyl phosphate acts as an electron attracting
group, and this solvent showed an sxtraction of omly 5% of the uranium.

Tribenzyl phosphate, in,which the phenyl group is farther from the phosphorus
atom, gives better extraction tham triphemyl phosphate (17.5% compared to 0.004%).

Tertiary esters that comtained ether groups in the side chain, butoxyethyl phos-
phate and two ethyl butoxyethyl phosphate, extracted less uranium than did tributyl
phospha"te {(2%%, 33% and 549 respectively.)

© Compounds containing carbon to phosphorus bonds im the molscule are listed in

Table I1 and compared with tributyl phosphats in their ability to extract uranium., As
the nuwber of carbom to phosphorus bonds in the molecule was increased, the affinity
for uranium likewise increased so that over 9% of the uramium was extracted from
aqueous uranyl ritrate by the compounds that comtained twe (butyl dibutylphosphinsts)}
or three {tributyl phosphine oxide) carbon to phosphorus linkeges.. As expected, the
presence of nitric acid increased the extraction of uranium by the various compounds
in thie series. Some nitric acid wos extracted zlonz with the wreanivm.

- The compound dibutyl phenylphoaphonaté axtracted wore uranium from 0.6 M HNOg than

did tritutyl phosphute (70% wice 58%). It is of particuler interest to compare the
© behsvior of this compound where the phenyl group is connected carbon to phosphorus with

the phenyl eaters reported in Teble I. Im goneral, howsver, either alkyl or aryl radi-
cals smhance the extraction of uranium when joinmed directly to phoephorus, over those
compounds where the linkage scours through oxygen.
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An approximation of the behavior of the compounds conteining carbon to phosphorus
bonds toward fissionp products was made using irradiated uranium that had been dis-
solved in mnitric acid. The distribution of ursnium (VI), plutonium (IV) and gross
beta and gamma activitlies were measured after the equilibration of 0.75 molar solutions
of phosphorus derivatives in CClg with two sets of aqueous solutions containing re-
gpectively 0.1 molar uranyl nitrate alone and 0.1 molar uranyi nitrate plus 0.6 molsr
nitric acid. Increasing the numbsy of carbon to phosphorus linksges caused 1ncreaaing
extractiom of all companents {ses Table III).

The diatributicn of thpriUm.nitrate between water and CCl,; sclutions of oxygenated
phosphorus compounds has been summarized in Table IV. As the number of carbom to
vhesphorus bonds increased; the extraction of thorinm inecressed. The phosphinate and
phosphine oxide extracted wuch more thorium (7h and 98%) than 414 either tributyl
phosphate or the phoephonate (3.5 and 184) .

The phosphinate and phosphine oxide extracted 16% and 5% uranyl sulfate from
aqueous solution, while the phosphate and phosphonate extracted less than ©.1% (see
Table V). The addition of sulfuric acid to the aqueous phase (2 molar) incrsased the
amount of uranium extracted by the phosphinate to 48% and by the phosphine oxide to
96.84. On shaking phosphine oxide in CCl, with an aqueous phase, 0.1 ¥ in uranyl
gsulfate and 2 ¥ in sulfuric ascid, a third phase formed.

The facility with which the phosphinate and phosphine oxide extract uranium from
sulfate sclutions led to the suggestion that an sstimate of the Tission product ex-
traction be made. D. E. Ferguson of the Chemical Technology Division compared the
Tission product extraction by the pheosphinate from 0.5 molar agquecus sulfuric acid with
the extraction by tributyl phosphate from 0.7 molar nitric acid solution {see Table VI).
Under these two sets of conditions, sbout the same percentages of uranium are extracted.
While the phosphinate did extract more fission products from sulfate medium than the
phosphate did from nitrate medium (by about a factor of § for gross beta), the results
are encouraging and warrant further study of the phosphinste in commection withAeulfate
media.

The phosphinate was found to extract 0% of the uranyl chloride from ap agqueous
U0:Clz solution; the phosphine oxide extracted 90% although sometimes a precipitate was
formed. When the agueous phase was made 1 molar im HC1l the phosphonate extracted 26¢
of the uranium, the phosphinate extracted 92% of the uranium while the phosphine oxide
caused all of the uranium tc precipitate {sse Table VII).

Solutions of three of the oxygenated phosphorus compounds in carbon tetrachleride
were tested for the extraction of organic and inorgenic acids. Tributyl phosphate has
been shown to have a high affinity for organic acids that possees high water solu-
bility and can be used to extract acetic, tartaric, and citric seide. (1) The vhosphine
{1}

EH. R, Pagel, K, D. Schweb, Anal, Chem. 22 1207 {1950).
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oxide in carbon tetrachloride solution was found to extract mot only the organic acids
that were mentioned but also nitric and small amounts of phosphoric and hydrochloric
acide. Again the phosphinate did not extract 2s much as the phosphine oxide but did
extract aome acetic, citric, tartaric and nitric acids {see Table VIII).

Acknowledgment The authors wish to express their apprecistion to those members of the
Analytical Chemistyy Division for their cheerful cocperatlon in analyzing the samples
that were submitted to them.
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APPERDIX
SOURCE _OF COMPOUNDS

Trialkyl phosphates are generally prepared by the reaction of % moles a§ ailcohol
with 1 mole phosphorus oxychloride in the presence of 3 moles of pyridine. 2}  Phous-

—mm&&-ﬂm-vdwo“‘-nﬁuﬂﬁﬁﬂﬁbmncnwnnﬂvﬁﬂﬂ--mm-mm---‘w-ﬁ--u—y&———-—-——*a--#n“‘ﬁ-’auﬂmmm-n

(2) , ,
&. R Dutton apd C. R. Noller, Orgenic Syntheses Collective Volume II, p. 109,
John Wiley and Sons, New York (1943).

O D A G S N s A B U R A ) U WD S A A B S D Tl e A U T WP S AT M S A A SRS SO YR T e 0 A A D Il A S Sl A A M - DO O e 0 A O S Al S M W e A€ A WA R S S o S Y

phates were thus prepared from n propyl, sec propyl, sec dutyl, iso butyl, and n =myl
alechols,

Triethyl z#hosphate and tri-n-butyl phosphate were commercial samples that vere
purified by distilletion in vacuo before use.

Tri (n-butoxy ethyl) phosphate, tri (2 ethyl butoxy ethyl) phosphate and tri (2
chloro ethyl) phosphate were obtained from the Carbide and C&rbon Chemicals Division
of the Union Carbide and Carbon Corporation.

Dibutyl phenylphoephpnate was obtained from Victor Chemical Company.

Ortyl divhenyl phosphate, di octyl phenyl phosphate, butyl octyl phenyl phesphate,
butyl diphenyl phosphate and triphenyl phosphate were supplied by Monsanto Chemicsl
Company. ‘

Di‘out¥l phosphorlc acid was prepared by the alkaline hydrolysis of dibutyl chloras
phosphate

mnnwa—muoe—c&‘mn‘nu*u-d-nm-uu*m-ﬂ ----- N A i S M g iy Aol T S S B R o i PR Y iy ey e SO Yot A «mua‘»,m«-umu-a—umm‘u»-mmvv««-r_u
(3)

W. H., Baldwin, C. E. Higgins and J. M. Ruth. To be published.
- 2 . AR S B s S D - A T N A5 T 0 Al P At W SO kA Al A Al O A A A A 700 Y g S A W AT I S S8 A WD A 2 YA Y A T A

Trl benzyl phosphate was prepared by the reaction of bemayl chloride and silver
phosphate. ‘

Dibvutyl butylphosphol xzﬁge was obtained from the reaction of aadiun dibutyl phosa-
phite with butyl bromide. ‘

(1)
3. M. Kcsolapoff JACS 67, 1180 (19!45)

utyl dibutylphosphinate resulted from the reacti:;m vatwoen bubtyl dichlorophosphsis
and m*‘yl magnesium bromids. ‘

- Gin A X0 S S e W M Y e NN DO 0 M W o O X M A s O S YA s 4 e S . A el s e Al AV et B RS NS N A <3 W D P S O U R NP O T O W I gy A i < O 2 Y G 4 D DR ) S S O 2 0% e XN

(5}
W. H. Baldwin and C. E. Higgins. To be published.

- o A 5 2 oY WY OO - .-‘---"---”uﬂdmwﬂmrwuwwnwﬁ*mwwm@w%mﬂx”mwuwrwmwmﬂwuﬂﬂ—‘wﬂm”w

Tributyl pbosphine 8§1de wasg prepareﬂ by the zcbion of butyl magnesium bromide on
phosphorus oxychloride. ,

- s - - T B A s <A L D MG A g A SO Y SR R T e S A D S D I o > o D LT M S Kk PO A S A A O . A, T A A B AN N T > 0 G i A S

(6)
W. C. Davies and W. J. Jomes, J. Chem. Soc. 33 (1929).
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MECHANISM OF EXTRACTION

It has been shown'by'moore(7) that in the extraction of uranyl nitrate with

-’mn-n-ﬂn-‘wﬂh—O’H-“--.‘wa—&aﬁﬁ—‘uﬁ~~v-st..-‘-nﬁ-’-&--n‘t“l--a—-ﬂa‘—~-~~~~---‘~"lﬂ'~---d-‘ﬂ--‘-m—‘

()
R. L. Moore, HW 15230, Sept. 1949.

A7 30 B0 s o A T S O S TS s N e, V. S O TN > O SO FE T NS AT AN O M 8 ) A T S B S . s S 2 S W S A M e e S s, Aot O

tributyl phosphate two molecules of the phosphste are associated with one molecule of
uranyl nitrate. Furthermore, the phospbmnp oxides have been found to form addition
compounds of the campoeitian

2 HaPO'M Xp

where RaPC represents a tertiary vhosphine oxide and M 1s a divalent cation.( )

TN A Rt W W € DN S G St s Ay P D D S i At S P W BT A N > B D1 AT I A A W M SRS T B3 AR A S ST W WA R M S Nl W e S G WD NS A It Y mu—nmn—vunn&—‘_——aaqﬂ—‘-QmM
(8)
R. H. Pickard and J. Keny on, J. Chem. Soc. 89, 262 (1906).

L 0 D D W AD B ok S W D A W N I > O W s T A S S S s SR VA A o A7 AT 2003 T TS T W W s BT W R s D Ak WA O S A P AT B Y W S S A A e W ML gl S D e A A W S o O S D W A O A e T

The available evidence points toward the formation of coordimation compounds be-
tween the phosphoryl group (= P->0) and a wide variety of salts and scids. The coordi-
nation compounds are stronger in those phosphoryl derivatives that have carbon to phos-
phorus bonds in the molecule and become stronger with more such bonds, The heat of
mixing with chloroform has been used as a measure of the hydrogen bonding abilities of
some organic yhosphorua compoundg . 3) Repl&gemenﬁ of alkoxy gronps by radicals that

are dipscetly bonded te the central stom raises the hydrogen bonding ability, This
finding is in direct agreement with the sxbtraction of uranium as reported in this parer.

Data are not yet sufficient to evalumte the relative influsnce of steric effects
and the electronic effects. Tn the phosphate ssries, the elechronic effects may be
noticed in the greater extrasction of phoaphetss of secondary alecohols over the primary
alcohols. The steric effects are not known in this series. It is anticipated that the
inclusion of other phosphate esters will add valuable evidence, and it is planned to
obtain and test a few more phosphaues‘ ‘

A subject that has received littls attantlon so fzr has been the steric relation-
ships of these materials in solution and the offect of varicus diluents. These factors
ghould recelve additional attention. ~
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TABLE I

Percentage Extractions of Uranyl Kitrate by Phosphate Esters
Orgenic Phase: O.T5 M Phosphate ester in CClg

Aqueous Phase: 0.1 M U0x(NO3)z and 0.6 M BNOs

Ester : Uranium Extracted

%

Tri ethyl : 38

Tri n-propyl ; 54

Tri sec-propyl [ 68

Tri n-butyl 5k

Tri iso-butyl 55

Tri sec~butyl - T2

Tri neamyl ‘ 56

Tri {n-butoxy ethyl) : 23

Tri (2 ethyl butoxy ethyl) : 33

n Butyl diphenyl ) ‘ I

Tri phenyl ‘ 10.00%

Di octyl phemyl 11

Octyl diphenyl 0.3

Tri chlorocethyl 5

Tri benzyl ; 17.5

Di butyl phosphoric acid : 98
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TABIE IT

Per Cent Extractions of Uranyl Nitrate by Orgeno-Phosphorus Compounds

Pributyl phoephate

Dibutyl butylphosphonste
Butyl dibutylphosphinate
Tributyl phosphine oxide

Dibutyl phenyl phosphonate

Organic Phase: O0.75 M Compound in CCl,

Agqueouns Phase:

:Nitric Acid Concentration

TH T.6 W TR
Uranium Uranium Acid Uranium Acid
Extracted | Extracted Extracted Extracted Extracted
(%) (%) (%) (%) (%)
11 56 4 9.5 8
55 97 6 99.4 n
98.5 99.9 15 99.9 1k
- 99.7 99.9 39 99.9 17




Teibutyl
phosphate

Dibutyl butyl-
phosphonate

Butyl dibutyl-
phoaphinate

Tributyl phos-
phine oxide

-G
TABLE I1I

Extraction of Uranium, Plutoniwm and Fission Products

Organic Phase: 0.75 M Compound in CCl,

Aqueocus Phase: 0.1 M U02(NOs)z from dissolving irrasdiated
U slugs in HENOg -~ 6 months cooling

No Added ENQg 0.6 M HNOs
U(VI) Pu(IV) Gross B Cross y |U(VI) Pu(IV) Gross 8
% % % %
17.4 0.7 0.01 0.01 58 6.6 0.07
6k 1.13 0.05 0.13 a7 54 0.72
9 20 1.9 7.9 | 9.9 98 23
99.9 97.3 37 64 99.9 99.8 T2

Cross vy
0.08
1.0

38

T
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TABLE IV

Per Cent Extractions of Thorium Nitrate by Organo-Phosphorus Compounds

Orgenic Phase 0.75 M Compound in CCl,

Aqueous Phase 0.1 M Thorium Nitrate
Thorium Extracted

(%)
Tributyl phosphate ‘ 3.5
Dibutyl butylphosphonate 18
Butyl dibutylphospinate Th

Tributyl phosphine oxide ‘ 98.7
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TABLE V

Per Cent Extractions of Uranyl Sulfate by Orgenc Phosphorus Compounds

 Organic Phase:

Agqueous Phese:

Tribtutyl phosphate
Divutyl butylphosphonate

Butyl dibutylphosphinate

Tributyl phosphine oxide

0.75 M compound in CCl,

0.1 M U0x580,4. Aclid as indicated.

V'Sulfnric Acid Concentration
CM . : 2M
xtracted (%) ] Extracted (%)
0.001% U 0.001% U
0.1 %V 0.03 % U
16 % U 48 % U
(1)
9% %U 9.8 % U

(1) Three phases were
present, two of
which were largely
agueous.
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TARLE VI

Distribution of Flssion Products

Organic Phase: O0.75 molar P compound in CClg

Aqueous phase as indicated

Butyl Dibutylphosphinate : Tributyl Phosphate
0.5 M HpS0, ; 0.7 M ENOs
F. P.* : F, P.¥*
% Extracted ‘ % Extracted
Gross beta 0.06 0.008
Ru beta 0.3 | 0.1
Zr beta 0.6 0.001

Total Rare Earth bets 0.0001 0.006

*Fission products from H. E. W. irrsdiated uranium cooled 100 days.

Date kindly supplied by D. E. Ferguson of the Chemical Technology Division.
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TABLE VIY

Per Cent Extractions of Uranyl Chloride by Organc-Phosphorus

Compounds

Hydrochloric Acid Concentretions

OM 1M
Uranium Extracted Uranium Extracted
(%) (%)
Tributyl phosphate 0.3 0.8
Dibutyl butylphosphonate 1 | 26
Butyl dibutylphosphinate Lo 92
Tributyl phosphine oxide k Q0 : All precipitated

Some precipitate
formed
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TABLE VIII

Extraction of Acids

Organic Phase: O0.75 M in CCly4

Agueous FPhase: Approximaetely 1 normsl acid

Per Cent Acid Extracted

Acetic Citric Tartaric HNO; HoSO4 H3PO, HC1

Tributyl 25 0 0 7 ) 0 0
phosphate ,

Butyl dibutyl- 49 20 20 27 2 3 0
phosphinate

Tributyl 58 39 23 39 o w0 7

phosphine oxide



