~ UCRL-3822

UNIVERSITY OF
CALIFORNIA

For Reference

“ Not to be taken from this room

BERKELEY, CALIFORNIA



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not'
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Ca££2Z 3922

1. The Activity Cosfficient of Plutonium(IV) Salts
' in Acidic Aqueous Solutions.

jff. e II.;‘The Hydrolytic Behavior of Zirconium in Perchloric
R . _ - Acid Solutions

-~

/ S L by /
c o | w1lliam Harry Reas
B.S. (University of Calyfornia) 1943

PISSERTATION

Submitted in partial satisfaction of the requirements for
the degree of

DOC‘I‘OR oF PliILObO PHY

in CLASSIFICATION CANCELLED S2-57

' » BY AUTHORIY OF THE SECLASSIFICATION
Chemlstry - BRANCH USAEC \aJﬂwva
BY. ___é:g7
' : : e S SIGNATURE OF THE DATE
R : : : - PERSON MAKING THE
C e . | in the CHANGE

’-;_fv(- o | GRADUATE DIVISION

‘ ‘ . _ qf the

UNIVERSITY OF CALIFORNIA
1945

‘Approved:

Comnittee in Charge

Deposited 1n the University Library
Date Llborarian

. 500-8,144(1775r) e P




TABLLE OF CONTENTS

 Part I. The Activity Coefficlent of Plutonium Salts in

Acidic Aqueous Solutions.

'I_’_gg_o_
- Sumiary - Part I . < 1
Summary - Part II | o - | 2
Inﬁroductionv . 4
‘fheory of Application of Distribution Method 11
',Meaaure@ent of Activity Coefficient of Pu(ClOs)s
in perchloric Acid Solutions | ‘ 18 |
The Distribution Coefficient of TTA Between
Benzene~TTA and Various Aqueous Perchlorie -
. Acid Solutions - 50
The Solubllity ana Actlivity Coefficlent of
Uranous=TTA Chelate in Benzene-~TTA Solutions. | .52 .
Bibliography- ' 60
/ List of Tables
Table : ' ' | Page
1 = Activity Coefficilents of Pu(Cl0s)4 in
Perchloric Acid at 25° Centigrade. 21
2 ~ Rate Of Oxidation of Pu(IV) to Pu(Vvi) by
8433 x 10~5U NaaCra0y in 0.1124 iiCl0a at
" ca. 23°Centigrade. - ' 39




PABLE OF CONTFNTS (CONTIKUED)

'3 - Rate of oxidation of Pu(IV) to Pu(VI) by
7.4 x 1076 u§30rgo7 1n 0.0466M HCL0. at
ca, 23° Centigréde.' - 40
. 4 - Rate of Oxidation of Pu(IV) to Pu{VI) by
1.92 x 102y HazCrz0, in 0.100H H6104,at
25° Centigrado. . | ' 41
5 - Distribution Coefficlent of TTA between
Benzens=TTA and Various Aqueous Perchloric
Acia Solutions. o 51
6 -ASpectrumvof UK4 in Bonzens and the Validity
of'Beer's Lavr.. : _ - 54
7 - Data on Solubllity of ﬁK4 in Benzene-TTA
Solutions. | | 56
8 - Solubiliﬁy‘and ActivityvCoefficlent of UK, |
in Benzene as a Function of the TTA

Concentration.- _ 59

List_of Figﬁres.
Fi mure Page
1 - The Fxtraction of the Pu(IV)-chelate in
Various Perchloric Acid Solutions. , 24
2 - Activity Coefflclents of Pu(ClO4)a in |

Pefchloric Acild. 34.




.
ﬁ
,q;gtr

oL

 TABLE OF CONTENTS (CONTINUED)

 ~€;:i;"3:;i3 - Rate of. Oxidation of Pu(IV) to Pu(VI) bY'
L eusax 1075w NeaCra0y in o.112m HC104 at
R ;' ca, 23° centisrad°- o |

frfﬁ34 —vRate of oxtdation of Pu(I¥) to P“(VI) by-

7.4 x 10‘6M Na20r307 in 0.0466M HC104. at

ca. 23° Centigrade.

'6 - Activlty Coefficient of UK4 in BenZene—TTA

Solutions.

';'_ 5 - Solubility of - UK4 in Benzene-TTA SOIutions. ;

Pége

42

43
57

o8 -



TABLE OF CONTENTS (CONTINUED)

Part II. The Hydrolytic Béhavior of Zirconium

Perchlorie Acid‘Solutions.

| Page
- Introduction o o | 61
;parivgtion of Equations : : - ‘ 64
Experimental Procedure o | 70
'Eiperlmental Results and Discussion | 77
'i'Biblibgrgphy: o . : | 88

: | List of Tables
"1 = The Relation of the Slope of the Curvs,
- Log E frersus Login(Zrn), to the Number
of Zirconium Atoms in the Zirconium Polymer. - 69
2 - The Hydrolyslis and Polymerization of Zirconium
vin 2M Perchioric Acid at 25° Centigrade. 78
3 = The Hydrolysis and Polymerization of Zirconium‘
in 1M Perchloric Acid and 1M Lithium Per-
chlorate at 25° Centigrads. 79
4 - The Degree of Polymerization of Zirconium
in Aquequé Perchloriancid Solution at
' 25° Centlgrade. 85




©

-

TABLE OF COBTRHDS (CONTINULD)
List of I'igures.

Figure
1 - The Ixtraction Coofficioﬁt of Zirconiun

between Benzcne, Containing TTA at Unlt

Activity, and Perchloric Acid,

Page

81



ﬁi
g
il

ACKNOWLEDGMENT

Yt 1s 4ifficult for me to adoqdately oxprbén ny .

.apprcciation for fho‘guidanco and encouragement given
. to me by Professor Robert E. Connick duriné the course .
~ of this resesarch. His interest in this work led to'han}
'atimuiating discussiona of pertinent nature from which
' many suggestions or nfmoat value were obtained.
Y am deeply 1ndobtcd to Professor Wendell M.
Latimer ror the opportunlty of oarrying out this research.
In addition, I wish to thank Mrs. Rudy COOper.
Mra. Bruoce Maoiood. and Mr. John Fredrickson for their

tochnioa1~assistanoc.

- ¢

i



Summary

' Part I. The Activity Coefficlent of Plutonium(IV)

" Salts in Acidic Aqueous Solutions.

The activity coefficient of Pu(Cl04)s was measured
_‘1n'pefchloric acid solutions. The proccdure used was to
méasure phe exﬁfaction of the neutral plutonium(IV)-TTA
.qhelate into bénzgne-TTA'ﬁolutions at diffcrent psrchloric
acid concentrations. Equations are presented wﬁich show
the relation. of the_extractioﬁ coefficicnts, obtained in
the above manner, to the activity cocfficient of piuto—
nium(IV) pefchlorate. | . |

The activity coefficient of Pu(ClOs)s 1s similar
to thaﬁ of a strong acid, €eZ.s perchloric acid;, in that
its value increases rapidiy winen the percnloric acid con;
contration becones greater than 2ii. |

The distribution'cdafficient of TTA between beﬁ—
zene and aqueous perchloric acid}solutions was found fibst
to decrease slightly and then to increaseltwo fold as the
perchloric acid was varied fron 0.01 to 6l.

The activity coofficlent of the uranous-TTA chelate
in benzene was calculated from the results of solubility
measurements. The values of the activity coefflcient of
UK4 arg wlthin experimental error, identical with the

values of the activity coefficient of TTA itself.




Sumnary

Part II. The hydrolytic Behavior of Zirconium in

Perchloric Acld Solutions.

The polymerization of zirconium perchlorate was
detsrmined in aqueous psrchloric acid solution. The
' procedure consisted of partlally extracting the zirconium
from an acidlc,aqueoug phase into é benzene-1TTA phaée a8
the neﬁtral'zirconium—TTA chelato. |

Seversl equations are presented which are used in
‘the 1ﬁterpréﬁa€ion of the data.

It 1s found that zirconlum polymers begin to form
at relatively low zirconium concentrations, i.e.,
ca. 10™4u zirconium in 1M perchloric acid and ca. 10~3u
zirconium in 2ii perchloric acid. .

The hydrogen ton dependence of the extractlon
coéfficient'of the mononer was found to be necarly four.
This indicates tnat the principle monomeric apecles in .

" solutions of 1 to 2i perchloric acid 1is Zr+4

" Figures representing the experimental data, which
can'be intsesrpreted in terms of the average nunber of
zirconiun atoms per polymer at various zirconium perchlorate.
concentrations, are shovn,.

It is possible to deduce fr=m ths data that a
zirconlum dimer 1s formed. O3ince polymers contalining
- large nunbers of zirconlum atous are also shown to exlst,
it 1s probable that all the intermediate polymers are

formed.




It 1s eo@cluded‘that the écmpoa1t10n of the

higher poi&mérs'approach that of the neutral hydroxide,

| l.e..,' (zr‘(.onu)x. ’




Part I. The Activity Coefficlent of Plutonium (IV).
Introduotion

Any rigorous~trpétﬁent of thermodynemic quantities
‘requires a knowledge of ;he'aotivity ocoefficlents (or the
:eqﬁivaieni) of the épeoies>involved; In the study of oquil-
ibria, potentials, etc., involving plutonium in aqueous '
éclutionAit is of great importance to have a measure of
these quantities. The following dissertation outlines a
method for making such measurémentg and gives the initial
results obﬁéinéd with'plutOnium (IV). The procedure has
bmany'attréotive regtureé and should find extensive.use in
detenmihing'aotivity coefficients of many substances othe:'
fhan piutonium.
| Before discussing the present method of measuring
aotivity coefficients it seems worth while to digfesé'for
a mﬁﬁent to review the possible procedures that might be
used.

_ Aot;vity coefficients muay be measured over a wide var-
fety of conditions. buf to be useful they'must correspond

~ to conditiohs which are of interest in other work. 1In
‘plutonium.chemistry this usually means solutions of moderate
acldity and relutfvely low plutonium concentfation. For
examble, it 18 desiradble to know the activity coefficient '
of 10" Pu(C10,), 1n 1.00 ¥ HC10,. This type of activity
coefficlent, where the salt being measured is et iow con-

centration in a moderately ooncentrated aci solution,




differs from the type comnorly measured and alsd 1imits
the possible experimental methods«

S50lubilit 1» Ono of the moat simple and direct rnethods

of measursmsnt of activity coefficients is by the study of
the solubility of a relatively insoluble salt as a function
~of the compoal;ion'of the medium. This msthod, which.has
been extensively used in the past, yislds directly the asctiv-
ity coofficlent of:the insoluble selt in the most simple case.

If the net reaction corrssponds to
A3(solid) = &% + o=,

we obtaln from tho goluvility tho rolativo activity cooffice
denta of thse salt A3 dissolved in ths solution. Thus the .

solubility product K mar bve defincd ag
*) (5™)s ) (e
K= (A7) (B )y pevp~ = (ATHB7)vE, 5

where parenthosss indlcnto concentrations end v the activity

coefficient of the indicated specieg(l). Relative activity

(1)

I'or symbols and definitions seo G. N. Lewis and i« Randall,

"Thermodynamics”, licGraw-i{ill, New Yorlk, 1923,

coefficientso aro obtained.by canparing two solubllity ddter-
minations for Aifferent solutions. |

In causs the anion is the ion of é weak acld the reac-
tion bacozes

¥ + Ad(so11a) = A* + 1B




If the soluVillty rieasurcments are being maede in the presence
_of & strong acid such as perchloric acid and the activity
coefficients of. perchloric acid and of HB are known for the'v
'-sdlution in question, one may calculate the activity coef-

ficisnt.df the salt ACl0, from the 30lubility as is evident

4
from the expression for the solubility product:
) (Bt vYus A )(Hs)% ‘ |
A Yat YHB YEaC104 YHB
+
(E) g (H ) Y10,

This provides a possible means of obtaining ectivity coeffic-

- lents of 'salts such as poerchlorates even though they may.be'

. very soluble. However,'if_the cation 1s at all complexed

by the anion of the weak acld, theo measurcments will not
vield correct results unless this is corrected for and in
_thé case of highly~charged 1§ns'whére there 1s a strong
tehdenCy_toward compiex fon formation this is a veby serious
1imitation. | |

It seems probable that relatively insoluble compounds
of Pu(III) and Pu(VI) could be found that would fulfill the
above criterion, l.e., not bé_complexed by the anion of the
"1nsolub16 combound under the conditions of thé experiments.
On thé other hand it does not seem likely that such a compound |
could be found for Pu(IV) or at 1easﬁ one that would be at
all practical for such meaauremeﬁts. For example plutonium (1Iv)
‘phenylaréonate which.hds a low soluﬁllity was tried but it was
found that the plutonium in solution was complexed by pheny-
larsonate ion even at very low phenylarsonic acld concentra=

) tions .




ENF lLieasurements - A second useful method of deter—

| mining-activity coefficients 18 by cell measurements. In

the case of élutbnium such measuremsnts could be readily
applied to the Pu(IIX)-Pu{IV) couple and the Pu{(V)=Pu(VI)
couple. If both Pu(III) and Pu(IV) are in solution, one
obtains the rslative activity coéfficients of the salts of ‘

' these two 1lons and the anion present in solution. By having
the activity of one plutonium'species maintalned at a known
Avalug by saturating the solution-&iﬁh an insoluble sait of
that spécies'it 1s'p0331ble in principle to obtain the activ-
ity coefficient.of some salt of the other plutonium spocles.
'Ho suéh meaSureménts have been carried out but the activity
coefficlents of Pu(III) salts might be measured using pheny—
larsonic acid to malntain the activity of the insoluble
plutonium (IV) "phenylarsonate at a known value. In dilute
minefal acid solutions, such as 1 M HGlO4, plutonium(III)

is probabli'nof complcxed 5y phenylarsonate ion, although
this point would have to be checked. Tne net reaction, using

a hydrogen electrode for the other half cell, would bet

, |
Put? » 2H2A8030635 = PulAs0g0gls)g (so11a) + 1/2 Wp + o

To obtaln activity coefficients of a plutonium(III) salt it
would be necessary to know the activity coefficients of
'phanylarsonic acid and the mineral acid. If the solution
were kept sétgrated with phenylarsonic acid, which 1s only
moderately soluble, only the activity coefficient of the

mineral acid-need be knovn.



(2)

Resin Exchange licthod - G. F. Boyd and coworkers

(2)op. 7, Schubert, CH-1873, p. 15, January 1, 1945.

have introduced an ingenious method for measuring the activity
coefficients of salts which makes use of cation (or anion)
exchange feéins. In a cation exchange resin there are positions
which ban be occupled by positive lons. The competition of two
different positive ions such as Na - and Pu0;+.for these posi-
tions may -be used to mcasurs roelative actiﬁity.coefficients :
-of the salts of the tﬁo 16ns.v'The resﬁlts are interpreted in
terms of an equilibriuwn between the‘ions.in adueous solution
and the ions in a solid soiution in the resin, the actlvity
coofficients being assuned to be unltﬁ.in the s0lid phase.
Thé method seems applicabls to Puo_’g+ but so far camnot be used

3

readily for put? ana Pu'® as 1t 1s found that the behavior of

+3 and +4 lons 13 not rcversible at least in the resinsg now

amployed(a).'

(3)7, schubert, CN-1873, .p. 35-47, January 1, 1945.

Thero are many other methods for measuring activity
‘coefficients, nowever the mcthods cited above togelher with
the method proposed tolow appear to qffer'the most promlse
in determining the activity coeiricients of plutonium in its
various oxldation states.

'Distribution Mothod = The method which appears to us

to offer the most promlse for deteruining the activity coof-



3

ficients of Pu."'4 directly and those of Pu+ » Pud; and Puog+

'indirectly is that of distribution measurenents between an
organic and an aqueous PHESE . this 1g the method waich has
.been tried in the folloylhg work. |

The melhod’1s en oid one and one which at first sight.
:does,not appeab too pronmising. The chlef difficulty lies in
-finding some reagent wiilch will make plutonium(IV) partially
oxtractable into a non-aquoous'phame yot not complex it in
the aqueous phase. 4n 1nitiai search was made for 3uch a
reagent in 19495 but nbne was foﬁnd that offéred any promise.
No; long afterwardsAa promising possibility was uncovered when
(4)

Calvin' = domonstrated the ability of trifluoracetylacetone to

¥

(Q)M. Calvin, CNé2486, D. 2, Decenber 1, 1944,

chelate puts

vand render 1t extractable into benzens ond other
organic phgses. Howevor 6n testing this reagent it was Tound
that it,partially coupl exed Pu+4 in the aqueous phase wien
uscd at concentrations sufficicntly high to glve partial ex-.
traction of the Pu(IV) into benzene.

Soon several derivatives of {rifluoracetylacetons were
prepared by Calvin and Reid(s) and one of these was shown by

: (6) | _
Crandall and Thomas ~~ to have the requlsito properiies for

= ) v
.(O)J. C. Reld and iie Calvin, MDDC-1405, Auvgust 1047.

(G)H. W+ Crandall and J. R. Thomas, CN~373%, p. 5, liarch 3, 1947.

A

the determination of activity coefficlents of Pa’, l.0., 1t
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a1d not coiplex ?u+4 In an aqucous solutibn under conditions
vhare 1t would give partial extraction of Pufé into the
organic phascs

| The distribution method is particularly suitoed to the
study of radioactive substances in that traco amouhts of mater-
ial may be used just as readily as macro smounts. This follows

from the fact that the dlstribution ratio is indepsndent of
+4

the concentration of Fu ~ as long as there is no polyaerization

in either phase.



Theory of Application of Distribution Hethod

-In'the practical application of the distribﬁtion moethod
to,ﬁhé measuremsnt of activity coefficients it 1s nscessary
to make_scvordl simplifying assunptions and these must be
Justified. |
The equation for the equilibrium distribution of plu-

" tontum{IV) between an aqueous phace and a beﬁzene phasé nay

‘be written: | : |
Pu+4(aq) + 4IK(b) = Pm'{4(b) + 48 (aq).
The symbols (aq) and (b) designate the aquoous and benzone
phases reSpectivcly, whille HK is usecd to deéignate the ketone.
The above equation muy or may not represént ﬁheuactual'net
»reactipn taking blaco._'If the Pu(IV) is partiaily compléxed
vby.thé ketone 1n'the,aqueous phase, the above equation is
‘ notvc¢rrect. However, as has'been previously mnentionad, an
extracting apgoent shpuld be chosen such that plutoniwa com=
ploxing in the aqueous phase is negligible, and we shall
. assune fbr_furfher burboses bf discussion that a ketone
has baen selocted which‘dbes not complex'thé Pu(IV) apprec-
i1ably in the aqueous phane. |

| 'If the Pu(IV) 1s cowplexed in the aqueous’phase by
~ other negatlive lons, again our eqﬁation does not represent
‘the not reactlon. _Hdwever, thermodynamically 1t 13 possible
to go ahead 2nd v3e the sguation and include any effects
~of thils sort in the variation of the activity coefficiant
of the Pu{IV) salt. (of coufseﬁﬁhis 13 not a necessary

procedurs and in many caszss of strong coaplexing, one would



I 4

want to treat 1t ssparately). Thaen we may write the equilib=-

‘rium constan :

oy gt
- (Puxy)y, (H )aq,YPuKA:Y§+

4 4 4 )
(Pu ) (HK)b pyt4 Yux

Parenthésisvindicate concensrotions ﬁnd v Indicates the
activity coefficl@nt of the'designated specles. If the con=-
céﬁtratioh of MK in the benzene lnyer is maintained at a low
Avélue, Henry's Law should apply to this solution and the
~actlvity of HX and Puk, in the benzene should be proportional
‘to thelr respective coﬁcentrations. The activity coefficioents
vof‘;hes specles should equal wnity 4if the usual standard state
i3 uscd. Haking use of this fact and mulblplying thc nuner=-

: ator and denoAinqtor of the equation by Y= where A~ is an

anlon present i the aqusous phaso we obtain

t

K = '-x/!.) (H )’ " {“" a"r‘\ ' | (3)
u.* . . 4 . )
(m y(ux 'Y,Puwé "®
or:
- {rag, )(H")4 'ﬁ.% o ' .

K = . =i - (3)

(P ()4 4.5 |
: L,

I the activity'coofficifnt of ths aclad, HA, is Imowm for tho

4

_pavtioulﬁr sclution Loing inveutlpaied, only the valuas of K

and 4, A ars nob dlisutlg muosurable .  IFreow gcasurcaents
—LJ 1‘

at two or ore sots of eoniitions one may limedlabely celculatbe

rolabive volnos of e N Tor thiose coviiiblons.
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'inlbrdctice 1t‘1é convenlent to use very low concen-
.””trations of plutonium and ketone in the aqueous phase in
"order thnt thelr premsnce should not affect the activity of
the-acidvﬂA. 8ince thas ketones used in this work are much
&ore gsoluble 1n benzene than in water their concentration
1n fhe aqueous phase could always be kept small. Then; for
tha common acids. data on activity coefficients in the liter-
"ature for pure HA solutions may be used 1f thore are no
Aother substmces present to an approciable extont in the
éduebue phase. In a few cases data are available on the
ectivity coefficlents of mixtures of different aclds and .
mixtures of acids with asalts, such as HC1l and NaCl, vhiech
'bare applicable to activity coefficisnt dotermlnotlons of
plutoniam in such systoms.

Standnbd Stnte = Activity coofficlients are moasursed

feiutive.tO'n standard state and in order to dtain a value
for an activity coofficient thils standard state vwst be de-
fined. Tho choice of a standard state is arbitrary but, in
general ,  In aqueous solutlons 1t 1s choéen to be such that
vthe activityxcoéfficicnt approaches unity as the concentra=
tions of all substances present in solution'approach infinite
dllutlon. In the cémo of Pu*4 such a standard state ia un-
~ sultable bec;use it 13 not ponsible to have solutiona of Put?
~ whlch are near infinite dilution with respéct to hydrogen ion.

This arises from the facl that puté

undergocs hydfolysis at a
relatively high acldity. Since it does not appear feasible

to extrapolate ectivity curves of za(IV) salts to zsero ionic



'ctrenéth;'it scotng wiser Lo reﬁefihe-tha gtandard state so
~that 1% can be roached experimentally. This argunent of
cpufsa aypplics to 44 ions in generﬁl. Therefore the stan=
dardfstate-for pluﬁouium(IV) will be chosen ‘such that the
rotio of the activity of Pu(Cl0,), to its concentration, in
'-a-so;ution of unit concentratlon of perchloric acid, approa=-
ches unity as the plutonium concentration approaches zero.
Thua the activity coefficient of Pu(C10,), 1s unity in a
faoluﬁion'of porchloric acid of unift concentration and at
'very’lbw plutonium(IV) concentration. Perchloric acid has
boon choson because it 1s bolieved that éompioxing of Pu(IV)
by 0102 i3 less than wlth any ¢ther coummon enion.

‘:,'Onco the activity-coefficisﬁt of Pu(ClO4)4-has besn
’fixed'by the ébove definition of the standard state, the
adﬁivity coefficients of all other plustoniwm(IV) sélts are
determinable in eny solution. Thus, if the activity coof-
ficient of'Pu(ClO4)4 has been detsermined for é particular
solution, one can calculate the activity coefficient of PuCl4

by the following equation:

v , 8/5
tpucn. T YtPu(Clo ) Yayeq : (4)
4 44 L 8/s -
1HC10,

14

where all activity co=fflicients refer to thae particular solu=-

. tion being investigated, Thus 1t is nacessary to know the

“activity coofficients of hoth FACL and liC10, An %Lhe m rbticular

4
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golution which will in general contain 2 mixturs of clectrolytes.

~In only a few cazes are such data available.

The fixing of the stanudard 1Lq“ﬁ of Pu(ClO4)4 aitomnti-~
cally fixos tho ocbivity coofficienis of all cotiaanre plubonium(IV)

salts and thus constitutas the stand~r»d state Tor nll Pu(IV)

)

nﬂlta.' In rany casen 1t will not he cusy O oot.in aculwi“"
4.,

coofficients in tormn of u‘f atandara sL\Lo Lecaouse of tho

lack of duta necoasary %o convert fron porchlovic zcid solu~

‘tiona to olher solutions. In such caseos it will probably be

convenlent to define a ney atandard stale sinmilsr to thoe one
in porchloric acid. Tor coxouple AL activi bty coefficients

of Pu(IV) wors moasu?eﬁ in nitrlc ascid solutions & standard

’guate covld bo chnaon ot it concentration of nitric acld

and at vanishin;lv small plnfoniuw(!d) concontration., Since

only relative values of actlvity cosfficients ars of interest

in thermodynamilca, such a procedure will not caanse trouble

as long as only data bosed on the szme standard #ate are

uscd together. Ilowovor, 1t should olways be born in mind

that the single standar® stnte 1n perchloric acid in theory

" guf'ficens to fix the acltivity coefficlents of all plutonivm

gnlta,

4

- Comnloxing and HwAdvrolwals - Distribution measuvrements

care well adapted to 72 wmassuronsnt of coaplexing of ions.

The most conveniant nrocedvrs o8 applicd to plutOnium'woqld
be to have Pu+4 dissolved in novehloric écid which 1s belleved
not to coaplex Pu+4, énd to dActeimlne the offcct on tho dis-
tribution cocofficizant of adiing'vnrioué ainnoints of sovic roagcnt

which coaplexzecs plutonluwn. From thse data it isg poscible by



cl:méhﬁary mnethods to calculate the average number of groups
) attacﬁed to a-i’u+4 in sach complei. In cafrying out the
Cxpérimcnts care muct be takon not‘to change the medium
sufficiﬁutlﬁ to elter tho activity coefficients of the vaf—
-ious specles.: Thus one would keep the lonic strencth con-
stant, otc. The above methnod, using fluorina“>d diizstones,
prbmises'to be a very powerful ftool in the study of the éom—
plexing of ions,

_ﬂydfolysis ié off course a speclal case of complexing,
'so_would be freated as adbove. The distribﬁtioh‘method should
be Poad11y~applicéblé in this caze to most +4 lons, bLut 1is
dlfficﬁlt to apply 1n the case of pluionium bececause of oxi-
dation ard reduction interferences. This polnt is discussed

at lenggh in the cxperimental results of this paper,

.Activlty coefficisnts-of pu{Ifl}, Pu(V) and pu(Vi) -
The dlastribution proccdurs outlined avove furhishos the activ-
ty cocfficient of only the +4 state of plutoniwn. The simp=—
lest method of obtaining that of the +3 state appears to-be |

e

by coll measurements of the Pu'® - pu? couplo. Thls couple
1s'rcadily reverslbio. I'or megsurcments in perchloric acld
collﬁ of the following typs can be used:

auz putd, putd, HC10,3 35134, Hot PG
By keepihg the plutonium concentratlon low the llquid junction

potonltial becones nesligible. 1Mo equation for the potential

Fl

is:
4 -
+? 7+ Ar. . ~ “
] o (Pa™ M) Tron(eroa) s T o
];1 — }'.Q L ata l -— R-ARY] (-_L
=T s gE AN ey 5 ; ()
’ s &Pu‘%) .- P‘l/2

Trufciog), g

16



s
o,

| Knoujno (from the distribution mea-

Ytn0104 nd Y“"m(clo )y

RO ’ SU”“ﬁ“nb ), a1l the other quu fitioc are msagsurable excapt

- yosMiey nan the 8 \ m the cdata.
Yi?u(ClO4)3 * 1 then be caleculated from he data

Activity coafficionts of the +5 and +6 state are tho

deterningble by equiliurium measuremonts invoelving plutoniun

“in its various oxidation statss. FKor example lhe +6 activity

. coefficlent of Pu(VI) in percnlorle acid'may be obtained from

. the equilibrium

i}
a0 + shut? = 2eu® 4 puoft 4 4’
= - (8)
- 8 3 | 8
K = (Pu 3) (Puo )t ) Ytpu(Cqu)g YiPuOn(ClO4)2 VEIC104
o | (put4)® 715 .
; ZPu(C104)
" The activity coaf'ficient of Pu(V) may ve determined from the

' equ+*§yz 'm involving all four oxidation stafes.

+4 +3

fu © + PuOO = Pu02 + Pu v.

17



Measureemt of Activity Coofilcient of Pu(ClO4)4

in Pecrciloric Acld Solutions.

9ha first wetlviiy coeffieclent messur-moents of Pu(IV),
vaing The disfributlion method, have bacen med~ vith perchloric

seld soluitions at 25°C. The “etons vhvich was vsed 1o noyle

13

&
trifluoracctonoe whlch will be ahbrovinted %o TTA. Ths formiula

ia

TOA I a pele yollow rold? at room tamnoratnre which molts at
2°Ce It 1sselightly soluble in water (D.033 # ab 259C), but

vuich more so in benmone (ca. 5 moles per literi, whlch 1ls thus

O

roanic phnse waed in thio mezagurenents.  Other orgonle asolver e

4

conld nadonbtzdly be uwesd In place of benzene an thaz chalaias
ars roadils cotinetad by many organic ligquids, The -obone 1

y .

Adstiibabod heavily in favor oif ths bonzone rhnco, the distyri-

wuien rotic velnn ot 2LYC Tor dilute hydeochdloric neid and
7y,
low lobong concenbration :
+
(), e s e
re lere LAY TUA e il ond U U F RESMAVAN
Al
(wi)
Aoa i (.,'\)
% - -,
e o4 2360 (7)
RN :
' (aq)
o
()
in QTL0D ave 14 amicols an oo hyrrotc .

pm L ocia ladented to Tr. J. €. Reld for ths preparation of the @

Ta
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Tha TTA forms chelate.compounds with matal ions by

J et

“eoordinating o oxysens to the metal ion in tho following

mannand

"Prcuumably'thebe is resonance of the carbon=oxygen double
'bond'between’tho two.carbonyl groups, with simultaneoﬁs
aLifting of the ¢arb0n~carbbn doublovbond. The plutonium
chelate speeies which is oxlracted into benzenc conulats of
f Pu*é with four 1WA lons coordinated to it to form a neutral
molcecule.

The.extont of extracltion of the Pu(IV) cholaie into
benzene from ﬁorchlgricAacid solutions was measured in the
following manncr. A perchloric acid uolution contaludng

Clle 10~G

I Puliv) vas stirred sechanically withh an egual
volune of benzene containing 1ii. 7The distriovuation of
plutonium(IV)~waé acasured by aliquoﬁing voth phases, mount-
ing these uliquoﬁs on.platinwn plaﬁes, and counting them 1in
an alpha.counter. - These measurements were continucd until

equilibriuva was cstablizhed Lsobween the two phavcs.

Establishuent of Ton=couploxing of Fu(Iv) oy W04 in

Lousous Phnse = In order to suow thab the Pu(iIV) in the aqueous

~ N & - gt . . -
razss was unconplexed by TwA, cxperisenta wers perforaed at
the saue perciloric veid concentration vat at differcnt TTA

"

ricy of expecrinents tias ionie

Iy
<

Qs

ceoncsntrulions. In suciy o

streugth reucined coustent and consegusiybly the activity



coofficients of lons rcmnined nearly constant so it was
possible.to.maasure the dependence of the extraction on

 the ketone concentration. 7Thuz, 1f the reaction
Pu}’;q‘-n(_aq) + (4=n)1EK(b) = Puk, (o) + (4=-n)u*(aq) n= 0,1,2,3,4.
. represeﬁts what occurs in the two phase systom, we may write

= P S (e

4 e
2 (pugy )
=0

(aq)

'The:extraction cbefflciept, L, as deflined abbve, 1s the con=-
‘_bentrat@onvof Pa(1v) in the behzene phase divided by the total
'fu(IV) conpentration in the aqueous phase. Tho value of E ia
~measured exﬁsrimentally in thc.extraction experiments.' A8 a

matter of conven1ence the roilowing equétions weres used in
'  1n£arprot1ng the results'of these dlketone dependence exporb
inients, The equilibrium conatants for the above reactions

aro

| mutg) ) i M
n “+4+-n +4d-n
(PuK,, ) (K ()

n= 0'1’2'$’4¢ (9)

The pérsntheses here repfesent concentrations which may be
used~in place of activitiee»sincs the sctlvity coefficlents
remoin nearly constant when only the TTA concentration 1s
variod in a series of exberiments. (In the experimonts at
highést TTA concentratidns it was necessary to make a cor—

rection for the changc of the activity coofficient of TTA in

the benzene phasel). Therefore
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+A¢-
G (}’111{4)“) .(H+) =

(Puh ) = (10)
hn(uﬂ)

[Lmn

substituting the noove equaticns into the equation for the
cxby nctlon coafficient, nquqtlun 8, and perfomilng the

indicatzsd cperations onc finds -

h ¥ n(rac’ ™) (11)
n
q.log 1 -4 -9 :
d log (HK] 4 - 4 +a-
HY, €104 3 (PuK ™)
0
or
4 lor E =4 = ) =2f, =3f, ~4T 12)
a log (LKT + 1 2 ~ifg ~y (
H, clo4

veees ave the Cracklons of ihe Pu(IV) ions

whqre fj"fz’
. = +3 R 4 .
xiabing in solution an Puk ~, Pug, , Puh3 and HuK4. Plere=

fore, If the IOgnrit m of the extraction coefticiont io plot=
taod against tho lognritlun dF the HWketonﬁ concentration, the
slope of the curve will rcpresent the A ketone dependencn snd
.fherofofe the aVefagQ numbef of dikcﬁdnc ions attached to each
Tu(IV¥) ion in the agquaons piase. If thsrd 12 no appreciable
complering of pa(IV) by @ in the aqueous phase the 3lope
'Aéhould be +4.

QlL]n 16 waa ﬂ"‘v"vmﬁ in the ahove (ynhxlian» that ther
was no CO“p] xinb of Pu(IV) in the aqueous pha.e by ClO4 or
0™, the sane type of ecauvzulon for tho dependence of ths ox-

traction coefficient would have bLzen obLtained if ulieas effects



l'ﬁera not neglected. Thus we may generalize the extraction

| reaétion tos

+4-m-n- p

- pux_(0H)_ (c10,) + (4-n)HK = PuK,+pCl0Z+mH0¢ (4-m-n)H*

C(Pux,) | B

E = ' - ' :
Tr Y el
m n 7 (Puky (OH)m(0104)p)

(Thé.chnfge'on the plutonium ion in aquadus sélutién‘hqs been
omlttod. from the 1ast equation to. simplify the writing) The
‘ fol]owing equilibrium constants may be defined:
(Puk,} (C107) P (Hg0) B (m*) F4m D

o\ Fé-n
(Puxngou)m(clo4)p)(nx)

(14)

Km,n,p =

Activity'coefficiénts have been omitted as the equation is to
~bo npplied to solutions of the 1dentical composition excepb
for the ketone concentration, By the same methods used in

the'above derivation one obtains

PEDID H) (C10,).)
‘dlog E mn p n(Puky (OH),(C104) 5} (45,

d log (HKJ H, 0104 | %%% (man(OH)m(Cl%)p)

I

=4 - E;:jé:j;:n fm.n,p

where fm,h,piié the fraction of the Pu(IV) 1h the aqusous
phase which 1s comﬁlexed‘by n diketonate ions, m hydroxlde
lons and p perchlorate ions. Again, if there 1s no 601plex-
ing by diketone in the aqueous pha e, the plot of the logar-
ithn of the extraction coefficiont versus the logarithm of

the ‘diketone concentration at constant perchloric acid con-

£



centration should dbe a etfaight line,with;a'slbpe of +4.,
The extraction of Pu(ZIV) chelate into benzens as a

function~of the TTA concentration was measured in various

pénchloric'acid solutions. The perchloric acld concentration

was varled from 0.186M to 6.21M. In all cases 1t was found

' that in a glven perchlorie acld concentration the diketone

dopendence was fourth power within experimental orror, The

results bf-these experiments will be found in Figure 1.

| Inspection of Figure 1 reveals that even though ﬁhe‘
experi@ental,points are,well represented by lines of slope

four the data could also be fitted by lines of slope some-

what less thén four, .g., J3.9. Since these measurements
(7a) . |

" were made, Zebroski has determined the velue of the

(7a)  E. Zebroski, BC-63, July 1, 1947

iﬁamﬁlexing;constant

( ??"'LIK.+3 ) (H“‘ )

e +4
{Pu )(nx)aq :

for the reaction

+ 3

¢ I o= px™® + ot
He,fqund'a'valuo of ca. 75 for 1M hydrochldric scld.

vMQVey(7b) has estimated from cell and distribution

23



0.4
P ° C?
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=4} ®
le)
~ -004 ?
-008
-1.2
1 1 L1 L ] 4 [ ] i !
-2.8 -2 6 f2.4 -202 =240 -1.8 '1-6 -1,% -1.2 -0
‘ log (TTAly ‘ i

The Extraction of tne Pu{IV)-chelate im Various Parchlorie Acld Solutions.
 These acidities, from left to right; are: 0.1852, 04373, 0,473, 0.745,
‘00946’ 10491’ 13863’ 2.235’ 4;545, and 602150

+7



(7o) WeH. ¥Vey, Thesls, University of California, 1947

neasurenents the ffact;on of plutonium(IV) which exists in
the form o a chloride complex in 1M hydrochloric acid. If
the assumption 1s mado that the perchlorate icn does not

complex pluleaium(IV), 1t 1s then po~sible to cstimate the

+e in por-

" equilibrium for the formation of Pu 3 grom Pu
chloria acld solution by correcting Zebroskll's value for the
fraction of plutonium which ie present as PuCi+3. The recult
of this éalculation indicates that approximately eeven nercent
of the plutonium in sdiution oxists as the Puxfz species in

M perchloric acid under conditions viicre the extraction ’
cqefflcient i3 unity. The activity coefficlents of Pu(0104)4
vers ealculated in such a fashion that the correctlon due
tb;complexing nearly csncelsout. The values of the extractlon
v_éoefficieﬁt uged in these calculations were obtalned from -
Flgure 1 by reading the TTA concentration necessary to give
Van‘extraction coefficlent of unlty, and then calculating the
'extraction coefficlent at unit concentration of TTA using

a fourth power dependence. If all coefficlent changes are
ésaumed to be gmall over the range‘of scldity covered 1n

the experimenté, the fraction plutonium(IV)'complexed by

TTA in the aqueous phase would remain constant at an extraction
éoeﬂficienﬁ Of unity and the correction for complexing would
vanish since only relative vaiues of the extraction coefficlent

enter into thoe determination of the activity coefficlent of

Pﬁ(0104)4 . If actlvity coefficient éhanges.are allowed for,



it ia-predicted that the frabtion complexed remﬁlns nearly
conqqut from 0.2 to 111 perchlorlc acld and decreases, if
‘anythinu, above 1ﬂ purcaloric acid:% Tharefore the correction
for complexing 1s believed to be snall under éll conditions,
"aspecially°hinca the extraction coefficlont enters to only
the one-fifth power 1n the determination of the mean activity

coeffioient of Pu(ClO )

) *it-can be derived that the perceatags eorrection.to tho
extraction coefficient 1s to a very close approximation pro-
portional to the expressionx |

3/4

*Pu"“* B

Y
PuK+3

"Thla quéntity shbuld renain nearly éonstant from 0.2 to 1.6M
perchlori§ écid; sinde éctivity coefficlents are generally
consﬁant in this region (as shown by the activity éoefficienta
- of Pu(ClO4)4‘gnd 2!0104 )f Above lm_perchIOric acid this ratio
should be lntermodiaté between:

3/4 S 3/4

m+4 ) YPII+ 4

3 | - 3/4
Yt Y outd

This~f1rst quantity 1is lmown to decrease as the perchloric
acld concentration increases (see later) vhile the second
quantity 1s of course constant. Therefore Y / / YPuK+3
vwould be expected to decrease slowly and the correction for

complexing'would decrease at acidities above 1M.
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In the experiments at hicx TTA coﬁcantrationo 1t was
 ne0essqry‘to appiy-a correction to the measurod extraction
coefficients beecaunze of vnriatioﬁs 1n the activity coofficlcnta
‘of TTA and the plutonlum chelate in the bonzeno phase. In _
deriving equations 12 and 15 it was assumad that the activity
céefficientg of TTA and PuK4 renalned constant in a series of
'exﬁeriments at constant aciditye Actually, abovo 0.02
(TTA in banzone, the nctivit&\coefficient of TTA decreases
bal oy unid ”(?). . aueh exporimsnits the mengured oxbrachion
- ecooificlent wan corractod to the veluc it would have had
1f tue YH& had been unity, assuming a fourth-powcr lrotons
depondence.,

The variation of the activity cocfflcient of FuY4
chever, as discussed in a later goction, the variation of
the acllvity cocfficient of UK4 with 1TA concentration ini
benzens has been determined. It 1s believed thaﬁ the activicy
coeffiéidnt of Puk, & would vary 1h a slmniler manner and this

asou wntiad hns beon vp,; lod to the data of Figure l.

¥ The concenbratlons for all specles in thils paper are
either expf@ssed in molos per 1 tcr of solution (designated

by 11) e¢r in moles per kilo-gram of water (designated by m).



The ﬁlottcd éxtﬁucticn cocftricionts are those that would
havo bgen meansured if the actlvity.coofficiont of PuK4
- had boen unity. Doth thias corrcction and tho one for the
TTA»activity wora smoll oxcept at thé highest TWA concon=
trationq. ‘

in equation 1¢ tho general case of comploxing by
€10z und hyu*oxi“a was asnuwnd. It would in piinciple bo
po:oible to detornino tha ”ourco of complexing of pPuliv) -
by those Lona by messuring tho cxtraction cosfficisnt cos
oniy tho.cloz'or only tho OH concentration was varisd.
“Sinco tho ectivity ¢ o~fficinnts of tho various iona arn
unlmorm it wonld be nccossary to vork undor conditions
vharo thoy ram 1“ﬂ< noorly consiant, 1.0e, abt constont
1onle strengdhe  Thus, to dotornino ths oo”w]a"ing by 0H°,
mensuremonis could bo mada of ths exmtracitlon coofficd ent
In mixtﬁrbﬁ of 11010, and L10104 at conatant CIOZ conean-
tvhtioh.~ It 1a planncd Lo male such moogarexncnts in the

nonpe fubturo. Coaplewing by 610; presente a movo Aif{iecudt

-problone. Ko anlon 18 known which would be expocted Lo havoe
airnificantly loss tondeouey to conplex pubd thon (107, Thus
in teying to Hantaiﬂ coantant ioniec strongth wvhilo varyging

tho ClOZ'ccncmntraticn 1¢ 13 ncceusary to add arn onicn which

provatly haa a greater tondency thon CJ.OZ

2an(Iv).

Leci

<y 1
t"

§<l
-~

O

J
—iy

colutions = Tn thoe atscuco. of inComiatiun on tio couplexing

of 7u{iv) bw CluT cnd o™ 1% 12 convoentont Lo adopt Ui
D

to couplor plulone

- ——— . ————— . b

Prielnbn of Ma(0l0,) . du poverlecic feld
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. cOTmIon oxpediont of lunpiny 211 such effects in the actlJity
coofficienut The not r:action for cxtraction ia Lhuq written
asi. |
put4(aq) + HK(b) = PuK&{b) + 48%(aq)

Hére the symbol put? represents the total plutonium(IV) in
, tﬁe‘qqdeoﬁs phase oven though part of it wmay be conplexed
'bjjcmz or be hydrolyzed.

| The equilibrium constant.for this reaction 1s:

‘ 4 2 | :
(PuK/_t.”H*) Y-.LIIClOg: Y PuKy e (5%) vt11c1o4 ypuk, (16

-
-—

"
(Pu+4)(mc) Y—Lpu(clo4)4 | () € "HK T1Pu(C104),

Ke

and the lowering of tho activity of Pu +4 due to any perchlo"ate
pOmplgxing or hydrolys;s will appear in 71Pu(ClO4)4‘ This ia
the basis upon which the activity coeffict ents of Pu(IV) per-
chlorate hava been calculated.

In this paper "the activity coefficient of Pu(0104)4 at
unit concentration €10, was taken as unity in accordance with

‘the chosen standard state. Thus wo may write for 1 M HC10g4:
_ /s

: 8 ,
4’4 (HK)4 YH{

This equat;on serves to define the thermodynamic equilibrlum
constant K. Then in any perchloric acid solution the activity
coefficient of Pu(0104)4 is glven by the expression:

: 8 —1/5
| "+pu(01o ), = E ot V41104 YP’*‘KA (18)
- K (HK)% vfig !




K|

In equatlon 18 the concentrations of hydrogen 1lon
land TTA(HK) are known, and the volue of E 18 daetermined
'experimsntally.- Therofore to calculate activity coofw
ficlents of éu(clo,) it 1is necesgary to know the value of
K and tho activity confficients of HK, HClO4 and Puk,. The
activity coefficient of TTA has beeon measured and activity
coafficient data for parchloric acid wore takon from a papsr

. by R. A+ Robinson snd 0., J. Baker(e). The activity cooefflc-

(8).

‘Re A. Robinson and 0. J. Baker, Tran. Proc. Roy. Soc.,

' New Zealand, 76, 250, (1946).

ient of PuK, has not been moasured however, as previously
mentioned, the activity coofficient of UK, in the presonce of:
TTA aﬁd benzene l:as been determined. The assumptlon 1s made
that the activity coefficient of PuK4 i1s identical with that
of UK4.

The value of K, the equilibriun constant for the extrac-
tion reection, is calculatod by equatlion 17. It has been fowmd
that K is cqual to G,OG?IUG when all concentrations are mea-
sured in holes por li*ter of solution and all nctivity coef-
ficiénts are bassd on the correSpdnding standafd atates,

The values of the activity coefficlent of Pu(Cl0,),

are presented in Table 1. The first column gilves thé concen-
tration of peréhloric acld expressed in moles per 1liter of
901u£ion and the second column lists the same quantity ex-

pressed in moles per 1000 grams of water. In the third col-

unn are tabuiated-values vhich the extraction coefficient



Tuble 1

hAetivity Coefficients of Pu(ClDL)L in Perchloric icid at 25.00 C

(KC10,) (8C104) E%, : /)/i M TC10, (7/1 14 HC10 /F)i i _ ”’7; A
moles/1 moles/lOOO.g. H,0 o ' - . Pu(ClDL)A : Pu(C19, ),
0.1863 0.1824 1.45 x 1019 0.7856 . 0.7793 | 0.818 n.361
0573 0.320 1.23 x° 209 0.7726  ' "t 0.7661 0.856 0.894
04473 ougs  4e65 x 108 0.7845 0.7686 . . 0.863 2.398
05 0.7 7.5 x 107 - 0.l 0.7918 0.926 2.949
0,945 0.991 a6 x 107 - D,8570 9.8211 0.969 0.985
1,491 160 3077 x 10° 1.004 049469 ©l.24 1.233
1,553 2,037 .56 x 102 1.162 o 1,066 1.548 1.578
2.236 2.488 6.43 x 10 C 14360 1.223 1.930 1,840
4345 5,386 5.2 x 10 4u452 3,664 13.75 12,99
6.21 . g2 50 x 12 20,89 15.14 83.9 42



g

4would_havc had 1f the activity of TTA and PﬁK4 had been

‘unity. iz e values %ere calcu1uted‘from the déta of Figure
'.i assum1ng a fourth pover dependenée of the extraction co-
~officiont on ketons concentration. All concentrations and

Cactivity éoefficients used in caleculating E° wero based on

concehtrations expreased';n moles per 1iter of solution.
Columns four and five list the activity_coafficienﬁs»_

of perchloric ac1d for the moles_per'litér basis and the

moles par 1000 grams of.watér basis. The two quantitics are

rolated by the expressions

| - T HC104 (HCLO4) 4 (19)
Yen HOl04 T T, THCI04) |

wiere H and m designate the respeclive concontration systems

and dpg is the density of waber at 25°C relative to the den;

aity at 4°C.

In columns six and seven are glven the mcan activity

coefficients of Pu(ClO4)4 on a moles per llter basis end a

moles per 1000 grams water basls. The values of Y4y VOTO
calculated using equation 18 after substituting E°:

, = B _(H )" vy 1_13104 | |

The value of K was obtained by graphical intorpola-

‘tion of the E® values at 1 M HC1l04 "and substitution into

equation U with Yy = 1.

The values of ¥, were calculntad in a similar manner.
Valuss of E° ponverted to é_mo]ea per ‘1000 grams of wvater basis

with;réspegt to ‘the concentration ofquf4 in the aguoous phase



. found to be F.?i 1;.
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were. calculated fron the expressions
L | +4

bt
‘g‘)“"‘ .

m

5 (Pu

ul = "u'ffll ( Pu (21)

.EO

. W | e o+ '
Tha relation beitween the concentiration of Pu 4 on a

" moles per liter bacia and a moles per 1000 grams of water

. boagis ias

(ra*4),  20% a (uc104),

o= v (22)
+4 :
(Pu¥@)_ - 10% + (HCl04) W

‘whera 4 is Lho denalty of the solution nt 25°C relative to
. wator a% 4°C and W 13 the molecnlar woight of psrchlorle

‘acid. Ths ratio of concentrations of plutonium in the two

syatems is, of course, the samo as ths ratio of concentrations
of perchloric acid in the two systems.,

The valuoz of EY were plotted and the valué at 1 m HCLO4

~ interpolated. This was substituted into equation 20 with all.

values expressed in the moles ‘per 1000 grams of water systom'
and the value of Km calcu1ated, letting Y+1 m h6104 equal

unity Values of Y+n vere then culculatcd for othnr per-

_chloric acid concentrations using .this value of Km which was

' The valuss of VtM and A gy OF Pu(ClO4)4 are.plotted in.
Fipure 2, ' '
’ It is ihtéresting to calculatehéhe limiting slope of
‘the~§ctivity éoefficient curva ébtaincd for Pu(0164)4 from the

‘Débje - Ilckal law, According to this law tho activity ébef—

ficlent of a salt at 25°C as the 1on1c strength approachcs

Zero is

log Yy = - 0.500 Z 72 - . ' (23)



1 _ |

- 00

1.0 R0
TM orVm

‘ Figure 2.
Activity Coefficients of Pu(ClO,).
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Tharaefore ao the lonile «frﬁwf‘x,/u, bccovnm Vaﬁishimgly guall’
- the =zlope of une.w,tiviuy coofficiont curve {log Y vs.ﬂZW
be%omcs ~0.505 Z .. 7= . Tor a snlt of the type Pu(ClO4)4,
‘the limiting slope would be =2.02. Howevér‘th1§ bechavior
;‘is,not to bo expocted vith Pu{IV) salte since the +4 fon
hydrolyzss in solutions of low acldity. For éxamplq, at low
'aéidipiés the predominant ifon in gsolution might change to

rofomy*® or pufom)}?

and thercfore the 1imiting slopo as pro-
dictéd-by'the'Debya - Hic- sl equation would,no'longor be valid.
Sincs ‘data are lacking regﬁrding-the speciés in solution, it
" 13 not possible to prcdibt the shape ofvtho curve at low
 ac1d1t1es.“ Ah’attempt to measure»the hydrolysis constants
L‘~wiil be'madé at a 1atnr'date.using the extraction procedur:
" as outlinnd 1n this paper.
’ ir activiuy coofficients are calculated for plutoniwa(IV)
asguminﬁ that the not reaction for the exbracticn is
| | Pu(o)*3 + 4HK = - Puk, + 3ut +HO |
an énfiqe new sgt of valuss 13 obtalned. The shape of tho
plot of iog yﬁlvs.fﬁh 15 about the same as in Figure 2 excopt
for-a blockwisearotationfof the curve about the standard state,
i.@., 1y rtc1o4. | o
It can be seon from Figure 2 that the activity coéf- '
ficiﬂnt curve obto;ncd‘for plutoniwm is "1milar to that of a
st*onu acid such- as perchloric acid, since at high ionic
.atrongths ths value of log Ytpu(clo4)4 increases tremcndously.
- The large increase of the activity coefficlent at high sciditles

1s probably due to the change in the naturs of tho solvent. Be-

cause of the intersction of the ions with water molecules, the
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activity of xﬂtnr must be Lrﬁqtly reduced as tho concantra-'
tlon of uc”chloric acld is incrnqﬁﬁj, which in Lurn must
rﬁdaco.consid@rably the hydrzting action of umter on per-

-hléwnfé'ﬂnﬂ'plufonirm (I“) ions. Tha. 1ef1ckion in h"dration '
cof thaace ﬁonu would of course ipcroauc the activity of the

_'plwtonium perchlo nto.

Distribution Moasuroments at Low Aclidity - It can be scen

~

'frcm Table 1 or Flgure that there are no measufements-of

activity coefficionts of Pu(IV) below 1 0.18 M HC10,. The

4"

" . reason for .this will be, discussed below.

.In the early part of this'work'it vas fbund that there
waé an impurity in ths pefchlbrié acid TTA-behzene yatem.
This impurity was capable of reﬁueing Pu(1V) rapidly to Pu(III)
If, for @xample, Pu(1v) tracer were added to & perchloric acid
~solution and then stirred mevhanically with a aolution of TTA
‘1n ben;ene, the extraction coefficient E, as function of time
"‘was found tosincrqaae, reach a maximum, and"then decrease. In
about éﬁvhoufé'time the extraction coefficieht would fall. to
zerﬁ. An aliquot of the perchloric acld solution coutaining
the plutonium tracpr from surh an exneriment after the ex«

traction coefficient had fallen to zero waa taken and ‘anal-

: : ey : v ' 9)
yzed for Pu(IV) and Pu(VI) by the holding oxidant procedure£

v(g)w. H. McVey,CH-1588, p.10, April 15, 1944.

.

It was found" that all of the plutonium tracer was carried by '
the lanthanum fluoride precipitate which was interpreted to

mean thut the plutoniun had been reduced to the +3 state.
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The above exneriment was carried out at J.5H ii percihlorile

acid, and at thla sume acld concentration it was found that

1f 5 x 10 LW Na Cr207 vere added to the nerchloric acld

2

- golutlon, the extracilon coefficient ronn to n cortain value

and remained coanoteont it tiuc.  Anparently the éichromaﬁe
oithér dostroysd the impuarity or ranidly oxid’nad the Pu(III)
formed by tho impurity. Thmrﬂfore 1t wan pdsniblo tg rieasure
tho ﬁiptribntipn of Pu(Iv) bvhvacn‘:<r0110’1c acld ond a
TTA—b?nzene solﬁbion'in the presence of a €u1all amount of
dichromhto. Ih nll tho crparlnonta reported earliér in this

pnpor 5 x 107 t lag Cr,,C wos present in the porchlorle acid

‘phase 10 keep the slutoniwa tracer 1in the +4 oxlddtlon stato.

However when tho acld concontration was lower than 0.18 molal,
1t was found thet theo outractlion cooffici ent decreasod again

as a funetion of tiric. A holding oxldant annlysis on the

~tracer in the above perchloric acid solutilon showed that

Pu(VI) was being formed. From earlicr projact WO“L(lO)

locf. Re. E. Connick, (C=9869, Jﬁly.G, 1948.

was lmovn thnt the rats of oxidation of Pu(IV) to Pu(VI) by

dicinronsto has an lnve:se nydrogen ion dependonce. Therefore
the possibility exliotoed thdt ﬂichromato‘at perchloric acld
concentrat ions of ca. 0.1 wmolal dnd below was responsiblo for
the formatlon of Iu ”T) in the extracition %olutionu.

Tho rale of oiidstlon of Pu(IV) to Pu(VI) by dichromate
was measurced in the following manner. Pluteoniua(IV) tracer

was added to 1.) ml of a solution of 0,112 I lC10, and
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. defined by the. equation

are 7.0.x 10”

~of Tables 2, 3 and 4»respect1vely.

8

-8 x 10”4N Nég Cry0y,. Ten milliliter aliquots were removed

at approximetely 25 mlnute intervals. Each 10 ml aliquot

was stirred mechanically with a solution made up of 1 ml of

'OQIOGBIM TTA -and 14 ml of benzene. - The TTA concentration‘inA

this extraction islsufficisntvto extract about 99.5% of any

piutonium existing in the +4 statse in the percnloric acld

"solution. The non-extractable plutonium in the aqueous phase

after the extraction was then assumed to be in the +6 state

- since it was shown from earlier experiments that Pu(VI) was

being formed in thess solutions and there would be no Pu{III)

: in the presence of the Na2 Cry0p. Two other such experiments

'were performedAin an 1dcntica1 manner except that the per-

chloric acid Ana‘dichromate.concehtratlonswere 0.0466 M and

4,42 x 107N in the first and 0.100 M and 0.115 N in the

second., The results of these experiments will be found in

Tables 2, 3 and 4. |
In-figures 3 and 4 the logarithm of the percent Pu(1v)

has been plotted as a function of time and the linearity of

'the lines shows that the rsactlion is first order with respect

“to the Pu(IV) concentration., The first order rate constants

JAPuIv)) g (pucIv)) (24)
at :

-1

3, 3.9 x\lO-Svand 0.7 min

for the experimenta
The stolchlometric concentration of Créo7"'1s so low
in these'experiments that the pnrincipal species 1s actually

HCrQ, as. shovm by ths equilibrium:



Tabla 2 v
‘Rate of Oxidation of Pu(IV) to Pu(VI) by
8.33x1070M Nag Cr.0n in 0.112 N'HC10, at

ca.<23°C.
‘:. coﬂ¢entrat1on of HCrOZ 1;06 x 10”41
Time . 4 Pu(Iv)
 (m1n) '
K ce. 95.5 (oxtrapolated)
5 - 90
s 74.9
58 66.3
82 ,  53.2
- 108 | | 5.5
135 27.8

The orisinal Pu(IV) stock contalned ca. 4.5% Pu(VI).
‘This amount of Pu(VI) was ecslculoted from the plot

of log{Z{Pu(IV)) vs. time extrapolatod to zero time.



e,

, Table 3

Hate of Oxidation of Pu(IV) to Pu(VI)-by'
7.4x1079% Va,, Cr,0, in 0.0466 1 HC10, at

ca. 23°C.

.coneentration of HCroj 1.20 x 1079
Time 4 pa(Iv)
(min) :
¥
0 ' ca. 91,2 (extrapolated)
2 03.5
29 79.5

113 : 85 .6

129 53.5

40



. Table 4
Rate of Oxidation of Pu(IV) to Pu(VI) by

D |
1.92x10 "M Na2 Cr207 in 0.100 M BClO4 at
25°¢C.
concentration of HCroy, 1.46 x 10™%M
concentration of H¥ 0,093 M
time . ”
(min) | - & ru(1v)
o 93 (assumed)

Che 2 » 29

41
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Cer,07T + Hp0 = 2 HOr0,”  Kpge = 2.3 x 1070 . (25)

In addition there 1s some HyCr0, present as indlecated by
the equationt

. + _ |
HCr0y = H + HCr0; K,.o = ca. 0.2 ‘(26)

The approximate concentrationa of HCrOZ calculatod for the

throeo expérimentn from these equilibrium constants, without

activity coofficioent corrections, are given in Tables 2, 3
and 4.

The experiments of Tables 2 and 4 alffor by a factor

of approximately 140 in HCrO4 concentration while the other

conditions are roughly the same. Thso first order rate con-
stants differ Ly approximately a factor of lOO,,iﬁdicating
that the rate 1s first order with respcct to the concentra-
tiép of HCrog.

The bichfomate dependence may be 1included in the rate

law by means of the following expression:

- d(Pu'(IVH

at = ko (Pu(IV))(HCrOZ). B (27)

Values of kg for the experiments of ‘Tables 2, 3 and 4 are
' 1

-'.:60,.325 and 60 liters molea-"1 min ~, The effect of hydrogen

~1on concentration on the rate may be represented by

_w.égw = kg(Pa(Iv)) (Horoz) (5")" . { (28)

. Using the data of the experiments of Tables 2 and 3, which

- are the most accurate, n is calculated to be ~1.8. Therefore

the rate of oxidation varios invsruely as hbproximately'the

44
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‘second pover of the nydrogen. ion: concentration in the'acidity
'region'studiod.
| By lowrering the dlchromate concentration in the extrac—
tion experiments at low acidity it should be possible to conm
trol the ratc of oxidation of Pu(IV) to Pu(VI) by Cry0; such
that the extent of-oxidatioﬁ<during the “time of extraction
would be negligiblé. Extraction expefimenté were then con-
‘tinued in an effort to obsain_activiﬁy coefficlents of Pu(C€10,) ,
at 0.112 I HC10,. It was found that, under conditions such that
ohly'one percent of the Pu{IV) should be oxidized in 15 minutes,
the value of the extraction coefflcient rose and then became
constant as a function of time. However, wheh.the koﬁgne
~ dependence wag tested it was found not to be fourth power,
but always less than fourth power. Further 1t was observed
that the values of the extraction coefficients wore not re-~
producible in duplicate experiments. |

To make Suré all of the plutonium in the stock solution
" was 15 the +4 ox;dation stateo this solution was reworked and
converted' to the nitrate which was kept in concentrated
nitric acld. A holding oxldant experiment was performed
on this stocld to determine the amount of Pu(VI) present énd-
1t vas found to constituta about 0.2 percent of the total
activity. FPFurther, extractlion experimenta with this stock’
Gove 1rreproduqible results as with the previdus tracer. It
was found that only 93 percent of §his tracer could be ex-
tractod at 0.112 M HC10,4 in the presence of sodium dichromate.
It ssems that sonsthing happens to part of tha plutoniwa

tracer at the beginning of each extractlion or during the time

]
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the Pu{IV) tracer 1s added to the perchloric acid and that
this pfocéss ceaées after a few ﬁinuteé since: the extraction
coéffic;éntvis found.to be féirly constant with timo. Vhat=
e#er happoens to the tracer must be irreproduclble since the
. value of the extraction coefficlent, although constant 4in
any ons experimént, varles from experiment to experiment,

| Ths following experiments were designed to measuré
thevémount of the non-exﬁractable plutonium after the extrac-
tion coefficlent had been measured. The first part of the
experiment was performed. in the usual manner. That is, Pu(IV)
trécer was added to a porchloric acid-dichromaté solution which
'_had béen stirred briefly with a TTA-benzene solution. After
the Pu(IV) was added, the two phase system waslstirred.machan-
lcally and allquots of both layors were takon about every ten
* minutes over a period. of about an hour. In every case equil=
‘1br1uh‘was reéched'within 15 minutes and 1n.some experiments
the‘eXtrgction'coefficient was measured by taking aliquots
of both iayers at the end of 15 minutes. After the. extraction
cdeffipiént waé'measured, additi&nallTTA was added to the ben-
'zenexsuch that all but a few tenths of a percent of the Pu(1Iv)
existing in the aqueoud -phace would be extracted. Therefore
the piutonium in the aqueous phaée after the flnal extraction
would be the eamount of the non~extractable material, and using
this datum, the true Pu(IV) dlstribution between the two phases
could be ealculated. This éype of experiment was investlgated,
and 1t was found that the fourth power ketone dspendence was
,'not obgyed ‘and resulta of identical experiments were stilll

erratic. The above experiments wers porformed at Crpli con=
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centrations such that 1% Pu(VI) would be formed in about §

rd
hoursa.

" A modification of the above experiment was tried. The

extraction coefficient was first measured at low acidity and -

‘1low dichromate concentration. The acidity was then increased

to 1 M with pgréhloric acid and the dichromate concentration

made 5 x 10-4NJ Additional TTA was added to extract all .of

the Pu(IV). The results were again erratic and did not con= -

form to a fourth power ketone dependence.. The correctlbn of

the extraction coefficieht for the hmoﬁnt of non—-extractable

fpiutonium was small and changed the observed extractlion coef-

f1¢1ant only slightly. Therefore the preéence of this non-

extractable plutonium 1is not fully responsible for the erratic

?behavior of the extractions at low acidity.

An experiment was performed using Pu(III) tracer. Tho

' Pu(III) tracer was added to a perchloric acid and sodium di-

",chromate solution. The TA concentration was adjusted such

that virtually all the Pu(IV) formed by oxidation would be

gxtracted. It was found, hoﬁéver, that oniy 90 to 92 percent -

'of the plutonium was extracted. Since the dichromate concen=

tration in this experiment was not high enouch to permit the

. oxidatlon of more than 1 or 2 percent of the plutonlum to

Pu(VI) 1n about 5 hours, sone rapld change other than oxidation

of Pu(III) to Pu(IV) must have occurred when the tracer was

~added which rendered part of the plutonium non-cxtractable.

A further experimcnt was performed using a very low

- concentration of permanganate (ca. 5 x 10'4N),-however it wad
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found tnat lesa than one parcont of the plubtoniwa was extracted

o

into ths benzeng-TTA rhase. Since it wan obscrvodvthay the
hharacteriétic-color of ﬁnoz in the. solution was much locsg
intonse after 15 minittes of stirrineg, it i3 1likely that the
mnoz vag attackineg the TTA. |
Teo further exrnevimonts with permangennte wers aﬁtcmpt&&.
In both oxperilinants the perchloric acid, benzene, ard TPA wvere
troaticd brlefly with a low concentrantion of pormangﬂnnt5 fol-
lowed by an excess of Mn++. In thoa firat exnerinont the Pu(iv)
tracer waz added approximntely 1/2 hour ofter the in¥™ and the
arxrtraction cocfficleont moasured. It wrs found that the oxtrac—
tion roaffilclent wano zoro, and a holding oxidant experlment
showed the nlutonium in the agueous phase to belin the 46

oxidation state. Since the Mmtt

- 0, reaction was visibly
sl ow under these conditions a second ecxrerimen’ was run which
waa idsnticnl vith the one above except thaet the Pu(IV) Was
odded 2 hours after thoe Mn++. Agaln 1t was found that tﬁa
extraction cosfficlient was zero.

The effact of !n0, on Pu(IV) was detormined. A cmall
amovat -of freshly pronared Mno, whibh had been carefully
wagind was ﬂﬂdéd to the bonzone~1TA-0.11 M'HCIO4_sys:mn end
atirred for a fow minntss. The Pu(IV) tracer was then added
and the extraction confficioni mensurad. Annlyses df the
aolntlion shovaed <ot cownlote oxdantiton of the Pu{IV) to

.

Fa(vI) ceeurraed » itin five minutan.

e g L3R - [ vy i VoA e g k] 17 -

RO 0oTnnT CK QOGNGE VEDe trided, 1.0 p AT ava
I ; \ , o . R o g = . .
1Y, In the ecoco of tanllium it owas fouad Shal phe e (IV)

R ., IR T T . . 1.1 JVSTE .. JURE T . .
vas rodnest by o J_( [ J.) ] }’:1‘-’3.‘311 TNDLY "'.\‘ G0 .‘L.‘AL*“J, i v e npoayr-
¥ S

- .

.



NS

49

ently the oxidation of Pu(III) by T1%3 18" slow under ths

* conditions of this experiment. In the case of Hg*' either

oxidation to Pu(VI) or reduction to Pu(III) occurred. An
analysis to determine the oxidation atate of the non~extract-
able plutonium was not performed.

| This anomalous behavior of plutonium tr#cer in solutions
of low acidit& has so far not been circumvented. The cause

of the behavior i3 not Mmown but 1s believed to be dus to

'dxidizing or reducing ;mpurities in the solutions used.



P
The Distribution Coefficient of TTA Betweon Benzone-=TTA and

Various Aqueous Perchloric Acid Solutions.

In order to calculate the activity coefficient of plu-
tonlum(IV) 1t waé‘necessqry to correct the original TTA concen=
tration in the benzene phase for the amount which transferred
Anto the aqueous phase. The ocquillbrium amount of 1'TA which
exlsts in the aquoous phase is not only a function of the TYA
concentration in the benzene phass but also the acld concen-
tration in the aqueous phase. The distribution ratio has becn
studied as a function of the concentration of TTA in the ben-
(7)

zene phase . Five further éxperiments were pérformed to
detormine the effect of the perchloric acid concentration upon
the distribution coefficlent. Five 15 ml solutions of 0.0llIBM TTA
in beniene were ,shaken with equal volumes of 0,0157, 1.00, 2.00,
4.00, and 6.54 M perchloric acid. The distribution coefficient
was determined by removing 2.00 ml aliquots from the aqueous
phase, diluting them to 50.0 ml with 0,133 M HCl, and measuring
the TTA cqncentration in this solution specﬁrOphotometrically.

. The concentration of TTA in the benzene phase was corrected for
the_amount of TTA which was exfracted into the aquesous phase.

The results of thess analysis are shown in Table 5. It can be
seen'from Table £ that ths distribution coefficlent 13 40.0

at 0.0157 K psrechloric acid, 37.1 at 2.00 M perchloric acidg,

and increases sharply above 4.0 If perchloric acid to a valﬁe

'éf 84,9 at 6.54 M perchloric acld. These data were plotted

and distribution coefficlients were determined by interpolation
for the various acldities which were enploﬁed in the activity co-

oefficient determinntion exneriments for plutonium(IV).



Table 5

Distribution Coefficient of TTA between Benzene~TTA and Varlous

Aqueous Perchloric Acid Solutlons.

M D
6;0153: | 40.0
1.00 | 3.4
2.00 37.1
4.00 - 457

e84 8.

D 1is defined by'the following equation:

"1TA)panz
\EEET£XLEEQ

agqueous .

+

The TTA concentrations are expressed in moles per liter

of solution.
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The Solubility and Activity Coefficlent of Uranous

TTA Chaelate 1n Dznzene-T0L Solutions.

'In determining the activity cdeffiéionts of pluton-~
iﬁm(IV) éalts it wae necessary to know the ﬁariation of the
_activity coefficlent of Fuk, in tho bonzens phase as the
ITA concentration varied. Instead of measuaring the activity
coefficiént of PuK4;~the activity coefficient of UK, was
 determined, in order to avoid theo hazards of working with
reiativéiy largs amounts of plutonium. It 13 assunsd that
the behavior of the ectivity coefflclent of PuK, 1s very
similar to that of UKg.

In order to measure the activlity cosfficlent of the

‘uranous TTA chelato ths following net reaction was studled:

UK4(S) = UK4 (in X M TTA-benzene solutions).

" The thermodynamic equilibrium constant for the above reaction

may'be writton:

K= (UK4)YUK4 | (2¢)

»Further, if the éctivity coefficlent, v, is éalbulated~us1ng
infinite dilution of ths beﬁzene vvith raspoct to TTA as the

#tandard state, the activity coefflclent at any TTA concen=

tration may be calculated by the use of thc‘following'equa-

tion: |

(UKg)g,0m pra
1374 .
(U“4)xm TTA

Tha uranous-TiA chelate was prepared by adding the



dﬁoiﬁhionefric amouﬁt of 1A in benzens to an acidic uranouvs
gulfate solution. The Lwo rhiaso cyatem waé stirred in an
open beéker for two drys and ab the_end of thiat timo ths
chelate appeared ns a dense, dark brown crystolline precip-
itate. The chelate was washsd with vonzens and vater and
then nlr dried, The chclafe'was analyzed by Lvo different
'proéeﬂures. Ono,mothod‘connistcd of 1gniting a lmovn weight
Vof the chelats to ﬁSOB'- flie results of theso analyses Jndi-
c¢ated tuat tho solid chelate c0ntaiped a8 1-2 mole poreoent
deficiacy of uranimﬁ. The sccond procedurc‘conuistcd of
“dlssolving the chelate in benzene and seperating the uranium
from the TPA by sulfuric acid exﬁractions,fthus alloving on
to analyze Tor voth urunium and TThA. The results of these
unalyses showed a 3 wole porcent deflclency of PrhA. Tho
roaéon_for this;ﬁiscrepancy betwoecn the two procoduves
.is,not knotm, but it apnears as thoughi the solid chelate
hns about ﬁhe correct'camPOSition.

ﬁinco.TTA is generally emploved in two phase oxtrac-
“tlon work, the solubility of UK, in benzene ﬁas measured 1n
the‘prgnénce of an aqueous ﬁhase containing 0.167M HCL.

ine chélate.solubiliLy in bonzens was aeasurad by'the
use §f the Beclman spoctrophotonater. Th@AG,wCﬁ?WH of the
uranous chelate was mecasured at varioué concentratlens against
blank cellsbcontaining"diffefent concanbtrations of TTA. Tae
rosultas of the snectral measurements and tho §aliﬁity of
Beerts law over a scuevhat lislted range are presontqd in
Table . It can bs sacn from Tabls J that over 5 six fold

concentpration ranrca thoe molal extinction coefficlents are
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Table 6
Spectrum of UK, in Benzene and the Valldity

of Beer?s Law.

Sample’

1 2 R 4 o max. dev., value‘a)taken
mp(d)‘ E(b) E E E E % B
560 258 256 261 260 256 1.5 256
580 127 125 130 129 128 3.9 128
600 67 65 69 68 68 7.3 68
~e25 85 83 87 87 87 4.8 87
650 109 107 112 111 110 45 110
675, 83 80 84 84 B2 4.9 82
700 - 42 40 43 44 43 9.3 43

| 1. (UK4).= 6. S‘x 1074y - blank pure benzene.

L2, (UK4) = 1.53 x 10 “4y - blank pure benzene.

3. (UKy) = 8.5 x 10 4M in 0.1 ¥ TTA - blank pure benzene.
4. (UKy) = 8.5 x 107%1 1in 0.1 M TTA - blank 0.1 ¥ TTA in
(c )

oengzeneo

5. (UK4) =,8.9 x 10"%4 - blank pure benzens.

(Q) Samples 1 through 4 were analyzed aftor several dilutions.
Sample 5 was analyzod without dllution and 1s belleved to
_ be the most accurate.:
(b) ‘E is the molar extinction coefficient.
(¢c) The blank solution in experimpnt 4 contnined 0.1 M TTA to
show that the ligsht absorption of TTA was negligible in

"this region of the spectrum.

(A)  ovelen £l in 12limwicrons.
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constant within't:e accuracy of the mcasuromonts.

The solubllitlesa of UK4 observed in Various TTA-benzené
"délﬁtions are vrosantod in Table 7'and a graphical reprosenta-
'ition 4s zhom in FigureiSA. It can bs seen from Tablé'? or

figurs 5 that'the solubility of UK4 increasss about 1.3 fold

as the concentration_of_T”A‘varies frdm 0.00 to 1.05 H.

Smoothed values of the solubility wore taken from Flgurs 5

and tﬁe activity coefficients were calculated from these data.
~.Thé results of these calculations appear in Table 8 and are
-shown graphically in Figure 6. It can be seen from Figurs 6

that.the activity coefficlent of UK, in benzene~TTA solutions

is‘unityfbelow 1072 TTA. A rathor rapid dcérsase in the

value'of Y‘is obsefvod at hicher TTA concentrations.

| Aﬁ 1nt§festing comparison can be made;betweén the

(

activity cpefficienta'of TTA é%d those of UK,. It is found

- (7) B. L. King and W. H. Reas, BC=G9, July 7, 1947.

that within experimental error the two are 1dentical.

N There is no obvious reason vhy the activity coef-
ficlents should be the same althongh a trend in the same
direction ﬁight be expected since the extsriors of the
cholats molccule and the TTA moleculs which.are exposed to

ths benzens are similar.



Table 7

sy}

O

Data on Solubility of UK4 in Benzene - TTA 30lutions.
' | . | Aa
SN 1og I,/ E
1 -2 S 4 5 6 7 8
7oy U.148 0.157 0,154 0.165 0,186 0.201 0.149 0.146 43
670 0.296 0,312 0,302 0.7226 0.259 0.388 0,297 0.294 82
G50 06892 04412 0.401 0.431 0.471 0.511 0.386 0.392 110
G25 0,206 0,321 0.811 0.334 0,569 G.208 0.509 0,306 o7
600 0,237 04251 0.245 0.264-0.293 0.316 0.241 0.268 68
580 04450 U476 04459 0.496 0.550 0.599 0.456 0.450 198
5G0 0.910 0.963 0.026 1.011 1.10 1.19 0.923 0.919 256
L PTA=
molﬂ~/1 ‘ o
0.000 0.101 0.0505 0.21 0.502 1.05 1. 5§ 1.05%
, 107 107¢
Yolums
06167 .
HCl : . o
- 6o ml 60 wml 20 ml 20 ml 20 ml 20 ml 20 ml 20 ml
Volumne
benz=ne :
phagse 100wl 35 ml 35 ml I5 ml 85 @l 3B ml 35 ml 55 ml
folubility UK, Sample Sample -
molea /liter 0.00588 g 9.00713
2 0.00062¢ G 0.00776
z 0.00601 7 000594
”(é)- coll 1l nsih = 5,0 cm
*ilni?en_f her o din oanalyols = 80050
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Solubllity and Activity Coefflicient of UK
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Table 8

4

Function of the A Concentration

(TTA) -
molosg/1

0,000

1.05x%x)0

0.0505

r
-3

-2

041010

002104

. 0.502

1.05

(UK, )

toléa/1

000588

0.00587

0.00504

- 0.00601

0.0062

0.00645

0.00718

0.00776

| (UK )

moles/1

amoothed

valueca

0.00588

- 0.,00588

0.00588

0.00602

C.U02620

0.00650

0.00709

0.00731

log(rin)

- 00

~-2.979
-1.979
-1.297
-0.996

-0.678

~0.299

+0,0212

in Benzene as a

YUK4

1.000

1,000

1.000

0.949

0.905

0.829

0.755

(&)
O
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~ Part I1I. The Hydrolytic Behavior of Zirconium in Perchloric

Acid Solution;
Introtiction

The only stable oxidation state of zirconiws in aqueous

solution 19 the +4. Due to its high chérge and small fonic

 padius (r =30.803), zirconiuwn in aqueous solution has u« strong

tendeney to elther hydrolyze or to form complexes with the
negative ions which sre present.

Aqusous solutions of zirconium salts arse gesnerally
aciﬁfc. This is evidence, thereforo, that-tho.zirconlum has
rpedéted with water to form a hydrolyzed species;' ost all
ziréoﬁium aalts which can be prepared from aguzous solution
éfélzirconyl compounds, L.e., thaey ¢onta1n tho group,Zr0+*.
Fof exnmp1é, the zirconium halldes prepared from aqueons

(1)

solution at room termeorature are ZrF4.SH20 (or ZrOFz.Hng.ZHQ

61

(2)

o},

(1)

Rerzelius, Ann. chim. thys., (2) 26, 43 (1824}).

o .
( )Chauveneb, Compt. rond. 164, 727 (1916).

Zr0012;8H20, ZPOBrz.SHQO and ZrOIg.BH?O. There sesam to be some
conbroversy vhether tho zlrconium fluoride 1s ZrQFp.lgFp.2Hs0
or ZT¥.5H 0.

(3)

Recently, MNevVey has studled the aqueous chemistry of

‘S)McVoy, vie e, Thesls, University of California, 1947.
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ziveoniwa using radioactive zlrconlun tracer and a two phase

éxtrmctlon procedura. Lot only dld he study the formation

'hnd atabilitics of various aqucous zirconiun coaplexes but

also the hydrolysls of zirconiuvu as a function of the aci%ity.

The two phase extraction procedurs ussd Ly ileVey conslsted in

- extracting the zlrconium from an acidlc aqueous phase into a

benzene phase as a B-diketone chelate. 7The chelating agent
used was thenoyltrifluoracotone {rra). 3ince the distribu-

tion of zirconium between the two phases 1s a function of the

~activity of thse zirconlum in the aqueous phase, ths formation

of any complex 1s reflected in a change of the distribution of
zirconium between the two phases. Mcvéy concluded from his-
hydpolysis experiments at tracsr concentrations of zirconium

that the principle specles in 2 1 perchloric acld was Zr(OH)

-'In 0.01 I perchloric acid the Lrinciple species was Zr(OH)z .

There is abundant evidence in the literature that at
high zirconium concentrations the zirconium hydrolyzes to

form high nmolecular welght polymerlec specles. For example,

(4)

Jander and Jahr measured the diffusion coefficient of gzircon-

(4)Junder and Jahr, Kollold-Bsihefte 43, 19, (1936) .

1um in solutions at constant zirconium concentration with var-

1ous perchloric acid and nitriec acid concentrations. From their

data, for examnle, they concluded that species such as
[?PO 0.Zr0 Clq:] existed in the zirconilum parchlorate solutions.

liany other experimentalists (5)(6) have preasented evidencs,
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oo

otained by a voriety of methods, whlch wac alco interpreted

in torms of bigh molecular weight ziveconium specles &n

A

wolutions In no case 1as 1t possible to detormine precisely

the spoclesin solutlon from ths data published in the

Titerature.

The purpose of thls work wos to dstermine, 1f possiblo,

the pelymerice zirconiuvm specles which are formed et high

zirconlum cencentrotlens in solutiong of modecrateo acidity.

Thoe cxperiments woere designed so as to keop constant all
~variables but one in a given series of experiments in order

to siwplify the interpretation. In most of the work proccented

in the literature this woe not done, and the simultancous
clinnge of several varlables made the Iinternrotation of ths

o

data almbst 1mposdiblcs-

DN
1O\
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Torivation of Equutions

. ”
. (3 -
HcVe§ ln nis study of thse acueous chomisiry of zirconiwn

4]

2

ne

7. Ho MeVov, dhesis, Univorsity of Caiiformla, June 1943.
. &

»doaterminad the s3tabilitles of variovs zirconiun comnl.xas by a

twé‘phnsc exfrﬁotion procodure.  Qnis procéﬂnre conslsted in
oxtraeting zirconlizn from an aclidle agueous zoluflon into a
benzenc=T1"A phise nas the nouitral zlireoniuvm chelate. e ex-
tractability of zirconlum is a function of the schivity of
the zirconimn in the aqueous vhase. Vhen couplexing nnlons

Aauch as SOE; M, czoi, ebe. are addcd to the syaten, the
activity of ihe zirconium is dzcraeased and this dcercaso 18
reflectod in the exiimetion coefficient. The extent to vhich

the extraction coefficlent 1s dlminished is thus a meanure of

the astability of the zirconium complex being formed in the

aquzous nhass. - The hydrolysis of zirconiwa can bo considered
68 2 3gpecial case of comnlex lon formation.
" In the prescnt work the experimental data were obtalned

by employing tho two phaze extraction proec~dure in much the

same fashion ns used by licVey. Defors presenting the expesrimon-

tal data, tho equations used in the interpretation of the data

.will bs darived.

Presuniing that zirconium polymers are formed in the per-
chlorie acid soluticns cmployed in the experinental vorls, the

cxtrzcetion coeflficiont oy Le defrfirad as followrs:
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>
N ( Zf‘K‘Q) h - . ( er:l’
T . . . e ; »e Oy
BECETE a7+ cluby )+ 200 1 n{iry (1)
L o O n= :

‘The aéaunption~will be madc in the dorivation that only the zir-

ﬁconium,mOhoﬂor 13 oxtracted into the benzene phase as the noutral

4 . _ ‘
TILA chelate. A further assunption 1s made (pnd later substan~

ticted oxperimentally) that equilibriua is sstablished betwecon

the mononer and the polwyaeric forma, which may be ropresonted
by the equation

nZe = Zry, : - (2)

where the equilibrium expreasion 4in terma of concentrations

(nolss per liter of aolution) ia:

= (2r )
7 (@

‘The Kn's are, of course, functions of the hydrogen ion concon-

'tration.. Solving for (Zrn) and sunming, oquntioh 3 beconess

[, %) o0
2 {zry) = 2_ K (zr)" (4)
o n=l n n=} Kn “r . .
and  o— ‘ oo
n .
ng n(Zrn) = r%.;i nz:n(zﬂ | | (5)

-

1o simplify the envations the following terainolosy will be uaed:
(2r) = concentration in molea per liter of gol-tion of the :ono-
mer.  Aecordlng to lLcVey!s results the nrincinal sapocies ~t low
zir~oniun concentfation in 2 €10, 18 Zroi+td. She sy bols
(z2r;), (2rgz) snd (Zr,) roprasent the concentration of tho.
dimer, trimer and ntth polyaer respeetively. Yho actual forau-
la and charges of the polyaerie Torns are unknovn.

Soms evidencs will Le nrescnted in the noxt section which
indlcates that only 4rK, is présent in the bonzene phasn,



N

- By substituting equation S iﬁ_equation 1 the following relation-

110 13 obtained:

(Zrixl)b

Zlnr(l(Zr)n T | (6)

Si1ce the assumpblon has bcon made that the iononor is extractod

‘into the benzene as tho neutral chelate, and since 1t 1s known
that équilibrium i1s esatallishoed roadlly betweon. tho cuslate and
the monomer(z), the coancentration of the zirconium chelate in

'the'bgnzane phase ia rslatecd to the concentration of the moﬁomer
in the aquecous phase by an equilibrium constant. Ths concentra-
tibn of}mohomer 1s therefore ppoportional to the chelate concen—

- tration as expresaed by the following equation: -

elae) = (2rK)y | (7)

TholpPOportlonality factor, Xk, in equation 7 is a function of

the TTA concentration in the benzene phase and the acidity of

the squeous phase. It will be presumed in equation 8 and furthor
oquatiops that these variables are held constant. Substituting

. equation 7 into 6, ons obtains:
k(zr)
S nKn(zr)? . (8)
n=1 .

where (H*) and (TTA)b'afe constant. If the logarlthm of the ex-
traction cosfficient is talen in equation 8 and differentiated
witii respect to the concentration of the monomer in the aqueous
phase, the following eéuation 1§ obtdined:
' o= n-l '
d 1oz B _ i .glnziin.(zﬂ _ , (9)
(ZP] TZFT EZ:nK (zr)2

n=1




Upon changing variables by use of equation 5, equation 9
becdﬁesf" _ e (16
a1l ‘r‘ 1 o
4 los B - - " ‘ n
d Tog 3 _nlzr) — - (2r) Z:nKn('ZI')
: ' : n=1
.Wwon “anllf&ingﬁ'
. n¥_(zr)
q loss nlary) = R o
e n > n"K,(zr)
or - T oo
: . 2 n(zr)
log T - .. .1+ 0zl n (12)
d logZJMJr T = . '
n _ Z.nz(Zrn-)
: : =
or
d log W - .1 + 1
d fogsn({/r_J — ° &
- n Zlnfn (13)
Iz
wvhere fn 13 the fraction of the total zirconium which exists
as a narticular polymer containing n zirconium stoms. The
function fn is A=finad by the following'equation:
A n(zr,) (14)
OQ-—--..———---—-

}::n(/r )

mho ovanS°1on E n repraossnts the
n=1

utoms per polyn.v « Therafore in the

ticn containe a mixture of polyucrs,

ship vetweon the slons 214 ths aver

average nuzber of zirconium

gensral case, wvhen the aolu-

equation 13 gives a relation-

arce nunoer of zirconium atoms



‘per polymer:

. O " 1 . ’ r
- ann = H‘zﬁ)—m | (15)
n=1 o

If theAlogafithm of the extraction doefflcienp 18 plotted versus
.fﬁhé logarithm of the total zirconium.éopcantration in the agueous
phnse, the slope of the curve‘at any point will determine the.

| sum‘of.the:right hand terms of equatibn 13. If 1t 1s assumed
'thaﬁ only one bolymer of zirconium is formed then the slope of
the curve (log E vs. log Ez n(Zrn))will approach a constant

value at high'édncentratiggz of zirconium. The charactoristic
slopes for aévorai p;rticulnb bolymers will be found iIn Table 1.
- It can bo seen from Tablg 1 that as the monomer 1s coﬁverted

to an infinite hqumcr the slope of the line changes from zero.

to minug one.



Table 1

Tha Relation of the SIOpe of the Curve, Log E versus

~ Log Z:_n(Zrn), to the Number of Zirconium Atoms in the

n=1
Zirconium Polymer.
" Number Zr- atows '~ slope of curve
in polymer _ 108 E vs. log( n(2Zr,))
L o n=1
1 0
2 - 1/2
5 - 2/3
4 - 3/4
10 - " - 9/10

69



70

¢

Fv“Oaizﬁxt 11 Procedure

In tae derivation of equatlons 1t.w§s stated that a two
pﬁase extractlon pfocedure was used té deteruine the pqumeriza—-
'tion'bf zirconium in percidoric acld solution. More precisely,
thq zirconiun was extracted from 2 M psrchloric_acid in one
ASeries of exporiments and 1 M perciiloric acid in a second ser-
1ea, as the neutral zirconium-TTA chalate.

_ The zirconium porchlo"ate was prepared 1n the following
mahher. Zirconyl chloride, which had been purified by recrys-
. tallizingvfrom hydrochloric acid, was converted to the~perchlor*
ate by funing with perchlonic acid. The hot zirconium peréhlor-
ate © olution vas rapldly trunsferred to a dry box and allowed. to
cle. The zirconlum perchlorate preciplitate which formed was
very crysuallipe. The composition was not detemnined. The
Aizlréoniﬁm_perchlonate crystals were centrifuged away froa the
concentrated perchloric acld and then dissolved in 2 Il HC104.
'ﬂAn'gliquot of this solution was treated with en excess of sodium
fluoride, end then titrated for hydrogen 1on with sodium hydrox-
lde. The concentration of pcrchlofic acld in the stock zirconium
perchlorate solution (assuming the zirconium to be 2r(Cl04),) was
calculated to be 2.06 M. The ziréonium concentrat ‘on Wa§~deter-
E m;ned by taking an gliquot of the stock solution, converting the
zirconium to.zircdpium hydroxide, and then igniting this to
zirconium dloxide. 'The!ziréoniﬁm.concentration‘was calculated
'tq be 0.229 M. . |
Invthe tvo scfics of exporiments, the zirconium coﬁcentra-

tioh in the aqueous phass was varled from about 1072 to 0.2 M,



The acidity in each sorics of experimentia vas muintained
as constant as posoible bocanse nothing 1is Inctm wvoul tho aecla

crnerdence of the equilibrin between the various polyzers. In

the derivotion of the cauaitlons used in the Interpret.iion of

see proceding scevion), constont acidlty as well as.

3
£
ol
3
[
oy
-
~—~
Lﬂ

constant ifonic strength wore necessary prerequisites. Since

the zirconivm coacentration 1s small conpared to perchloric

ackd concantration,"the acldity and fonlc strength remnain nearly

consﬁaht;‘eXC@ot at the hizghest zirconium concontrations.
Becausa zirconium 1s extfncted Into thie bsnzeno phase as

the chélate, the concentration of TTA decreases. It ig thoro-

fore necessary to have means of calculatlng or measuring tha

frca lkotone concentration. If the original TTA concentration

in the berizone phase, bafore shaking, 1s knovm, and i the

‘extraction cooffliclent 1s known, 1t 1s posaible to calculate

- . ¢ .
the TTA concentration in tho benzene phase at equilibrium by

the foilowing equotion provlided ons assuaption 1s mode. This

squation is:

(p12), = (TTA)Z -

1, e o n
b = | (TTa)y - 4(2rK,), (158)

D+ 1

0
b

%ino phase before shaking. D 1s the dlstribubion coefflcicnt

tho syunbol (TPA) répresents the TTA concentration in the ben-
for PPA beatwooen thofbcnzone phese and the aqueous phase. The
nscosnar essunptlion that wias medse In the darivation of equation
lg-vas that the entirs ~mount of TTA in tho aqueous ph#se mush
exd st Inthe free ntate, L.e., only an inannrecirtle quentity
conon F““ﬁfjt.vﬂ A nmcnous zirvconlum=T04 coanlsor. It was

de . ~ g - 3. Y
somctric mizacuraments of the aqueous

<
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-
¢
=
]
‘o
=
.
+
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- phase of the'experimentsﬂét higﬁ zirconlum concentrations that
:a small fraction of the zirconium was belng complexed by TTA.
Although thelfractién of zlrconilwn cbmplexed was qulte small,
tho concontration of TiIA in thé benzene'phase was appreclably
ltered bocauase of the hignh zirconium concentration. It was
therefore anBSSer to measure the TTA concentration in ths
| bOnuOﬂO rhase expc entally.

10 enalytical procedure that was adoptcd consiated in
»v__méésuring‘tho TTAfconcentration'in the‘benzene phase spectro-
phoﬁonétrinally. It was necossary to correct the observed
spectrun for the absorption of 1light by the z&rconium chelatc
present in the benzene phuaof The concentration of ZrX L, ves
caleulated by the equation:

(zrKy)y, = =y (200 (17)

Whore'(zr)g represents tho or cinal éirconium conéentration in
moles per 1iter in the aqueous phase before the exiraction.
(This equation ia only applicable when the volumes of the two
phases are equal; .25 is also true for equation 16.)

The girconium chelate spectrum has been measured by

(7)) . .
Zobroski + Zebroskit's measurements were ropcated, and 1t

_(7)_Zebroski, Be Lo, Thosls, University of California, 1947.

was found that the values of tho molar extinction coofficlons

varied with txmo. A possible reason for this change may be

he prevoiice of a 5:1all ~amount of watur in the benzone solution,



-7
[wa

_thus allowing the zirconium chelate to slowly hydrolyze. It

was noted that the molanr extinétipn éooffiéiont of the zircon-
'iuﬁ chelate rcmained constant at SSOOR. At this particular
wavelength the molar extinction coefficlient of the zirconium
cheiaté ig almost exactly four fimes groater than that of pure
TTA., ‘Thus ' as the chelate hydrolyzes TTA is liberated and as a
"result of therclative'v&lue-of tﬁeir extinction coefficlents at
this Wavelength,rtho conceﬁfratiqn of ZrK4 appsars. to reunain |
éonstaﬁﬁ;v'

It is possible therefore fo use résulta‘of the spectro-
photoaetric analysis at43300X in conjuﬁction with the extraction
coeffibiant data to ecalculate the free TTA concentration in the

.bcnzgne phase. Thus, when theKOptica; density of a sémple con~
taining both katone and chelatse 1s measured, the reading af SSOdX
1s‘porrebt even though the chelate may be hydrolyzing, Thls val-
ue can then be ¢orrected for the optical density contributed by
tﬁe‘chelate, us;ng the molar extinction coefficient and the cone
éentfatidn of the chelate calcﬁlated from the extraction coef=
ficlent. The free TTA concentnafion 1s then caiculated from the
'residual optical density by means of the known molar oxtinction
coofficient of TTA. |

In theory; it 19 poasible with the aild of Beer's Law to
calculate the concentration of both the TTA and the zirconiua.
chelate providing the molar extinction coefficients are known
for both species at two dlffaront wavelengths. Even though 1t
was known that tﬁe zirconiumn chelate extinction coefficlents

were slowly changlng over a perlod of time, this calculation
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Thoe Interior surfacs of oachy Flaslr wsed in tha exirnation
arncrine e vwas conbed wilh Del-filwm. Dri-film 15 a choaleal
N

roengant, (Cﬂﬁ) 010, whkheh hydrolyzes readily. ihien tho va-

kS .
&~ &>

pors of this chcilesl urs inﬁroﬁuceﬂ'into a finsk, tho coapound
redcﬁa.rnpidly vith the water which is normally rdsoruad on the
surfacé. Tho hydfolysis'product adhorea firaly to the surface
:nhd‘;ts'orgnnlc nature prcﬁents water from wetting tihe glass
aﬁfface. Tt wan found nccoessary in tracer oxpcrluents to use
00&£ed-f1amka because an 1mburity was beling lecachiod off the wncoated
~flaqkls:aurface by Lhe 2 M poréhlbric neld. It had beou fownt pre-
Vibﬁsly that most of this unidentified 1ﬁpuv1tyvcould be renoved

by treating Tthe flaglk with a,cargful clonning procedurc, Theso

flasks, aftsr the clssnin

I
L

procedure, were treated with driffilm
o provent sny residual 1lopuritly fron belng lcachied off ﬁhe zleaa
éurface,

The flasks bontaining the two phase solutions were placed
th a thermoqtnt‘at 25°C and ahaken by a mechanical shiaker. The
length of time each flask waé shiaken, bafore thoe first aliquota
wero taken for unalyéis, vas always grealer than cix hours.
After analysis, tho flasks were shakon again for a minimuan of
8ix héurs.before tho,second analysis was perforiocd. It can Le
socn from Table ? that there 18 no evidence phnt equilivriwa was
mnot attained at the end of the flrst shaliding pericd.

Tﬁe oxtraction cozfficient of zirconiwi was dole wined
by aliquoting both phasos with Dri-filmed uicro pipottes, mounb-
1ngbthe aliquota on glass'plateu,'and counting thoa In a Golger
counter. This p:ocedure had bLeen developced previously by mCVoy(" .

The sorics of experiments at 1 M perchloric acidvas

’
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‘perfonﬂéd in egadtly*tho 30M6 LONIOT . It-ahbuld bé hotcd, howe
'évcf, that tho ionic strongth of the aqueéus 3olution was ad-
justod4to,2?b by edding 1ithiua perchlorato to each solution

" to make the concentration 1 M LiC1l04. ‘The-lithium percialorate
lhaq'bean previously purified by recrystall;égtioh; The ionic
nfrength of the 2 I end 1 ﬁ perchlorié aCid‘scrics vaa made the
s@ne to climinmte!-as.far a§ possiblé, differcnces in ths activity
.cpefficiénts 0f>a11 spcciés at these two éeﬁs of conditions. Tha
.dﬁtﬁlfrom ﬁhe two aciditi@s'may then ?e:uéed to calculate tlic

acldity dependence of the polynicrization process.
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Exporimental Koeaulio and Dlsenanion

fablea 2 anAad S_MHVQ becﬁ couplls~d to prononl tha expor-
1ﬁ3n&nlly moﬁsured.gunnhitios Iun the 2 00 and 1 i perenrlorice
.aclid ugr‘i‘{)'z}. hd s.:;--g‘u(m/l colwun plvoa Lthae orijinal zirconiunm
r()xw«z«;1:1;15s£i;3.(311I In the nquoonn phase boloira Lhn (:.;fz';'=r:*;§ on wibh
ha ".",s'."\-*-b%3)).;’:(;:1'10 pharte.  The econcentvation of zircuniva iz ox-
yvugneﬂ in @é1eﬁ nar liber of molutioﬁ. The figuruu In the
third coluﬂn ars the. oxtraction ecvafficionts thnt. orn ubtuineﬁ
by the vrandionctive tracsr anglysis. The Jdefinition of tha éx~
ffuction coofficlent 3s riven by eqanion I in alpruviuuu qag e
tlon. The fourth Columﬁ 1a hhu total (7in + KPKQ) onbical dan-
aity of the bcnzoho phase :ﬁ 55008. Tho £ifth colmum plvoad
thé Fféa A concentratiion that ia ealenlatz2d"{rom thé Aate
iﬁ the pra&ioum colunmms as alrendy dowcrib@ﬂ..

Tho extraction coefficienta were nll ecovrectsd to vunil
PO aetivity. This wds done since 1t 15 deairable to coupars
Hue change in‘axtruction conftlcionts with the voriabion of
zlrconium concentvqtioh at conatant TTA activily .

Thoge ecorraected axtractlion coeffliclents are shown in coluuia

L

six. The corractlion was nade ansuming o fourth povsy Fatone

dependencae.  Colwnn =zevon shows the valuo of the =ircoslvm coo-

e

centration In the agucous phase after the two vhases oo .o
and cquilibvium-ig nttninea;

Colwing eight snd nine glve the minicun ond oivmi oo
_hydrogen ion concantration In the adueoum vhitaa.s L e o1
zeen that in the exnerlmznts of the hi bzt oloc or¥ns oo o
tratlions that there is a large uncoeriainiy oy to (o0 o000l
concentration of hydrogen fon. The lqhﬁvutgrj SUURE A STE R f* Tl

"bydrogen 1ion concentration in tho pres rcse of oweon: v



Table 2

-~

The Hydrolvsis and Poalynsrizaticn of Zireconium in 2 i Perchloric Acid at 25.0°'C

Exp. 2r., Inritial E D 3300 § & . (HK)p E°® Zr.Aqe rhy  (5h
Holes/l. : ‘ Holes/1l.x 103 : 'Moles?l. Min. ﬁax.;.“
1 7.63 x 1070 0.126 0.344 5,97  1.00 x 10° 6,78 x 207 2,00  2.00
' : 0.123 0,345 6,99 5.95 x 108 6,80 x 1075
2 7,61 x 1074 0,106 04344 5,71 1.00 x 108 . 6,88 x 1074 2,00 2.7
: . 04101 0.337 " . 5,60 1.02 x 108 6,91 x 1074 -
3 2,27 x 103 0.973 0.343 5.38 8.7 x 107  2.11.x 102 2,00 2.01
0,073 0.344 5,39 8.6 x 107 - 2:1'x 172 |
3 7,63 x 1073 9,159 0.541 7.1 5,66 x 103 6,64 x:1073 2,01 2,03
0.156 0,632 : 7.02 Gu46 x 10 6.61 x 1073
| o 0.156 0.6, 7.03 6.41 x 103 6.60 x 1073
5 3.05 x 10° 0.0397 0,630 6,32 2.51x 107 2.94x 1072 2,01 2.13
: 383 0,620 6.42 2,39 x 107 2.94 x 10
= 0.7415 0,634 6.15 2.87 x 107 2,93 x 10'% |
6 7.63 x 107° © 0.0156 0,657 6,77 7.45 x 102' 7.52 % 107% 2,03 2.33
0.0158 0,650 6.46 9.7 x 10, 7.51x 1072 -
0.0255 WA 6.35 10.2 x 10 7.51 x 1072
7 0.229 5,03 x 1070 0.637 7.34 1.76 x 102 0.228 2.06 2.93
‘ T 5.1x 1o:§ 0.688 7.33 1.78 x 1907 0.228
5,01 % 1072 - 0.639 7.45 1.64 x 10°  0.228
a. The ‘optical density mac meacured in a § em. cell after a 10° fold ailution.
- The feilouing molur extinstion coefficients were used:
| e S 46,000

EHK = 11,460
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Table 3 -

The Hydrolysis and Polymerization of Zirconium in 1 HC}O, and 1 i Li€10, at 250° C

Exp. 2r,Initial 3 inn O B {(RK) ° Zr. hc. .. ARG A0
"Uoles/L. : DBBOO 2 ﬂoles/l.beOB Foles/1l. ¥in., Max,
1 -5 ) ’ . - ,\8 . '6 I . e
1.312 x 10 0.323 b 4435 9.1 x 1% 9.92 x 1077 1.001 1.971
0,345 9,459 4.35 9.7 x 207 9.75.x 1072
2 3.23 x 1077 0,399 4.32 1.12 x 157 2.83 x 10 1.002 1.0%2
n.373 0.49¢  4.33 1.98 x 103 2.85 x w07
3 1.313 x 1974 o.m 0,191 4.21 1.31 x 107 %.37 x 1070 1.000 1,009
o, 0379 T 0.91 be22 1.20 x 107 9.52x 1077 o
A 2,94 x 1977 0,327 4.15° 1.10 x 102 2,97 x 107 1,000 1.001
4 0.327 0.498 4e15 119 x 107 2,97 x 1074,
5 1313x 1070 0,46 0.495 3.94 6.87 x 102 1.125 x 1072 . 1,001 1.0
0.152 0,492 4.00 5.96 x 10°  1.14° x 107
6 3,94 x 1072 0.0611 3.83 2,69 x 108 2,71 x 1673 1.001 1,016
. 0.2591 04497 3.89 2.53 x 10° 3,72 x 13'22 s _
7 1.213 x 10 0.0:201 0.504 3.87 9.0 x 197 1.287 x 10 1,001 1.053
S p 00214 0.494 3.76 10.7 x 107 1.285 x 1072 :
8.  3.94 x 10 0.0118 Al 4.03 x 107  3.89 x 1072 1,002 1,158
0.0102 0.579 425 3.1 x 107 3.92 x 1072

&. The cntical density was roeasured ia a 5 ¢m. cell after a 500-fold dilution.

t. ihere no measarsment of the opticsl density wes teen in the first anslysis,
it was sssumed to0 be the same as in the second analiysis.
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'1on-gives only the value the solutlon would have 1f the
'zirconium were uhhxgrolyzed. Since the degree of hydrolysis
varies frdn experlment to experimcnf and since thsz ﬂydrolysis
‘vpréﬁucts are uhknoﬁn, 1t>13'1mpoq 1ible to caleunlats prscisoly
'fhs true hyd”ogﬁn ion co“centration. ‘However it 1s poseible
-to place 1imits on the concentration by aawaminﬂ no hyArolysis
'1n ons cese and compl ete hydrolysis to {;r(OH);] in the other.
The lognrithm of the extraction coefficlent at unit TTA
l.activity has beon plottod agqinet the logarithm of the equil-
ibriun concentration of zirconiua in the aquecous phass. The
curves'obtained for‘both aerles are presented in Figur@ 1.

In a previous section two squations ﬂhich are ugsaful

-in 1nterpret1nﬂ the data wers derived. Eqguation 13 was writtent

4 log X | L 1 \ (13
&‘1op}:n(ar‘7"'- 1+ o . (13)
n{infn

wﬁere fn represents the fractlon of ths total zirconium which
containé n zirconium atoma. This equation eﬁpresses the chopo
of the thecoretical curve unon which the experimzntsl noints

of Figure 1 should lie. 'The slope of the curve at any point
shoulq have a value between 0 and —1; It ¢cnn be 8e2n from.
Figurg 1 that fhe lines which ars drawn throurh the exnoriman-
tal points hnfe very nsarly tho correct shape. The followin
equatlon has peorhnans an even more intarestin g arnlicoation.

This equation'is:

oo

The term 2: nfn reprefants. the average nwiver of sirconisg
n=1 '

]

0
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atons ccr  polyasr. Keeping equatlions 13 and 15 in mind,

s qualitative intor%retation of the data can bz deduced from
Fi@ure 1. It can ba scon that the,ﬁonomer 1s the pvinciple
speciea in 2 M perchloric acld when the zirconlum concentration
is 1esé than!lo'sﬁ.‘ In 1 i percnloric acid the monouer is the
principie specles when the zirconium concentration 1§ lesa than

1044, It. 13 to be noted in Filgure 1 that the line in the 1 M

perchiorié acid seriss does not go through the experiimental

vpointe'at the loest zirconium concentration. In'theory,th@

experimental points should all lle on a line of zero zlope in

thils region. It 1is belleved that the decrease in the coefficlent

- at this low zirconium concentration 1s due to the presence of
‘an impurity which partially complexes the'zircbnium, tlhws lcuer~—

Ving the extraction coefficlent. The same difficulty with such

(3)

an impurity was not ed by MNcVey' in'hls tracer. experimonts.

In the 2 M poerchloric acid experlments fhe value of the extrac-— -

tion coafficlent at the lowsest zirconium concenbraticn is nlso

believed to be low. The discrepancy in this extraction couf-

ficlent 13 not nearly as pronounced as in the 1 i narchloric
acld series. . There appear to be seversl possibls rgasens for

the decrease in the complexing effect of the ifmpurity nt ihc

‘higher acidity: (1) the amount of impurity is leous 2n ‘o

2 M HClO4 solutionsy (2) the coanlexing vover of (i ihﬁ%?iu;

is dimintiched at_tha higher acidity; (3) the‘Cannu%r“ti)ﬁ of

zyrconiun is greater in the 2 M perchloric actd sovian, Lhos

a saaller fraction of ths zirconium is comnlaomad by & @ L1 .n

It can be seen frou Pipure 1 that the Yinoo 4 Lo b

of the lowest zirconiwuwn conesntrations ara nst 70~



experimeﬁtal pointa,., This was done in an atteapt to correct

roughly for the effect of the impurity.

It.ié interesting to calculate the hydrogzen ion depen-

derice of the oxtfnction coefficient of the mononer from the

two series of experiments. Using the values of the extraction

coefficient read frem the curves,the hydrgen 1on dovcndence was

found to be .8, This value 1s quite different from that ob-

tained from ilcVey's tracer oxperiments, 1l.e., slightly less
thﬁn 3.0, McVoy also performed some extraction experiments

using approximately 4 x 10~411 zirconium. The results of his

.macro zirconiuws experiments, in agreement wilth the present

vork, 1ndicated that the hydrogen ion devendence was a good
deal nigher than that obtained from the tracer experimsnta.
thorefore it seems probable that the hydrogen lon depondenco

15 npproximately 4 rather than 3, Thls indicates that Lho

“zirconiun in ones to two molal parchloric golutions arlsts

~mainly ags the +4 ion. The mresence of tho complexing impur-

ity in tho tracer exmeriments 1s presumed to be the csune of

the large discrepancy bgatween tho trocer and macro experimonts.

1t can bs seon from Figure 1 that at tho highor

1

Ay oam

zirconiun concentrations the value of tho extrocilon cocllic-

ients 1s decreasing. Recalling equatlon 10 which g © »iv

in a previous section:

Il

1

)
E:ru? =
n=i a aslopo + 1



P

.o,

it 43 apprarsnt that polymers are beling formed at the higher

zirconiuam conconbratlcng zinco the term Z;nfn rcpreccuds the

2

avorzso nunber of sircconium atcms in the various polymers.

It should be notod that in thoe application of equation 15

tho slope of the curve must be calculated. Tho valuecs of
g;rdh.obtained by such a calculation will then depend to
scme extont upon how one draws the curve through tao

~

experimental points. In Figure © it i1s scen that the curvs
for the 2 perchloric acid soriez was not dravn throush tha
experimontal poinos obtaiﬁod at the highest zirconiua con-
soptration. In the scctiocn on tho derivation of cqgaaticng,

it wae‘shown that the theoretical slope of the curvo (leg T

 Versus log . ﬂ?rﬁ]) should have a vqluo botiwcen =1 and O.

Since the absolute valus of the ‘alops of uhe curve dravn
through the experimental polnts at the highest zirco*i*m
concentration would, by nccassity, be greater than unity, -

no attempt was made -to draw the curve throaul thess polintse.

It is doubtful that these points snould evon be incliuded or

the plot becauze of the largoe uncert ainty in the hydrczon
ion concentration which is probably nearer 3 than 2.

- The average nwber of zirconium atcms per polymer wos
calculated frca the slope of the curve of Flgouro 1 by meong
of oquation 15, Colunnn five of Table 4 lists this quontitye.

rd

It can be gcen from this table that polymzors containing large

musbors of zirconlum atoms are forzed at the highoer zirceniun

cencontrationge The zirconiwa moncucr is the principle
specicag at the lovest zirconium cc”cvutrations.

It is posaible to vwrltec an addlticnol relatiocn viich

A

L
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