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Part I• 

Summary 

The Act1v1ty·Coeff1e1ent of Plutonium(IV) 

Salts in Acidic Aqueous Solutions. 

The activity coefficient of Pu(Cl04)4 was measured 

1n perchlorie acid solutions. The procedure used wan to 

measure the extraction of the neutral plutonium(IV}-TTA 

chelate into benzene-TTA.~olutions at different perchlorie 

acid concentrations. Equations are presented \7hich show 

the relation.of the extraction coefficients; obtained in 

the above manner, to tho activity coefficient of pluto­

nium(IV) perchlorate. 

The activity coefficient of Pu{Cl04 ) 4 is similar 

to that or a strong n.cid; e.g., pcrchloric acid, in that 

its value iricreases rapi~ly when tho perchloric acid con­

centration beco:nes ere a ter thr.n 211. 

'l1he dintribution coefficient of TT1\ between ben­

zene and aqueous perchlol"ic acid solutions \'las found first 

to.decrease slightly and then to incrense two fold a8 the 

perchloric acid was varied :from 0.01 to 611. 

The activity coefficient of the uranous-TTA chelate 

in benzene v.ras calculated from the results or solubility 

measurements. The ve.lucfl of the activity co.efficient of 

UK.. ar~ within experimental error, 1~entical with the 

values of the activity coefficient of TTA itself. 
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-Part· II. The hydrolytic Be~avior of Zirconium 1n 

Pereh~or1e Acid Solutions. 

The polymerization of zirconium perchlorate was 

determined 'in aqueous pcrchloric ncid solution. The 

proced.ura consisted of partinlly extracting the zirconium 

from an ac1dlc ,aqueous pho.so into a benzene-'l.'TA phase as 

the neutral· zirconium-'r'l'A chelate. 

Severs.l equationr: are presented which are used in 
. # 

the interpretation of the dntn. 

It is .found that zirconium polymers begin to form 

at relatively low z1rcon1u.-n concentrations, i.e., 

ca. 1o-4M zirconium in 1M perchloric acid and ca. lo-Zm 

zirconium in 2J::I pcrchloric acid. 

'£he hydrogen ion dependence of the extraction 

coefficient or the monomer vms found to be nearly four. 

This indicates that the principle mono~eric ~pecies in 

solutions of 1 to 2M p·erchloric acid is zr+4. 

Figt1res repre:Jenting the experimental data, which 

can be 1nterpreteCl 1n terms of the average ntl!nber of 

z1rcon1mn ato!11s per polymer at.various zirconium perchlorate. 

concentrations, are shov-m. 

It is possible to deduce f~~~ the data that a 

zirconium dimer·is fo~ned. 31nc~ polymers containing 

large numbers pf z1r.con1u.'U atoms are also shorm to exist. 

it 1a probable that all the intermeoiate polymers are 

formed. 
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It 1s eoneluded that the composition of the 

higher pol~ers approach th&t of the neutral hydroxide. 

1.e •• 
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Part 1· The Acti v1 ty coefficient ot Plutonium (IV).· 

Introduction 

AnT rigorous treatment of thermodynamic quantities 

J"equires a knowledge ot the aoti vity co.ettiolents (or the 
-' 

.equ~valent·) ot the species involved. In .the study or equil-

ibria, _potentials, eto., involving p.iuton~um ln aqueous 

solution it is ot great importance to have a measure ~f' 

these quantities. The following dissertation outlines a 

method .tor making such measurements and gives the initial -

results obtained with plutonium (IV). The procedure has 

many attractive teatti.res and should find extensive use in 

determining activity coefficients or many substances other 

than plutoniwn. 

Before discussing the present method or measuring 
' . 

activity coefficients it seems worth while to digress for 

a m·oment to ·review the possible procedures that might be 

used. 

Activity coefficients m~ be measured over a wide var­

iety of conditions, but to be useful they must correspond 

to conditions which are of interest in other work. In 

plutonium chemistry this usually means solutions of moderate 

acidity and relutively low plutonium concentration. For 

example, it ia·desirable to know the activity coefficient 

of 10-3M Pu(clo4 )
4 

in l.oo M Hclo4.• This type of activity 

coefficient, where the salt being Lleasured is c.t low con­

centration in a moderately concentrated o.ci.i solution. 



... 

<'fiff'ers .fro::n tho type correnor.!ly measuren anfL also 11m1ts 

the posoible expcr1centnl rnethod£h 

~olt~bility.- ·Ono .of' the most .s1cplo and direct methods 

of measurement of activity coefficients is by the study o~ 

tho solubility of' n relatively insoluble salt ss a f'u.nct1on 

of the compoa1t1on ·of' the med.itt~. 1'h1s msthod~ which has 

been extenn1-vely ·used in tho pnst, y19lds· 01 rectl:r. the activ­

ity eoofficient of' tho insoluble shl.t in the most simple case. 

If the net rsa.ction corrssponcls to 

we obtain !"l'o;n tho ~olui.Jility tho z~olativa act1t"'1t--y cooff1c-

1cmt~l' O.f" the s~lt Ail dissolved in th9 nolution. 'i."lJ:ius the 

solub111 ty product K mny bo nofincd as 

·\'there pnrenthon8 s 1n::1!cn.t9 concentrntionn nnd "{ ·tho activity 

coefficient or the in(Ucater1 npecief:J(l). !1.ele.tivo activity 

(l)!·10l'" symbols nnd rlc11nitions sao G. N. Lev1ie G.I!d M. Rnndoll, 

"T'nc!'Plodyna..111cs" • :.~cGra.w-!1111, New York, 192Z. 

coeff'ic1ento aro obtui.ned by co:-:1po.rtng t\'10 solub111 ty doter­

m1nnt1ona for "!ifferent uolutions •. 

In cnno the nn1on is the ion of a weak a.c1r:l the rene-

tion beco:nc!l 



If the solubility measurements are being made in the presence 

.of a strong acid such as perchloric acid and. the activity 

coefficients of. pe rci1lor1c acid and· of HB are knovm for the · 

solution in question, one may calculate the activity eoef• 

ficicnt.of the snl;t AClo
4 

from the solubility as is evident 

from the expression for the solubility p~oduct: 

This provides a possible means of obtaining e.ctivi ty coeffic­

ients of '.salts such as pcrchlora tes even though they may be 

very soluble. However., if the cation is at all complexed 

by the anion of the r1ea.k ncid., tho mensurements will not 

yield correct results unless this is corrected. for and in 

the ease of hi~:lly charged ions vihere there is a strong 

tendency toward comple.:"C ion formation this is a ve'ry serious 

.litnitat ion. 

It seems probable that relatively insoluble compounds 

of PU(III) and Pu(VI) could be found that would fulfill the 

above criterion, i.e., not be complo.xed by the. anion of the 

insoluble compound w1der the conditions of the experiments. 

On the other hand it noes not seem likely that such a compound 

could be found for Pu{IV) or at least one that would be at 

all practical for such mcuauremcnts. For example plutonium (IV) 

phenyln.rsonate which hns a low solubility was tr1eo but it w~s 

fou:nn that the plutonitun in solution \'1ns cot1plexecl by pheny-

larsonate ion even at very low phenylarson1c acid concentra-

tiona. 

6 
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EMF ;.reanurei:!cnts - A second usef'ul. method of deter-

mining activity coefficients is by cell measurements. In 

the ease of plutonium such measurem~nts could be readily 

applied to the Pu(III)-Pu(IV) couple and the Pu{V)-Pu(VI) 

couple. If both Pu(III) and Pu(IV) are 1n solution, one 

obtains the relative activity coefficients of the s~lts of 

. these two ions and the anion present in solution. By having 

the activity of- one plutonium species maintained at a known 

value by .saturating the solution with an insoluble salt of . . . 

that species· it is possible in principle to obtain the activ­

ity eoef~icient_of some salt of the other plutonium species. 

·no such_measuremonts have been carried out but the activity 

coe.f.ficients of Pu(III) salts might bo measured using pheny­

larson1c acid to maintain t~1e ncti vi ty of the insoluble 

plutonium (IV) phenylarsonate at a knmvn value. In dilute 

mineral acid s~lut1ons, such as l.M HClo4 , plutonium(III) 

is probably not complcxed by phenylarsonate ion, although 

this point would have to be checked. The net reaction, using 

a hydrogen electrode for the other half cell, would ba: 

To obtain activity coefficients of a plutonium(III) salt it .. 
would be necessary to know the activity coefficients of 

phonylarson1c acid and the mineral acid. If the solution 

ware kept saturated with phenylarsonic acid• which is only 

moderately soluble, only the activity coeffic1~1t of the 

mineral acid need be knO\'.n. 

7 
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(2) 
Resin r::xc.ho.ne:e ;.1cthoc1 - G. F.. Boyd imd coworkers ·· 

.( 2}cr. J, Schubert, CN-1873, p. 15~ January 1. 1945. 

have introduced an ingenious method for measuring the activity 

coefficients of·sa.lts which Ci.a.kes usa of cation (or anion) 

a 

eJ:Cchange resins.. In a cation exchange resin there o.re positions 

which can be occupied by positive ions. n1e competition of two 
+ ++ different positive ions such as Na · and Pu02 . :for these posi-

tions may·be used to measure relative activity coefficients · 

· of the salts of the two ions. The results are interpreted in 

terms of an equilibrium bet\·recm the ions. in aqueous solution 

and the ions in o. solid solution in the resin, the activity 

coefficients being assumed to be tmi ty in the solid phase. 

The method seeUJ.s applicable to Puor but so for cannot be used 

readily for Pu+4 and Pu+3 as it is found thot the behavior of 

+3 and +4 ions is not rm.rcn-•sible at least in the resins now 
(3) . 

employed • 

'rhero are me.ny other methods for measuring act1vi ty 

coef.fic1e.nts, however the methods cited a~ove together with 

the method proposed bolCJI:r appear to offer the mo~t promise 

in determining the activity coe3.'r'ic1ents of plutonium in its 

various oxidn.t1on sto.tos. 

Distribution Method - The r:1ethod nhich appears to us 

to offer the moat pro~ise for dcto~nining the activity coer-



.. 
. . +4 +3 + ++ tic1cnts o.f Pu directly and these of Pu , Puo

2 
and Puo2 

indirectly is th:J. t of distribution moa::mrenwnts between an 

organic ann an aqueous ph& so. 'i'h1 s 1o the r:1ethod wl1ich has 

.. been tried in the fol1 o-:uing work. 

'llhe method' is em old one nnd one which at firnt s1c;ht 

doea .not nppco.r too pror:lising. The chief dif'flculty lies in 

finding s one ren.gcnt r;hich will m:1ke plutonium{ IV) partially 

oxtractnbJ.e into a. non-nquoous pha~~a yot not co:nplex 1 t in 

tha aqueous phase. r,n initial search wo.s made for ouch a 

reat;ent 1n 19•13 but none was found that offered any promi:.;e ~ 

Not long aftervu:trdo n prOil11sine poas1b111 ty wa~ uncovel'od when 

Calvin(
4

) ~omonstrntod tho nb111ty of trifluorncetyl~cetone to 

( 4 > r·· •l• Cn.1v1n, CN-2486, p. 2, December 1, 19~-1. 

chelate Pu+4 and ronclor it extractable into benzene D.nd other 

orc;m11c phases. HOYJovor on testing this rongent it wa:1 f'Ol111d 

that it purtio.lly co:1ploxcd Pu+4 in the nrp.;.eous p~-:~rt.'lG v/hon 

used ut concentratio1w safficiontly hiGh to give pm•tinl ex-. 

traction of the Pu(IV} into benzene.· 

Soon several derivatives of tr1fluorncotylncotono v:ore 
- • ( 5) 

prepared by Calvin o.ncl R:n.d nnd oao of these wrt~ nho·,,m by 

Crandall and 1'lloraas {G) to have the rcqu131 to pr opc:r·ties for 

(5} 
. J. c. Hcid nnd 1J. Co.lvin, LDDC-14u5, .l\:n:;uut 10'1'/. 

(G)II. \/. Cranchll nnd J. n. 'rho:aas, CN-3733, p. 5, 11etrch 3, 1947 • 

. • .. 1 
th3 dct:cn:\inn t1 un of nd: i 1:i t:r coefficients of ru: , 1. o., 1 t 
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• .< ..... +4 
did not co;:-rDlcx Pu. in rm !l.CJU~ons solution lmc1er conditions 

.. v:h0ro it v;ould cfve pn.:rtlRl extraction of Pn+4 into the 

orc;8.nic. pllnso. 

'rho d intribution ri1othod is pnrticulo.rly Duitod to tho 

study of radioactive substr.mces in tho.t traco nmounts of mater-

1nl may bo usod just o.n readily e.s mncro £' .. mount3. This follo·t~s 

from the fnct; t11at tho cUstrtbut1on rrtt1.o in ir.dep<'mdent of 

tho concentrnti.on of ru+4 ns lon[~ o.a thoro 1s no poly.nerizo.tion 

in eithor pha3e. 

\ 
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i. .. 
Thoory of Appl1ontlon of D1s1;r1Lution: Uethod 

In the practical appl1c9.t1on of. the distribution method 

to.tha measurement of activity coefficients it is necesnary 

to mnko scvcro.J. simpl:i.fying ansu-nptions ll.l1d ti1ese must be 

juat1fied. 

IJ.'ho equation ror the equ1libri'un di stributiori or. plu­

tonium(IV). beb:een ttn aqueous pha!';e and a. benzene ph&se may 

be written: 

Pu+4 (nq) + 4liK(b) : PUL\:
4

{b) + 4~(aq) • 

The symbols {aq) and (b) desicnnte the aqueous anCI benzene 

phase!l respectively, tihile HK 1s usod to designate the ketone. 

'11le above equation may or may not represent the·actunl net 

reaction tnJr1ng pl:1co. · It" the Pu( IV) is po.rtially c O!!lplexed 

by the ketone 1n the.a.quaous phase, the above equation 1s 

not c0r1 .. ect. Hovrever, as has 'been pr(3viously montj. oned, an 

extracting agGnt should. be chosen such that plutoniu!a com-

ploxing in the o.quoous pha:Je is noc;l1gible. o.nd we sh[:1.ll 

assume for further pu;~noses of discussion that a ketone 

h.is. b':'en nclected which doas not complex the Pu(IV) apprec­

iably 1n tho nquco11s pha:Je. 

·If t,1s T"n(IV) 1.s compl~xed in the e.queous pll::tse by 

other ncr;r,tivo ions, Rgnin our equntion docs not reprenent 

tho not reaction •. liorravor, thcrmodyn:1micaliy 1 t is possible 

to go ::t}l.c:J.c'l -'lfl(l l;_Ge tho equation nnd inclune any effects 

of this sort in the variation of the activity coefficbnt 

of the Pu(IV) salt. (Of course thi~ is not a. necessary 

procedure a.."'ld in many cases of strong co.'lplexinr;, one would 

11 
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want to troat ·1t separately). Then we may write the equilib-

r1t1m constr .. nt; 

(l) 

Pn.rentheo1s 1!!.c1icate cor;.cont:.--ntions uncl y 1ucUcates the 

nctivity cooffic1.cnt of the fl.osignntcd species. I.f thc·con­

ccntro.tion of' UK in the benzene layer is maintained at a lo\1' 

value, Henry's Law should apply to this solution and the 

a.ctivl ty of IL~ and Pu..TC
4 

in tho benzeno should be proportior.oal 

to their renpccti ve concent;ra tions. '!'he a.ctiv1 ty coafficicmts 

of' th0se species should equ::1.l nnl t:r if the usual standard state 

in us eel. Ma.king use of tid s fact and. 111ul t1plyin.g tJ.1o numer­

ator ~uid denordi:l·l.tor of the oqu.al~ion by yA- where A- is an 

anion p~.'a::Jont 1:• the aqueous phaso \7e obtain 

K= (2} 

or: 

K:::: 
(l):,~r ) (lf}}4 #J' 8 

·...,."A. . '·J:ri" - ..... ,~ -·- ( 3) 

. If t!.lo accivity co<Jf.ficl::nt of tne ach1, ILII.., is !mo·::!1 for tho 

u~ly tho v~lue of K 

D.l'lcl ,. I D~ ~ •J !!0t c11:") .:;c tly :.:.i :_;2 ~~ ·...r1Jrl1Jl e • r:·ro ~l i:lG:!. 311!' ·::-·19n t s 
·.::P'u.A4 

at k;o or ;:r0ro S(;'ts of ~0;' 1'L~~:lo;.w one r::1y 1!:.r:Jo,·l.L1.Lcly cr~c1.tl'n.te 

12 
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In practice it is convenient to use very low concen­

trations of plutonium and ketone 1n the aqueous phase tn 

order that their prenonce should not effect the activity or 
tho acid HA. B1nce t;h9 ketones used in ·-this work oro much 

more soluble 1n benzene tl~ in water their concentration 

1n the aqueous pho.se could always be kept . smaJ.l. Thon, for 

the colUmon acids, data oh activity coefficients 1n the 11ter­

. ature for pure HA solutions mny be used ir thoro nro no 

other substmces present to an npproci able extent 1n the 

aqueous phase. In a. few ca. sea r1a t;n are available on the 

activity coefficients of mixture:1 or d1!"feront nc1cls and 

mixtures of acids with salts, ouch as HCl and 1~11Cl, \'h1ch 

ar~ applicable to activity coefficient determinations of 

plu~oniUm 1n suc11 systems • 

Stand.nrd 3t~ - Activity coefficients are m0o.sured 

relative to e. standard state and 1n order to dl ta1n a. valu~ 

for an nctiv1ty (:Ooffic1c!:t this etnndard stnte t1Ust be de­

fined. Tho cl~ice of a standard otate 1a arbitrary but. 1n 

general,· 1n aqueoua solutions lt is chosen to be such tltat 

the o.ct1v1cy /coefficient approach.os unity as the concentra­

tions of all oul>stancen present 1n solution approach infinite 

dilution. In the car.:o of Pu+4 such a standard s tnt o is 'Wl-
# 

suitable because 1 t is not ponsible to have solntions of Pu+4 

\7h1ch are near 1nfin1 te <Hlution with respect to hydrogen ion. 

1'h1s ariseo fron1 the fact that Pu+4 Wldergoca hydrolysis at a 

relatively high acidity. Since :tt does not a.p~ ar feasiple 

to e.xtrnpolate activity Cffi"vcs or f'u(IV) snlto t;o zero ionic 

13 
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ct:..--ofJ.[<;t!l~ it sorr:w \":fisc:' to rodofine t:ha sta!1clnrd state s·o 

. that 1 t c~n be:l roached experimentally. This argu:.nent of 

C,CU!'Sv arplios to -1-oj, ions :in e;cnerol. Therefore the stan­

dard· atn:t.a ·for plutonimn(IV) will be chosen such tha.t the 

ro.t1o o-f ·the n.ctivlt:r of -Pu(Clo4 ) 4 to its concentration, in 

o. solution o:f unit conc&ni:iration of perchlor1c acid, a_?proa­

chos tm1ty as the plutonium concentration approaches ·zero. 

·'l'l~ua_ tha_activity coefficient of Pu(C1o4 l
4 

is unity in a 

solution· of pcn'chloric acid of unit cancentratir.)n and at 

very· law plutonium(IV) concentration. Perchloric acid has 

bcon chocon bccaU8<3 it is believed thn.t comploxinr; of Pu(IV.) 

by cro; 1s leas than vli th a.ey ether 00iilrt1011 anion • 

. Once the activity coefficient of Pu.(Cl04 l 4 has bean 

fixod·by tho nbove definition of the standard sto.te, the 

activity coefficients of nll other plu!;oninm.(IV) ae.lte ara 

determinable in any ~olut,.on. · Thu:J·, 1r the activity coGf­

ficient of Pu(Clo4 )4 has l>ecn <'ieterm1ned for a pnrttcular 

nolution, one cnn calculate the acttv1ty co~ff1cient of Pu.Cl4 

by tha followine eq~~tion: 

., = 
±pucl

4 

8/5 
y ~lli/.l.. __ 

8/5 
y±HCl04 

(4) 

where all activity co-:;fficients refer to th':1 pn.r-1:;-tc.nlnr Bolu-

. tion being inventicatcd. ThUS 1 t is i:lGCC3 SP r'Y to knOW tho 
·" 

nct1v1ty coefficients of t·ot11 i1Cl and liClo
4 

1n the TTl r>ticular 

14 
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solution which \'Jill in gonernl c ont:1.i.n 11 ml:x:turr:J ·of cloc tPolytes • 

. In onJ.y a fe~'T cases nrc ~uch (1:-t.t~ :1Vailablc. 

The f1>:111.1?, oi' tho st'1uc~:11'(1 .1tnt;o of' Pn(Clo
4

l
4 

cn..tto:cl:.'lti­

cp~ly flxo0 tllo o.ctj_~.r:u~y CO:)ffici~ni,8 of o.ll o·~~.1~JX' plu.tonlum(IV) 

tiona to other solu.t:i.ons. In !JUCh ca:J?~ it v1111 probably ba 

convenient to definE) n. nc'.'! ntn.n(brc1 ctn tc :Jilililm· to tho one 

i,n porchlor;tc nch1. For m:~.'~iplc 1.r c.cti'vi t.y coGfficiel1l.:.s 

of Ptt( IV) ·.::cr:3 moacv.roec1 in :r..1 t :-·ic a.c lc.i. sol ut1o~1s a z t.~.mdard 

13tnta r.onld bo c1.1.tJ~cn f.'.t 1.mlt concontT•:1tion o:C' n:!.tr·ic acld 

nnd a..t vo.ni'o~11n:.:l'.r m~.'1ll plntonlun(!V) concsntr~'l.tlon. SincG 

onl,Y l"Gl 1.t1 ve v~.J.ue:J of nc tl ,.rity c 03ff1c1cntc nrc oi' interco t 

1n therr..to(1:;1vunlc3, f-lnch n. p1~oeednre v:ill n~t cau~o tPouble 

usod together. Ho>::;0vor, :1. t ~hould o.l\'.rnys be brn·n in r:dnd. 

tha-t tr~.e sinGle ntanf!:",rr1 !lt~.t e in pcJ'cluor1c acl<l. in theol'Y 

suf'f:J.cea to fix the activity coefficients of all pluton1~"71 

Co::Jn1ox:l.'1;~ m-:;.d H"""ftroJ.,.,.nis - Distri:Yut1on measurements --· .... -..:o--~·--·-..... ·---.J.-··-·· 

The most co;weni-:mt nroccdur0 o.s :?.ppl1ed to pluto:niwj '.'JO"!tid 

be to hnvc Pu+4 <'l.i3noJ.vcd 1n P'C1t'ch.lo::•ic ~c:t/l. '::hicll i~ believed 
. +4 

not; to ccr..1plnx Pu , cmcl to c1cto~"1:1:'.ne th') o!'f~ct on tho dis-

tributlon co:JfficL:mt or r.d·.'in3 vn.rious G.:.wtmt:J of sOJ-:i.C roac;-::mt 

\"lhich conploxos plt1to:~iu::1. Fron the c1ata it is po:Jsible by 



• 

.•. 

·. ' 

cl:m.GntuPy nothods to calculate the average number of groups 
. . +.1 

v.ttached to a Pu - in each complex. In ca.Prying out the 

oxper1mcnt3 cnro mut::t be tHkon not to ch.o.nge the;; :n~clium 

suffic1t:utly to _alter the activity coefficients of the var-

. iou!l. :::pocies. · 'l'hus ono would keop the ionic stl'ensth con-

stant, otc. 'l'he above mo·chod, us1ng fluorinn':·:Jd dil:etones, 

promises ·to be a vel"";f poweri'u.l tool in the study of thA C<'m-

ple,d::.1G _o.r ions. 

IIydi•olys1s is of' colU'£Je a. npecio.l case of comple:x.1nc;, 

so \'IOuld ba treated a~ above. 'l'he distribution met.~hod should 

be l'cad:tly applic.c'1blo in this case to most +4 ionr., out is 

r1lfflcv~t to upply in tho ca~e of plu1.;onium because of ox1-

dnt1on ar:d reduction 1nterfe.rencos. Thi-s point is oisc.ussod 

at lGneth in the expoPinH:mtal rcsul ts of thin pnpor. 

Activity Cooi.'J'ici0~.ts·of Pu(III)t_1-'u(_y_L_..£!_1d f'v.{VI) -

'l'he d1ntr1butiun pl'OCoduro outl1ne<l a.bovo furninhos the act1v-

1 ty cooffic icnt of' only the +4 stu te of pluton1un. 'l'he simp­

lest 1:10tho(l of obtaining that of the +3 state app3 o.rn to be 

+'7 - Pu+4 by coll mE:asw'emonts of the Pu .;; col.tple. 'l'h1n couple 

1s l'ondtly rcver-D1blo. For measurements in perchlor1c acid. 

cells ~f the follo·,,,ins typa can be us eo~ 

Au• I)u+ 3 Pu+4 llClO :rr·., J- n • l't-
• ' .I # . 4 j ·- v.l.. ~I .1..1.2 • v 

By keeplne the plutonium concentration 10'."! the liquid junction 

potential bocor.1es no~;lig1ble. l'he equation for t;}w potential 

is: 

E :::: F0 
- (5) 

16 
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Ir~o··, 11 ntY ""' and v. · (f.l'om thd c11str1butlon moa-
u.l 'J .•. '-) 't.JWl0

4 
1 :!:.Ptt(Cl0

4
)
4 

sln'e<~Jcntd 1 all th0. ot>:r q,lr:mtities o.rc moaourablo oxcc.pt 

'YJ.. ( 
1 

) ·.::':~:·':. ::•1.n then bo calculnted from the cbta.. 
:'"Pu. c o4 3 

Ac-tivity coofficionts of tlls +5 and +6 ntnto cn .. o then 

· in its varioU3 oxid::'-tio:-1 stnt6s. lt'or ex.o..o.plc Ll1c +G a..ctiYity 

. coo.ff:lc.1cnt of Pu(VI) in pm·c1.1lor1c acid n.ny be obtn.inott fro711 

t:ho equ111b ri um 

( 6) 

+3 2 ++ +)'4 8 3 . 8 
. K = _c _ru __ )_<_Pu_o_2_l_<_n._.._,.Y,..,±,....· ru_( _cr_o_4_>....;;3_Y_±P_u_o....;;2::...<_91 o4} 2 --r viCl o4 

( P'\l.+4) 3 y!5 
-PU(G104 ) 4 

'l'he activity coei'fici m1.t of Pu(V) ow .. y oo determined from the 

equill.:J~.':i_,rm 1nv·olv1ng all four oxidation st.at'es: , 

Pu +4 + Puo; = ruo~+ +. Pu +3 • 

17 
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;.~~ame'C1·~nt o.r /ictivity Coofi'1cient of Pu{Clo

4
l

4 

in rcrciJloric Acid Soluttono. 

*" tP.i.fJnor-acotor;.o \·:hicil nlll be n.hbro,rir.tor1 to 'l'T!\. T~l:"} for;:mJn. 

in· 

C
., 
.l' ....... 

,) 

0 
H 

0 

C - CH = C -CJ s 
or 

il 0 o._.n.l 
GP 3 - C := CH - C '/ 

It ' 1" >'"'11" r·1•tly '""01"''] e in , .. r,t"'' 1 ( (J Q';0 1'"( ,,I- <">r,<Jc) . 1",'t .) .a.,• <._;J..., 
1 

~..t • \.-\ 1J- .. \•\\. •-.14. • ~·~) fl c ..... U '-''-' 1 ....; . .(. 

-----------··--·----· "'. -----.. ----------·--·-··-··· 

r\n r• ·•··· . •.J:r 

( ': .... :. \ 
·····'cJl 

-~------...--
/ ;· • .- I 

\ J. : . . I ( :J.C} J 

.,~ .. , . ,• ,-, 
-··· ~ .l.. v ~ J • 

(71 

-------------·----------------------·--·---- --------.. ---



Th·3 TTA .forms chelate .. compounds \Vi th mot11l io.ns by 

·~oordln9. tine >:.·o ox-yGons to tho metal ion. in the following 

Pi:'<:.<>W.1nbly tlF:ra is 1·cson3nco of tho carbon-oxygon douiJlo 

uond bctr1Ccn ·the tr;o c::rbonyl groups, v.:i th :::ir;1u.lto.noous 

s:.dfting of the car·oon-c<J.ruon doublo L>ond. 'fhe plut..oniutu 

chelate [Jpccic~l which io oxtl~nc.tcd into benzono con~dBts of 

19 

a l'u+IJ, ·:rith four 'l''.J..1/" tons coorcllnn.ted ·to it to !'oJ::-n o. neutral 

molecule. 

'iho e~d;cnt of cxt:~:')J~tion of the. Pu{IV} clwl~tc into 

benzene from porchlor-ic acid ::>olutionJ v:aa meo..surcr1 i;n tho ,. . 

i' ollorling mnnncP. h pcrr.JtioPic uCif1 :>)lutiun contai:nirl{; 

cu. 10-G II Pu(.IV} \;·au stirred Lls:c:l:.!.ni cally ;d t£1 an equal 

volu·ne of bonzone contc.ining ·.tl'/i. l'ho dlstrilmcion of 

plutoniuru( IV). wa.s :;wncul'Od by i:> .. l iqu.vtil1g l>oth ph.J.:HJS, :r.ount-

1ne these aliquota on platinum platos 1 nnd co:.mtin,z them in 

an alpi.1a. counter. Those rneasure1l1ent3 we:oe continued until 

I>C!UDOU:J Ph.::lse '!"" In order to nllo~w that the .Pu( IV) in the aqu0ous 

tho s~uo porc:~o~~c ncid concantr~t10n Lut nt different TTA 

sJ-''Cllf'i''- 1' ''('' , ... ,·'1·,,-,,(·1 co···.···'· .. ,,·.·'· _ u ... _ vlt-J. ... J·••<--"'J. 4.._.. -·h·J l .• ~ .. -l.L, 
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coef£1c1ents of lono rc::-Jtlil19d nearly constn.nt 1!10 1t was 

po~wiule to mensure tho dependence of the extraction on 

the ketone concontr·•t.ian. 1'hu::1 1f the roaction 

-
represents what occurs in the 1.;wo pha.~a system; we 1nny wr1to 

}~ =--
{PU.K;4){b} 

4 +4-n (0) 

L (l~ ) 
7l=O (aq) 

Tha· extraction coe.fficient, :u:., as de~1nod al)ove, is the con­

centration of' Pu( IV) in the benzene phase d1vicler1 by tha total 

Pu(IV) conc~ntrat1on 1n the nquoous phase. ?na valuo of E 1a 

measured exp~rimenthlly in ·the .oxtract1on experiments. · As a 

mu.tter of convenience the following equ~tions were used in 

·_interpreting the :resul to of thane diketona depender~ce expor• 

ittenta. Tho cquilib:r.:lum conntants for the above reactions 

a.ro 

K ~ 
n 

( ~ ) +)+4-n 
~~~-4 £P) (H . 

+ -n +4-n 
( PuK11 ) (HK) (b) 

n;:: 0,1,2,3,4. 

l'he p~:ronthese:J here represent concentrations which. may be 

(9) 

uned-in place of aet1vitiea since the Qctivity coefficients 

rennain nearly constant \"rhen only the TTA concentration 1.s 

varied in a series of experiments. (In tho expcrimants at 

h1£jhest TTA conc•.:mtrntions it was necessary to mnke a cor­

rection for tha chnn;:;c of the activity cooff'icient or TTA 1n 

the benzene phase). 1~orefore 
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1-n 
( PuX ) 

n 

( ) ) ( + +~-n 
_ .• l uiC4 { h..L.) _. _1-o-1 _l ___ _ 

K ( HK) <:~c-n 
•Jl. (b) 

(lo) 

8ubfj t.i tutlng tho euovc 0~11.1.~- t.i ons into the ~qua.tion for tllo 

o.zt:.~nction coefficient 8 cqun t1on e·, ~nd perforrling the 

iml.icntcc1 cpcro.ti.un~ one finds 

4 -

4 +4-n 
[ n(l~ ) 
0 

(11) 

4· +4-n 
2 < rur'h ) 
0 

ot· 

(12) 

,....,..,,}J,{.,......,. J . " +3 .++ Pt·~.-+ ~ ') rr · _,J,_. v ..... "0 in r: o _ u. ~~ 1. on n r: I:'l.l K 1 P1.1JC
2 

, u .. 
3 

nnc-1 1· u.~..4 • 

f'ore, :tf' the locn.r1th"l1 vf' the gxt,...ac+;ion c68f.n.r.:i.-:nt io plot-

tad o.r;G1nnt tho loe;~':cith;a of tho M.ketonG con.~ontr.·J.tion, the 

f>lopc 9f the cli!'ve v:ilJ. rcrr38':mt the di ketone depBrlclonco G.Dd 

therefore ~;ho averngn mu:.t~l~r of (Ukctonc ions at t!:tchod. to 0ach 

1 . "f 'i'··" '( -.L·'t) co:;1p. o.Y 1.ne " "' v Lly. '.i.''.i'/, in tlle R.quoous phn;;e the .":lope 

shonlcl b~ +4. 

VJ:13 no co~lpL;xint:; of· Pu(IV) in tha aqu:Juus phn._:e by c104 or 

01!-•. the 83J:IC typ-8 ~f Cl11.i.<) l:.Lm for tho de{Jr-~?lfJcncc of the ex-

tra.ction coefficient \70:J.lc1 hnve U::;)!:'l:r\ ouL~incr1 if G~J.csa effects 

21 



v1ere not neglected. Thus we may generalize the extraction 

reaction to: 

Pui{n"(OH)m(Cl0
4
);

4
-m-n:::-p + (4-n)HK ::!· PuK4+pCl04+mH20+(4-m-n)H+ 

(PuK4) E::---------------L:'L'L 
m n n (Pu.K . .. n 

(13) 

('rhe charge on tho plutonium ion in aqueous solution· has been 

omitted from tho lns.t equation to simplify the writing). 

follow.inc; oqu1libr1m11 constants may be defined: 

(PuK4}(Cl04)P(II2olm(n+l+4-m-n 

Km,n,p ·~ (Pt1Kn(OH)m(C.l0
4

)p)(HK)+4-n 

The 

(14} 

Activity coefficients have been omitted as the equation is to 
~ 

_bo.npplied to solutions of the identical composition excepb 

for the ketone concentration~ By the same methods used in 

the above derivation one obtains 

L:L:i: 
m n p d log E 

d 1 og (UK.) + - = · 4 ... 
H, .c104 

= ·4 - L L"L n rm,n,p 
p m n 

(15) 

where fm,ri,p "is the fraction of the Pu(IV) in the aqueous 

phase which is complexed by n diketonate ions, m hydroxide 

ions and p perchlorate ions. Again, if there is no CO;:Iplex­

ing by diketone in the aqueous phase, tho plot of the logar­

ithm of the extraction coefficient versus the logarithm of 

the diketone concentration at constant perchloric acid con-

22 



eantration should be a straight 1.1ne. wi'th: a sltope ot +4. 

The extraction or Pu(:CV) chelate 1nto benzene as a 

function-· of' the TTA concentration was measured in various 

p9rehlor1e acid solutions. The perchlorie acid concentration 

was· varied trom O~l86M to 6.,21M. In all cases 1t was found 

that in a given perchloric acid concentrat-ion the diketone 

dopen1enco \'lao fourth power within expcr1mentnl orror. The 

results or these experiments will be found in Figure 1. 

Inspection of F1gur.e 1 reveals that even though the 

experimental points are well repreoented by lines of slope 

t·our the data eould also be fitted b7 linea or slope some-

what less than f'our, e.g., 3.9. Since these measurements 
·· . (7a) 

were mada,Zebrosk1 has determined the value of the 

.<'7a) E. Zebrook1, BC-63, July 1. 1947 

:.e.ornpl exing conste.nt 

( :t'tu"r + 3 ) ( H+ ) 

Ke -
( Pu+4 ) (IIK) 

aq 

for the reaction 

Pu+4 + HK - PI.L1t+3 + n+ - • 

He found a value of ca.. 75 for lM hye!.rochloric ao1d. 

MSVey(7b)'"ha.s est1rn.ated from cell and distribution 
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o.a 

o.4 
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~ -o~J I I I I I I I I I J ! 
-o.a 

-1.2 

-2.6 -2.6 -2.4 -2.2 . -2.0 -1.8 -.1 .• 6 -1s1 -1.2 -1.0 
log (TTA)b 

The Extraction of the Pu(IV)-chelate i-n Various Perchlorie Acid Solutions. 

These acidities, from left to ri~1~ are: o.lBG3, o.373, o.473, o.745, 

·0.946 1 1.491, 1~863, 2.225, 4.345, and 6.21S. + 
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Thesis, Un1ver.s1ty of Cnl1forn1a, 1947 

measurements tl1.e fraction or plutonium(IV) which exists in 

the form o·::' a. chloric1e comnlcx in 1(.;1 h;;clrochlorio nr.id. If 
•· . L . 

the assumption .1s mnde that th.e perchlorate ion does nof; 

complex ~!::.~ .... .dlum( IV}, 1 t is then pogsible to ostimste tho 

· equilibrium for the formation of' PLtK+ 3 rrbm Pu +4 in por­

chloric acid solution by corr~ct1nc; Zebrosk1'o vnlu!3 for the 
. +? 
fraction or plutonium which is present ns PuCl v• The recult 

of thts calculation 1nf'1ica.tes th.a.t approximately -seT,_,•en percent 
+3 or the plutonium 1n solution ex1ato as the Pu.K species 1n 

1M perchlor1o acid nncler conditions VThcre the extraction 

coefficient is unity. The activity coefficients of Pu(Clo4)4 
r1ere calculated in ·such a fashion that the correction due 

tocomplexing nearly cancel;Jout. The values of the extraction 

. coeff"1c1ont used 1n these calculations v.rere obtained from 

· F1.~e 1 by reading the TTA coneen.tratitln necessary to give 

an ext~action coeff1c1ont o~ unity. and then calculating tho 

extraction coefficient at unit concentration of TTA u~ing 

a fourth power dependence. If all coefficient changes are 

assumed to be sMall over the range of acidity covered in 

the experiments., the fraction plutonimn(IV) conploxed by 

25 

TTA 1n the aqueous phase would remain constnnt at an extraction 

coefficient o~ unity e.nd the correction ror eomplex1ng would 

vanish since only relnt1ve values of' the. extraction coefficient 

enter into tho deterc1nat1on of the activity coefficient of 

Pu(Clo4 l 4 • If G.ctivity coefficient chw.,ees are allowed for, 



.. 

. .~. 

it 1s predicted thnt the fraction complexad remains nearly 

con!1l.ia.nt from 0.2, to 111 perchlor1c ne1d and decreases# it 
~ 

anythinG~ above li.i porch~oric acid •. Therefore the correction 

for complo.xing 1a believ·ed to be snall under all conditions, 
'· ~ . 

.ospecio.lly a.~nce the extraction coe.ffic:tcnt eritors to only 

the one-fifth power in tho deterru.J.nation •Jf the mean activity 

coefficient or Pu(Clo4 ) 4 ~ 

- ~t can be derived that tha percentage correction to the 

extraction coefficient is to a very close approximation pro­

PI)rtional to the expression: 

y +3 
Pu.K 

This quantity .should remain nearly constant f'rom 0.2 to l.OM 

perchloric acid, since activity coefficients are generally 

constant in this region (as shown by the activity coefficients 

or Pu(Clo4)4 and EClo
4 

). Above 1M perchloric acid this ratio 

should be 1nte~~diate between: 

3/4 
YPu+4 

3 

"a+ 

3/4 
.,Pu.+4 

3/4 
"( +4 
Pu. 

This first quantity is known to decrease n.s the perchlorio 

acid concentration increases ·(see later) while the second 
3/4 

qu~tity is o~ course constant. Therefore "(Pu+4 / VPuK+3 

would be expected to decreo.ae slo\·,ly and the correction for 

complexing would decrease at acidities above li~. 

26 
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In the experiments at htc;'i TTA con.contrationo it uas 

. noce!lon.ry to appl'j ·a correction to the mcam1red e~traction 

coeff1c1ont3.boca.use of variations in the nct1v1ty.cooff1c1ents 

of TTA and the plutonium. chalnta 1n the bonzeno phase. In 

deriving equations 12 and 15 it vma ao~umr.d thn.t tho ncttvity 

coe.ff1c1ents or T.,TA nnd. Pu.K remained constant in·a series of 
4 

experiments at con~tant acidity. Actually, above o.o2~1k 

TTA tn lV?"7.0r..ep tho activity coc.ff1o1ent o.f TTA (lec:i.'•cncoa 

cocffic1.ont wao corr~ctrxl. to tho vuluo 1 t wcu~d h11ve had 

1f ti1E1 'Y hnr'i be~n U.'11 ty, assu.rn1nc n fourth por:cr koto~1o 
. HJ( 

dep•'.mdence. 

~1e variation of the activity coefficient of PuK4 

in benzene with increasinG; T1'A c()ncentrnt1on 1s unl::rlc·;·;:.J.. 

Hm1ev6r, as discussed in n later section, the vnriat1on or 

thG activity cooff1cient of UK
4 

with 'fTA concEmta•atlon in 

bo:n:r.ono hna be1en determined. It is believed that tho activity 

cooff:tcion-i:; of Ptll\ wou.ld vary 1n a oir.1iin.r mn.n ... '1.0J:~ r.nd thia 
·~ 

~.smmlptio.n h.'la been vtp~;: .. 5.c<.t to tho dn.tn of F1gu.re 1. 

·~Tho ccncontrat:tons for e.ll opoc1ea in this pnpor nre 

either e::r.pre~r;ed in r::l·:)los per l".tcr of' solution (deoicnntccl 

by U) or 1n moles per ktlo-c;ram of -rmter ( deslgno.tcd by m) • 
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1l'l~o plottct!. cxtrnct1on coof1'1c1onts al"G tho~o that \'JOuld 

}1nvo been r:oo.~~ured if tho nct1v1ty. cooff1ciont of PuK4 
hud bocn unity. Doth th1o corr~cct1on nnd tho one !'or tho 

·rf'J.'A a.ctivity woro small oxeept at tho hiGhest 'i:'l'A concon-

tro.t1ona. 

ln equation l4 tho general cn:J0 of cor:lplo';tir..:..:; Ly 

po:.:ni~lo to. 0.etot..,.11no th3 r~o~;re0 of complo;.:inc; oi' Pl.l(lV) 

by t:w.:~a ionn by :~1CSGurin:; tho cxtr::Action cooff1cL>t~ 1..; c.:J 

only tho c1o4· or o1Uy tho IJH- concent:~fl tio~ Viae vo.rlcH1 C· 

. ~linea t!la v.ct1v1ty ~o~ff"1c1~!lts of:' t!1o va.rious 1ona nra 

unl:no'.-rn it \7-0jl.ld be nccn:Jsnry to r:orlc undor conditions 

nc~ru:> futuro .. C ""'n"'l""'•·J·~·,('I' 1"'Y rlo- T)""•ec:·cn4-~, r> !'"Ol"'" ,,.,,.~··l.· c··l ~­V'~.~·l·' t.,."' .. .J.u f., '·' 4 t-"" : .. J·.;::. .t.u~ ~ :l . v ~,..!-.!..i. ,~ .. L-Lt 

· rn~oi.Jl·cr.~':l. l{o anion 1s J.:no-..rn which t"!Ould be expected to hrtvo 

oi.c:nificn..ntly· loas· tcnr'tc:.Ir.y to co.:1plox l-'t.l·i·-1 ti!.:.•.n. c.1o4. ·::run 

in tryin.;; to tElintain con~t'lnt im1ic n t1•oncth nhilo vctryifl..J 

th3 c104 ccnccnl;l'Dtto:.l. 1 t is ucc0~~~nr>y to lHlt1 nn Qnlon r:11icll 

1t~~l(I'J). 
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. . 
co::t'lon oxpoc11ont ·or luJ:tpine nll such effects, in the o.cti·vity 

co~ff1c1~m-t ,.· The n0t r')nction for extraction is thus v·iritten 

as: 

Pn+4 ( nq) + ill((b) = PuK
4 

(b) + '4H+ (nq) 

Here the _symbol Pu+4 represents the total plutonil.lm( IV) in 

the aqueous phase oven though part of it tnay be canplexed 

by.Cl04 or be hydrolyzed. 

Th~ equilibrium constant.for this reaction is: 

K:: 
(16) 

and the lowering of tho activity of Pu+4 due to nny percluornte 

~oinplexing or hydrolysis will appear in 'YtPu(ClO ) • This 1A 
. . 4 4 

the bn.sis upon which the activity coeffid. ants of Pu(IV) per-

chlorate have been calculated. 

In this paper'the activity coefficient of Pu(Clo4 l 4 at 

unit conceh.tra.t1on IIC1o4 was taken o.s unity 1n nccordnn~e v;ith 

the chosen stnnd.nrc1 state. 'l'l}).us wo rn Ry wr1 te for 1 M 11Cl.o4: 

. ·a 1/5 """ ·( ) = 1 = G' 'Yi::lM HC104 TPUK4 ... Pu Cl04 4 ( ) 4 4 
K HK . yHK 

(17) 

This equation serves to define the thermodynamic equilibrium 

constant K. Then 1n any perchloric acid solution the activity 

coefficient or Pu(Clo4 )4 is given by the expraseion: 
4 a . 1/5 -

~ (!r+) '~"i:!!Cl01 '~"PuK4 l 
y±Pu(Cl04)4 == L K (HK)4 ;.ax: ' (18) 
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In equation 18 the concentrfltions of hydroGen ion 

ann TTA(HK) nre knovm, o.nd the vnlnc of E is neter"!nined 

expcr~nontally.· Therefore to cnlculato nctivity coof­

ficicntfl of Pu(clo,
1
l 4 it is nocos:J~ry to lmm-: the vnluo of 

K and tho activity cot;;ffic1ents of HK, HCl04 o.nd PuK4• Tho 

nctivity·cdefficiont of TTA has boon measure~ and activity 

co0ffic1ent data for P3 rcb~oric acid wore taken f'rom a pnpe r 

by H. A. Hobin8on nnrt o. J. Bnker< 8 ). 1'ha activity cocffic-

(S)R A . .., bl "" 0 J ' . . S • • HO · nson nnu • • DGKGl', Trnn. Proc. Hoy. oc., 

Now Ze&land~ 76, 250, (1946). 

ient of PuK
4 
~s not been mo.asured however, o.s pl"eviously 

mohtionef\ the activity coefficient of UK4 in the pro:1once of: 

TTA and. benzene hns been notermined. The nssu111ption is made 

1:;hat the activity coefficient of PuK4 is identical with that 

of UK4 • 

::'-') 

The value of K, tho· equilibt•iwn constant for the extrac­

tion reaction, is cnlculato<'Y. by· equation 17. It has boon fotmd 
r: 

that K j,s equal to c. D':?;·l u"' when all concentr:1. t1 ons o.re mea-

sured in molos per 11t;or of .solution o.nd all nctivity coef­

ficients arc bnned on the corrospondine standard states. 

The values of the activit:r coefficient or Pu(Cl04 l 4 

are presented in '£able 1. The fir>st column gives the concen­

tration or perchloric o.c1d expressed in moles per liter or 

solution and the second column lists the same quantity ex­

pressed L~ moles per 1000 grams of 'o"mter. In the third col­

umn are tabulated vn.lues \"Jhich the extraction coefficl cnt 
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Table·l 

Activ·ity .C~efficients of Pu(Cl04 )4 in Perc~loric :~cid st. 25.0° C 

(HC10J) (TIC10,!..} Eo;, ry' i M J1Cl04 "')' t tJ EC104 ~ ~~ ~:J 
moles/1000 g. H20 

... 
Pu(Cl04)4 · Pn(Cl.04) 4 moles 1 

0.186.3- 0.1834 1.46 X 1ol) 0.7856 0.7793 0.818 0.261 

o.:rn 0.)80 1.23 x"'1o9 0.7726 . 0.7661 0.856 0.894 

0.473 o.4e5 L " . 108 
uUO X o. 7245 0.7686 o.S63 ·0.298. 

' '7 • 59 X 107 0.7913 0.926 0.745 o.773 f).U12-9 J.949 

. 0.946 0.991 2. 5,6 x 1a? [).0570 0.2211 0.969 Cl.9S5 

1.491 1.601 3.77 X 106 1.::1D4 0.9469 1.244 1.233 

1.0:)3 2.037 
I 

1.56 X 10° l.lb2 l.=J66 1.543 l.5G8 

2.2)6 2.483 6.43 X 105 1 • .36·) 1.223 1.930 1.~~40 

4.345 5.386 5.92 X 104 4.482 3.664 1).75 1.;!.00 

6.21 8.52 5.40 X 1o2 20.89 15.14 8J.9 ~4.2 

i 
• 't '& ·i 

---- .,, 
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. v.rould hn..Yo hc..d if. the activity of TTA and PuK4 hnd been 

·unity. 'I':·;::: '\O values were calculated from the data of Figura 

1 0.8sum1ng o. fourth po·:;er dependence o.f the extraction co­

officiant on ketone conc€:lntration. All concentrations and 

activity coefficients used in calculating E0 werG based on 

concentrr~.t1ons expressed in moles per liter of solution. 

Columns four and five list the activity coefficients 

of pe~chloric acid for tho moles per liter basis and the 

moles p9r 1000 grams of water bo.sis. The t\70 quanti tioa are 

rel~ted by the oxprossio.n: 

(19) 

\'1hore H and m donignato the respective concentration systems 

ancl (lzs is th'e density of vJo.ter nt 2G°C l~elative to the den­

a 1 ty n t 4 ° C • 

In coltunns six ann sev<?n ar.e clven the mc)[l.n activity 

coefficients of Pu(Clo4 )4 on a moles per liter barlis e.nd a 

moles p0r 1000 grams vmter basis. The values of 'Y±r·
1 

were 

calculo.ted using equation 18 after substituting EQ: 

Eo (H+) 4 'Yi: Hgl04 . 

K 

The value of K was obtnined by gr:lphicnl.1nt.orpoln­

t1on ~f ":;he E0 vnluas o.t 1 M HClo4 ~and sub9titut1on into 

equn tion :~o 'r,'/1 th YtM = 1 • 
. , 

Tho values of Y-tm \'!ere cnlculttt~d in a similar manner. 

32 

Valu~n of E0 converte~ to a moJ~~ per·lOOO gramR of water b3sis 
+4 . 

r.rith. respect to the cbncentration of Pu in tho nquoou'3 phnsa 
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. 
were calcUlated from tho expre3nionz 

• (21) 

'l'h~ reV.:. tion betvieen the co.nc.oni;r•ation of Pu +4 on a 

moleo por litier b.o.n1n nnrl a mo:).ee· per 1000 gre.;;JS of vrater 

l:m.si::: ia: 

(22) 

· wher!l d is tl\e (lcn~.'ll ty of tho golu.tion n.t 25°C roln.tive to 

wa. tor t:', ~:; 4" C and W i3 the molocttla.r weight of perc!llor1c 

·acid. 'rh_$ ratio of conccntrn.tions of plutonium in the tv10 

systems is, or course, the same as the ratio·· of concentrations 

Of perchloric acid in .the t\'v'O. syt:(tcms • 

33 

The"~ value3 of ~ were plotted o.nd the value nt 1 m I1Cl04 

1nterpolatert .• This vms subst1 tuted· into aqun.tion 20· \vith all. 

va.luc:J expressed in the moles ··per 1000 grams of water system 

and the value. of ~'1. calculntod, l-etting "(±1 m HCl0
4 

equo.l 

unity. Vt\l't1.e~ _of. y.J...¥.. vw1•e then calc:ulntcd for other per-
.!:.1•1 

chloric acid concentr::1.ttonn using .thin value of Km Vlhich \'lilB 

' 

-. found to pe :: . ?-1:<t :j v. 

'llJle values of' Yi:.M and 'Y·i:m of" Pu(Clo4 )4,·are.plotted in 

Figure 2 •. 

It is intereattng t~ calculate the limiting slope of 

the· activity coeffic1on·c cu.rva obtn.1noc'l for Pu( Clo4 ) 4 .from the 
. . tl 

Debyo -. Uuc1: 31 lnw. According to this law tho activity coof-

f1c1ent of a sn 1 t at 25°.C as the 1on1c strength appr oachca 

zero is 
log yi: ~ - 0.505 Z ·'· z .. (23) 
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Activity ·coeftiolerits ot Pu(Clo.>. 

in Perchlorlo Aoid. 



.< t.he slO}lC of' the ·'ctlvtty r.ooff:'1ciont curve (log Yt, vs. tjU) 

bGC07'l08 -0.505 Z ~- 2-...;. • Pol~ a snlt. of the type Pu{Clo4 l 4 , 

the lim.it:tnr, nlqpe r;oulc1 .Pe •2.02. Hov:over· this bchavioi' 

is. not t;o ho €.lxpocted 1r1 th Pu(IV) oal te since tho +4 fon 

hydrolyzes in solut1onn of lo~·, acidity. For example, at low 

acidities the predominant ion in aolutlon nliG-lLt chnngo to 

Pu.(onl+3 or Pu(OH);2 ni_ld therefore the limiting slope a.o pro-
- . ~ . 
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. " dictect by tho ·n~bye - Iiu.c~.~ ~1 equation YTOUld no loncor be val1<'l. 

Since data. are 1ackine regarding the specie:J in .solution, it 

1s not possible to predict the shape of tho curve at low 

ac1c11ties •.. An attempt to measure the hydrolysis constants 

\·:111 bo made at a le tor ·<'fn te using tho extrnction procec1-:..•.r::: 

us outlincc:l.1h this paper. 

I~ activity coofficionta arc calculated for pluton1wn(IV) 

ns'suming that the not reaction for the extraction is 

Pu( OII)+3' + 4HK ~ Pu.K
4 

+ 3H+ .+ H
2

0 

an entire nevi set of vnlues 1a obtained. The shape o.f the 

plot of ~og Yt. vs.v,;- is about tho same as in F1cure 2 except 

for-n ·cloclr\"'l1se'·.rotn.t1on-of tho curve about tho s'ta..'ldard sto.te, 

1 • o • 1 1 M' UCl 0 4 • 

It can be soon fr~ Figure 2 that the activity coef• 

fic1'0nt curve obtnJncd for plutonium is ~1milar to th8.t of a 

strong acid such-as perch1oric acid• since at high ionic 

strengths the valu.e of log Y-t.Pu(Clo
4

) 
4 

1ncrea.soa. tremendously. 

The ln.rge increase of the activity coefficient nt hic;h acidities 

1s probably due to tho cl1ange in the -nature of tho sol vent. Be-

cause of the interaction of the ·1on·s · w1 th wa tor molecules, the 
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ncti vi ty of r:r. t.;ar mu·:: t bD cr-:;atly rc0.uccd an tho cc.:nc~mtrn- · 

tion of pcrc!Jloric acid ·is increased, i.''hich in turn mnnt 

ro~uco_conoid6rably t~o J~drntinc action of ~ater on per-

chlol'nto D.n:'l plut.oniF.?'l (IV) io~s. 1'1'19 r•er11J.Ct1on in hydration 

or t~wnc tons r.:-otlid of C0'U'se incroace th~ nctiv:tty of tho 

plu.tontnm parcbl oro. to. 

pistribution Hoa.surQnt~.Jn.ts Rt L0\"1 l'l.c1nity - It cnn be seen . . 

· from Table 1 or F'1,.c;ure ;::; that there are no measurements of 

activity coefficiontn of _Pu(IV) below o.l8 M HClo4 • The 

- rea$on for. this will be. discussed belovr • 

. In tho early part of this r1ork 1 t vms found th.R. t there 
- . . . 

was an impurity in the perchloric acid TTA-benzene system. 

36 

'.['his impurity \Vas "Capable of rer'luc1ng Pu(IV) rapidly to Pu(III') .. 

If, for exo.mple~ Pu(IV) tracer we~e added to t- perchloric aci-d 

solu.tion and thon stirred me.chaniqally \'Jith a solution of TTA 
' . 

·in benzene, the extraction. coefficient; E, as. i\mction of time 

· was found to increa~e, reach a ma~imum, and then decrease. In 

about ari hours time the extraction coefflci_ent \'/Ould fall. to 

zero. An aliquot qf the perchloric acid solution containing 

the plutoniwn tracer from surh an experiment after_tha ex-· 

traction coef'ficient had fallen to zero wns taken and 'anal-
. (9) 

yzed f'ot .. Pu(IV) a.:f!.d. Pu'(Vl) by the holding oxidant procedure. 

(g)w. H. McVey,cr~...;l588, p.lo,-April 1·5, 1944 • 

It was found·that all of the plutonium tracer wo.s carried by 
I 

the lantham.un fluoride precipitate which was interpreted to 

mean that t6e plutonitt~ had been re~uced t& the +3 state. 
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" 
'I'he o.bovo ex.;>eri!!H:int w1s cnrrice1 ont at •-' .!) ~.1 pe!'Crlloric 

a.cin., nncl n.t thi:J ::w.;·11e acid concontr-o.tio:r~ it was found that· 

. -4 
1f 5 x 10 'N Na2 cr2o7 uoro ad~a~ to U1c nerchloric acid 

solution, tho oxtPn.ction cooff1ri(1"1t ro::·., to n certain value 

nno romaino(l con~J~~:,nt yJi f:~'. f·.L11c. Anpo.r·ontly the dichromate . 
oithor dostroyGd. tlw 1<:nYLl"ity or ra!lidly ox.ic1:".::.-ld the Pu(III) 

forrnon by tho inpt:~·i ':;r. '.l'IFJl ·of ore 1 t v.1~·l ~: pos~ ~.blo to measure 

tho rUntrlbu.ti.on of Pu( IV) bot~:·oon pm'chlm•ic ac1(1 .~.nn a 

T'l'/\-bcn7.onc ::;oJ.nt:ton in t~w J'~'o::; onco of f:l ~:unll amount of 

d 1chromn. to.. In :~11 t~v:; c:;p:;r:t:ii':mt ~J rnpor·toc'l carl1 or· in this 

paper 5 x 10-41: r:n2 cr~~C. 1r;nn pPoccnt in the porch.loric acid 

phane to J.::acp tl;.(; ;:lutonil'G;1 tracer in the +4 ox1c1nt1on sta.to. 

Hov:ove:..· when tho ~etc! COl}.C(mtrfJt1~n nan lov:er thnn 0.18 molal .. 

it ,·;n8 found t~1et ths ·:J:·:tr.~tction cooff1c1 ont <locreanod a['Sain 

ns u fnnction of tir:1o. /\ holdJng oxic1n.nt ano.lysis on the 

tracer in tho lll.bo·v-8 porchloric acic1 nolution nhovJed thn.t 

Pu(VI) v:an beinc; fo:t"l'1o:1. .From ~r:1rlior project work(lO) it 

lO f R J"' C' .. 1 ... , ''809. J. 1 6 19 <'~8 c • • ;.. ,ollrac,c, (.,t;-..:J 11 n y .... 1 ';i. · • 

·\:·as l::no1·.'n tl~:=~ 1..: t~-...e rrd>:J of oxirlation of Pu(IV) to Pu(VI) by 

<lici1r·~:nG t.o lFI.:'} ''~ invc: ·so hych"oc;cn ivn c1opc:nclonco. 'l'heroforo 

tho po~1sibll.i ty o:dc..~t::c1 tll':lt r'lichl'Ot:1Clto at perchloric acid 

conccnt rat i on~; of cu. 0.1 :nolnl unrl. b c:l o':: i.''!Q~; re.~pon~>iblo for 

tho for:nn.tlon of Pu .. (VI) in t:u; oxt;:'nc'cion solut1on3. 

'l'ho rnLo of o::i,1:~tion of Pu(IV) to ?u.(VI) by dichro;nato 

vms r.1caourofl :l.n tho follo'.:in,z; mnnner. Plu tOl!iv..:n (IV) tracer 

\'m.n a/iclcd to J .· .l rd of 2 sol'.ct.1on of 0.112 I.I l!Cl04 ::.md 



':,·' 

.. 

·, -4 
5 x. 10· n Na2 cr2o7 • Ten milliliter aliquots were re:noved 

at approximately 25 minuto intervals. Each lO·ml aliquot 

vms stirred mechanically v1ith a solution made up of 1 m1 of 
. . ' 

· o.lOG8 11 T'i'A -and 14 m1 of benzene. The 'fTA concentration in 

this extrnct1on 1s sufficient to extract about 99 .5;~ of any 

plutonium existing in the +4 state 1n the percruoric acid 

·solut~on. 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 these solutions and there would be no Pu(III) 

in the presence of tho Na 2 cr2o7 • Two other such experin1enta 

were performed 1n an identical manner except that the per­

chloric acid and-dichromate concentrationswere 0.0466 M and 

4.42 x lo-5u in the first and o.loo M and 0.115 N in the 

second. The results of these experiments will be found in 

Tables 2 1 3 and 4. 

In figures 3 and 4 the logarithm of the percent Pu(IV) , 
has been plotted as a function of t1~e and the linearity of 

the lines shows that the reaction is first order with respect 

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

definen by the- equation 

38 

- d(Pu(IV)) 
dt 

( 2·1) 

are 7.0 x lo-3 , 3.9 x 10-3 and 0.7 mi~-l for the experiments 

of ·Tabl6s 2, 3 and 4 reepectively. 
,I 

The stoichiometric concentration of cr2o7-- is so low 

in these experiments th~t the principal spec1os is actually 

HCr04 as. shovm by tho cqttilibrium: 
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Tabla 2 

Rate of Ox1~nt1on of Pu(IV} to Pu(VI) by 
r.· 

8.33rl0-0 M Na2 cr,·:P7 in 0.112 N'HCl04 at 
'J 

concentrn t1on of nero-
4 

1.06 X 10-4M 

Time . 
. (min} 

% Pu{IV) 

0 ce.. 95.5 (extrapolated) 

5 90 

31 74.9 

58' GG.3 

82 53.2 

108 45.5 

135 2·7 .8 

The or1::;1nn.l Pu{IV) stoc.k contained ca. 4.5% Pu(VI). 

This nmount of Pu.(VI) was celculo.ted from the plot 

of loc;(~(Pv.(IV))vs. tir.~c extrapolated to zero time. 

39 
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.Htl tc oi' .Q;:ldn tlon of Pu (IV) to Pu (VI) b:-.,. 

. conc'-mtr.::J.tion of HCro: 
's.: 

'l'ime 
(min) 

0 

2 

29 

55 

84 

llZ 

.1Z9. 

~~ l'u( IV) 

ca. 91,2 (oxtrapolnted) 

79.5. 

72.0 

6G.3 

r·,·. ,... 
01.)e0 

53.5 
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Table 4 

Rate·of Oxidation of Pu{IV) to Pu(VI) by 

.2 -2 1.9 xlO M 1In2 Cr2o
7 

1n 0.100 M HClO 4 nt 

25°0. 

concentration of HCr04 

concentration of a+ 

time 
(min) ~ 

0 

ca. 2 

' 

. -2 1.46 X 10. M 

0.093 M 

l'u(IV) 

93 (assumed) 

22 

41 
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1~9 1.0 !.7 
. log e~ ?u( IV)) 

Hnto or cx1t'lnt1on or Pu(IV) to J>u(VI) by 

7.4 x 1o-6M lla~Crao7 1n o.o4aau ucla.. et 

et:l. 2~Q CantlgrGI'Ia .. 

0 
L.') 
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In a.ddi tion there 1 a some n2cro 4 pre a ent .a a 1nt11oe ted by 

tho equation: 

(20) 

The approximate concentration!! of llCr04 calculotcd for tho 

chrao expoi'hwntn from these oqu111br1um oon!3tant9• w1t;hout 

Activity coofficient corroct1on3 1 are given in Tabloa 2, 3 

a.nd 4. 

Tho e::K.pOf1r::wnts of T~blea 2 o.nd 4 cl.iffor by a fnctor 

. ot o.pprox1mn. tely 140 in i.tcr04 concentro. tion while tha other 

conditiuns a_re roughly tl1o aa:ne. Tho first order rate con­

stants differ by o.pproximn.toly a.· factor of 100, indicating 

that.tha rate is first order with reapcct to tho concontra-

t1on of HCr04. 

'l'he bichroma. te dependence may be 1nclu(lccl in the rate 

lnw by means of the following exprension: 

(27) 

Values. of k2 for the experiments of ·Tables 2, 3 and 4 are 

66 1 .325 and 60 :liters moles-1 min-1 • The effect of hydrogen 

·ton concentration on the rate may be represented cry 

d(Pu( (IV).) :!r k 3 (Pu(IV}) (HCro
4
-) (H+)h • 

- dt 
(28) 

·Using the data or the experiments of Tables 2 and 3, which 

are tho most accurate, n is cnlculnte~ to b~ -1.8. Therefore 

the rate of oxldatidn vnrios invor~oly as npproximnt~ly the 

44 



... 

·· se.cond· po·:ter of tho hy/1rogen. 1.on.: concentro.ti·on in the acidity 

region ·ntudiod. 

Dy lonE:'ring the d1Chro;uate concentration in the extrac~ 

tion expel~iments at low n:cbi1ty 1t should be possible to c~;m .. 

trol the rato of ox1chlt1on of Pu(IV) to PU(VI) by Cr2QJ .. eueh 

that the extent of ox1tltit1on ,during the ··time of extr(let1on 

would be negligible. Extraction experiments were then con-

45 

.tinued in e.n effort to obtninact1v1ty coeffictents of Pu(Cl04 ) 4 

at 0.112 .M IiClo
4

• I·t ~as fount1 that, nnder conditions such thnt 

only.one percent of the Pu(IV) should be oxidized 1n 15 minu.tes, 

the value of the extraction coefficient rose nnd then becnme 

constant a. a a fUnction of time. llo\'tevor, vihen the ketone 

dependence was tested it was fm1nd not to be fourth power, 

but always less than fourth power. Further it was observed 

that the values of the extraction coefficients wore not re-

producible in duplica.to expe_riments. 

To make sure all of the plutonium in the stock solution 

VIas in the +4 oxidation stn. te this solution was rev10rked nnd 

converted· to the nitrate '.·:hich was kept in concentrated 

nitric acid. A holding oxidant experiment was performed 

on this stoel(' to !1eterm1ne the runount of Pu(VI) present and 

it vras found to constitute about 0.2 percent of the total 

activity. Further, extraction experiments with this stock· 

gnvo irreprodud.ble results as with the pr0vious tracer. It 

was found that only 93 percent of this tracer could be ex­

tractun a.t 0.112 M IIC104 .in the presence of sodium dichromate. 

It see~s thnt sanoth1ng happens to part of the plutoniwn 

trncGr n t the bec1nn1nc; of e,aeh extraction or nur1nc the time 
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the I'u.(IV) tracer 1s added to the perchloric acid and that 

this process ceases after a few minutes s1nee:the extraction 

coefficient is r'ound. to·. be tairly constant with time. \7hat­

ever h.nppons to the .tracer must bo 1rreproduciblo o 1nce t~e 

value of the extraction coefficient. although con~tant ·1n 

any one experiment • V·9.:c>1es frow. Elxpor1m€nt to experiment. 

Th9 follo\':ing experiments were designed ~o measure 
. 

the amount of the non-extractaqle pluton1tun after tl1e extrac-
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tion coefficient had been measured. The first part or tho 

exp~r1ment. was performed in the usual manner. That is, Pu(IV) 

t;racer wa.s ndded to a porchloric acid-dichromate solution which 

had been stirred briefly with a TTA-bonzene solution. J:..fter 

the Pu(IV) was added, the two phase system was stirred mechan­

ically and aliquots of both layers were takon about every ten 

minutes over a period.of' about an hour. In every case equil­

ibrium was reached within 15 minutes and in some experiments 

the·extrnction coefficient wns measured by taking a.liquots 

of both layers at the end of 15 minutes. After the- extraction 

coefficient was measured, additional TTA was added to the ben-

·zene such that all but a few tepths .of a percent of tho Pu(IV) 

existing in the aqueoua ·Pha~e would be extracted. Therefore 

the plutonium 1n the aqueous phase after the final extraction 

wouln be the amount of the non-extractable material, and using 

thio datuu, the true.Pu(IV) distribution between the two phases 

could be calculate~. This type of exper1mer.t was investigated, 

and it was found that the fourth power ketone d~pendence was 

not obeyed ·und results of identical experiments were still 

erratic. 'l'he above expcrlncnts were performed a.t Cr207 con-
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~entrations such that 1~-b Pu(VI) would bo formed ·in about 5 
.; 

hours. 

A modification of the above expertment was tried. TI1e 

extraction coefficient was first measured at low acidity and 

·low dichromate concentration. The a.oidity was then increased 

to l M with perchlor1c acid and the dichromate concentration 

made 5 x l0-4N.- Additional TTA was added to extract all of 

. the Pu(IV). The results were again erratic arid did not con-· 

fo:rm to a. fourth pov1er ketone dependence •.. Tho correction of 

the extraction coefficient for the amount of non-ex.tro.ctable 

· __ plutoni~ was small and changed the observed extraction coer­

f'iciont only slightly. Therefore the presence of this non­

extractable plutonitun is not fully reaponnible for the erratic 
0beha~1or of the extractions at low acidity. 

An experiment was performed using Pu(III) tracer •. 1'l"lr;) 

FU(III) tracer was added to a perchlor1c acid and sodium di-

·.chromate solut1on. The TTA concentration was adjusted such 

that virtually all the Pu(IV) formed by oxidation vrould bo 
.. 

· extracted. It was founn. however, that only 90 to 92 percent 
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·o~ the plutonium was extracted. S!Qee the diehramnte concen­

tration 1n this exper-iment was not high enouch to permit the 

oxidation of more than 1 or 2 percent of the plutonium to 

Pu(VI) in about 5 hours. sa.ne rapid change_other thQn oxidation 

of' Pu(III) to Pu(IV) must have occurred when the tracer '-'!RS 

added. Vlhich rendered part of the plutonium non-extractable. 

· A further experiment wa:J performed u:Jint::; a vory low 

concentration of permanGo.nate {ca. 5 x lo-4N). hm·,ever 1t wad 
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fonnd. t.h'l t lon~ thnn one rorr.r::nt of t}w y:1utoni'.1Hl v-J~n extrnctecl 

into the bcmzono-'rTA p1:w se. Sinco 1 t v;a:J obncrvocl . thn:L; the 

In bot~h oxporiil~cmtn th0 p crchloric ncifl, bcnz-::mo, nnr1 'l'1'A \<ere 

t1:'08.tsd bri9fl;r v:tth n lov1 roncentJ:•;,tion of porl:JI'.n.:.':~mnto fol-

1 o·aN1 by nn o:.::cosn of Mn ++. In th0 f:l.r:Jt expsrin •. mt tho F'J.( IV) 

tion ~o~ff1c1ent WR~ zero, nn~ 8 hol~in3 oxi~ant oxper~nent 

showed the plutoni1~ in the nqueous pho~o to be in t~e +6 

oxir1n tion sta t(1., ·::ance the IJ:n++- M.no;- rc::J.ctton r:m G vts5.hly 

r:!1 ow tmder the;.o.o conr1.1 t ions r:t necono. cxperimon:; wo.:.J ru.1J. r:hl c::-1 

'':"fl9 1rt.ent1cnl yr1.th the one above except ths.t the Pu(I'J) i'itl!J 

++ od<'lod 2 honPA n.fter tho Hn • Ac,ein it wP..s fou.YJ.(4 thnt t~;o 

cxtrr~.c t:'l.bn co:0ffici0Pt wn!l zero. 

'l'he n.t'f',~ci; of HnO,, on PlJ.(IV) t'iC\!'.1 detorT-1incll. A r;;;all 
·~ 

17{l.t:::J.nr1 '\'.'0!1 IHlclerl to tho bonzone-'j'J'A-0.11 1!i HC104 . systr-1,~1 e.nd 

!:ltirro<'l for n fen r.1tnnt.r.0. 'l'~10 Pu(IV) trac8r v:an then n.(1c1er1 

' .. , ( -r . ,. T ) ...... ' .... ~ C),"!. , () -:"\., ""0' .:. ~~ .: .. )~-· , 1~ .. ~- ~.1. ~, •. , ·...JJ.. ty 
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ently the oxidation of Pu(III) by Tl+3 ia· slow under the 

conditions of this experiment. In the ease of Hg++ either 

oxidation to Pu(VI) or rec1uction to Pu(III) occurred. An 

analysis to determine the oxide.tion state of the non-extract­

able p~utan1um was not performed. 
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This anomalous behavior of plutonium tracer in solutio'na 

ot low acioity has so far not been circumvented. ~1e ee.use 

Of the behavior is not known but iB believed to qe due to 

oxidizing or reducing impurities 1n the solutions used. 
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The Distribution Coefficient of 'l"£A l3ctween Bcnzone-T'l'A and 

Various Aqueous Perchloric Acid Solutions. 

In order to calculate the activity coefficient of plu­

tonium(IV) it wah necessary to corr.ect tho original 'l'TA concen­

tration in the benzene phase for the amount which. transferred 

.into the aqueous., phase. 'l'he equilibrium runoW1t of 'l"I'A which 

exiots in the aquoous phase is not only a function of the T'l'A 

' ' concentration in the benzene phase but also the acid concen-

tra tion in the aqueous phase. 'l'he distribution ratio has been 

studied as a function of the concentration of T'l'A in the ben­

zene phase(?)• Five further experiments were performed to 

detePmine the effect of the perchloric acid concentration upon 

the distribution coefficient. Five 15 ml s.olutions of O.Olll3M 'rTA 

in benzene were ,shaken with equal volumes.of 0.0157, l.oo, 2.00, 

4 .oo., and 6.54 M perchloric acid. The distribution coefficient 

was determinen by removing 2.00 ml aliquots from the aqueous 

pllase., diluting them to 50.0 ml with 0.133 M l!Cl, and r.1easuring 

tho 'rTA concentrat-ion in this solution spectrophotometrically. 

The eoncentra tion of T'l'A in the benzene phase waa corrected for 

the amount of TTA which was extracted into the aqueous phase. 

The results of these analysis are shown in ·Table 5. It can be 

seen from Table 5 that the distribution coefficient is 40.0 

at 0.0157 M pcrehl.or1c acid, 37.1 at 2.00 .M perchloric acid, 

and increases sharply above 4.0 M percbloric acid to a value 

. of 84.9 at 6.54 11 perch.loric acid. These data \7ere plotted 

and nintribution coefficients were determinen by interpolation 

for the various acinit1on v;hich v:ere enployed in tho activity co­

efficient dotcrmino.tion cxperi1:1Emtn for plutonimn(IV). 
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Table · 5 

DistribUtion Coefficient of TTA between Benzene-TTA and Various . . . 

Aqueous Perchlor1c Acid Solutions. 

M D 

" 
0~{)157. 40.0 

l.oo 37.4 

2.00 37.1 

4.00 45.7 .. 

. . 
6.54 84.9 

D 1s defined by the following equation: 

t·'r~TA) 
;1 benzene 

\ 'l'TA) aqueous • 
D::::: 

The TTA concentrations are expressed 1n moles per liter 

of solution. 
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The :Jolubility and Actlvity Coefficient of Uranous 

l"i'A Chelate in Denzcne-.'I'·~'/~ .Solution.s. 

In d~tennining the ~ctivlty coefficients of pluton­

ium(IV) oalts it wa~:J nece!3sa'ry to knov; the variation of the 

a.ctiv~ty coefficient or Pu.K4 1n the benzene phase as the 

'l''l'A concentrntion varj.cd. Inntcnd of mons·..:tring the activity 

coefficient of Pwc4 , .the activity coefficient of UK4 was 

determined, in order ·to avoid tho hazards of worl-:ing with 

relntivoly large amounto of plutoniu~. It is asswned that 

the behavior of the activity coa·ff1c1ent of PuK4 is very. 

similar to that of UK4 • 

In order to measure the activity coefficient of the 

uranous TTA chel.ato the following net reaction was studied: 

UK4 (s) =.UK
4 

(in X M TTA-benzene solutions). 

The thermod~rnnm1c equilibrium constnnt for the above reaction 

may be \':ri tton: 

FuPt:1er, if t!1.e activity coefficient, y, is calculated· ~1s1ng 

infinite dilution of the benzene \'rith ro~poct to TTA as the 

atandarrt state,· the activity coefficient at any T'l'A concen­

tration may bo calculated by the u~e of the follm·:ing equa­

tion: 

The uranous-TTA chelate VJO.S prepared by ad•"linc· the 

52 . 
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nto1-~h1o"TJOtr1c ar.1otmt of 'J.''l"i\ in. b(::nzen9 to n.n ncir11c urc.nou.s 

sulfnte solution. 1'lle LYto phaGo sy3t,-;m ·:.:n.::J stirred in nn 

open bonkor f,or tr10 clr:ys :J.nd o. t the cn(1 of thn t ti:no tllo 

then nir <1r:te(l & TI1c c11.olo.t!3 wo.~ anDlyzecl by :;-.·o different 

pl'ocecluran. Ono motho<1 con:1h-d;cd of' icni tint; n. l~li.0\'-'11 wel[)tt 
I 

of the chelntl-3 to u3o0. 'J'llo ro;.:ultn or these fJ.n:J.ly8o9 :1.!1(11-

ca.tcd thnt tho solid chclnto contoinorl a 1-2 mole p~rcont 

cJofici (ncy of U!."'c;.niPJ'tl. 'L'!1c 3ccon1 proceclurD corulis ted of 

dlosol ving the cll0lt3.b:! ·t:r1 bo!1Zonc anc~ scp~U'8 tin~~ tll.G uraniur.t 

fro:n the '1"1.'/1.. by 3Ulfuric ncid cxtraction3,_ thns r,.lloY:inG one 

to anrJ_J.yze for bot;h U!'{tllituu and '1"11·. TJ.1c- rosu.l t3 of the so .. . 

~mo.lysc3 showod a 3 :i1ol o pol'cont dof1c 1-:::ncy of 'l''l'fl. Tho 

ron.o,on for tJiis ,rHscr•Jpr.mcy bat\':ocn tlle two procodtn~os 

is. not Jcnorm, hut it B.p;:H]n.rs o.s thou.:;h tho ~3olicl. eholu to 

hna about the co1.'roct c:xnposit:L:m. 

~·anco •r•J'A is generally employed· in two phanc oxtrr~.c-

· tlon work- the solubility of UK4- in benzene vm.r~ m0:Q_c;urcu in 

the pronenco of an n~1ooun phase containing o.lG7M HCl. 

The chelate fJOl ub:Ll1 :-y in. bonzcno wus :!10'1.:m_r:Jr1 by- the 

une of the j.)eckrn:'l.n spoctr~;;hotom0ter. 'l'hc spcct!'l1J;1 o.f the 

uranous che1at e ·wo.s !iH)asured at va;-ious concr.::ntrai_;t:.;ns acainst 

blank colls contn1n1ng·c1lfl'<3ront concsntr~1tions of 'IT/\. '1i1.1o 

rosultA 6f the snectral neasur~ncnts and tho vali~~ty of 

Table 0. It can be necn fr~n TAble~ that over~ six fold 
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Table 6 

Spectrum of UK4 in Benzene and the Validity 

or l3ecr•s Law • 

Sample· 
r ~ ~ ~ b max. dev. 

(e.) 
value taken 

(d) . (b) 
III jl- E E E E E % 

560 258 256 261 260 256 1.5 

580 127 125 130 129 128 3.9 

600 67 65 69 68 68 7.3 

625 85 83· 87 87 -87 4.6 

650 109 107 112' 111 110 4.5 

675. 83 80 84 84 82 4.9 

700 42 40 43 44 43 9.3 

1. (UK.4 ) - 6.5 x 10-4M - blank pure benzene·. 

· . 2. (UK4 ) = 1.53 x 10-4M -.blank pure benzene • 
• 

E 

256 

128 

68 

87 

110 

. 82 

43 

3. (UK4) ::: 8.5 x 1o-4M 1n 0.1. N TTA -blank pure benzene. 

4. (UK4 ) = 8.5 x 1o-4M in 0.1 M TTA - blank 0.1 M TTA 1n 
. (c) 
oenze11e • 

5. (UK4 ) =,8.9 x 1o-1M - blank pure benzene. 

(a) Samples 1 through 4 were analyzed after·several <1-ilutions. 

Sample 5 was analyzoli without d.11ut1on nnd is believed to 

be the mont accurate. 

(b) ·E is the molar extinction coeff1c1ent. 

(e) The b1~nk solution in expor1ment 4 cont;:1ned 0.1 M TTA to· 

show that the liGht absorption of TTA was negligible 1n 

this region of the spectrum. 
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~oncti:nt; within ·the nccurr1cy of the ~ncasnrom~nts. 

'l'ho :Jolubilitton of UK4 Ob9ervod in va.rious 'l"l'J'.-benzene 

nolution3 ar·e ':">rcs.:mt·::)c1 in 'l'abJ.e T nnd a grap:·1icnl reprcsenta-

. tion ts z~10·;.'11 in Fi.~yr~ 5 • It can be scon from Table 7 or 

F'i13urs 5 that the solubilt ty of mc
4 

1ncreanos about 1.3 fold 

an the concentration of 'l''l't, varies rrom o.oo to 1.05 M. 

~mooth~d vn.lucs of the solubility wore taken fT'om Fieure 5 

and the activity coefficients wcr~ cnlculqtcd from these data. 

The resul t3 of these calculations nppenr 1n Table 8 and nre 

shown graphicaliy in F1sv~e 6. It can be seen. from Figura 6 

that the· activ1 ty coefficient of UK
4 

1n benzene-T'l'A solutions 

is· unity :below 1o-2M 'l'TA. A rather rapid dccren~e in the 

vn.lue of y is observed at hic;her TTA concentrations. 

1tn interesting conpn.riDon can be mAde _between the 
( ,.. ) 

activ1 ty coeff.icienta ·of T'I'A. hnd those of tm.4 • It 1s found 

(7) E.; L·. King and w. H. nons, BC-G9, July 7, 1947. 

thrtt within exper1ment8.l eri~or tl1o two are identical. 

T'.aere is no obyious rea1'lon Hhy the activity coef­

ficients should be the same nJ. thongh ll tr~md in the !J2.li19 

direction might be expected since the extsi.'"'iors of the 

cholo.te molecule and the ·T'l'!l. molecule ,-:rhlch are exponed to 

tho bcmzong arc sir.-til~r. 
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D~tA. on So1nb11i ty of UK
4 

1n Sen zone - TTII Solutions. 

·-::}.1. lot,; Ic/I 

1 2 
,. 

4 5 6 7 8 ~ 

7u0 1,).148 O.JLW 0.154 o.lG5 o.1so 0.201 0 .1'1·9 () .1 116 

6'15 0.296 0.312 0.302 o.~2G 0.359 0.~[3(3 0.297 0.294 

G!50 0.392 0.412 0.401 0 .4.31 0.471 0 .f111 0 .:'>96 0.392 

G0G o.zoG o.321 o. :n1 0. 33-:'l o.3G9 O.ZD8 l). ~'i09 0.306 ... : 

600 o.23r/ 0·.251 0 .~~4.=) 0.264·0.293 0.316 0.241 0.238 

580 0 .4.50 1J ,.;t •1c 0.459 o.49G 0.550 0.599 Oe456 0.450 

5GO 0.910 0.963. 0.0:.?6 1.0l1 1.10 1.19 0 .. 023 0.919 

. 'l''.l'!\­
moles/1 

. o.ooo 0.101 0.0505 0.21.0.50~ 1.05 1.05~ 1.05~ 
10- 10-.:; 

1/olume 
0 .1G?;':i . 
HCl 

Go ml 6'0 ml 2\J ml 20 ml 20 ml 20 ml 20 m1 20 ml 

Volume 
bei1Z"")ne 
phnne lOOml 35. ml 35 rnl Z5 !;11 :35 ;Jl 35 ml ;:..r> ::tl i5!3 ml 

53 

E(n) 

43 

82 

110 

07 

68 

1?.0 

25G 

--------·-------
{")olubil i ty UK.1 
molo :1 /J. ~Ltnr 1: 

Uunmle 
-y-· o.oo53D 

2 O.OuG20 

o.ovGl)l 

Samnle 

G i). 00'1'16 

0.01)594 

0 ·-' o.ou587 
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'l1al.Jle 8 

Solubility anc'l r~.ct1'\rity Coefficient of UK4 in 13enzone ns e. 

P.Xnt. 
~;-

.1 

7 

8 

3 

2 

4 

5· 

6 

F'1.mction of the 'l'J'A Conc()ntrn.tion 

( TTA) ·: 
molos/1 

o.ooo 
i o~ Jo-3 .... x. 

_o 
1.05Y..l0 IJ 

0.0505 

0.1010 

0.210, 

0.502 

1.05 

o.uuSG8 

o.oo5s'l 

u.oo504 

0.00601 

0.()0620 

o.ooG45 

(J. 00'"118 

o .ou'7'7G 

(TTK ) - 4 
molon/1 
smoothed 
Vr,tllte8 

().00!588 

o.oo5B8 

0.00588 

0.00602 

0.00620 

O.OOG50 

0.00709 

0 .00'/31 

1 OG ( 'l''l'J\) 'Y UK
4 

- 00 1.000 

-2.979 1.ooo 

-1.979 1.000 

-1.297 0.978 

-0.996 0.949 

-o.G'78 0.905 

-0.299 .Q.829 

+0 .0212 . 0.753 
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Part II. The Hydrolytic Behavior of Zirconium in Perchloric 

·• Acid Solution. 

.. 
,c 

. .. 

Intro(luct1on 

Tho only stnble oxidation ~tnte of z1rcortiwn in aqueous 

solution in the +4. Due to 1 ts h:i.ch charc;e and zinnll ionic 
u 

. ·radius (r = O.BOA)~ zircon1u.l!l 1n aqueous solution has t:1. strong 

tendency .to either hydrolyze or to form c-omplexes \'lith the 

negative _ion~ v1hich &.re prencnt. 

JI.QU$0US solutions Of zirconium Saltn r.lre generally 

ac1Cl1c. Thin is e_vi~cnce, thereforo, th~t- tho zirconiurn has 

reacted with water to form a. hynrolyzed species. I;~o:o:t all 

z1rc.oriium salts \".:h1ch cnn be prep8.red from aqu~ous nolution 

are .zirconyl compounds, ~L .e., they contain tho group Zro++ • 

For e:xa:nple, the zirconium h~linen prepared f·pom o.qu9ous 

~olution at room tc:·moratnre are ZrF
4

.3H2o(l)(or ZroF2 .li2P.2.2H2o~~) 

( 1 ). . . 
Bcrz8lius Jl Ann. ch:tm. ~~:·.tJS., ( 2) 26, ·13 (1824). 

(2) 
ClWU'lenot, Co;~tpt. rond. 104, '"127 (1916). 

ZrOC1 2 ~01-r2 o, Zr0Br2 .sn
2
o t:~nd ZrOI 2 .8H2o. '{'herEl' seem to bEJ some 

controv01.'sy ;·;hGti101'' tho zit•conilu;} fluorine is ~rOF2 .II2F2 .2H20 

( 3) 
Hocently, W::.V~:r ~.nf! st1;.diao the aqueous chemistry of 

_( 3 )J~lcVoy, i': .• H., 'l'he31s, Univm•sity o.f Co.lifoyonin, 194r/. 
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extr~H:t1on proccnDY::J. };l)t ')nly rlid he stu0y the formn. tion 

also the hyn:L'olysis of 7-lr'c-:>nitrn as a fW1ction of the acijity. 

·The two phn.:';e extr11ct:' on proctJrlure U.s31~ uy J.icVcy consisted in 

extracting the zirconium from n.n &cidic aq•.1eous phase into a 

benzene. ph11se a.s a 1)-dil{etone chela to. 'l'he chela tinz agent 

us en was theno_yl trifluorncetone ( 'I"rt..) • Since the (11otr1bu­

tion of zirconium between the two phases is a function of the 

octivity.o.f the zirconium in tho aqueous phase, th0 formation 

of any complex is reflected in o. chanee of tho r'!istribution of 

zirconium between tho tr:o pllll:;es. I.icVey concluded from his· 
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hydr•oly3is exflerimcntn at tracer concentrations of zirconium 

+3 
thn t the principle npec les in 2 l!1 perchloric ac 1d vms Zr( OH) • 

. . )+2 
In 0.01 11 perchloric acid tlu-:1 ),rinclple species \"10.!3 Zr~ OH 2 • 

11here is abunnant evidence in tho literature that at 

high zirconitun concentrn ti9ns the zirconiu."ll hy(1rolyzos to 

fot~u hit;h molecular weight polymeric species. For example, 

Jnnder and Jahr ( 4 ) tn(Jasurec'l. the diffusion coefficient of z ire on-

( 4) I 

Jander nnd Jahr, Kolloid-Beihefte ~~ 19, (1936) • 

. i'..lill 1n solutions e.t constant zirconium concentrn tion w1 th var-

ious pcrclQorlc acid nn~·nitric acid concentrations. Prom their 

rtatn, fo~ example, th'Jy conclude~ that npecies such o.a 

~ro .C> .zro .Clo..iJ + existed in the zirconium perch1ora te solutions. 

Llnny other exper1mentnli~3ts( 5 ) (G) hav(l rreoented evidence, 



,. 

. ~ .· 

;;· 

------~----···-
(5) 

Pau . ..l i /) V,' ~, 'r l .• :> 

( 6) 
::~oc. 101, (1017) 

----------------------~-------

·in tenus of bJ.Ql moloC':.:W.:n .. woie;l1t zh·conium cpocics 1n 

:.wlut:i.on. In no Ct'd:ze ia it ponsiblo to U.ctorminc prccinoly 

. tho op.ocieo 1n solut1ou from tho datu published in the 

'l'he pul'pooe of th1. n r;ork y;:.'..s to <1oto1·:~1r~c 11 if po~::dblo 11 

tho pcl-;yTJ.8l''ic z1rcon1u .. m Dpcc1os v~'}"jJ .. ch Hro formed a.t liich· 

z:lreon1wn conccntro.'":l.cn:> 1n oolutiona or :nDdcratc to~cidity. 

':fhc experiment~ wo1•e dcsit;nod oo a.s to kcop ecnotr:u1t c.ll 

. vt,riubl!ra but one in .a given sories of experiments in Ol:'dGl"' 

to sh~.p11fy the 1ntorpreto.t1on. In moot of the work prot:c:i.1tcd 

in the litoro.ture th1o was not done, and the simul·!;~:..ne()U.S 

ch:'1TIG0 of several varin.bles made the 1nte!'!Jrets.tion of the 

data al~ost 1mposn1blo~· 
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.. ·'~. Doritr:-ltlon or EquutiOWJ 

. (3) ,,, l{ 
'"' • l. • l'icVoy, '.!'hcn:tH, Un:tv·:;rsity of C:->.J.~'-.fo~·nin, Jm1o 191]. 

, 

-------·--------· -----------·~ ···-------

o.xtrnct1n.?: 7.irc:on~Urn fro:n nn nc1r11c r~qneou!l :>olntlon j .. nto n 

bsnzono-T'l'A ph:t.~>o H n th:; n ·:ntr•nl 7~:tJ~coniHE1 choln. to. The ex-

t.J.'flCtability of, :31I'COnl1Jiil i:; n. ·function Of t}l.:-3 HCt1Vi ty Of 

h - -:-m.~ o.3 804, 1" • 
. . . 

the 

:::"cfle<-tor1. tn Lhe o.x·.~l~o-<'tion" coeffic:'L mt. 'l'ho extent to Y:hich 

the 11tnhility qf the d rconium co:oplex be1nc; form0d in. tho 

nqu.eov.s !)httSG. · Tlle hyd':'oly2iH of zir-coni1J1:1 c.nn bo conn10erod 

cuJ a sp0ci:=tl cn.se of cornpl~:::-x ion fo:r•w1tion. 

In tho pl"escmt 'liiorl~ the expePirtlental r_luto \·:ere obtnined 

by employine th-'3 tv,·o phn::<c extraction p'Y'O~":nure in much the 

same fnsh1on as used by I.lcVoy. Defor-9 pr<3:1 enting the oxperimon-

tal O.ntu, tho equation:.; used in tho interpretation or the data 

will be dnrived. 

Pre:::uning tllHt zirconium polymers are formed in the pet'-

chlo-::'1c acid sol:~t i .:ms smployed in the experh1':nt:d \·:or-1~, the 
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.(1) 

'l'h.e o.!.HJU·:Jption .,7111 be ·~::!·~c in the norivot'ion that only the zir­

coniw!l.. rncino::wr is oxtr;J..cton. into the benzene ph11oo no tho neutral 
. ~ 

T'l'A chala to. A fur thor .o. sou:nption is ~~a tie ( ond la tor aubnta.n-

. t1£>.ted· oxper1montally) that equ111br1u.::t is 9Stabl1she<1 bot"t":con 

tho :11ono.nor nnd the poliJiaer.~c for.-ns, \Vh1ch rmy bo repros on tat! 

by tllo equ·nt1on 

nZr : ZI';n (2) 

where the equ111briunl' expression in ternis or ~onecntrationa 
(~oles .per· liter of ~olution) is1 

( ~) 

·Tho Kn·' s oro, of cOt,trso, f"unct1ona of the hynrogon ion concen­

tration •. Solving for (Zrn) and su:mn1na, oqunt1on 3 bccor4EHH 

(4) 

nnd 
( 5) 

'l'o o1•npl1fy the entln.t1on~ tho following tor;;;ino.lo:~:y \'Jill bo ur:or1: 
( Zr) ~ concontra t1on in :!loles per 11 tor of. ool".t ion ·;:>f t11e .:iono­
mor •. !iccorc11n0 to :,:cvey' !'i renul to tho nrinc-inr.l npocien "t low 
zi~"·miu:n concontr::t..i:>n 1n 2J. HCl0-1 is Zr<>a+Z. •r:1o ny boln 
(Zrf:), (Zr3 ) onrl (Zr

1
_) ropre.'Jrmt t!he concentrr~tion of tha. 

dir:tor, tr1~:1er nnd n•t!1 polyme!' ro!Jpa~tivoly. '1'ho act•.tnl fol ... ~1u­
ln o.nel f'htlrccs of tho pol~r:1or1e ~or:ns e..J .. c un~~nown. 

~)<T.H~ evirlonco v:ill l.>o 'broacntoc:'l in tho noxt o~ction 'nh~.c::h. 
intUcatos that only ZrK4 is Pl:'€lsent in t1.10 bonzcno pho.siJ. 
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By nub:Jt1 tutin;:; cqu::•.tion 5 in_ equation 1 tho follo·::1n.:::; rcla tion-

~hip 13 obtoincd: 

. . 

(6} 

Slnco tho !:\3:JU?;t~ru1on h::l8 boon mnde that the ::,onomor is extrn.ctod 

into tho benzene n.o t"t1o ncu~~rnl chcln.te, n.nd since it is lmo·,:'n 

th:J t equilibrium is e!Jt~.: ... li ~hed roacUly beb:con th(: clHJlu te nnd 

th0 mono;ner {3 ) , tho co;1ccntra t ion of tho zirconiu.'"?l choln te in 

tho bonzone pl1n::-1e is r~~lat~d to tllo concentration of t~-:..e monomer 

1n tho aqucou:J ;-:.ha:·1o by a.n equilibrium constant. 'l'h-3 concontrn-

tion of monomer is therefore proportional to the chclnte conccn-

tration as expressed by tho follov!inG equation: · 

k(Zr) = {ZrK
4

)b aq 

Tho proportionality factor, lc, in equo.ti·on 7 is n function of 
the rlul'A concentration in the benzene pha::;e and ·the ac1d1ty of 

{7) 

tho aqueous phase. It v1ill be presurned in equation 8 nnd further 

oqtJ.a.tions that these variables are held constant.. !::>ubstitut1ng 

equation 7 into 6, one obtains: 

k(Zr) 
E - ~~---------
~ nKn(Zr)n 
n=l 

(8) 

\vhora (It+) o.nd (TTA)b are conGtant. If· the logarithm of the ox-

traction coefficient is taken in equation 8 nnd differentiated 

vlith respect to the concentration of tho monomer in the aqueoua 

phase, tho following eqtiation is obtsined: 
00 

L n2.' (Zr}n-l 
d lo~ E 1 r~l ~ 

d { z~ .. ) =rzrr - -:f_::.-ru-K-(-zr_l_n __ 
n=l n 

(9) 
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Upon chanGing variables by use o.f equ:.:,t1on 5, oqu_ation 9 

(10 

<><' 

Lrun<zr)n. 

n::::l 

-1 .... 

ox· 

01'' 

1 'liid _ _.;.;;. __ 

krnfn 

v:hore r 13 the frnr.tion of th8 total ztrconium v.rhich exists 
n 

n:; n n.f:'l.rt;icular pol;;,r.n0r cont:Jin1nr; n zirconium ntoms. 'l'he 

fu.nct ion f n is r18finf3d by the foll or11ng· equa. tion: 

00 

n( Zrn·) 
co-~--

L n(Zrn) 
n:::l 

(1!") 

(12) 

(13) 

(14) 

· ~nr 
The o:-:prcsRion L. n rcylro~en~!l tho average nu:::oer of zirconium 

n::l 
atoms per poly:ncr. Tber9fore in t!:-te GeW~ral Cll'-10 1 \7hcn the nolu-

ticn cont:d.nr. e1 :nixture of poly-nors, equation 13 cives a r€~lat1on-

f:hip ~~tv.•C).:::n the slop~~ ~ :•.r'l thG 8.VGl'ac;e number o.f zirconium a toms 
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per polynier: 
. 00 

1 (15) 
~ope+ 1 

If the logarithm of the extrnctio!l coefficient is plotted versus 

tho logarithm of the total zirconium concentration in the aqueous 

phnse, the slope.of the curve at o.ny point will c'l.etermine the 

sum. of the right hand terms of equation 13. If 1t is assumed 

-that only one polymer of zirconium is formed then the slope of 

~he curve (logE vs. log~ n(Zr ))wUl approach a consto.nt 
n=l n 

value ll t high. concentrations of zirconium. The chara.ctoristic 

slopes for several porticulnr polymers will be found in Table 1. 

It can bo aeon from Table 1 that as the monomer is converted 

to an infinite polymer the nlope of the line changes fror.~. zero 

to minuo one. 
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Table 1 

The R.eln. tion of the Slope of the Curve, Log E versus · 
00. 

Log Z: n{Zrn), to the Number of Zirconium Atoms in the 
n=l 

Z1rcon1wn Polymer. 

' Number zr·. a. toms 
1n polymer 

1 

2 

3 

4 

10 

slope of curve 
log-E vs. log( n(Zr:.1 )) 

0 

- 1/2 

2/3 

- 3/4 

9/10 

- 1 

n::-:1 

GO 
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Expor·L1snt:cl Procedure 

In t:,ro dorivu.t1on o.f equations it \vas sta.t.ed that a two 

plt!H3e e.::ctractron pl"occclnre was used to deter-Jline the polymerize.-

tion of' zirconium in percllloric acid solution. More precisely, 

the z1rc.on1um vtas extracted from 2 M perchloric acid in one 

series or expori.."lents ~d 1 M perchloric acid in a second ser­

ie.s~ as the neutral zirc-onium-TTA chelate .• 

The zirconium perchlorate was prepared in the. follOY'l1ng 

Manner. Zirconyl chlo::;:>ide, which had been purified by recrys­

tallizing frO!ll hydrochlo!'1c acid, was convarted to the perchlor­

ate by fuming ·,..,1 th perclJ.l.orie acid~ The hot zirconium perchlor­

ate r::olut1on wa.s rapidly transferred to ·a dry box and allowed. to 

cool. Ths zirconium perchlorate precipitate which tormod was 

vary crystalline. The composition was not determined. Tho 

-:zirconium perchlor,ate ~r-,rsto.ls were centrlfuged away fro~ the 

conc_entrated porchloric acid and then dissolved in 2 II~ HC104 • 

. An aliquot of this solution was treated· with an excess or sodium 

fluor1de 1 and then titrated for hydrogen ion with .sodiu.m hydrox­

ide. The concontro.tton of' pcrch.loric acid in tho stoclc zireoniu:n 

perchlorate solut~on (asEumin~ the zirconium to be. Zr(Cl04)4) wo.s 

calculated to be 2.06 M. The zirconium concontrat ·on vias ·deter-

mined by trueing an aliquot of the stock solution, convertinc; the 

zirconium to zirconium hynrox1de 1 and then igniting this to 

zirconium dio:;~ide. The. zirconium concentration. was calculated 

to be 0.229 M. 

In the t\:O scric:J of experiments, the zirconium concentra­

tion in the aqueous phnne \'Ja.a varied from about 10-5 to 0.2 M. 



as c.O:l:3to..ilt ns possib.l.o bocnnne nothing in l~i"1G7:rl : . .:bo:.tt tho ucir~ 

dc;::cr.c1cnce of tho oquil:tb~trl bct\·;oen: the va.r1ou:J poly.1cr:J. In 

t'LC rl;.n•iv:: 1~1on Of trw Off\.!.'?.~::tons U~Od +n the 1nterprct._,\:ion Of 

constnnt ionic otrencth ~Dr3 pecossary prcroqui~iton. Sln~o 

t~10 zirconium co~1centration is s:a·-1ll co::rparod to porch..lor1c 

n.c1'1 concoDtr~.ttion, ~the aclrU ty n.nd 1o11ic strer..{;th rc:~JD.in noarly 

Becau.::>o zircon1L'J11 1o extracted into th0 bc.nze::.lG phn.se as 

the ch~la.te, the concentration of 'l'Ti\ docroa.ses. It io thoro-

.foro n'9cessnry to have :ncans of co.lculat1ng or rnoa.suring th9 

f:rc·-3 Jwtone concontro.tion. If the or1g1nn.l TTA concentration 

in t.h.e bcrtzono phn.se, before ahakinc, is lmovm, rtild. 1 f tlle 

oxt::o:>rlction COefficient 'is knovm, it iS posn1blo to C::tlculate· 
. . 

t:!1.0 TTA concentration in tho benzene phase at equ111br1ull by 

th~ foll.oni!l.G equation provided one as3tir.<Jpt1on is mrorle ~ Tido 

0 
( '.PI'/':. ~ b ~ ( 'l'TA ) b ( 1.13) 

'.i:'llo sy~nl>ol ('l'TA }~ reprenents the T'rf'. concent1•.:r.tion in the bcn­

·-~·i)no p1_wne before shn.kL"1c;. D ts the d.intri":Jution coefficient 

for 'J.l'.i'.:"\ bat~noGn tllo benzene pho.ne and the ~:.qucous ph:!:JC. Tho 

16 · r::l_::; tint Lhc aEtira r:·~o; mt of 'I'Tfl. in tho aqueous plln.ne must 
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phn.!:~e of the 'experimc:nts at h1gn zirconium concentrations tllnt 

a ~mall fraction of the zirconium \'lllS. being complexed by T'l'A • ,_. 

Althouc;"!.l. the fraction of. zirconitllil complexed was quite S!11a.ll, 

tho concentl~at1on of 'r'l'A in the benzene phase was nppt'ccinbly 

ol tercd becaune of· the hif:)l zircon1tim concentration. It v1as 

thel"cfore necessary to measure the r,J.,.rA concentro.tion in the 

bob.zonc plruss · ox)cr·i:':Icntally. 

'I'he a.1w.lytical procedure· that vm.s adopted consinted in 

_r:i'::a:::urinc; tho T'rfl, concentration in the benzene phase t.pectro-
l 

photo·:tctrir.nlly. It r:as nocossar"J to correct the observed 

spe·ctrum for t~no nb::Jorption of light by the zirconium chelate 

pro~Jcnt in the benzene phuoo. 'l'he concentPu t1on of Zrk
4 

wo.s 

pnlculnted by the equation: 

E )o 
(ZriC4)b : E + l (Zr b 

(17) 

wllcl~c (Zr)g reprenents the ot~icinal zirconium concentration in 

molen per liter in the aqueous phase before the extr'!l..ct1.on. 

('l'his equation is only applicnble whon the volumes of the t\'JO 

Plla nO"' are equal· ·1,.. ~" r,J ''•D !-:•'11'! ."J.l)I' eo.un.tiO:-l 16.} . ,, . v ' •.. "' .... "' "' . ~· - . -

The zircon1U.i'11 chelate spectrum has b·een measured by 
. . ( 7 r 

Zcbrosk1 • Zobro!3k1' s measurements were rcrp~3.ted, nnd 1 t 

(.?) Zebroski, E. L., Thesis, University of.Ca.l1forn1a, 1047. 

v:as found that the values· of th'3 r.tolar extinction coofficion-:; 

varied 'l.vith tlmo. A possible renson for this chango may be 

'72 

the pre'· :::::<c.o of a :J:;i.nl'l 't'::Oi.mt of ·,·;a L:r 1n tho bonzone solution, 



· .. 

. thus o.llorJ1ng the zircoi1itm1 chela to to slo\:':ly hyflrolyzo. It 

waa note~ thnt the molar extinction cooffi~i~nt of the zircon-

. " 
iu1n chela to rcmainori constant ·at 3300A. At this pn.rticulo.r 

\vavolength· tho molar extinction. c_oefficient of the zirconium 

chelate 1o almost e~[\ctly four times Greater than thnt of pure 

rr'l'A • ·Thus·· as the chelate hydrolyzes T'l'A is liberated and as a 

·result of the reJ.o.ti,;c v~"'lJ.;te -of their extinction coefficients nt 

this vin.velength, th9 concentration of ZrK4 appears. to re::u11n 

·constant. 

It is possible therefore to usa results of the spoctro-
c.; 

photo:11etric analysis o.t 3300A in conjunction with the extraction 

coefficient d:J.ta. to calculate the free TTA concentration in the 

benzene phase. 'l'hus, v~·hen the optical density of a sample con-
o 

taining both Jr.:~tone and chelate is measured, the reading at 33001\. 

is __ correct ev~n though tha chelate may be hyclrolyztng, This val­

ue can then be tlorrected for the optical density contributed by 

the· chelate, using the molar extinction co·ef"f1c1ent and the con­

centration of the chelate calculated from the extraction coer-

f'1c1ent. The free TTA concentration is then calculated from tha 

· renidual opticnl density by menna of the lmown molar extinction 

cooffici ent of T'rA. 

In theory·, it in ponsible with the aid of Doer's Law to 

calculate the concentration of both the T'rA and t:he zirconium. 

chelate pro~iding the molar extinction coefficients are known 

for both species at tv1o different wavelengths. Even thou(jl 1 t 

was lmown that the zirconium chelate extinction coefficients 

Were Bl0\7ly cho.ng!ng Ovor tl period Of time# th1a calculatiOn 
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· .. ':~.:Lr-h hydrolyzes readily. 

P8ucta rnpi(lly v.'i th the \'.':1 te:r• which is w.ir:;mlly t· c1::;ol·;..h)(1 on thC' 

ou:r.face. 'fhe hydt·olyni:J product a.dlloren f'ir.;!ly to trl0 sui•fa~o 

o.i1el. 1 tn orc;nni c nn ttiro prevents ·wa tcr fr•om \'tCt tinG tL10 glaa a 

nurfwce. ·rt \'tan. founr~ noco3 no.ry in tracer oxpcn·i111Cnts to use 

coatecl· fln~4lt:a because on 1mpur·ity was being loacb.od off' the lmco,-~. tl7d 

fln.~Jkf s uurf'oc.e by the 2 U perclJ.l'or1c acid. rt had be ~·tr rouH:t 1):ra­

v1ou.sly tlwt mo3t or thls un1clont1fied imp'tn·ity cou.ld bo ro.noved 

by· trontin~ ·~lle flnt~k ~·;1 th a c'.lroful clonninG prooc.cdui:·u ~ 'l'hoao 

fla::llw., :afkn· the clor:ning pPocodurc, \·wrc treatt;cl v;ith ch•i-f'llm 

surf::J.ce. 

Th.e flasks contnininc the tv1o phaao solutions were placed 

length of time each flank wao shaken, before tl1o fir~t a11quots 

Wel'O takon for nnalys1s, Nll8 always [;l'Ofl.LOr' th:U1 si:c ll01H't3. 

Jl.ftor n.JU:1.lysis ,· tho flnol-::a were shakon again for a mlniraum or 

six hO\U'S. befot•a tlw. sceond analysis watJ ;.An·foruod.. It can Lo 

fHl!m from 'l'nlJle :~~ that tllcl~c 1e no evidence thnt eCJuillbl'iu.ul .wfw 

not a ttt11noc1. at the cnrt of the fil•s t slloJ;:inG fh.H.'l ocl. 

'l'he oxtPnction co::::fficiont of z1rcon1H.~!l ·n::HJ dot.o·<nlnod. 

by aliquotirl.G both pha!;()::J r:ith l.Jri-filmod uicro piputt<.1:1, rnuU.ttL-

inc tho aliquot a on glas!l platc~l, and count ins tlic.J in u Uuit:;(n~ 

( ::.} 
cotmtor. 'l'hi 3 procodur·e had ooon developed prcvL:msly uy 1icVuy • 

1'110 oorios of expcr·i:nonta at 1 M porcltloPic ncitl , .... J :J 

I 



,. 

pcrfor.:iod in o.x.n.ct;ly tho at:,;ne mm:u10r. It shOuld bo notoc'l., how.:. 

ever, that tho ionic stronr;th of tho aqueous 30lut1on wo.s n.r]-

ju~11.ior~. to. ~; D by nd('ii:ng 11 thlum pol•ch..loratc to e~ ch solu.tion 

.·.to m::.Y.e tl~c concc:ntration 1 M L1Clo4 • 1'ha lithium perc:J..lor~lte 

h&.d b~en prcv.iously purified by recryst'C1.ll1zation • Tho ionic 

Rtren1:;th of· the 2 M and 1 M perchloric acid soric:J v;a::~ made the 
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some to cl1m1nnt·3, ~s .far n:J possible, diff.crcn~es in the activity 

coefflcionts of·all species nt theno two sets of conditions. Tha 
.. 

clato. fro:n the tr:o aciditi0~ may then be useci to calcu.lut0 t1w 

ncldity dependence of tho pol~forization procoes. 
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t:x.r·orhncnLnl I\(J81Jlt::' nnr1 l'tf.lr':11~:,ton~ 

tra~l;ton eooffir.lent tn r).v~:Jn by oqqni;ion 1 in n. pP·.J"Vi!JU!J B~.H~-. 

tion. 'l'!Hl fourth cohrnri t-~~ Lh" totr:t.l (TJ.'f\ + ;~t·K4 l O].~l.;lc.nl {l·'~ll-

(J 

~1i ty of thn bcnZ(ln3 pha8o :.~ t; :~:~,UUA. '1,h'J rt fth coln:nn t;:l.vu<J 

' ZiPcon:i.u:-:t conc.entr•r.t tlon at con:-~ tnn t; ~Hf'l\ ncti vi ~7 • 

. , 

dopen~~nco. Column .?.even GhO\"Js. tho vnluo of tllo ;~irccuh'•n c·) ·-· 

centi•n t.:ton ln the nqncou:l phase rtf tel' the tr;o u:·.~~~ ·}c·.l 
II• ,or,•l"t-

'· . . : ~ .... 

::u1rl. cquilil.>t•ium· ts nttrt1.ne~1. 
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Table 2 

The R:tdrolyds .:1qd !'·:>l:t~erization of Zirconium in 2 ;.; Perchloric ·Acid nt is.o° C 

Zr., I!"..itia1 
1·ioles/l. 

7.63 X 10"'5 

7.61 X 10"'4 .. 
. :2.27 X 10 ... ) 

7.63 X 10•3 

-2 3.05 X 10· 

7.6J X 10•2 

0.229 

E 

0.126 
0.123 
0.1110 
0.-1:')1 
o.·J73 
0.073 
O.l5t) 
0.156 
0.156 
0.0397 
0.0388 
0.(~!~15 

.0.0~56 
0.0168 
0.0166 
s.ci: x 1o·J 
5.11 x 1o:j 

.5.01 x 10 

D 3300 ~ a 

0.344 
0.)46 
0.344 
O.JJ7 . 
0.343 
O.Jl;!. 
0.6!,.1 
o.6J8 
0.61.0· 
0.030 
o.6;o 
o.6J4 
0.657 
o.c.&J -. - .... 
.... \ ···J!' ,;·; 

0.637 
0.6CB 

- 0.639 

( l .. '') 
. . . ,\lt. b - ~ 

Moles/l.x 1tr 

5.97 
6.00 
5.71 
5.6D 
5.38 
5.39 
7 .2.9 
7.02 
7.03 
6.32 
6.42 
6.1S 
6.77 
6.46 
6.35 
7.34 
7 • .33 
7.45 

~ 

1.00 X 108 

0.95 X 108 
1.00 x 108: ,., 
1.02 X 100 
8.7 X 107 
8.6 _X 10~ · 
5.66 X 107 (,.46 X 10

7 6.41 X 10
7 2.51 X 10 

2.3) X 107 
2.87 x lOr 
7.45 X 106 9.7 X 106 
10.2 X l~f.. 
1.76 X 1U':' 
1.78 X 10~ 
1.6J. X 10 

Zr.Aq,. 
;,~oles/1. 

. (H+) 
Min. 

(li+) 
~:ax. 

-5 6.78 X 10 · 2.00 2.00 
6.so x 1o-5 · 
6.aa x 10-4 2.oo. ·2.00 
6.91 X 10:5' 
2.11-x 10 2.00 2.01 

' -3 ").:-'.,,,_ X 1J .... ~. 3 
6.64·x.10- 2.01 2.03 
6.61 x 10-3 
6.6o x 1o·J 
2.94 X 10:~ 2.01 2.13 
2.94 X 10 
2.9) X 10:~ 
7.52 X 10_

2 
2.03 2.33 

7.51 X 10 
-2 ?.51 X 10 

o·.228 2.06 2.9a 
0.228 
0.228 

a.. The o~1t ic:'l.l deCJ~; ity 1B:: mensarad in a 5 em. call after a 1oJ fold dilution. 
'l'he follo~d:1~: 'n~)l_,r ertirH::tiou coei'i'icicnts were used: 

E... K :t: 46,000 t..r 

Emc = 11,460 

~ co 
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Table 3 

The Hydrolysis and Polyrneri~tion of Zirconiu;u in 1 tJ ncio4 and 1 ~.~ LiC.lOJ. at 2 5.0° C 

Zr,Initia1 R ~jOO i a (HK)b 3 xo Zr. Ar: ~ . (H+) 
· t~o1es/l. 

. . . 
~Joles/l.x 10 ;;o1es/l. Min. 

-5 0.323 b 4.35 
. . s 

9.92 X 10~ 1.001 1.)12 X 10 9.1 X 1')
0 

. 

3.93 x 10-5 
0.3.~6 0.499 4.35 9. 7 X 10.._. 9.75.x 10:5 n. 39'J 4.32 1.12 X 1:)9 1.002 2.3) X 10 

1. 313 X 1')-4 
0.373 0.498 4·33 1.•)3 X 1~ 2.05 x lo-5 
1).401 0.491 4.21 1.31 X 10· f) "''/ ·• 1o·5 1.000 _, . .,;. ., 

_, 0.379 0.491 .. 4.22 1.20 X 109 9.52 X 10-~ 
3.94 X 10 ·~ 0.327 4.15 1.11) X 102 2 .. 97 >t 10-4 1.000 

1.313 X 1')-J 
0.327 o.49e 4.15 1.1') X 10~ 2.97 x 1o-4 
0.166 0.495 3.94 6.B7 X 10·~ 1.126 X 10-.3 1.001 
0.152 o.49a 4.00 5.96 X 10° 1 l'" 1'"'-.3 

J.94 x 10-.3 
• 4./ X v 

0.06ll .3.83 2.69 X lC~ 3. 71 X 10-J 1.001 

-2 o. ;J59l ·0.497 3.89 2.53 X 10° ).72 x lYJ 
2 1.)l) X 10 0.0201 0.504 ).87 9.0 X 107 1.237 X 10• ·1.001 

3.94 x io-2 0.0214. 0.494 J.76 10.7 X 107
7 

1 2S6 X lo-2 
o.ous . 4.14 

• 2 
l.OG2 4.03 X 10 ).89 X 10-

0.0102 0.579 4.25 ).14 X 107 3.90 x 1o·2 

a. The c~ti~al d~~sity was ~easureJ in a 5 om. cell after a 5J0-fold dilution. 

b. ;::-;ere no ~ec.sd.ra:nent of the optical density wa.s ta~·:en in the first analysis, 
it was sss~~~d to be t~e same as in the second ar.a:ysis. 

{B•} 
:!ax. 

1.0Jl 

1 ·v-.I.} J4 

1.0;)0 

1.001 

l.oc\.:, 

1.016 

1.053 

1.158 

' . 

...:; 
c;, 
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ion gives only the value the solution wouln h11ve if the 

zirconium were unhydrolyzed.. Since the :1egree of hydrolysis 
~ 

VA.riea fro:n. experim~m t tci exr)!) r.iwcnt t:tncl since the hydrolyr:~1s 

products are u.nJ{no·un 1 it is impo~wible to calculate precisoly 

t~e true hydrog9n ion concentration.. HoYTO\. .. er it is posf:lible 

to plo.ce llm1 ts on the concentration by e. a :T'Jm.1ng no hy"'rol~sis 

in on9 .case and complete l1ynrolys1n to ~r(oulJ x in the other. 

'l'he lognri tlu-n of the extraction coeffieicnt at unit 'l'TA 

.o.ct1v1ty has been plotted against the logarithm of tho· equil-

1br1um concontr:1 t1 on of' 7.1 rconhu:t in tlle n.qucou8 ph .. 'l ~;o. The 

curves obtained for both series are·presented in FiQlre 1. 

In a prevlous section two .cquntion!l which are u:J~;ful 

·in interpreting the data were <'f.erivod. Equ:;~tion 13 was written:· 

==-1+ 1 

L: nfn 
n:::l 

(13) 

where .fn represents tho fraction of the total zirconhlt:l Vihich 

contains n zirconium atoms. Thio e(}u.at1on expr~::Jse3 t~o cl1.f.~po 

of tho tJlcor'etical curve upon whtch tht) experim~Yl.tol r;oi.nt:> 

o.f F':lgu.re 1 shouln lie. 'l'hc slope of the curve at ~ny -polnt 

shoulrl have a value between 0 1.1nd -1. It crm bo i:le':m fron. 

tnl point!J hnvo very nem:-ly tho correct sh:1pe. 'Jr;:J.9 fo1.J.o·::j r: 

eqna~.ion h8.3 pc:r>haps n.n even more int()restine; 8.r~~1~.c0.tton. 

Tlli s eq\lfl. t 1 on 1 s: 

• 
00 

The tem -L_ nfn rcpre::::::mts. th8 av8ro.,se 11'.niJ·::-r uf :-.:;_:··:_,_,;j·!.:;:·:: 
n=l 

no 
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r·cl~ poly;.13r. Keeping equa tion:1 13 and 15 in mind 1 

a. qualitative interpretation o.f the dnt9 can be r'leaucea from 

F1c;ure 1. It can be 8o::;n thn.t the mono;uer is t"i.1e [:.'l'inc.iple 

r;pecie3. ip. .2 .M perchloric acid when the zirconium conc·:mtr~ tton 
. ' -3· 

ia loss than 10 i:.i. In 1_ .M p·orc:hloric acid the :nono::1el" is the 

principle Species WhCll the zirconium concentrAtion is lens than 

1o-4;u. It. is to be noted in F'igura l the t the 1 i ne in tho 1 M 

perchloric aci11 sarles does n9t go throueJ,l. the experi1:1sntal 

82 

points at the lo···est zirconium concentration. In .theory 1 th.o 

experimental points should all lie on a lin~ of zero 3lope in 

this region. I·t is bel1eveci that the 11ecrease in the coe.ff1ciont 

at this low zirconium concentration ·1a due to the pr~scnce -of 

an impurity which partially co!nplexes the zircon1U:-n, thus lc::G:r-

1ng the extraction coefficient. The aame difficulty with such 

1 1ty t 
( 3) . . .. 

an mpur was no od by McVey 1n·hio trncer.expBrimonto • 

In tha 2 1.1 perchloric acid exn·eriments the V<llue of the extrs;.c-- ' 

t1on coefficient at the lowest zirconium cor.~.centration is nl~10 

believed to be low. The d.iscreponcy in this ext':'act5.o.n co:,J'­

ficiont is not nearly as pronounced ns in the 1 !·f D:)rc~LH"ic 

acid series •. There appear to be oeve!'c.l possHJl5 rBQ~_;o;1>J fur 

tho decrease in the complexing ef.fect of th~; impin·i ty r, t; l' ;c: 

hiGher ac1r'l1ty: (1) tha a;notm.t or impurity in Js;;~.~ ~-~~ 1 ·~·~: 

2 M HClo4 solutions, (2) the ~o;nple~~tnr) !Jor.·w· of t~:~; :i..rr'·~r't'LJ 

is d1m1ninhod at the ~1r;her nc1dity, (3} UlO cmic'·,;J:;~ .. ·!t );i ot 

n s:nnller fro.ct1on of the 7.1r·ronium is co~;nl!::."~·:;~'! Ly t~- ~- i .,·~·. 

of tho lorrost zirconiu:-:1 ron~•')ntr:ltionr. f\1.'0 ri )~: r'.:··. • >:. 
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experir.1ontal pointfl ~. •r111s was c'ione in nn ntte:npt to coPrect 

roughly for the.effect.of the 1:npurity. 
-

It .is interesting to C'l] cu~ te the hydro(~cn ion dopen-

doi,ce of the oxtr:1,ction coefficient of the mono:nor fr>om. the 

two Boriea of experimentn. Using tho vnlue3 of the cxtrnction 

co,effic ient read frem tho curves P "the ltfc1..Y>(.gt;n 1on d::uondonco \'.rn.s 

f'Ciunr1 to be Q .a. 'l'his value .1 s quite different ft'Otll thu t ob-

to.lned from I.lcV cy' s tracer experiments, ·1. e. 1 r;J.ic;htly less 

thn.n 3 .o. McVoy also performed s o:ne extro.ct :J:on cxpoJ•irnont s 

lWinc A.pnro.:.:.imo. toly 4 x lo-'~1';! ?.1rconht.11. 'l1he rcnul tG of hi:' 

· . macro zircon1ttt1 exp?r1mcnts, in agreement v11 th the prNtont 

v.ro1·l~, inclica ted that tho hydrogen ion d(HJGndonce wrts n e;ood 

(lct1l h:t[~her than that obtr11netl from the tracer experinHmts. 

'.fllOrefore it oef!lns pPobrJ.blo t'hf-lt the hydrogen ion depon(lonc.o 

· zirccmiuin in on~ to tv1o molo.l p0rchloric nolut1onn G::d::;t;s 

t.r .. -:.inly o.u t:1e +4 ion. 'fllG f.\1' esenco of tho <'.o;1tpJ.cxlnc irapur-

i ty iu tho tracer experiments ls prcsurner1 to b0 t:hc c:~.u~.1D of 

i;ho lnref' ci1Rcr~1pnncy botwoen tho trncer nnd rnncro ex.rorln1~~nt~; .. 

It can be soon· fl'Out F'igu.re 1 that at tho 11:! .. ~}t•.:r 

zirconhun concentrations the valuo of th(l eJ':tr::::.e:;~.c·.:1 cr~.,.·:".C'Jc·-
.. 

iants is decreaning. Recalling equn.t1o~ lG v:l~5.~:~.l -... :.8 ,_: .··.l:., · :~ 

in a previous s6ct1on: 

. 00 1 

2:, r..f'n = 
n=l nlopo + 1 
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it is apparent that pol3-;;wrs nro being f'or;J:cd n.t tl1c hic;:wr 
... 

zirco!.liUJ.'!l co:ncontrnt1ono si:.!co the tern L nfn rcpt·c~(;n·ts the ... , 
"'VOr"'.-·o l~-.·•c'oc·· .. O:t'"" ,.,.Jjr·c,....,_.,,,., n{~c·..,ls ·in t'1~'"' vnr'.o,•n ·pol---. . .-._,., a. · .,;:....G· .... ::..:.:.l. ,J. '-'"""' v·.:.J...l.tw:....J,..i. u.""" .... · -4~ (;4 ..-... \..of...:., ~Jlhf...;J. ....te 

It ohould be· notod th .. -it in tho o.pplicat:ton of equ::tt:l.o:a 15 

tho slope of' the curve mu.st be calcula'l:;ed. Tl:o vo.l"..tcs o:? 

J; nfn obtained by such n cnlculation \7111 then d8pond to 

aomo extent upon how one dra\-J's tho curve th.rou.;Zh t:10 

expcrimcmtnl points. In Figura ~ it 1s seen tho.t t:1o c·c.:r·vo 

o:Kperimcnto.l. pOL"lts obtained nt tho highest zil"CC•J.litZa cc::.1-

· ~J~~nb:•·af,~.on. In the section Oi:l tho dcrlvntion of' cq:.lat:lc.:n"' 

.it v.raa shm·m that tho theoretica.l slope of the CU.i."-.ro (log r:: 
-

vorsus log L r{zrJ ) .should have a vnluo bott·foe::."l -:1 u.:nd 0 • .. "' . 

Since the absolute value of' the ·alopo · o£ tho cu.r-vo c1rn.;;;~ 

through tho G:h."J)Orimenta.l points at the higho:Jt zirco:.1itu-:l 

concentration "\vou1d., by necessity, bo g1•on.ter thfu"'l 1.m.itylJ · 

no attc:!ipt v:as made to drn-r; tho CUl"VG thrct1.,Sh these po:!.E'Gs .. 

It is doubtful that those points ohould avon be inclu.ded en 

tha plot because of tho la.rgo uncertainty in the hyclrce:;on 

1on concentration 't'lhich is probably noarc:- 3:..I thm: 2::.r. 

Tho average numbor of zirconiU;-n ato-..:.HJ per pol;:,-r:.::cr 

calcula.tod f'rc:t tha slope o.f tho curve of F1curo 1 b;.r mc;_:·w 

0 

of oqu~tion 15 • Colmm five of Tr~blo 4 li:::t;s this cp.::mt:lty~ 

It ca..11. be seen fro::I this table thnt polysors co:rlt::1L:L;c; lc..l .. CO 

concontrn.tions • The zirco:1~ ;x.-:1 monc::1or is the priY.>.ciple 

species· at tl:e lc·:Iost z1rcm1.itl::J cc:1cc~'1tr:~.tio:::ls. 

It is pos:Jiblo to -.·rpi to G.:il. nc!\..1:ltio:-:.::.l rclc.tio:1 y;2:ici1 

:>I' ........ : 
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