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A system invéifing a two phase equilibrium was used to study the
chemistry of zirconium in the +4 oxidation state in dilute acid solution.
The equilibfium studiéd was one between the various zirconium species in an
aqueous phasde énd the thenoylfrifiuoraceténe chelate of zirconium in a
Benzéne phase.

From this study it was showh that the zirconium species id 2,00 M per-
chloric acid is principally ZrOH+3 which hydrolyzes further at lowér acidi-
ties to form Zr(OH)2+2

Equilibrium quotients were obtained for the equilibria existing between

»ZrOHﬂH5 and zirconium species complexed by one and two sulfate groups in
2.00 M HCIQ4. It was established that in{a 2.00 M solution,.0.0IS M in
bisulfate ion, there is an average of one sulfate group per zirconium and
two sulféte groups per zi}conium at a bisulfate concentration of 0.2 M.

The fluoride compleXes of zirconium in 2.00 M HClO4 weré found to be by
far the most stable of any of the complexes studied. Values for the equili-
brium quotients for reactions involving cbmplexing‘of zirconium b& one, two
and three fluoride ions were obtained. A%t a hydrofluoric acid concentration

of 2 x 10-5 M, there is an average of one fluoride group per zirconium; at

3 x 10-4 M,:an average of 2 fluoride ions perizirconium ahd ét 10-2 M h&dro-
fluoric acid an avérage of three fluorides attached to each zirconium.

The oxalate complex of zirconium is.very stable e#enrin_z M HClO4,
whereas the next three members of the aliphatic, dibasic acids show little

tendency toward complexing. Chloride and nitrate ions form only weak zir-

conium complexes of nearly equal stability.

To be declassified for use in research, development and manufacturing.
UNIVERSITY OF CALIFORNIA, Berkeley, California
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Zirconium is one of the principal fission products formed in the fis-
sion of uranium, thorium and plutonium. Its chemigtry is of importance in
many of the_prbblems associated with the development of atomic energy.

Since little is known of the équeous solution chemistry of zirconium, it was
believed worthwhile’tovidentify the zirconium species present in solution
under a variefy of conditions. This study involves the determination of

the species present and the équilibria existing between these specigs in
solutions containing various cbmplexing agents and in solutions of varying
acidities.

The existing information on the aqueous solution chemistry of zirconium
is very slight. The book "Zirconium and its Compounds" by Francis P,
Venable, American Chemical Society Monograph Series, New York, 1921, pur-
ports to cover the literature up to 1921, though the book deals oﬁly‘
briefly with the aqueous chemistry of zirconium. The most recent survey
of the literature may be found in Pascal, "Traite de Chimie lMinerale",
1931-2. In addition there are many articles on zirconium in the ;itera—
ture; however,nearly all of them are concerned with the idenﬁification of
solid phases rather than the species in solution;

When normal salts‘of Zr(IV) are dissolved inlwater, the solutions be-
come acidic, indicating—hydrolysis with the formation of Zr(OH)#+(4_h),
usually written as zirconyl ioﬁ Zr0++, when n = 2. Conduetivity measurements

. s . 1
have been carried out on solutions, made quarter normal in zirconyl chloride ,

lx. Ruer, Z. Anorg. Chem., 43, 85 (1905)

as a function of time.  There is a rapid initial increase .in specific con-
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auctiviéy which nearly levels off in one hour aﬁd then shows a slow but
stéady increase for a period of 168 hours longer. Tﬁe increasé in con-
ductivity is caused by the hydrolysis of the zirconyl ion, which produces
hydngen ioni The fact that the hydrolysis proceeds at a m;asurable rate
indicateé that hydrolyzed species containing meny zirconiums are being formed.
It is not feasible to interpret the data in terms of specific species. Nor
is it possibie to tell whether zro’ " is at gll hydrolyzed as a monomer, i.e.,
with dhly one zirconium per ion.

By dissolving a zirconyl salt in water and ﬁeasuring the hydrogen ion

concentration, it should be possible to determine the degree of hydrolysis

oL 2 ‘
of zr0"*. The data reported in the literature for such measurements indicate

ZA. W. Laubengayer and R. B.Eaton, J. Am. Chem. Soc., 62, 2704 (1940).

that the zirconyl ion is hydrolyzed %o ZrO(OH)+ in solutions ranging from

0.01 +*o 10—4 M Zr0oCl, in 0.1 M KCl. The extent of colloid formation was

2
not determined; if cqlloidal material was present the above interpretgtion
would have to be modified.

Evidence that has been cited for the existence ovarO++, even in solu-.
tions of high acidity, is the formation of -yl type compounds precipitated
out of solution.oﬁ the gddition of éoid. For»example, ZrOClz.B HZOLis pre-
¢initated when concentrated hydrochloric acid is added to a Zr(IV) solution. -

The published complex-ion chemistry of zireonium is veryrmeégre, Evi-

dence has been claimed for the existence of complex ions of the type

Zro(304)2= 5 and‘ZrOC].LL= 4. However the data could be interpreted equally

®R. Ruer. Z. anorg. allgem. chem. 42. 87 (1904); 43, 85, 282 (1905); 46, 449,
456 (1905). - -

7. Pauli and M. Adolf, Kolloid - 2., 29, 173 (1921).
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well by assuming other species.
Many qualitative resulits reportéd in the literature indicate the forma-
tion ofyzirCOnium complexes with negative ions such as.oxalate, tartrate;
carbonate, fluoride, sulfate, nitrate, etc., but in no éase have quantita-

tive results been obtained nor the species identified unambiguously.

N

Experimental Method .

The method employed in the preéent study of hydrolysis and compiexing
of zirconium in tﬁe +4 state in aqueous solution is one involving the use'
of a twec phase system, an asqueous phase and a benzene phase containing a
chelating agent, thenoyltrifluoracetone. (The term TTA will-be used for
thenoyltrifluoracetone, when it’is referred to in the text, and HK will be
used to designate it in equétions for chemical reactions.) The metal ion
remains ;ncomplexed by_this‘bhelating agent in aqueous solutions at low che-
lafe concentrations; but forms a chelate compound which is soluble in the or-
ganic phase and which is in equilibrium-with whatever species egist in the
aqueous phase. Thus, the zirconium species present in a solution contain-
ing é substance which forms a complex ion with zirconium can be détermined
by measuring the relative concentrations of zirconium in the bénzene and
aqueous phases as a function of the concentfatibn of the complexing ament.
The formation of a zirconium complex in the aquedus phése will be reflected
in a decreasé in the extraction of the zirconium into the benzene phase.

The method of interpreting the experimental resulﬁs of such measurements in
terms of the zirconium species present will be described in detail‘later;
‘The chelatiné agent, thenoyltrifluofacetone (TTA), is a weak acid hav-

ing the following structure in the enol form, the acid hydrogen Beingvthe
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. ‘ , : 5 -7
one attached to the oxygen. The acid ionization constant is 6.8 x 10 .

SE. Zebroski, BC-63;, July 1, 1947.

The activity coefficient of TTA in benzene has been determined by King and

. 6 v
Reas ; it does not differ significantly from unity until the concentration

6E¢ L. King and W.»H. Reas, BC-69, July, 1947.

of TTA in the benzene phase is greater than 0.01 M. The distribution co-
efficient of TTA between benzene énd,dilute hydrochloric acid solution, at

low TTA concentrations, is 40, i.e., (ETA)b = 40. The distribution coef-

ZTTA;
ficient increases with increasing concentratlon of TTA, probsbly due, at
least in part; to dimerization invthe benzene phase; but this increase is
simply expressed as & change in the activity coefficient. When TTA is

equilibrated between dilute acid and benzene, the main species in the

aqueous phase is the hydrate,

E

c——C OH

I (% \

HC C-C-CH,~C~CF
\s/ < 3

CH
while in the Bénzene phase, about 15% of the TTA occurs in the hydrate form
and about 85% occurs in the endl form. The change in relative amounts of
these two species as a'function of TTA concentration, is, of course, also

taken care of by the activity coéfficient of TTA in benzene. The keto form

‘ <

'apparently_is not an important species in thié system.
- The neutral molecule, ZrK4, which is extracted into the benzépe phase,

is formed through coordination by the zirconium of the two oxygens on each

of‘fhe four ioni;éd TTa eroups . Compounds of this type, formed by coor-

dination of two or more atoms of the same ion or molecule are known as che-

late compounds (X7 ) Q/, a crab's claw).
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Yost of the experiments were carried ouf using ‘trace concen&rations;of
carrier-free radioactive zirconium. Some experiments were ruﬁ with macro
concentrations of inactive zirconium a;d, w}th a few, both radioactive zir-
coﬁium and macro amounts of inactive zirconium Were employed. The source
of macro zirconium was City Chemical Corporation's ZrOClz-GHzO which was re-
crystallized several times from concentrated hydrochloric acid to give re-
latively lafge needles of pure white ZrOCl .8H 0. This was dissolved to
glve a concentration of O 1 M 2r(IV) in 1.00 M HC10,, making thc solution
052 @ in chloride ion. The solutlon was clear, glVlnp only a slight Tyndall
beam, ané remained so over a period of several months.

The radicactive zirconium décays according to the scheme oﬁ the foiléWL
ing page. The carrier-free tracer was received from Oak Ridge in 5% oxalic
acid. This solution was made about 10 M in nitric acid and a small amount
of Oni N KMnO4 wa.s added. Nhnganesé dioxide, which precipitated, carries
columbium but not zirconmium. This process was repeated several times, the
KMnO4 being reduced by w;ter in the later precipitafionsf The‘purificatioﬁ
served the dual purpose of eliminating both the oxalic acid and the colum=~ -
bium: The zirconium was furfher purified from cblumbium by diluting the
nitric acid to about 1 M, extracting the zirconium into a benzene-TTA solu-.
tion, and washing the benzeﬁe phese repeatedly with 2.0 M ﬁClO4. This treat-
ment was used to eliminate nitric acid also, since it was desired to have the
tracer in perchloric acid. Finally, the TTA was diluted ten-fold with ben-
zene and the zirconium was re-extracted into a small volume of 2.00 M HClO4.

i colorimetric method of analysis was used for measuring the concentra-

tion of macro zirconium. The method, developed by Liebhafsky and Winslow7,

7 ) o g
H. Liebhafsky and E. Winslow, J. sm. Chem. Soc., 60, 1776 (1938).
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is capéble of determining quahfitativeiy a few micrograms of zitéohium;’

Briefly, the method consists of adding an alcoholic soiutidnnéf aliZafin
to a dilute aqueous acid solution of zirconium. Zirconium fdrméyﬁith:aiiZarih
a colofed lake, colloidal in nature, which absorbs licht at 5600 g muéh more
strongly than pure alizarin. The solution is made basic with aﬁméniuﬁ
hydroxide, to speed the process of lake formation, after which it is ée;
aecidified and diluted %o a volume of 25 ml with alcohol. The solution is
next plaéed in a 5 cm cell and the light absorption measured on a Beékmén
Spectroﬁhotometer arainst an alcohol blank.

The reproducibility of fhe alizarin analy;is was fairly good; of the
order of 3%; However, the p%ocess off lake formation was much sloﬁef in
the preseﬁce of TTA. The apparent concentration of zirconigm‘iﬁcrea§ed
slowly over a period of several hours. Several attempts were made to im-
prove the analysis of zirconium in the benzene phase by desﬁructioh of
the TTA through addition of Br, or Cl2 ard by hydrolysis of the TTA through
- warming the solution with sodium hydroxide: Uone of the methods tried was
successful. The spectrophotometer reading used for calculating the zirconium
concentra%ioﬁ'was the constant value obtained after the s&lutibn had stood
for some'%iméé

The ahaiysis for zirconium in the experiments where it was present in
trace concentrations was carfied.dut by the usual radioactive coﬁnting ‘
méthods. Aliquots from both phases, usually 0.100 ml in siée, weré‘mounted
on 22 ﬁm square glass cover slides and counted on either a Geigéf counter
or 8 vibfatihg reed electrometer equipped with a Brown recording potentiometer.
The reprbducikility of these analyses was generally of therrder df 2 to 3%.
The seamples were counted throurh approximately 10 mg per cm2 aluminﬁm ab#.
sorbers in an effort to cut down the activity due to columbitm whichbgrOWS

into the sample from zirconium. This was not as successful as initially
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expected, as will be explaihéé later. The activity and éhe counting times
used were such as to give a p;¢%ﬁb}e counting error of about 0.7% on those
experiments where the extractién céefficients were of the order of unity.
Most of the experiments were carried out in perchloric scid solution.

¢. Frederick Smith, double vacuum distilled perchloric acid was used and dilu-

ted to approximately 2 M with conductivity water. The solution was stan-

.

dardized using the mercuric oxide-potg§§ium iodide ﬁethod and adjuéted to
2.000 M perchloric acid. The‘hydrolys;s experihents were carried out in
mixtures of perchloric écid and lithium perchIorafe. 3. Frederick Smith
LiClOé-SHZO was crysfgllized once from water and a solutidn in conductivity
water was made up from this solid. The solution,Wés anaiyzed b& evaporat-
ing 5 ml ;iiquots with sulfﬁric aéid; igniting and weighing aé anhydrous
litkium suifate. The éolutién was 1.958 M in lithium pefchiorate. The
various solids ané solutions used in the complexing expe?iments were of at
least cp-grade and were used without further purification.

The TTA, which was kindly supplied by Dr} Jaﬁes C.Reid, was vac;um
distilled and therefore believed to be quite pure.

The experiments herewith described were carried out by mixing the two
phases, aqueous and henzene, in»lOO ml volumetricvflasks, the volume of each
pha;e being 25 ml. The shakinz was done by a mechanical shaker so arranged
thét the flask containing the two phase system was immersed in a wateruther—
mostat at 25.00 : 0.05 ¢°. The shakiﬁq was .quite vigérous, the flasks going
throurh 1520 up and down movements per minute with a stroke of 2.5 em. I%
was found necessary to coat the ground giass‘stopper with paraffin since
there was a preferential loss of the aqueous phase upon shaking. This was
presumably due to the fact.that'behzene Will.ndt pass through a porous glass

surface which has been wet by water.

All concentrations are expressed in moles of solute per liter of solution
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at room temperature.

Dependence of the Extraction Coefficient on the

TTA Concentration

One of the first pieces of information required is the formula of the
chelate species present in the benzene phase. It is also necessary to know
if the zirconium species in fhe aqueous phase is complexed to an appreciable
extent by the chelating agent. The formula of the chelate species in the
benzene solution may be determined by measﬁring the solubility of‘the solid
zirqdnium’cheléte in benzené as a function of the TTA concent;ation. The
cdmposition of the solid chelate must also be known. Thus, assuming the
solid qhélate to be ZrK4, its solubility in benzene should remain constant
as the”TTA concentration is varied (except for small activity coefficient
corfecfions), if the zireconium species dissolved in the benzene phase is
ZrKé.' If the dissolved snecies is Zr(OH)KS, the solubility should vary in~
versely as the TTA concentration, at constant activity of water as shown by
the equation:

- T-
ZrK4(S) + HZO = Zr(o_i)K3 + HK

K= (2r(OH)K,) (HK). -
Various other solubility relationships would be‘obtained if other species
were present in the benzene phase or if the composition of the solid were
other than that assumed above.

The number of chelate gfoﬁps attached to the zirconium species in the
aqueous phase could be determined in a similar fashion by studying the
;olubility of the chelate in an aqueous solution of constant gcidity but
varying TTA concenfration.

Another method for determining the formula of the zirconium species in

the benzene phase and the number of ketones in the zirconium species in the
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aqueous phase depends on measuring the ektraétioﬁ coefficient of zirconium

as & fuhdtiou of the TT4 condentratlon at constant a01d1ty. This is the

mothod which was actuaily uéed. The reac%ion may b6 wrltten.

/

" lLen-m S (1)

Zr(OH)n. m +(p-m)/H.K = ZI‘(.()H)A_p Kp +{4+n-n)H s+ (n+p L,)H o

én& wé méy défine the equilibrium constants:'
" [z OH)L;- KI;] [ ly-m—n[Hzo] n+p-L
P fae(om) kT M m]P

Brackets havp been used to indicate activities of the enclosed species.

(2)

The designation of the phase in which each species exists has becn omitted
. R cas . 4-n~1ﬁ

to simplify the writing of the equation. The species Zr{OH), Km and

H*Y occur in the aqusous phase while the species Zr(OH)4_p Kp and HK are

components of the benzene phase. The letter X has been used to indicate

both an equilibrium constant and the ion of TTA, however there should be

no confusion as in the latter case it will always appear within brackets.

An extraction coefficient eipressed in terms of activities is defined

g [z(om, k)

g =D | |
oy | . (3)

as:

&
[Zr OH) K
From equatlon (2) the folloW1ng relatlonshln holds:

ld-“n'-mJ' _ [ZI‘K LJ [H+]§fm—ll tIigO] n (4)
. Kn,n,, HE b

(20 (om, K_

From equations (2) and (4)

[ZrKB [H'ﬂ %»_—m—n [H20] n ' [Zr(OH)h_p I’B[H"’] Lp-m-n[Hzo] n+p-4 (5)

Kn,n,; [BK} 40 Ko i |

Solving for_the'actiﬁity of the general species in the benzene phase:
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ZrK] H,0} 4P ,
Jl+ P (6)

' Km"nyLF )
Since this equation holdé for any set of values of m and n, we shall for

simplicity choose m and n to be zero. Then

(zr Kl:-l [320] Ao Ko,0,p
L-D -0
[IIK] Ko o, [‘,

Substituting equations (7) and (4) into equatiOn (3}, one obtairis:
< L-p
Z[ZI‘KJEI 2P Ky o
. L-p :
e (] Koo | ®)

Eﬁmd&ﬂ bmnf e

,n L [HK b-m

(ar(0m),__ K] =

The factor [2rK;]cancels complefely between the numerator and denominator.

Taking the partial derivetive of the logarithm of Ej with respect to the

a&tivity of HK gives; _ .
| (9)
LI il P o A1 i .
anta . BT Al g, PR
¢[HK]} E{H J 4-p K. 0.1 E Z[H;Jh-m-n[ﬁ O]n
- 4 ]’* p Ko, 0,k Km nL [HKJh-m

Multiplying both sides of the equation by [HK! and substituting from

equations (7) and (4), one obtains:
(10)

b~ m-nj

3 nk, - PRI
3 lnLHK ' T :
f [Zr(OH)h K ] % =

Limits may be placed on the values of m and P on the basis of the size of
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the zirconium ion, It is found both theoretically and experimentally that
the maximum coordination numbeg of Zr 4 for oxygens never exceeds eight.
Assigning two coordination positions to each chelate group then limits the
| maximum pOSsible number values of m and p to four. With this assumption
equation (10) may be rewritten in the following form:

AnE,
d1n(HK)

"r2f " 4t (11)

=egp - 3f N ; ,

-2f2 -f, + 4f° + 3f

1 3
where each f is the sum of the activities of all species containing the num=
"ber of chelate groups indicated by the subscript, divided by the total ac-
tivity of all zirconium species in thet phase. The unprimed f's refer to
the benzene phase e&nd the primed f's to the aqﬁeous phase. Thus each f is
the fraction of the total activity contributed by species containing the
indicated number of chelate groups. It should be vnointed out thatAin per-
forming the differentiation leading to equation (1ll), it was necessary that
the activity of water and of hydrogen ioﬁ remain constant.

An equation having exactly the same form as equatioq (11) may be derived
on the basis of concentrations rather than éctivities. In this case the

equilibrium quotients and the extraction coefficient are expressed in terms

of concentrations. Equations (10) and (11) then“become:

T (p-4) (zr(oH),_K) . ' -4 Zr (OH 4-m-n .
?ln .-E‘?'i:p P T i % } (m .)( r( )l;tK?n ) (22
X : 4on-
¥n(HK) ,;.?— (ze(oH) K ) % H (@ 08) K, n-n)
and
B-..—el-n fg—-at -3, -2f, ~fz + 4f) + Sfl' +ar,' 4t (13)-
d1n(HK) .

In these equations Ec is defined as the ratio of the sum of the concentra-

tions of all the zirconium species in the “benzene phase to the sum of the
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conceﬁtrétions of all the zirconium species in the aqueous phase, and paren-
theses are used to represent the concentration of the enclosed spedies. In
equation (13) each £ is that fraction of the total concentration which is
derived from species containing the indicated number of chelate groups. Primes
indicate the aéueous phase.
Equation (13) applies to the experimental conditions that the activi-
ty coefficiénts of all species in the aqucous and benzene phases remain con-
stant and that the concentration of hydrogen ion be unchanéed as the TTA
concentration varies.
A third equation having the same form.as the previous two may be derived
using activities for the species in the benzene phase and concentrations{for
the species ip the aqueous phase. This form of the equation will be most

useful in interpreting the results of the experiments on the dependence of

- the extraction coefficient on TTA concentration, since the activity coef-

4

ficients of the species entering into the reaction in the aqueous phase
remain constant while those in the benzene phase do not as the TTA concenw

tration is varied. The equations now take the form

omE . 5 (p-) fer(om), K] _§m. %—(m-z;) (Zr(OH)nKm 00N (14)
SR = R per— e
- % EZr(OH)‘l_p, Kp } _ % 2 < r(0 )n Km )

and

1 t 1

2 1nE" = - 4f - 3P - 2f, - £+ 4F 4+ 30+ 2f, +f3.b - (15)
E)lanKJ v

In these equatigns, E' is defined as the ratio of the sum of the activities
of the zirconium species in the benzene phase to thé total concentration of
allvzirconium species in the aqueous phase. Brackets aré psed to represent
activities and parentheses to represent concentretions, as before., In equa-

tion (15) each f represents the fraction contributed to the total activity
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by species in the benzene phase having the number of chelate groups indicated
by the subséript; and each f' represenfs the fraction céﬁtfibuted to the
total cdncentrafion by species in the aqueous phasé having the indicated
nUmbe% of chelate groupse.

Equation (15) is valid for the experimental conditiohs where the activity
coeffiéients of the species entering into the reaction in thévaﬁueous phnse
do nd% change and whefe the hydrogen ion concentration remains cohstant as
the activity of T4 varies. These experimertal ¢dnditions corfespénd to
the ones used in the determination of the dependence of the extraction co-
efficient on TTA activity, but unfortunately only Ec and not E' can be de-
termined experimentally. Therefore it is necessary to make an assumption
about the activity coefficients of the zirconium species in the benzene phase
before a relation between E' and Ec may be established.

The activity coefficients of the individual zirconium chelate species
in the benzene phase as.a function of the TTA concentration are not known.

However Reas8 has measured the solubility of the uranium chelate, UK4,

BW, H. Reas, unpublished work.

in benzene as a function of the TTA concentration,‘which.he expressed in

terms of'a gross activity coefficient. He found that the activity coefficient
of UK4 in benzene solution does not vary gréatl& from unity in.the renge of
concentrations of TTA which was used in this work. Duevto_the lack of in-
formation concerning the individual zirconium chelate species in benzene,

it will be assumed that the activity coefficients of all the species vary

in the same way and further that the zirconium chelate speciés behave in

the same manner as do the uranium chelsate species in benzene solution with

' varying concentrations of TTA. Since the variation in the activity coeffi-

cient of the ﬁrgnium chelate with TTA concentration is small, no appreciable
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error shquld bevintroduced by this assumption. On this basis, the relat;on
between E, and B' is given by the quatibn E' = EcYZrK4’ where'YZrK; is
assumed to be equal to the aétivity coefficient of the uranium (IV) cheléte
in benzene. The quantity E,, which is the ratio of the total concentration
of zirCOnium species in the benzene to the total concentration of zirconium
species in the aqueous phase,'is an eXperiméntally measurable quantity.

Bquation (15) gives a relationship,betweeh-fhe change~of extraction co-
efficient, E', with changing TTA activity and the zirconium chelate spécies
present in both phases. From the slope of the line obfained by plotting
the logarithm of the extraétion coefficient B' ve?sus the logarithm of the
activity of the TTA, one should be able to identify the zirconium éhelate
species nresent in the benzéne phase and in the_aqueous phase. (0Of course
experiments in which only the TTA activity is varied provide no informeation
about the numbér of hydroxide groups or otﬁer anions associated with the
various zirconium species). However, fof any slope 1esé than four, a
number of combinations of the various f's would fit the data. The impor-
_ tant thing is thet should the slope be fouf; there is only one combination
which will fit the data and that is for all of the f's to be zero, and all

of the £''s to be zero except fé which must be unity, i.e., p=4 and m = O.

Then the equation for the reaction must be written:
Zr(OH)E™® 4 4 HK = ZrK, + (4-n) H 4 nH, 0. - (16)

As the set of experimeﬁts described below actually shows the slope in
guestion to be four, it may be concluded that the species in the benzene
phase is ZrK and that complexlng of zirconium by TTA in the agqueous phase

is not significent under the experimental conditions used..
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Experiments on TTA Dependence of>Extraction Coefficient

The following experiments, designed to tést the dependence of the ex-
traction coeffiocient on the TTA concent:ation, were run in 2.66 M HClO.4 at
various TT4 ¢oncentrations. The experimental conditions and results are
presented in Teble 1. 1In the first column are given the TT4 concentrations
in‘the benzene phase at equilibrium, calculated from the known initial
concentration of the added TTA and a distribution ratio of 35 for TT4L be-
tween the benzene phase ahd the aqueous phgse; (The distribution coefficient
of TTA between benzene and 0.1 M hydrochloric acid is 40§.) In column two
are listed values of the activity coefficient of TTA6 correspondiné to the
concentrations in column one. Rease-found that the activity coefficient of
" uranium (IV) chelate in benzene at verious T4 éonceﬁtrations was, within
experimgntal error, the same as for TTL itself, hence the values of column

two also represent Y in benzene. In column three are given the concen-

ZrK4
trations of zirconium in the benzene and aqueous phases as determined from
thevzirconium radioactivity. In columns four and five are listed the values
of the activity éf TT: end E', calculated-from thé relationships{?Kln (HK) Yux

 and E'=EcYZrK4, respectively. The logarithms of the values of the activity \i
of T4 and £' are given in columns six and seven and are plotted in Figure 1.

'In the experiments of Table 1 and all following experiments, both phases -

were analyzed as a function of time in order to be sure that equilibrium

had been established.



Dependence of Extraction Coefficient on TTA Aotivity

Trace Concentrations of Zifconium, 2.00 M HClOé. 25%¢

Teble 1

Y

| [rx]

(HK)b HKEYZrKLL A B Log[HK:\ log E!
0.00506 0.999 0.046 0.005051 0.046 -2.2966 =1.337
0.00583 0.998 0.090 0.00582 0-0858 -2.2351. -1.047
0.00778 0.997 0.258 0.00776 0.257 «2.1101 -0.590
0.00972 0.996 0.65 0.00968 0.647 -2.6141 -0.189
0.01361 - 0.992 2.19 0.01360 2.17 ~1.8697 0.337
0.01673 0.988 4.45 0.01653 4.40 -1.78;7 0-644
0.01945 0.986 6.8 0.01918 6.70 -1.7172 0.826
0.02918 0.977 14.3 0.02851 14.0 -1.5450 1.146
0.:02839 0.977 45.,0% 0.02774 -44.0 -1.5569 1.644%

"

*Value obtained when new aqueous phase was used with same benzene phase of previous experiment, in

order to eliminate columbium.

Discussion in text.

0z o35

TOT-TIdN



.

1.2
0.8

_Oo'/>+.'".— o

log E4

B A L
So20r -2.2 -2.1

. k Log [hf]

' F;gure l

 Dependence of Extractlon CoefflClent  

~ on TTA Act1v1ty

-2.0 -1.9 -1}8 1.7 -




UCRL~101
Page 22
The straight line in Fipgure 1 has been drawn with a slope of four. It can

be seen thet the experimental points indicated by solid circles fit the slope

2

of four within experimental error up to a TTi activity of 10 “M but from here

on, the points fall off to a smaller slope. This decrease in slope éan be
explained in either of two ways. First, one could assume that the TTA is
beginhing to complex tﬁe zirconium in the aqueous phase at the higher TT4
activities, thus making the dependence of the extraction coefficient upon
the TTA aétivity less than fdﬁrth power. However, the éhange in slope is
so abrupt that, in order to fit the data with a theoretical curve based on
chelate complexing in the aqueous phase, it is necessary to assume that the
cdmplex'being formed in the aqueous phase at high TT4 concentrations is the
one completely ;helated with four [TL groups;'fhe intermediate chelate species
being reletively unimportant. It seems unlikely that the chelate species
with 1, 2, and 3 groups should not exist with appreciable ranges of sta-
bility, as this explanation would require. |

4 second explanation is that there is a small amount of some non-er
tractable species present in the aqueous phase which is counted by the Geiger
counter, along with the zirconium, in the analysis for the aqueous phase,
This substance would not make an appreciable contribution to the analysis
of the aqueoué”phase sambles at lqw extraction coefficients but would be-
come very important at high extraction levels, causing the observed ex-
traction coeffiéients to be too low. To test this hypotheéis, an extraétion
experiment was run at 0.03 M Tl until equilibrium was reached. The aqheous
phase was then removed and replaced with a new 25 ﬁl portion of 2.00 M
HClO4 with the intenfion that the non-extractable species wouldvhafe been
removed with the first aqueous phase. The system was éqain equilibrated and
the extraction coefficient measured. The apparent‘extraction coefficient

did increase to the value expected for no complexing by TT4 in the agusous
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phase, as can be seen from the point marked with an open circle on the plot.
Actually, it was possible to calculate that there could have beén sufficieﬁt
columbium present to account for fhe observed results, the columbium activity
having grown into the zirconium tracer solution since the ﬁime ﬁt had been
purified. Sufficient columbium activity would have been redorded by the
Gejger counter‘even though an aluminum absorbe; was placéé betwegﬁ the sample
and the Geiger counter tubé. Since columbium may be meinly radic<collioidal
in these solutions, effects due to its presence would be expectéd-tq be
irreproducible. The amount of columbium present in any extraction experi-
ment would depend not only on the age of the zirconium stock solution but -
also on how samples were removed.from this stock. Ther;fore, there is no
certain way in which the extraction coefficient can be corrected for effects
due to the presence of columbium since the éorrection would differ from ex-
periment to éxperiment. The correction due to the presence of columbium in
the experimentsvat low activities of TTA should have been negligible. It
‘is presumed that all points at high TTA activities which deviate‘from the
fourth power slope ‘in Figure 1 would be raised to the line of slopé’four if
the experiments were repeated in the absence of columbium, as was the case
. with the experiment at 0.03 il TTA.

From the above results, it appears that the complexing of zirconium by
T4, in the aqueous phase, does not occur,.or is veryvslight up to TTA con--
centrations, in tpe benzene phase, of 0.03 M (which corresponds to a IT4
concentfation in the aqueous phase of 8.6 x 10~4 M). The zirconium species
in the aqueous phase, then, are uncomplexed by.TTA, end the only important .

species in the benzene phase is ZrKi.'
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Comparison of Extraction Coefficients of Trace and

Mecro Amounts of Zirconium

Expériments were performed ﬁifh macro amounts of zirconium to check
the results obtaihed with trace concentrations. The ex£raction coefficients
should be the same prqvided there is no colloid or radio-colloid formation
and that there are no zirconium species,-actually dissolved, which contain
more than one ziroconium.

In experiments run with macro amounts of Zr(IV), the Zr(1IV) concentra-
tion was sufficiently hich to use up an appreciable amount of ITA on being
extracted into the benzene phase. The concentration of free TTi in the ben-
zene phase was then loﬁcr than it was before -extraction of the zirconium.
Comparison of the extraction coefficient obtained using macro concentrations
of 2r(IV) with the extraction coefficient obtained using trace concentrations
ghowed the two to heve nearly thé same value evén though the concentration
of free TTA in the macro_experiment was appfeciably lower. Tﬁe coiorimetric
-analysis in the case of the experiménts with macro zifconigm was checked by
adding radioactive zirconium and cérrying out a radioactive analysis. The
extraction coefficient of the hacro experiment was corrected to the same
TTs concentration as used in the trace-concentratioq experiment, by means of
th¢ fourth power dependence of the extraction coefficient on the TTA concen--1
tration. It was then found to have a congidefably higher value than the
extraction coefficient of the trace experiment, It was thought that this
might be due %o ﬁhe presence of anbimpurity which was complexing the zirconium
in the aqueousvphase and thus lowefihg the extraction coefficient in the
experiments where trace concéntrations of Zr(IV) were used. It was further
necessary to assume thet the concentration of thé impurity was of the same

order of magnitude or smaller than the concentration-of Zr(IV) used in the -
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macro-concentrétion experiment so fhat an apprecigble amount of the impurity
could have beeniused up by the zi?conium, thus raising the extraction coef-

ficiente.

To test this hypothesis, e set of three experiments was run in which

4.M Zr(IV) was used in one, about one-tenth this concentration was

5.1 x 10°
used in another, and no macro zirconium was added to the third. Radioactive

zirconium was added to all three. The results of the experiments are given

in Table 2.
Table 2.
Extraction Coefficients at Various Con:entrations
of Zircénium(xv).

2.00 M HC1O, ,725°C , 0.0100 M total, initial TTi

(2r (1V)) B Ecorr.

 trace 0.580 0.580

4.7x10"°N 0.70  0.74 ’
. 5,1x107°M  0.559  0.911

In the first column is listed the total concentration of zirconium
present in both phases; in the second, the observed extraction coefficient;

and in the third, the extraction coefficient corrected to the value it would

"have if the free TTL corcentretion were the same as in the trace experiment.

If it is assumed that the total amount of impurity is the seme in all ‘three

’ \

experiments, certain deductions may be made. Since the extraction coef-

ficients of the two macro experiments are higher than that of the trace ex-

- periment, an appreciable fraction of the impurity must have been used up in

these two experiments. VYet, not all of it could have been tied up in the
middle experiment, as otherwise there would have been no change.in- the ex-

traction coefficient in going to the last experiment. Therefore the concen-
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tration of the impurity must be of the order of 10‘”4 tovlo-s M. :Further it
may be concluded that the extraction coefficient in the last experiment'is
near the value that would be obtained in the absence of the impurity end
that about 40 percent of the Zr(IV) in the aqueous phase is complexed by
the imﬁurity in the trace experiment.

4 second type of é%periment"was carried out in which, after the system
wes equilibrated, the two phases were sepnfated and the beﬁzéne phase re=-
equilibrated with 2 new aqueous phase and the‘aqueous phase re-equilibrdted
with a new benzene-fTA phase, both phases heving the same composition used
originally.  If the impufity had originally been présent_in one phase end
had transferred to the other phase during the first equilibration, then, in
the second two experiments, one should have given a higher extraction coef-
ficient and the other a,lower extraction coefficient than was ogtained in
the initial equilibration. However, if the impurity is introduced in one
of the phases and remains in that phase, the extraction coefficients of the
second two experiments should be equal and equal 4o that of the first ex- |
periment. The results of this set of experiments ﬁre presented in Table 3.

Table 3
Extraction Coefficients after Separation of Phases
and Re-cquilibration with New Phases \

2.00 M HClO4, 2500, 0.0100 M total, initial TTA

Expériment - v System E

1 " original | : 0.580

. 2 new aqueous, old benzgnc 0.584
_ 3 : new benzene, old aqueousv 0,523 -

Since about 2% of the TTA originally in the benzene phase is extracted

into the aqueous phase, the extraction coefficients had to be corrected to
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take into account the lower TTA concentfation in experiment 2. The values
of E.given in table 3 have been so c¢orrected.

The res;lts.of these experimeh;s ceannot be adequately expiaihed. The
experimgnt using the new aqueous phase has about the szme extraction co-
efficient as in the original experiment, whereas the experiment using the
Qewvbenzene.phase and the o0ld aqueous phase has an extraction coefficient
somewhat smaller. It would aprnear, however, that most of tﬂe iméurity
-mustvstay.in'the vhase in whicp it is introduced, throughout the experiments.

A ﬁumber of substances were used in seperate extraction experiménts iﬁ
an effort’ to establish the identity of the impurity. Of all the substances
tried, only sulfate gave the correct complexiﬁg power at the concentration
‘believéd to be required. Howe?er, at tﬁis concentration of sulfats, it is.
quite easy to detect its presence using barium.ion; A test of the solutions
~used in the extraction experiments showed sulfate to be absent.

‘Tue complexing power of each of the following substances was tested to

. i
see if it could be the impurity: H_SO HSPO HF;CFSCOOH,

X 2774’ 4
, and HZCOS. None except HZSO4 had the complexing properties

, H20204, HSBOS’

Hy810,, HzSO3
exhibited by the impurity. The data for these experiments are given later.
Several other exﬁeriments were run in an attempt to locéte the soufce

of the impurity. Benzene from severai diffé;ent sources was used; little
or no effect on the‘extracfion coefficient was obséfved. Two different
preparations of TTA were tried, and again no significant difference in the
extraction coefficient was found,’ One extraction was carried'cut in a
quartz vessel with no chenge in the experimental results being obsérved.

| The radioactivity of the tracer used must be largely that of zirconium
since'eXperiments carried out using trace amounts of‘radioactive zirconium‘

- added to macro amounts of inactive zirconium gave the same extraction co-

~efficient, whether it was calculated from the radioactive zirconium analysis
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or the macro zirconium analysis.

One possible explanation of the observed results is that there was
radio-colloid formation in the trace expefiments, i.c., the zirconium was
adhering to dust particles in thé solution. At high concentrations of zir-
conium this effect would disappear:as there would not be.sufficient dust to
hold an appreciable part of the zirconium. However,Athis explanation seems
unlikely, as’'the addition of 0.01 M silicic acid to one of the‘extraction
solutions did not change the exfraCtion coefficient significantly;

Ir thé zircoﬁium werektehdidg to form a true colloid in the aqueous

[

'phase with macro concentrations of zirconium, the effect would be just the

!

reversevof that observed; i.e., the extraction coefficient should decrease
with increasing concentrations of'zirconium. A similar effect would be ob-
served if ionic species containing more than one zirconium were beingﬂformed
in the aqueous phase. ‘

| Lt the present timé neither the identity of the‘impurity.nor'the source
of the impurity is known. It is believed that the explanation of the results
of the experiments of Table 2 does require the presence of an impurity in
the system. v

The preséqce of the impurity will, of course, introdﬁce an uncertainty

into the interpretation of the dgta of fhe trace'gxpariﬁents. The identi-
ficatién of the various zirconium,épecies present in tﬁe-aqueous phase is
believed to be correct, but the calculeted stabilit;es of thesé species may
be somewhat in error. It should be notea that the foﬁ;tb|power TTh depena.

dence of the extraction coefficient would not be affected prdvided the amount

of impurity was the same in all of the TTA dependence experiments.
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Hydrolysis Expériments

4 get of experiments was run in order to establish.the species of ;ir—
conium existing in perchloric acid solutions. Perchlorate ioa is known to
have little orﬁnO'cqmplexing tendencies; so the zirconium species we.are
dealing with should be only those complexed by hydroxide groups.

in these experiments the variation of the extraction coefficient waé
measured as a function of the hydrogen ion concentration<* From this in-
formation the number of hydroxide groups attached to the zirconium species
in the aqueous phase may be caleculated.

In performing the hydrolfsis experiments it was'necessary to vary the
T4 concent?étion as the hydrogen ion concentration was varied, in’ordér to
obtain méasurable extraction coefficients, Iy was.assumed that at all of
the concehtrations of TTh useéd there was no complexing of the species in
the aqueous phase by TTA and that the extraction coefficient varied as the

fourth power of the TTA activity. In 2.00 M H+, the complexing of the

s . : ' . ' .. 9
*3imilar experiments have been carried out by Tompkins and Broido for

9P. €. Tompkins and A. Broido, MonN-311, June 24, 1947,

-

hydfochloric acid solutions. However,«the.experiments were not run at con-
stant ionic strength and therefore'cannot be easily interpreféd..vFurther,
the'resulté appear to be in error since the extraction coefficiént reported
for 2 4 HCl is a factor of 16 smailer ﬁhan the extractibn coefficient ob-
‘tained in this work uﬁder the same experihental conditioné. Presumably

some complexing impurity was interfering with the extraction.
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aqueous species by TTs has already been shown to be negligible} While it is
kﬁowﬁ from the fesults of the present section thet hydroxide iéh does complex
zirconiﬁm under the same conditions. In the hydrolysis experiments at aci-
dities iowcr than 2.00 M, the concentration of TTL was always decreased more;
relative to the 2.00 M H% experiments than was the copcentration of hydéo-
gen ion. It therefore seems likely that there would be even less chancé
in these experiments of having a‘zircohium complexed by TTA rather than by
hydroxide ion. \

The equation for the net reaction is

+4-n

+ 4HK = ZrK, * (4-n)E + n, 0. (17)

The experiments were carried out in mixtures of lithium perchlorate and

Zr(OH)n

perchloric acid at constant ionic strength in the &queous phase in an ate
tempt to maintain the activity coefficients of the species in the aqueous
phase constant. It will be assumed that the activity coefficients of these

species did remain constant. It is known that the activity coefficient

of hydrochloric acid in lithium chloride solutioné does not change from

10-3 M HC1 to 3 M HCl at a total molality of 3 Nlo. It is probably safe to

10 H. S. Harned and 8. B. Owen, p. 457, Reinhold Publishing Corporation;

New York, (1943).

asgume the activity coefficients of perchloric hcid.and the aqueous zirconium -
species change very littlé in this set of experiments.

By determining the dependence of.the extraction coefficient on hydrogen
ion concentrafion at.dbnstant TT4A activity, it shouldAbe possible to inter-
pret the data in terms of the number of hydroxide groups in the zirconium
species in the aqueous phase. in equilbrigm qgotient.expregsed in terms

of concentrations may be written for reaction (17).
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+y4-n z

K =
n

- 4
(zx(om) *™) (kK)
and an extrection coefficient in terms of concentrations may be defined
(22K, )

S (ar(om) )

n

) - L] - 19
E, = | (19)

Combining the two equations and carfving out the indicated opergtions, one

obtains

<" n(zr(0H) 4-n,
n n

21n E _ '
c+ T = -y 4=n -4 (20)
d1ln (H) > (zr(oH) o)
o
which may be expressed as
| 1nE :
8 c ="‘4+fl+2f2+ st'.' LR A A N I I S ) (21)
2 1n (8 ) i

Fach f in equation (21) is equal to that fraction of the total zirconium in

the aqueous phase which has‘the number of hydroxide groups per zirconium in-

dicated by the sutscript. 1In these'equatiqns, Ec is the extraction coeffi-

cient for a series of experiments in which the activity coefficients of all

speciés remain constant and in which the conceﬁtration of TTA is held con-

Stant. Lctually the TTAAconcentration‘was varied along with the hydrogen

ion concentration, so itAwas necessary to_corfect the experimentally de-

termined Ec to thé value that it would have had if the ITL concentration

and the activity coefficients of ITA and ZrKé hed not changed. This corrected

value of the extraction coefficient will be dencted as Eco and is given by

. the relationship:

Eco - Ee ZZ#K4
(HK) v &

. HK
Equation (20) applies to Eco and a plot of the logarithm Eco versus the loga-

(22)
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rithm of the TTA concentration should give a slope corresponding to the

number of hydroxide pgroups on the zirconium minus four.
ExperimehtalvData on Hydrolysis

Most of the hydrogen ion dependence experiments were run using trace
concontrations of zirconium, though in a few, macro concentrations were
employed. The analysis of the benzene phase in the trace concentrétion exX-
periments was performed by mounting directly on cover glasses 0.1 ml ali-
quots from this phase. However, when aliquots from the aqueous phase were
mounted'direétiy; there was considerable solid lithium perchldrate present
on the cover glass after the solution had evaporated. This caused diffi-
culty in the countinz, since the B- radiation is soft enough so there is
appreciable absorption of it by this solid. In order to circumvent this
difficulty, the zirconium in the aqueous phase samples was extracted into a
benzene-TT4 solution and aliquots of this solution were then mounted to
give plates free of solid. This procedure also served to minimize the effects”
due to any caiumbium pfesent, since the columbium would remain in the aqueous
phase by virtue of its lower.extraction coefficient. The analysis for zir-
conium in the experiments in which macro.concentrations of zirconiﬁm were
used was carried out usine the alizarin method described previously; the pre-
sence of lithium perchlorate apparently causés no difficulty in this analysis.

The experimental conditions and results of the trace concéntration ex-
periments are recorded in Table 4. Iﬁ‘column one are iisted‘the perchloric
acid conceﬁtrations used. In column two are given the TTA concentrations in
‘the benzene phase,_cglculated from the concentrations of the initially
added TTA and a distribution ratio of 35. In columns three and four are.
listed the corresponding acti&ity c&efficients and activities of ITA in the

benzene phase. The zirconium concentrations in the aqueous and benzéne



Table 4

Dependence of Extraction Coefficient on Hydrogen Ion Concentration.

Trace Concentrations of Zirconium, 2500

(HClO4) '(HK)b YHKaerKﬁ | [HK]b (o/'m)aq .(c/h)b ?23;1 E Ecq .llog(HCIOQj 1og_Ec0
2.00 0{00583 | 0.998 0.00582 5024 494 5518 0.0983 9.56X107 0.3010 7.980
1.60 0.00778 0.997 0}00776 4042 2275 6317 0.563 1.55x108 0.2041 8.191
1.20 0.00583 0.998 0.005682 3710 1472 5182 0.398 3.46x108 0.0792 8.539
‘0-80 0.00583 0.998 0.00582 25623 3522 6045 1.40 1-22X109 -0, 0969 9.085
0.40 0.00583 _ 0.998 0.00582 531 | 4859 5390 9.15 7.95X109 -0.3979 - 9900
0.24 Of00117 1,000 - 0.00117 4352 243 4625 0.0558 3.01x1010 ~0.6198. 10.478
0.080 Q-00117‘ 1.000 0.00117 1666 1288 2954 0.772 4.16X1011 -1.0969 11.619
0.044 0.00117 1.000 0.00117 932 3963 4895 4.25 2.29x10¥2'11.3565 12.360
0.012 6100117 1.000 0.00117. 70%* | 2950 3020 42.5 2,29x1013 -1.9208 13-360
0.080 0-00117 1.000 10.00117 | 3311 1688. 4999 0.510 2{31X1011 -1.0969 11.363
0.044 0.00117 1.000 0.0011% 1784 3770 5554 1.93 1.04X1012-41.3565 12.017_
0.012 0.00117 1.000 0.00117 100** 5066 5166 51.0 2.75X1013.;l.9208 13.439
‘0-004 Qo000589 1.000 0.000389 739 4159 4898 - 2.46x1014 -2=3979 - 14.391

*Based on 0.2 ml aliquot counting 139 c/m.

**Based on 0+5 ml aliquot counting 498 c/m.

Last four experiments carried out

with "Dri-film".

5.63

in flasks coated
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' phases and the total zirconium concentrationsd are given in columns five, six
and seven in terms éf counts per minute, per O.lnﬁﬂlﬂﬁﬂar of solution as de-
termined on a Geiger counter through 13.2 mg/bmz of aluminum. In.column
eight are listed the extraction coefficients calculated from the data of
columns five and six. .In column nine are given the values that these ex-
traction coefficients would have had if the TTA were'presént'at unit activity
and the activity coeffigient of ZrK4 in the benzene phase had'beéh unity in

gll the experiments, i.e.,

Yy
B° : it
R b

. ' | (22)

Tée 1ogérithms of the values listed in columné one and nihe are given in
columns teﬁ.and eleven and these values are plotfed'in Fipure 2,
.

The experimental conditions and results of the macro experiments are
recorded in Table 57 The perchloriec scid concentrations are listed in column
one. In coiumns two and three are 1isted the iirconium concentfations in
the benzeéne and aqﬁeous phases in moles of zirconium per liter of solution,
determined by the alizarin analysis method. The concentfations of free ITi
which are listed in column four were calculated by subtracting the amount
of TTh used in forming the zirconium chelate, ZrKé; from the concentration
of the initially added fTA and calculating the equilibrium concentration of
TT/.. from tgis‘Qalueiof the free TTL concentration and é distribution ratio
of 35. The remaining columns of this table have the samé significance as
the cqrresponding columns in Table 4. The values of the logerithms of
Eco and the perchioric acid concentration are plotted in Figure 2.

4 theoretical curve has been drawn through the experimental points using

the following values for the equilibrium constants of the reactions:

7.59x10° (23)

Zr(OH)+3 + 4HK = ZrK4 + 3 +7H20 ' Kc

Zr(OH)z“"2 +H. ' K, 0.187 (24)

7r(on)* S + H,0
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(HCIO4) (ZrKé)gxlOQ (Zr(lv))xm4 (HK)bxlos' Y.

Table &.-

Dependence of Extraction Coefficientwon~Hydrogenmlon-Concentratign

X . . 0
Macro Concentrations of Zirconium, 25 C.

!

3 = 0 o}
_— YZTK4 [ijbxlo 5 E_ log (HC10,) 1log E
1.975 4.63 3.90 10.36 €.995 10.31 1.19- 1.05x10°  0.2956 8.020
1.975 3.01 5.15 8.56 €.996 8.53 0.58 1.10x10°  0.2956 8.041
1.183 5.60 2.74 7.55 0.997 7.53 2.05 6.34x10°  0.0730 8.802
0.399 2.41 1.67 2.96 0.999 2.96 1.44 1.87x10° = -0.3990  10.273
0,399 0.50 3,77 1.75 1.000 1.58 0.13 1.41x1080 -0.3990  10.148
0.241 1 0.92 3.36 1.58 1.000 1.75 0.27 4.57x10'° -0.6180  10.620

¥ g

S B

PR

- o O

S



UCRL-101

Paée 37
Both equilibrium constants are expresséd in terms of concentrations. All
other zirconium species were-neglected for the purpose of calculating this
theoretical curve.:

Two limiting Slopes have also beén drawn in: one with a slope of =3 has
been drawn in at an acidity of 2 ™ and one with a slope of -2 has been drawn
in at the 10west’acidity.. Aotually, the theoretical curve was calculated
on the basis of these two limiting slopes. s cen be seen from equation
(21), a slope of -3 corresponds to a zirconium species Zr(OH)+3. Hence it
appears ns though the principle zirconium species in 2.00 M HClQ4 is the one
with only one hydroxide group attached. As mentioned earlier, the zirconium
species generally believed to exist; even =t much higher acidities than this,
is the one ﬁith two hydroxide groups atfached, or zirconyl ion, zrot . It |
is only at much lower acidities, of the order of 0.005 ¥ in hydrogen ion,
thnt the species of the type‘Zr(OH)2++ or ZI_'O++ appears to become important.

4is can be secen from the data of Table 4 there is considerable loss of
zirconium from solution in the experiments run at acid concentrations of
0.08 M and lower. Most of this zirconium was recovered by washing out the
flask with 1 M HZSO4, s0 it appeared thnt ot these low acidities, zirconium
was hydrolyzing onto the glass surface of the extraction vessels. In an
effort to minimize the loss due to this effect, the experiments at the lower
aCidifies were repeated using extraction vessels which had been coated with
"Dri—film"; "Dri-film", whichisSiclz(CHS)z, hydrolyzes in the presence of
the thin film of water which is always present on a glass surface which
has beeﬁ air dried without baking. The h&drocarbon surface which is formed-
is not wet by water, so there should be little tendency for the zireonium
to hydrolyze onto this sﬁrface, The rossibility of fadio—colloia formation
on solid impurities in the solution is still present, of course.

The treatment of the flask with "Dri-film" apparently was fairly success-
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ful, since it oan be seen from Table 4 ﬁhat there was not nearly so great a
loss of eirconitm in the experiments at idw peidity which were run ih the
conted fiasks. N

However, from Figure 2, it will be noted that the experimental points
nt the lower acidiﬁies do not fall on a smooth curve. This is pe%haps an
indicotion of radioééolloid formation$ To test for the poésibie preéence
of a radio-colioid, avsmall poftion of the aqueous phase of the experiment
run at 0.012 M perchloric ecid in a costed vessel was centrifuged in a
clinical centrifuge for 3 1/% hours using 2 coated centrifuge cone. There
wes o decréase in the zirconium concentration of the top layer of about 30%,
§o there e#identiy wés some radio-collgid presentﬁA The presence of zir-
donium as @ radiOﬁCOiloid in the aqueous phade would have the effect of
lowering the extraction coefficient., If the tendency toward ¢olloid formation
increaséd with decreasing acidity, it would make it appear as though the
acid dependence were decreasing from third power to sccond powér more rapid-
ly thean would be observed if only ionic zirconium were present. This would
mean that the ionic species of zirconium with only one hydroxide group attached
is importent at even léwer acidities than would be indicated by these ex-
periments. The location of the experimental points of Figure 2 at acidities
lower than 0.1 ¥ are not to be reéarded as having‘any great siénificance.

From Figure 2 it can be seen that moét of the extraction coefficients
'obtaiﬁed using mecro amounts of ZirCOnium are somewhat larger thén those
obtained in the troce concentration experiments under the same conditions.
The major part of this diserepancy oan be attributed to the lowerihg of the
extraction coefficients in the trace experiments by the unidentified impurity,
as discussed earlier. 1In nddition, a similar effect would be observed if
there is a tendency towara radio-colloid formntion in the aqueous phase iﬁ

the trace concentration experiments. In the experiments run with macro
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concentrations of zirconium all of the surface available on solid impurities
upon which radio-colloid forﬁation could take piace would be exhausted be-
fore‘theré was a significant decreaéé in fhe ionic zirconium concentration.
However, there is no evidence of hydrolysis onto the glass surface at these
acidities, so that if radio-colloid formation is the ddrrect explanation
for the observed results, there must bé a greater tendency for zirconium
vto hydrolyze onto the solid impurities which mey be present than onto a
glass surface.

Laubengayer and Eaton2 have made pH measvrements with a glass elec-

trode on solutions prepared by dissolving zirconyl chlbride in 0.1 M
potassium chioride. Their results indicate that the hydrolyzed zirconium

species present from 10~2 M to 10"4 M ZrOCl, is principally Zr(OH)3+ or a

2
polymer of this species., This is' confirmed roughly by the work of 4dolf

11
and Pauli™ ™ in which pH measurements were made using a hydrogen electrode.

1y, Adolf and W. Pauli, Kolloid-Z, 29, 173 (1921).

The range of zirconyl chloride concentrations studied was from 0.125 M to

0.0022 M., Jander and Jahr12 measured the diffusion coefficient of 0.1 M

- . : :
2 G. Jender and X, P. Jahr, Kolloid-Beihefte, 43,7295 (1935).

ZrO(ClO4)2 in 1 M NaClO4 diffusing into I M Na0104, at acidities rangipg\from
no>added perchloric acid to 1.2 M perchloric acid. Over this range of ‘
acidity, tﬂey found the diffusién coefficient of zirconium(IV) to bg only
half as great as for solutions of uranyl nitrate. They ;;ncluded that there
must be polymers formed, containing several zirconiums each. Adolf and Paulil1

measured the‘freezing point lowerine in solutions ranging from 0.125 M +to

0.0078 M in zirconyl chloride,  The best interpretation of their data is that
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there is botﬁ hydrolysis and polymerization of the zirconyl chloiide;

In none.bf the expériments described above were %he conditions the
seme as§ ih the pfesent work. - All the experiments mentioned above_wé;e
carriedvout using either lower acid concentrations or higher zirconium
concentrations, both of which would févor the formation of hydrolyzed-
polymers. From the results of experiments of the present work in which
macro and trace qoncentrations of zirconium were used, one would conclude
that there is no indication of formatioh of polymers of‘zirconium under
the experimental conditions tested. ALAny tendency toward polymerization in
the macro concentration experiments would have the effect of giving too low
an extraction coefficiént relative to the trace concentration experiments.
Just thé opposite effect was observed. It would be of interest to run ex-

periments using the method of this work and the conditions of the above

R :
cited work in order %o confirm or disprove the results reported.
Sulfate Complexing

Experiments were run o determine the dependence of the extraction co-.
efficient on the sulfuriec acid concentration, and hence, the zirconium sul-
fate complex species present at various concentrations of sulfuric acid.
The experiments were carriéd out at constanf acidity and at constant ionic
strength. The solutions were prepared by mixingvappropriate volumes of
2.00 M HClO4 and 1.95 M HZSO4 to give the de;ired sulfuric acid concentra-

. s : .
tion. In 2 M H the sulfuric acid is present almost entirely as HSO4 .

Two reactions are possible for the complexing reaction by bisulfate ion
in the aqueous phase, i.e., the formation of sulfete complexes and the forma-

tion of bisulfate complexes:

+(4-n)
n

- +(4-x-2m) : ¥ N
Zr (OH) + m.HSOé = Zr(OH)X(SO4)m -+(n.x)Hzo+(x-n+m)Hf‘u. - (25):
and: ‘

o
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zr(on)n" (4-n) , m Hso4’ = Zr(OH)x(HSO4)m+ (4"&‘“{7.“) »‘r(n:-x')'Hz‘o + (x-n)H', (26)

By determining the depenéence of the extraction coefficient on the bisulfate
ion concentration, it should be possible to determine tﬁe number of sulfate
“or bisulfate groups in the zirconium complex at any bisulfate concentration
used in the experiments.

From the experiments on the dependence of the extraction coefficient on
hydrogen ion concentration, it was shown that the zireconium species in 2.00
M HClO4 is principally Zr(OH)f;f These experiments on sulfate'complexing
were run at constant acidity so the number of hydroxide groupé in the zir-:
conium sulfate complex cannot be determined from these data. Even from ex-
periments run at constant sulfuric acid concentration and varying acidity,

it would not be possible to distinguish between the two species Zr(OH)HSO4+2‘

+2
4

made concerning the sulfate complex species. Since the presence of one hy-

ané 2rS0, 7, for example. However, certein reasonable assumptions can be
drogen ion on sulfuric acid tends to make the second hydrogen ion completely
strong, one would conclude that the highly charged zirconium attached to a
‘bisulfate ion would make.the hydrogen .ion strong and hence the group attached
to zirconium would probably be sulfate ion rather than bisulfate ion. Fur-
ther, it has been shown that there is 1ittleltend§ﬁcy for twé hydroxide
groups to be attached to zireonium in 2.00 M acid.\ Therefore it would appear
to be unlikely that zirconium with oné sulfgte group attachedhwould also

have a hydroxide group attached at the same time. For the‘purpose of this
discussion, it will be assumed that the reaction in which the first sulfate

~ goes onto zirconium is e replacement of the one hydroxide group by sulfate
ion with the formation of ZrSO4++ and water. Equation-(ZS) may then be |

written

=2m . m-1) B 4+ H.O (27)

ZrOH ° 0.7 = 2r(s0,)
r +mHS4 = r(so4m 2
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As the experiments were carried out at constant acidity and constant ionicv
strength, it will be assumed that the activity coefficients of éll.the.
aqueous species were constant. An equiiibrium quotient éxpreSsed in terms
of concentrations can be'wfitten for feaction (27) |
(erio0), 20 @y )

K = 4.m —
m o (zroR"%) (aso,” )"

LKlso; an extraction ¢oefficient may be written in terms of concentrationss:

(2rk,) .o | | (29)

E = —
< (2r(s0,) *7*™)

By combining equations (28) and (29) and carrying out the indicated opera-

tions, one obtains:

3 . 4-2m,
21n E| . < m(Zr(SO4)m ) (30)
‘ - < an ) 4-2my
9;n(Hso4 ) = (Zr(SO4)m ) .
which may be expressed
aln Ec = "f -Zf -3f ™ 4aessesbr o (31)
» - = 1 2 3 .
Z—>1n(Hso4 )

Each f in equation (31) is equal to that fraction of the total zirconium

in the aqueous phase which is complexed by the number of sulfate groups
“indicated by the sﬁbécript numberér These expressions are ‘true only fof
experimental conditions in which the éctivity coefficient of each species
remains constant aﬁd the concentrations of hydrogen ion and T74 remain con-
Astant. In the experiments the hydngen ion concentration did remain con-
stant, but it was necessary to inﬁrease the TTL concentration at the higher
bisulfate concentrations, which resulted in a chahee of the activity coeffi-

4

sary to convert the experimentdl extraction coefficient Ec to the value it

cient of ZrK, as well as a change in the activity of TTi. It was then neces-
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would have had if the activity coefficients of ZrK4 and TT4A had not changed.
The extraction coefficieﬁts, Ec were corrected to unit activity of TT4 and
unit activity coefficient of ZrK4 by the expression
EY

E° _ ¢ ZrK

4
¢ T =7 (22)
. (HK) Yox

which defines Eco. Equation (31) should then be written
31nE°
c

- - -2 - ’oocuono;..;--ovooo 2
= -f) £, -3f, (32)

3 ln(HSO4)

i plot of the logerithm Eco versus the logarithm (HSOQ-) fhen>gives a line,
the slope of which at any point cSrresponds to the average number of sul=-
fate groups on the zirconium.

The experimental conditions and results are given in Table 6. 1In
columns one and two are given the concentrations of bisulfate ion in the
aqueous phase and the concentrations of TTA in the benzene phase. In column
three are given the activity coefficients of TTA and in column four are
given the activities of TTA calculated from these activity coefficients and

the concentrations of column two, i.c., (HK)b = (HK)bY The experimentally

HK"
determined values of the extraction coefficient, Ec, are given in column
five and the values of Eco, calculated from the expression
. Yark,
B = By g (2)
LHE ~
are given in column six. The logarithm of the bisulfate concentrations and

the logarithms of Eco are given in columns seven and eight and are plotted

in Figure 3. The line drawn throurh the points is a theoretical one, con-
. strueted using the following equilibrium quotients, expressed in terms of

concentrations, for the reactions:



Tetle 6

Dependence of Extraction Coefficient on Bisulfate Concentration

Trace Concéntratipn of Zirconium, Total Acidity 2.00 M, 25°C

CHK]b B

Extraction coefficients, E , based on total zirconium activity of 5200 counts per minute.
c _

(H§o4’) (HE), YHKgYZer B Ec° log (10, ") log Ec°
0.2726 0.0499 0.959 0.0478 0.692 1.40x10° -0.5645 5.146
0.2396 0.0499 0.959 0.0478 0.831 1.68x10° -0.6205 5.225
0.1013 0.0195 0.986 0.0192 0.113 _e.zleo5 ~0.9945 5.915
0.02921 0.0195 0.986 0.0102 0.850 6.16x10° -1.5345 . 6.791
0.00974 - 0.0167 0.989 0.0166 1.50 1.98x10" '-250115- 7.297
6,00512 10.0167 0.989 0.6165 : 3.28 4.34x1Q" -2.5065 7.637
6,0600 0.0195 0.986 0.0192 10.4 7.55x10" , 7.878
~6;6600 0.0167 0.989 0.0166 6.09 8.02x10" 7.904

| Average of last two values 7.79x10 " 7.891

¥ 23 8y

TOT~-T¥00
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+3 - P _
Zr(OH)  + HS0, = ZrS0," " + H,0 K, = 281 (33)
A4 - +

Zrs0,"" + HSO, " = Zr(S0,), + H- K, = 52.8 (34)
: - -- +

- » - 1.0 35
zr(80,), + HSO,” = Zr(50,), " + H K, = (35)

The values of these equilibrium quotients may be in error due to the presence
of tﬁe unidentified impurity mentioned earlier. The values are probably
not in error by.more than a factor of l.5. Further, if the first sulfate
vthat.goes onto the_zirconium replaces the impurity, the values of the second
two quotients should be correct. From the slope of the curve of Figure 3
and equation (32), the average humber of sulfate groups per zirconium may be
determined, There is an average of one sulfate group at 0.0;5 M HSO4- and
an average of 2 sulfate groups at 0.27 M‘HSO4-. At neither of these points
is just one Species present buf rather several species, of which the pre-

‘ dohinant one is thet with one and two sulfates respectively. 4 mixture of
species is always obtained because the successive complexing constants do

not differ preafly in magnitude.
Fluoride Complexing

 In order to establish the zirconium species present in acid sblutions
of hydrofluqric acid,.a series of experiments was run at nearly constant
acidity but with varyine hydrofluoric acid concentration. The experiments
wefe‘carried out by adding small aliquots of an aqueoﬁs sodium fluoride
solution to 2.00 M'perchloric acid. ’There was a small acidity correction
made on the extraction coefficient because of the dilution of the per-
chloric acid solution and because of the formation of hydrofluoric acid
from sodium-fluoride.

In 2.00 U H+, hydrofluoric acid exists almost entirely as HF. . It ﬁill

be assumed, as in the case of the sulfate complexes, that the first fluoride
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to go onto the zirconium replaces the one hydroxide group present on the zir-
éonium in 2.00 M pefchlpric acid. The reactions for fluoride complex forma-
tion in the aqueous phase may be written
ZrOH'° + nHF = ZrFa4‘n ¢ @-1)H + H,0 (36)

Equations of the same form as used for sulfate complexing may be de-

rived for fluoride complexing:

(4-n) N
Qlog Eco n n (Zan )

T4=%) (37)
3 (uF) S (zrF )

n n
dlog E ° o of. -2f -3f - : (38)
[¢] - 1 2 3 " e rscev s sesreer o

3 (HF)

where the fn's are the frgctions with 1, 2, 3---n fluorides attached to the
zirconium. These equations apply to coﬁditions where the activity Eoefficients
of Fll species remain constant and tﬁe concentrations of hydrogen ion and
TTA do not vary. Actually, in this case also, the extractions were nof carried
out at constant TTA concentration, but all the extraction coefficients were
corrgctgd to unit activity of TTA, i.e., Eco was calculated. The activity
corrections were, in some cases, quite large. Since the fluoride complex is
so stable, high TTA concentrations had to be used— up to 0.4 M in the ex-~
periment run at the highest HF concentration. |

The data are given in Table 7 and plotted in Figure 4. The table head-
ings have the same'siénificance as in Table 6, except that in column 5 is
‘given the small correction for hydrogen ion due to dilution and the formation
of HF on the addition of sodium fluoride.. The correction was calculated in
accordance with the equilibria of equation (36). |

The solid curve of Fipure 4 was plotted using the following values of

the equilibrium quotients of the indicated equilibria:

5 + Hzo K. = 3.16 x 10° (39)

2ro % + HF = 2rF L=



" Table 7

Dependence of Extraction Coefficient on Hydrofluoric Acid Concentration

Trace Concentration of Zirconium, Total Acidity 2.0 M, 25°c.

*Factor by which Ec is to be multiplied-to give the velue-it: would have.at 2.00 1 H¥,

o+
H *

I - . [ 3 o (o}

(HF) (HK)b YHK YZrK4 (:HIQ b correction E, \ Ec log (HF) log B

N o : -
7.92x10 . 03907 0.836 0.3266 0.986 1.30 9.1.5:7;(10l -2.1013 1.976
3.98x10_3 0.1951 0.887 0.1731 0.992 0.659 6.47x102 -2.2001 2.811
l.99x10f3‘ 0.1462 0.905 0.1323 0.990 1.40 ‘4.09x103 ~2.7011 3.611
9.94}:10“4 0,0SBQ 0.966 0.0385 Of987 0.033 1.58x104 -3.0026 4,200

- . . : 4 .

4.98x10‘4 0.0487 0.958 0.0466 0.991 0.367 7.41x10 - =-3.3023 4.870
1.99x10"%  0.0389 0.966 0.0385 - 0.994 0.791 3.81x10° -3.7011 5.581
9.94x10T5 0.0292 0.977 0.0285 0.082 0.850 1.23x106 ~4.0026 6.090
2.99x10-5 0.0195 0.986 0.0192 0.990 0.857 6.18x106 -4.5343 6.791
9,94x10-6 0.0167 0.989 0.01686 ¢.982 1.32 l.71x107 -5.0026 7.233
Extractions coefficients, Ec’ based on total zireonium activity of 5000 counts per minute.

Fl
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72rF*° + HF = ZrFé+2 + H K, = 2.10 x 10% (20)
ZrF2+2 +.HF'= Z’Fs+ + ® Ky = 6.7 x 102 (41)
The equation for the calculated curve is ‘
b K(uk)* | |  (42)

?gév Kh(H+)4-n (HF)n
= O

where K was assumed to be 7.73 x 107.

To show the order of magnitude of the strength of the fluoride complexes,
one calculates from the data of Table 7 that in 10.5 M hydrofluoric acid,
78% of the'Qirconium is complexed by flﬁoride and that at 8 x 10-3 M hydro-
fluoric acid, all but 0.00012% of the zirconium is complexed. From thé slope
of the curve of Figure 4 and equatlon (38), the average number of fluorlde
groups in the zirconium complex may be determined. At 2 x 10 =5 HF there
is an average of one fluoride per zirconium, at 3 x 10 M HF there is an
average éf two fluorides per zirconium and at 10—2 M HF there is an average
 of 3 fluorides per zirconium. The.same considerations apply here as in the
cese of the sulfate complexes as %o the presence of other fluoride complexes
in addition to the one mentiohed at each of the HF concentrations cited,
i.e;, the successive complexing constants differ so little that ali solu=-
tions contain appreciable amounts of several species.

At the high concentrations of TTA used there would certainly be complex-
ing of zirconium by TTA in the aqueous phase if there were.noc HF p}esent,
and there is the possibility that the zirconium is complexed by both fluoride
ion and TTA. However in view of the extreme stability of the flucride com-
plex, it seems unreasoﬁable that fhere could be much competition by TTA
for the zirconium in the presence of HF. In order to determine whether or
not this is so, it would be necessary to determine the TTA dependence in

the presence of HF. In these experiments a fourth power TTA dependence was
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used in correcting the extraction coefficients to unit activity of TTAl

The aqueous phase analysis was carried out by remdviﬁg 5 ml of the
. aqueous phase and extracting with 5 ml of a TTA solution haeing a TTA don=
centration,sufficiently higher than that used in the experiment to extract
all but about 1% or less of the zirconium. This was done primarily to mini~-
mize the counting error due to columbium. With ro HF %resent, the TTA con=~
centrations used én some of these analyses are high enough to extract all
the columbium. .ié is then necessary to assume that the fluoride complexing
power of EHF, for columbium, is at least as strong as that for zirconium and
that the TTA dependence for columbium is the same or smaller, both of which
assumptions seem reesonable. It was thought that HF would attack the glass
walls of the container and be converted to fluosilicate ion or some hydro-
lyzed form of this ion. Therefore ail of the above experiments were run in
vessels coated with "Dri-film" to prevent the HF from coming in contact
with tﬁe glass. In no case was there any evidence of attack of the glass
and the extraction came to equilibrium and remained steady thereafter. Also
several preliminary experiments were run in non-cosated glass vessels, but
even here there were no signs of attack as the extraction coefficients were
about the same as with the coafed vessels. Perhaps the HF does not attack

silica at this rather high acidity (2.0 M) and the relatively low concen=

- trations of HF used in the experiments.
Miecellaneous‘Experiments on Complexing.

A‘number of experiments were run using variouS'substaﬁces in order %o
determine the order of magnitude of their ability to complex aqueocus zirconium
ion. Further, it was hoped that this study would give an indication of +the
identity of the impurity which was discussed earlier. Generally the extraction

1

coefficient was determined at only one concentration of the substance whose
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eomﬁlexing powér was being tested, so no conclusions can be drgwn concern-
ing the species present. Uriless otherwise noted, all the experiments were
carried out in 2.00 M HCIO4. .The results of these experiments are summarized
ih,TaEIe 8. The complexing agents used are given in column one‘and the con=-
centrations afe giveh in column two. The results are given in column three
and¢are in terms of the percent of the total zirconium in the aqueéus phasé
remaining uncomplexed.

The dafa for bisulfate ion and hydrofluoric acid are taken from Tables
6 and 7. The fluoride complex is by far the moét stable studied. In the
series of aliphatic dibasic acids from oxalic +to glutaric, on1y>6xalic shows
~any complexing tendency. The apparent value of 6% of the zirconium complexed
by glutaric acid is pfobably not significant. Oxaliﬁ-acid has a much greater
- complexing power relative'to the other members of the series than can bev
accounted for simply‘by comparison of the acid dissociation constants. Also,
geometry considerations cénnot be too important since the cafboxyl groups of
all the acids are able to assume very nearly the sane relative configura-‘
tions. Therefore, the explanation for the great difference in complexing
ability oBServed must lie in more complicated effects.

The.tWO un;aturated,dibasic adidé, fumeric and maleic, seem to have
some complexing tendencies, withvperhaps thg/cis configuration“showing a
slightly greater complexing p&wer.- The result of the experiment with phos~
ph;ric acid probably has little significance since there was = c§ﬁtinua1
decreasé with time in the zircoﬁium concentration. The value of the ex~
traction cceffiéienﬁ used to calculate the pe;cent zirconium uncomplexed
given in this tabie, was one determined early in the experiment.

There was no indication of any complexing by either Ofl M béric acid
or 1 M acetic acid. Trifluoroacetic acid compiéxed approximately half of

the zirconium when present at a concentration of 0.1 M. It should be
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Table 8
Complexing Ability of Various Substénces for Zirconium.
Trace Concentrations of Zirc;nium; 2.00M HClO4, 2500.

Percent Zirconium

Substance Concentration Uncomplexed
Bisulfate ion, Hso4‘ 0.0031 M . 56%
Bisulfate ion, HSO, 0.272 M~ 0.18%
Hydrofluoric acid, HF 107° 207
Hydrofluoric acid, HF 0.008 M 0.00012%
Oxalic acid, H,C,0, ‘0.001 M 0.36%
Malonic acid, HOOC-CH,-COOH 0.01 M 100%

" Suceinic acid,'Hooc-(CHZ)z- 0.005 M 100%
COOH '
Glutaric acid, HOOC-(CH,),- 0.1 ¥ 947
: COOH
Fumeric acid, HC - COOH 0.05 M 88%
HOOC - CH
Maleiz acid, HC - COOH 0.05 M 74%
{
ull - coon ‘
Ortho phosphoric acid, H.PO, 0.012 U 66%
Ortho boric acid, H B0, 0.1 M 100%
Meta silicic acid, HZSiO3 0.01 M 87%
Acetic Acid, CH,COOH 1.0 M 100%
Trifluomacetic acid, ‘0.11 M 51%
CF, COOH - -
'3
Carbonic acid, Hzco3 1 atm. 00, 90%
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Percent Zirconium

3

Substance Concentration Uncomplexed
- Hydrogen peroxide, 0.015 ¥ 63%
0,
Chloride ion, C1™ 2.0 M2 19%
Chloride ion, C1~ l.2 M2 29%
Nitrate ion, Nos' 2.0M% 20%
Nitrate ion, NO, 1.2 M@ 30%

®In the experiments with Cl~ and Mo; the aqueous solution contained

HC10, and HCl or HNO; in such proportions as to give 2.00 M H*
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pointed out that the presence of a very small amount of hydrofluoric acid in
the trifluorcacetic acid would account for the observed resultss ‘The silicic
acid solution used was verylcloudy,.so the result probably does not indicate
‘complexing but rather the formation of species which are radio-colloidal in
nature. Probably little significance should be attached to the apparent
value of 10% 65 the zirconium being tied up in the aqueous phase when,éarQ
bbn dioxide gas is present in the extraction flask at a pressure pf one at-
mosphere.

It has been observed that plutonium at macro concentrations forms a
complek with hydrogen peroxide involving +two pluténiums in thg complex iomn.
It is interesting that zirconium, present at trace concentrations apﬁarently
forms & complex with hydrogen peroxide, which must certainly contain only
one zirconium in the complex ion. It would be worth while to study the zir-
conium peroxide complexes at higher concentrations of ;irconium, to see if
peroxy complexes containing two zirconiums are formed.

From the data of Tahle 8 it is possible to calculate the number of
~chloride and nitrate groups on the zirconium chloride and nitrate complexes.
Since the number of hydroxide groups associated with these complexes is
unknown, an equation of the following type will be written for the chloride
complex formation reaction

2r(IV) + xC1l° = zr (IV)eL
from which an equilibrium quotient may be written in tefms of the concentra- .

tions of these species
(Zr(IV)Clx)

e (e )

K

The calculations of the percent zirconium uncomplexed, the results of which
are given in Table 8, were made assuming that the change in extraction co-

efficient upon the addition of chloride or nitrate was due entirely to com-



UekL-101

Page 56
plexing of the zirconium and not to changes{in the activity coefficients
of any of the species present. The assumption that the activity coef-
ficients of all the species remain dohstant will be made here since the
data of Table 8 will be used in the following calculations.

Equating the equilibrium expressions for two different chloride concen-

trations, one obtains

(™))" _ (er()er ), (ar(1V)),

(01')2x (zr(1V)CL ), (2r(IV)),

s

where the subscripts 1 and 2 are used,tb indicate the two different experi-
ments. Substituting the data from Table 8 into this equation, one cal-
culates x = 1.08 for the chloride complex.

The reaction for nitrate complexing may be written in a similar fashion

Zr(IV) + yNO, = Zr(IV)(NOS)y.

: 3
By employing a treatment analogous to that used for the chloride complex, one
calculatesvy = 1.06. There appears to be approximetely one chloride and one
nitrate present in the réspective complexes in this range of nitrate or
chloride concentration.

Assuming there is one chloride or one nitrate per zirconium on the
complex, values for the equilibrium quotients.of the following feaqtions

may be calculated

2.0

Zr(Iv) + C1” = 2r(IV)Cl . X

2.0

i

Zr(IV) + Nos' = 2r(IV)NO, X

These values apply to solutions 2.00 M in hydrogen ion.
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