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ABSTRli.CT 

The hydrolysis of zirconium(IV) perchlorate vTas investigated by 

means of an organic complexing agent, thenoyltrifluoroacetone, over a 

range of zirconium concentrations extending from lo-5 molar to 0.3 

molar and in one and two molar perchloric acid solutions at 25° Ce 

The monomeric zirconium species at these acidities is shm~n.to be the 

simple Zr +4 iono The formation of hydrolysis polymers was found to 

commence at approximately lo-4 molar zirconium in one molar acid and 

at approximately 5 x lo-4 molar zirconiwn in two molar acido The 

hydrolysis polymers studied are identified as a trimer and a tetramer 

• ) +8 ) +8 and are ass~nged the fornru.las, Zr3(oH 4 and Zr 
4 

(OH 
8 

• Equilibrium 

constants for the observed polymer formation are listedo The results 

of other investigations of zirconium hydrolysis are discussed and 

compared with the conclusions of this 1.vork., 
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Io INTRODUCTION 

The chemical literature contains abundant evidence that zirconium(IV) 

undergoes extensive hydrolysis in aqueous solutionso Such behavior is 9 

of course 9 to be expected from an ion of high charge and small radius 

such as Zr +4 o Thus many D if not al1.1, the normal zirconium compounds 

such as zre14 can be prepared only in the absence of water; and even 

the half-hydrolyzed zirconyl salts such as ZrOC12c8H2o produce acidic 

solutionso The important point is that if an ion is subject to such 

extensive hydrolysis that the products thereof become major species· in 

solution9 then it is imperative that the exact nature of these species 

be known before any quantitative attack can be made upon the chemistry 

of the iono 

Early investigations of such properties of zirconium solutions as 

conductivity293
9 diffusion coefficients49 pH596, and freezing points5 

are difficult to interpret quantitatively but have amply indicated 

extensive hydrolysis and the formation of hydrolysis polymerso Among 

the recent zirconium work9 Connick and his coworkers7
P
8 provided a 

major advance with the first systematic hydrolysis study capable of 

unambiguous 9 quantitative interpretatione Other recent and important 

contributions have come from McVey9~ Larsen -and Gammil110, and Lister 

and 11cDonald1 
e 

The results of the above investigations will be discussed in more 

detail at the conclusion of this workc Suffice it to say for the moment 

th~t the hy~olysis studies of the various investigators have led to 

interpretations t~at agree in certain respects and differ considerably 

in otherse Thus this work was undertaken in an effort either to resolve 

these differences or at least to shed some additional light upon the 

problem., To that endp the principal objectives in mind were to ascertain 
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the formulae of the zirconium species present in solutions of moderate 

acidity and to determine the equilibrium constants for their formation. 

II. EXPERINENTAL HETHOD 

The experimental method employed in this investigation is similar in 

many respects to that used b,y Connick and Reas8
o They measured the distri-

bution of zirconium between an aqueous phase and a benzene phase containing 

an organic chelating agent., thenoyltrifluoroacetone (hereafter a·bbreviated 

in the text as TTA, and as HK in equations L TTA forms a neutral zirconium 

chelate7 that is very soluble in benzeneo Thus Connick andReas studied 

the reaction: 

~ + 
Zr (aq) + 4HK(b) = ZrK4(b) +_ 4H (aq) (1) 

and the effects reflected by it as the zirconium and hydrogen ion concan-

trations were varied. 

TTA also forms an aqueous phase complex with zirconium that has been 

identified by McVey9 as ZrK+Jo This entirely aqueous complexing reaction, 

assuming for the moment that the zirconium species is unhydrolyzed and un-

polymerized, may be represented as: 

zr+4 + HK = ZrK+3 + H+ 

The above equilibrium reaction served as the basic tool in this worko 

A complexing coefficient» E, is defined as follows~ 

(ZrK +J) 
E'= 

:ZZr(HK) 

(2) 

(3) 

where ( ) refers to moles per liter and ~r represents the formal concen-

tration in moles per liter of the uncomplexed zirconiume By formal it is 

meant that ~Zr is calculated on the basis of all the zirconium being in 

the monomeric formo 

J • 
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.At constant acidity any polymerization of the zirconium is reflected 

by a decrease in E. Thus values of E' at various zirconium and hydrogen 

ion concentrations lend themselves to a quantitative treatment nearly 

identical to that outlined by Connick and Reas8• In addition greater 

experimental accuracy should be obtained since any error in the determi

nation of the TTA. concentration is not magnified by a fourth power de

pendence as in reaction ( 1)., As will be seen in the mathematical de-

velopment~ the effect with regards to hydrogen ion is more complex; 

but again the aqueous complex reaction favors higher accuracy by 

lessening the hydrogen ion power dependencee 

Experimental Procedures 

Complexing coefficients were studied as a function of zirconium 

concentration in two main series of experiments - one in ~ HCl04 and 
-- - -- - - . -

~he other in J.H HC104 plus 1J1 LiClo4 , which was added to maintain 

constant ionic strength. In addition a few experiments were performed 
- ·-

in 1!1 HCl04 plus_ ~ N'aClo4• Only perchlorate solutions were employed 

in an effort to minimize any added complications due to extraneous 

complexing reactions$ 

Experimentally the use of TTA as a complexing agent is very con-

venient since the analysis of species present in equilibrium can be 

readily handled by spectrophotometric methods. Through the use of 

suitable blanks and the respective known molar extinction coefficients 

of Zr:K"'".3 and TTAi, it was thus possible to obtain the equilibrium con

centration of ZrK+.3 from the total optical density of the experimental 

solutions. Unless othei"W'ise stated, all optical density measurements 

were made using a Beckman Model DU Spectrophotometer with the absorption 

cell compartment thermostated at 25.00 ± Oo05°C. 
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The equilibrium ·concentra ti01i of free TTA was -obtained by a variety 

of methods .. - Though reaction (2) represents- a homo·geneoti.s system, experi

mentally it was found more convenient to employ a ttvo phase, benzene-

aqueous system in the majority of the experiments~ Fortunately experi

mental conditions can be adjusted such that reaction (1) is negligible 

while (2) still proceeds to a sufficient extent to give the aqueous 

phase a suitable optical density for the determination of (ZrK+3)Q 

Then after correcting the known_ initial concentration of TTA\ for the 

small fraction tied up as ZrK+J» the concentration of free TTA, both 

in the benzene and aqueous phase, can be calculated from the known 

distribution coefficient of TTA. between benzene and the aqueous phaseo 

A check of this analytical method was made in several of the early 

experiments by a spectrophotometric analysis of the equilibrium- con

centration of TTA in the benzene phaseo The average deviation of i6 

- such check analyses from the calculated values amounted to 1$4%, which 

is well within the limits of error to be expected of the spectrophoto-

metric analysiso 

The concentration of free TTA can also be-obtained in a one phase 

experiment by direct difference between the initial TTA concentration 

and that of ZrK+3.. This method was not employed in the majority of 

the experiments since a large fraction of the initial TTA~ 1;,rould have 

been depleted in the formation of ZrK+3.. However urider conditions of 

very low zirconium concentration and high TTA~ this disadvantage is 

overcome;,and in addition the two phase system then becomes a problem 

since reaction (1) starts to have ani!JJ?reciable effect~ In such cases 

an entirely aqueous experimental system was therefore employed, and 

this direct difference method was used to calculate the free TTA con-

centration~ 

::-
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In a typical experiment 75 mlo of benzene containing a known con

centration of TTA and 75 mle of an aqueous phase containing perchloric 

acid (and lithium or sodium perchlorate in the low acid series) and a 

known concentration of zirconium perchlorate were placed in an opaque 

250 mlo volumetric flask. (Opaque flasks were used as a protective 

measure against the photochemical decomposition of TTA solutions 

reported by King and Reas13 o) The stopper was firmly sealed in place 

with sealing wax andp as an added precaution9 tightly bound with water-

proof tape. The flask was then mounted on a meCJhanical shaker and 

immersed in a water bath thermostated at 25o00 ± Oe05°Co After between 

16 to 24 hours of vigorous shaking» a 30 mlo sample of the aqueous 

phase was removed9 subjected to centrifugation to remove air bubbles 

and to break up any benzene-water emulsion~ and analyzed spectrophoto-

metrically o In most of the experiments a second sample was removed 

after an additional 24 hours of shaking as a check to demonstrate 

that equilibrium had already been obtained at the time of removal of 

the first sample. In the case of the one phase experimentsp exactly 

the same procedure was followed with9 o~ course9 the exception that 

the aqueous phase then also contained the known initial TTA concen-

trationo 

All concentrations are reported in terms of moles per liter of 

·solution9 designated by the symbol ]:1: or by ( ) • 

Materials and Analytical Procedures 

Water redistilled from alkaline permanganate was used to prepare 

all solutions. The water was indicated to be of conductivity grade 

by resistance measurements that gave a specific conductance of loO 

-6 
X 10 mhos for typical samples.. The benzene was c e p e gradeD 

thiophene freeo Perchloric acid solutions were prePared by diluting 
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Ge F. Smith double vacuum distilled perchloric acid~ The solutions were 

standardized by titration vrith standard, carbonate free sodium hydroxide. 

Sodium and lithium perchlorate stock solutions 1~re prepared by adding 

a small excess of double vacuum distilled perchloric acid to the respective 

carbonates~ After boiling to remove co2, the pH of each solution was ad-

justed to 5 by addition of the respective hydroxidese The solutions were 

allowed to stand several days and then were filtered through sintered 

glass.. Both solutions were standardized by evaporating aliquots to dryness 

-. in the presence of an excess of ·sulfuric acid and weighing the residue as 

the respective sulfates11~ The sodium carbonate was primary standard 

gradeo G~ Pe grade lithium carbonate, containing sulfate as the principal 

impurity~ was purified by the method of Caley and Elving12"' The lithium-

perchlorate stock solution tested free of sulfate when treated with 

barium nitrate .. 

TTA was obtained from Dow Chemical Company at supposedly 99o3 to 

99.7% purity with acetylthiophene as the main impurity9 This material 

was purified by a series of crystallizations from redistilled hexane 

(boiling range 59-63°0 q) .$ '£he main TTA~ stock was put through two such 

crystallizations and stored in a brown bottle., For use in the experi-

ments, every 6 weeks to two months a small portion of this stock was 

crystallized once more from hexane and stared in a desiccator@ 

A melting point determination on a TTA. sample after three such 

crystallizations gave a range of 43w4~43e8°Co The value quoted by 
; -

the Dow Chemical Company for the true melting point is 43o76 ± O~OO?~C. 

On the basis of our observed melting point range and estimating ~H of 

fusion of TTA at about 30 cal$/g .. , the final TTA crystals were estimated 

to be between 99@8 to 99e9 mole % pure~ This calculation also assumes 

that all the impurity dissolves in the first portion of liquid formed~ 

•· 
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Therefore standard solutions of TTA were prepared by dissolving a 

weighed amount of material and diluting to the desired volume. TTA is 

readily soluble in benzene but difficultly so in aqueous solutions. In 

preparing aqueous solutioils, it was found expedient to warm the solutiens 

until all the TTA had melted. A few minutes of vigorous shaking then 

sufficed to produce complete solution •. 

Due to the slow decomposition of aqueous TTA solutions reported by 

Zebroski14 and Mattern15, neither benzene nor aqueous stock solutions 
~ - .. -

of TTA were maintained. Fresh solutions were prepared for each experi-
-· .. 

ment. Thus the maximum age of all TTA solutions did not exceed four 

days; and on the basis of the observed rate cGmstants~' 15 . the amount 

of decomposition should have been negligible. 

Zirconyl chloride was obtained from the City Chemical Corp. and 

contained iron, chromium, and hafnium as the principal impurities. 
- . 

This mate~ial was purified by a series of four recrystallizations from 

8!1 HCl, the product separat~g ~t ill the form of lar~e crystalline 

needles of ZrOC12 •SH2o. Spectrographic analysis of the final preduet 

revealed ~hat all impurities had been removed with the exception of 

0.3-0.4 mole % of hafnium. lifo additional efforts were made to remove 

the hafnium; the amount present should have had a negligible effect. 

That this might be especially the case is indicated by the extraction 

coefficients for zirconi~hafnium mixtures determined by Schutz and 

Larsen16 for trifluoroacetylacetone and by Huffman and Beaufait17 for 

TTA. Both investigations revealed significantly larger chelating 

constants for zirconium than hafnium. 

Stock solutions of zirconium perchlorate were prepared from zi~conyl 

chloride by repeated fumings with excess perchloric ac~d. The crystal~ine 

product so obtained (still in an excess of HClo4) dissolved readily upon 
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dilution to give a clear solution which did not sholt a Tyndall beam 
I 

and tested free of Cl- Hith P.gN03• The zirconium concentration of the 

stock solutions (approxim~tely 0~6H) was determined by treating aliquots 

with excess amrnonium hydroxide and igniting the zirconium hydroxide so 

obtajned to the dioxide. Small corrections were applied for the hafnium 

present when the zirconium concentration was calculated. 

Various methods of determining the amount of excess perchloric acid 

in the zirconium sto6k solutions were investigated. Connick and Reas8 

suggest addition of'excess NaF and then titration with NaOH. A. rather 

careful study of this method was made using a Beclanan Model G pH meter 

for a series of potentiometric titrations~ 

Potentiometric and indicator titrations without added NaF were also 

studied$ Such experiments yield values for the combined zirconium and 

acid concentrations; the concentration of excess acid is then calculated 

on the basis of the known zirconium concentrationo Both direct and back 

titrations of this type were employed. In the latter case an excess of 

standard base was added; the solution was boiled for a few minutes to 

9-i~E3stthe precipita~e~ and after cooling, was then titrated with 

standard acid. The back titrations were performed under an N2 atmosphere 

during the entire procedure o 

Three sodium fluoride stock solutions, all approximately 0.9~, were 

prepared by dissolving weighed amounts of C.,P., grade Baker and Adamsoni. 

Baker's Analyzed, and Mallinckrodt NaF in water., Blank determinations 

on all three solutions revealed appreciable quantities of free base. 

All titrations were run with standard, C02 free 09~j NaOH (standardized 

against potassium acid phthalate) •. Standard Oo~ HClo4 was u~ed for the 

back titrationso The zirconium perchlorate stock solution used for all 
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titrations was 00 6035N in Zr and 0.002~ in Hf .. Five ml. and 10 ml • 

aliquots of this solution v1ere used respectively for ti tra tions \.J'i thout 

and vJith NaF added. All solutions were diluted to a total volume of 

150 ml. before each titration. 

The results of the investigation are smmnarized in Table 1. The 

plus or minus values represent average deviations from the mean. 

Table 1 

Concentration of Excess· HClo4 in Zr(Clo
4

)
4 

Stock Solution 

Experiment Tzpe 

No added NaF, 
direct titrationo 

No added NaF, 
back titration. 

NaF added., 

Excess HClo4 (moles/1) Co:rmnents 

Total of 5 determinations; 
2 potentiometric titrations, 
3 to bromthymol blue end
point.>< 

Total of 3 determinations, 
.all to bromthymol blue 
end-point.>< 

Total of 13 potentiometric 
titrations: 2 at 50 ml. 
added NaF, 7 at 75 ml. 
NaF, 4 at 100 ml. NaF 

*The bromthymol blue end-points were all uncertain to about ± Oo04 ml. 
of 0.5M NaOH due to fading of the color change near the end-point. In 
each case titration was run to point of permanent color change. 

As indicated by the data, the NaF method is in favorable agreement 

with the back titration method. Variations in the amount of NaF added 

produced no noticeable difference provided that a necessary minimum · 

amount was exceeded.; This necessary minimum was not measured carefully; 

but as a convenient rule of thumb, it was found that at least enough 

NaF solution had to be added to produce a finely divided, white pre-

cipitate in the initial zirconium solution. (No attempts were made to 



-14-

identify the precipitate, but it was considered to be probably Na2ZrF6 

or perhaps ZrF4). In all titrations attempted where insufficient NaF 

had been added to produce this precipitate, zirconium hydroxide com-
. ' 

menced to precipitate from solution before the end-point had been 

reached. 

The rather large average deviation observed for the NaF method 

was due mainly to differences obtained using the three different stock 

solutions.. Results obtained with any one "brand" of NaF were consider

ably more consistent o This might indicate that the various blanks u.Sed 

were not internally consistent .. 

The direct titration without added NaF apparently gives low results. 

This was exp~cted due to the readily observed, complete coagulation of 

the zirconium hydroxide precipitate shortly before the end-point. This 

was found to be quite a well-defined point in the careful potentiometric 
10 

titrations of zirconium solutions by Larsen and Gammill and concerning 

which they state: 

'~he appearance of the coagulation point before the theoretical value 
has been interpreted as signifying the formation of basic salts with 
the hydroxyl ion d~ficiency being made up by the anion present in the 
solution.. One could assume as well, however, that the extensively 
hydrolyzed species already present, reacted further with water to form 
the neutral metal hydroxide or hydrated oxide and the hydronium ion, 
the latter ion then being titrated to the end-point .. "' 

Although Larsen and Gammill did not do so~ their data allow a test 

of these two hypotheseso Their observed difference between coagulation 

point and the theoretical value amounted to about 1 ml. of Oo~ NaOH, 

and the total solution volum~ was roughly 100 ml. Therefore if the 

latter case is correct, the observed coagulation pH should have been 

------a.ppr.oximateLy~-and--a-e-tually it was about 5e> Thus one must conclude 

that the precipitate formed at the coagulation point is indeed a 

basic salt. This produces low results for the excess acid found in 
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the direct titration since the precipitated zirconium was ass~med to 

be Zr(OHJ4 or the hydrated oxide equilva.lent. 

Of course, high results 1.-1ould be obtained in both the back titration 

and the NaF methods if in the former any insoluble zirconates are formed 

and in the latter if either oxyfluoride complexes or precipitate are 

formede In any event the various methods must certainly bracket the 

correct answer to within a few percent - an accuracy quite sufficient 

for this work since in nearly all the experiments, the excess acid of 

the zirconium stock solution contributed but a small fraction to the 

total acidity o 

The NaF titration need not be potentiometrico A much simpler and 

nearly as a.ccurate method is to titrate to the phenolphthalein end

pointo This procedu~e was used to determine the excess HCl04 in all 

other zirconium perchlorate stock solutions. 
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IIIe TTK: SPECIES IN SOLUTION AND OPTICAL PROPERTIES 

As a prerequisite to the use of TTA as a complexing agent, it was 

necessary to lmow: ~he species present in benzene and aqueous solutions, 

absorption spectra of TTA and ZrK+3, and distribution coefficients for 

TTA between benzene and various aqueous phases. These topics will be 

discussed in this and the following two sections of this thesis. 

S12ecies in Solution 

A number of detailed investigations14~lS,l9 have been made con-

cerning TTN species in solution. The results can be summarized as: 

approximately 98% keto-hydrate and 2% enol in aqueous solutions, at 
'. 

least 97% enol and possibly 3% keto in "dry" benzene, and approximately 

90% enol and 10% keto-hydrate in benzene solutions which have been 

previously equilibrated with an aqueous phase. The formulas assigned 

to the various species are: 

HC--CH · 

H~ ~-~-CH--~·-CF· 
\s/ 2 3 

keto form keto-hydrate form 

enol form 

An additional species, the enolate ion, is of importance only in basic 

solutions ·(acid dissociation constant of TTA~5 : HK = H+ + ~ 
-7) K25o = 2.96 X 10 o 
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Molar Extinction Coefficients 

Due to a certain a.Jnou11t of discrepancy in TT.A. spectral data reported 

by a number of authors,M.,l5, 20 , 21 it was deemed advisable to de~erinine 

e~c-ped.Jllentally TTA molar extinction coefficients at all Havelengths 

pertinent to this research.. This was done for all types .of aqueous 

15 . phases employed since f.fa ttern nas reported changes in molar extinction 

coefficients vlith the ionic media. 

By definition the optical density, D). .1 is equal to the logarithm 

(base ten) of the quotient of the incident light intensity, I 0
, by the 

transmitted light intensity,. I. Through application of Beer's and 

Lg,mbert r s lmTS, the optical density is also shov.m to be equal to the 

. rroduct of the molar extinction coefficient, fA' the. cell length,· 1, 

in centimeters, and the molar concentration, c, of the absorbing species. 

Thus: 

(4) 

The experimentally determined molar eJ~tinction coefficients and the 

necessary data for their calculation are presented in Tables 2-5. A 

summary of the results and comparison with those of other authors is 

given in Table 6. The four 'lrmvelengths listed (266 .. 5, 292, 314.1, and 

366 my) correspond respectively to the two TTA absorption peaks, equal 

molar extinction coefficients for TTA and ZrK+3, and the ZrK+3 

absorption peak. The absorption spectra of TTA and ZrK+3 are presented 

in Figure 3 (Section V of this thesis). The appropriate blank 

corrections have been applied to all listed optical density values. 
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Table 2 

Holar Ex:tinction Coefficients of TTA at 266.,5 Millimicrons and 25°C. 

(TTA) 
Hedia moles/1 x 105 1( em.,) D E: 

~j HClo4 0.,9596 5 0.485 10110 
fl 0.7191 5 0.359 9980 
If 0.,9604 5 OQ483 10060 

" 2.316 2 0 .. 469 10110 
fl 1.,854 2 0.369 9940 
" 2.,316 2 0 .. 459 9900 

-nnmr =====ZbGZ -=== = ---=~_,_,_,_. = 

Table 3 

Molar Ex:tinction Coefficients of TTA at 292 1'1illimicrons and 25°C. 

- (TTA) 
E: Media mo1es/1 x 105 1 (cmo) D 

2]:1 ~C104 4 .. 638 2 0.,7235 7800 
5 .. 713 2 0.,8975 7855 

ff 4. 7(]7 2 0.7375 783Q 

J.11 HC104 4.769 2 o.7545 7910 
+ 7.333 2 1.,1515 7850 

lJ:1 LiCl04 4.720 2 0 .. 7485 7930 

lH HC1o4 6.157 2 0 .. 9555 7750 
+ 4 .. 6(]7 2 OQ7205 7810 

lJ:1 NaC10
4 

4c665 2 0.7335 7855 

Table 4 

Holar Extinction Coefficients of TTA, at 314 ... 1 Millimicrons and 25°C., 

(TTA) 
Media moles/1 x 105 1 D c· 

(em.) 
,._ 

2£! HC104 6 .. 724 2 0.,547 4062 
II 8.,674 2 0.,712 4099 
If 6.867 2 0.556 4043 
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Table 5 

1'1olar Extinction Coefficients of TTA at 366 Mill,imicrons and 25°C. 

(TTA) 
Media moles/1 x 103 1.( em .. ) D 

~,.. r.-.,. 

~ HCl04 2.207 2 0 .. 3785 85 .. 7 

" 2o382 2 0.4095 86.,0 
II lo982 2 0 .. 3395 85 .. 7 
fl 4 .. 644 2 0 .. 7935 85.4 
II 5.718 2 0.9855 86.,2 
II 4.711 2 0 .. 8025 85 .. 2 
II 5 .. 974 1 0.511 85 .. 5 
II lol93 10 1.,014 85.0 

lJj HCl04 4o775 2 0 .. 740 77,.5 
+ 7t.339 2 1 .. 152 78.5 

JJ:1 LiC1o4 4 .. 724 2 0 .. 732 77.5 

1£1 HClo4 3 .. 086 2 0 .. 4155 67.3 
+ 5.557 2 0.7555 67.9 

1~ NaCl04 4 .. 671 2 0.,6265 67.0 

Table 6 

Summary of TTA lvl:olar Extinction Coefficients at 25°C., 

Reference }1edia £266o5 €292 
~ 
~314.1 £366 

This Work 2Ji HCl04 10020 ± 80 7830 ± 20 4068 ± 21 85 .. 6 ± 0.3 

" J.H HC104 + 

lJ:1 LiCl04 7900 ± 30 77.8 ± 0 .. 4 

It J..!1 HCl04 + 

1J:i NaCl04 
7805 ± 40 67.4 ± 0.3 

9 4l:1 HCl04 213 .. 2 

14 O .. OO:IJ:! HC104 10080 7940 

,., 15 o .. 02,M to 
lJj HCl04 10045 ± 70 7850 ± 20 

~~· 20 O .. l33,ti HCl 10140 ± 110 8010 ± 45 

21 O.Ol.tf HCl 10000 7840 
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The experimentally determined molar extinction coefficients at the 
.. ' 

two TTA absorption peaks are seen to be in good agreement with the 

values reported by Mattern15 and Orr2l but less so with those of 

Zebroskil4 and King and Reas. 20 Variations of the ionic media appar-

ently have but a small effect at the absorption peaks. That this is 

not the case when working at the absorption side-bands is amply 

demonstrated and in agreement with Matterno15 
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IV. TT.A:: DISTRIBUTION COEFFICIENTS AND SALT EFFECTS: 

The determination of the equilibrium concentration of free TTAaq 

in the complexing experiments required a knowledge of TTA distribution 

coefficients between benzene and various aqueous phases. As has been 

previously noted, such distribution coefficients were found to be 

markedly dependent upon the nature of the aqueous phaseo All TTA 

distribution coefficient data that could be located are compiled here, 

and it is shown that the observed variations can be explained on the 

basis of salting out (and in) effectso 

TTA Distribution Coefficients 

The equilibrium distribution of TTA between benzene and an aqueous 

phase may be expressed as: 

= 
(TTA)b 

(TTA)aq 

where ~ is the distribution coefficient. The ~ values for various 

aqueous phases were measured by spectrophotometric analysis of the 

equilibrium aqueous phaseo The 292 ~ TTA peak was used for all 

analysese The observed optical densities, in combination with the 

agnupriate molar extinction coefficients listed in Table 6, yield 

values of (TTA) • If initially all the TTA was in the benzene aq 

phase, then it is readily shown that: 

(TTA)~ 

= -A 

(TTA)aq 

where A equals the ratio of aqueous phase volume to benzene phase 

volume. If all the TTA was started in the aqueous phase~ then: 

A (TTA) 0 

~ = 
aq 

-A 

(TTA) 
aq 

(5) 

(6) 

(7) 
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Unless· otherwise noted, the following experimental conditions w~re 

observed in the determination of all ~ values: two centimeter spectre-

photometer cells, all TTA initially in the benzene phase, A = 1 (equal 

benzene and aqueous phase volumes)~ The~imental procedure, without 

the addition of zirconium perchlorate, is identical to that outlined in 

Section II of this thesis~ The data are presented in Tables 7-9. 

Table 7 

TTA Distribution Coefficient between Benzene and 2lj HCl04 at 25°C. 

(TTA)b (TTA)aq 
moles/1 x 104 D292 moles/1 x 105 ~ 

15 .. 03 
15.,03 
14.,50 
14o50 
4 .. 974 
5.599 
7 .. 618 

o .. 642 
0.646 
0.619 
0.613 
0.5305* 
0.5975* 
0.,8135* 

~~5 em., cell. 

Table 8 

4.100 
4.125 
3 .. 953 
3 .. 914 
lo354 
1.525 
2.,076 

Mean Value: 

35.7 
35*4 
35 .. 7 
36.0 
35 .. 8 
35.7 
35.7 

35 .. 7 ± 0.1 

TTA Distribution Coefficient between Benzen~ and L~ HCl04 + lN LiCl04 
at 25°C. 

(TTA)b (TTA) aq 
moles/1 x 103 D292 moles/1 x 105 ~ 

1.509 
1.509 
1.,387 
1.,146 
1.,397 
lo397 

0 .. 499 
Oo508 
0.,458 
0,.382 
0.455 
0.472 

3 .. 159 
3.216 
2.900 
2 .. 419 
2.881 
2.,988 

46.8 
45.9 
46o8 
46 ... 4 

. 47.5 
45o7 

Mean Value: 46 .. 5 ± 0 .. 5 

, .. 
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Table 9 

TTA Distribution Coefficient beti.reen Benzene and I!! HCl04 + J.H NaClo4 at 25°C., 

... (TTA)b 

D292 
(TTA)aq 

~ moles/1 x 103 moles/1 x 105 

3.086* Oe502 3o212 47.5 
1 .. 520 0.,483 3"'091 48 .. 2 
1.,767 0.,556 3 .. 558 48.,7 

lt!ean Value: 48ol ± Oo4 
*(TTA) 0 - all TTA started in aqueous . aq 

. . phase; A = 0., 5 

----· 
Salt Effects on TTA Activi;t;! 

The data presented above illustrate the strong influence of ionic 

media on the value of ~.. As will be seen shortly, even more extreme 
I 

variations in ~ have been observed., Since it does not seem reasonable 

that comparatively minor changes in the aqueous phase, such as replace-

ment of half the hydrogen ions by lithium or sodium ions, can drasti-

cally affect the benzene phase, then the variations in ~ are appar-

ently reflections of changes in the aqueous TTA activity coefficient~ 

If this is the case~ then it can be argued that the complexing co-

efficient E should be defined in terms of the benzene phase TTA_ con-

centration or: 
(ZrK+3) 

(8) E =-----
_./ 

(HK)b ~Zr 

Since E is actually an arbi tr.ary quantity that c.an be defined 

exactly in terms of solution concentrations, there might not at first 

sight appear to be any reason to consider thermodynamic activities~ 

However the _experimental E values and the equation defining them will 

later be used in equations containing various equilibrium constant 

expressions.. Because of a lack of the required activity coefficients, 
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these equilibrium constants are all necessarily expressed in terms of 

the concentrations of,species in solution instead of the respective 

thermodynamic activities.. This uill not affect the conclusions of this 

work as long as the activity coefficients of all pertinent species 

remain reasonably constant" Houever if the activity coefficient of 

any one species such as HKaq is known to be changing, then, and £or 

later convenience only» this variation could be removed by defining 

E in terms of the benzene TTA concentration~ thereby assuming that 

the benzene TTA activity coefficient remains constant" Ho1r1ever there 

is also another factor to consider~ Namely that regardless if E is 

defined in terms of (HK)b or (HK)aq' the concentration of the zir

conium-TTA complex appears in all equations a's the ratio (ZrK+3)/(HK) .. 

Now if the activity coefficient of ZrK+3 is also varying in a similar 

fashion as that of the aqueous TTA, then both effects can be removed 

simply by defining E as in equation (3) and using the aqueous TTA 

concentration., 

As a preliminary to any definite conclusions in regard to this 

problem, it was necessary to express ~ as a thermodynamic function 

of the activities of all pertinent TTA species. The ~ data were 

then analyzed in terms of the expression so obtained in an effort 

to find a rational explanation for the observed variations in the TTA 

distributi.on coefficient., 

In the following equations, all activity coefficients are on 

the moles per liter scale and are indicated by the symbol f with 

suitable subscripts~ The standard state of all species, including 

water dissolved in benzene, is the hypothetical one molar solution 

with infinite dilution properties., In the aqueous phase, the standard 
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state of water is the pure liquida 

As stunmarized in Section III of this thesis, the keto-hydrate and 

enol forms of TTA are the only species .that need be consideredo Then 
. - • 1, ·-

letting ·.(E') equal concentration of TTA enol and (KH) equal concentration 

of TTA keto-hydrate: 

(E)b + (KH)b 

~ = = (9) 

(TTA)aq (E) + (KH) 
aq aq 

Since the enol form comprises no more than 2% of the aqueous TTA, as 

the first approximation it will be assumed that: 

= 
(E)b + (KH)b 

(KR) 
aq 

(10) 

(King and Reasl3,l9 state that the amount of enol in an aqueous solution 

could range from 0 to 3% and assumed the former figure in their success-

ful analysis of the anomalous approach to equilibrium of TTA distri

bution coefficients.) 

Consider next the equilibria: 

Eb + H20b = KHb 

H20aq = H20b 

and the respective equilibrium constants, K1 and K2: 

Kl = 
(KH)b fKHb 

(E)b fE (H20)b fH Ob 
b 2 

(H20)b fH Db 
K2 = 2 

[H
2
o] 

(11) 

(12) 

(13) 

(14) 

( 
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"1.-Ihere [H2o]_= activity of 1rrater in the aqueous phase. A thermodynamic 

distribution coefficient for the keto-hydrate form only is defined as: 

= (15} 

(KH) fKH 
aq aq 

Substitution of (13)-(15) in (10) yields, after suitable' manipulation: 

rKH = 
. aq 

Since = 

[ 
[.H20] fEb 

po. -r~ 
KH KHb 

(E)b fEb [H20] 

(KH)b fKHb 

(16) 

+ 

(17) 

and assuffiing [H2~to be approximately one and the activ.ity coefficients 

of ~ and KHb to be roughly equal, then on the basis of 9 to 12% of KHb 

and 91 to 88% of~ as reported by King and Reas, 19 the value of l/K1K2 

is est:Unated to be 9.. The value of P~ can also be estimated on the 

basis of the percentages of KHb and KHaq and the fact that ~ at low TTA 

concentration and low aqueous phase ionic strengthapproaches the value 

of 40. PKH is thus taken equal to 4o (King and Reasl9 estimated 5.3 

at a TTA benzene concentration of o.~) 4 Substituting these values in 

(17) and again assuming that the activity coefficients of Eb and KHb 

cancel, we obtain: 

= 
4{[H2g + 9J 

Table 10 presents a summary of rKH values calculated on the 
aq 

(18) 

basis of equation (18) from all TTA distribution coefficient data that 

could be located in the literatuxeo King and Reas20 have determined 
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the average activity coefficient of all TTA. species in the benzene phase 

as a function of TTA concentration, and their values were used as an 

estimate for fE 0 Solution densities for molal-molar scale conversions 
b 

and osmotic coefficients for calculation of water activities were ob-

tained from: Markam, 22 Stonehill_, 23 Robinson and Baker,24 for HCl04; 
25 26 • 27 26 . Lange, Jones for NaCl04; Mazzucchelli and RossJ., Jones, for 

LiClo4; Harned and Owen, 28 Robinson and St~kes,29 for HCl and NaCl. 

In the cases where the aqueous phase contained mixed electrolytes, 

water activities were calculated as mean valueso (Thus in 1~ HCl + 

1~ NaC11 the value of [H2o] was assumed to be the average of the water 

activity in 2!;:! HCl and in 21:1 NaCl)., The last colUmn of Table 10 

represents the quotient of log fKH by the ionic strength p~ As such 
aq 

it demonstrates the use of the Setschenow salting equation9 log f ~ kc, 

which is generally applicable for the salt effect upon neutral mole

cules (c is the molar concentration of the salt and k1 a constant 

dependent upon the salt and the neutral molecule, is the salting 

coefficient)o Randall and Failey30 have shown that this equation is 

not strictly valid, but it remains a useful first approximationo 
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Table 10 
" 

Benzene-Aqueous TTA. Distribution Coefficients 
and Activity Coefficients of Aqueous TTA at 25°Ce 

Refer- (TTA)b 
[H2o] 

r log rKH- ,.,· . 
ence ~ moles/1 fEb Aqueous Phase KHaq aq 

Jl 

31 40.0 0,.0109 0.,99 0.,015711 HC104 0.,999 0.99 -0.,28 
31 37,.4 0 .. 0108 0.99 ll:j it 0.,961 0.,89 -0.051 
31 37.,1 0~0108 0 .. 99 2]j 11 0.,905 0.84 -0,.038 
TW.* 35.7 0.,0015 1.,00 2M II 0 .. 905 0 .. 82 -0,.043 

7 35 ? 1 (?) 2!1 II Oo905 0 .. 80 -0.,048 
32 37 .. 0 0.0730 0 .. 94 2H IV 0,.905 0.,80 -0.048 
31 45 .. 7 0.,0109 Oc-99 4.!:! II 0.,727 0.,84 -0.,019 
31 84419 0.,0110 0.,99 6 .. 541i " 0,.388 0.,87 -0.,009 

33 49 0.,490 0.,82 Oo-5!1 NaCl04 + 0,.09_M HCl04 0.,980 0.,98 -0.,015 
33 57 0 .. 491 0.,82 ~ ·" + n 0_.962 1.,13 0~049 
33 76 0.,494 0.,82 211 II + li 0 .. 923 1 .. 45 0,.077 
33 167 0$497 0.,82 4!.1 " + II '0.,826 2.,etl 0 .• 112 
33 443 0<1>499 0.,82 6!;1 If + li :0.,698 6 .. 52 0 .. 134 

TW.* 48 .. 1 0.,0017 1.,00 ~ HCl04 + ~ NaCl04 .. 0 .. 917 1.,11 0,.023 

T1rl ~ * 46.,5 Oo0015 1.,00 1!:1 HCl04 + ~ LiC104 0.,904 1e06 0 .. 013 

20 40~0 0 1 O.ll5M HCl 0~996 1.,00 0.,00 

34 58 0,.0393 0.,97 21;1 HC1 0 .. 914 1.,29 Oo055 
34 59 0.,0983 0.,93 II 0 .. 914 1e26 0.,050 
34 61 0$216 0.,88 " 0.,914 1.,24 0.047 
34 62 0 .. 295 0.,86 II 0.,914 1"23 0.,045 

34 65 Oo0394 0.,97 1.,6.M HC1 + 0.,4M NaC1 Oo917 1 .. 45 05 081 
34 71 0.,296 0~86 " + IJ Oo917 1.,41 0 .. 075 

34 75 0.0395 0.,97 1.,2!1 HC1 + 0 .,8!! NaCl 0.920 1.,68 0.113 
34 77 0~0987 0 .. 93 If + If 0 .. 920 1.,66 0.,110 
34 79 0.296 o.s6 I! + " 0.,920 1 .. 57 0,.098 

34 85 0.,217 0.,88 ]:!1 HC1 + J.l1 NaCl 0.,921 1..74 0.,120 

34 87 0.,0395 0.,97 o.8H HCl + 1.,2M NaC1 0 .. 922 1.,96 0.,146 
34 89 0.,0989 0.,93 " + fl 0.,922 1.,92 0.,142 
34 94 0.,297 0.,86 It + fi 0.,922 1.88 0.,137 ... -

34 91 Oe0396 0.,97 0.,~ HC1 + 1.6M NaC1 0,926 2,.05 0.,156 
34 110 On297 0.,86 Bl + " 0 .. 926 2.,20 0.,171 

34 97 0.,0396 0.,97 2!1 NaCl 0.928 2 .. 19 0,.170 
34 113 0.,0991 Oc.93 ft 041928 2 .. 45 0.,195 
34 126' 0.,298 0.,86 II 0 .. 928 2 .. 53 0 .. 201 
TW.,* = This Work 
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The values listed in the last column of Table 10 represent quite 

reasonable salting coefficients for the respective electrolytes (see 

Harned and ~yen35 for an extensive list of salting coefficients). Thus 

the observed variations in p can be adequately interpreted as a combin

ation of salting out (and in) effects plus accompanying changes in the 

water activity. 

Provided that the SetschenovT equation is valid, the calculated 

salting coefficients should be constant in the HClo4 series of data 

and nearly so in the NaC104 plus o.09li HCl04 serieso The fact that 

there is considerable variation is not considered unreasonable in view 

of the empirical nature of the Setschenow equation and the number of 

approximations and estimations employed in the derivation of equation 

(18). Also the HCl-NaCl series indicates the inadequacy of replacing 

fE ·with the average activity coefficients of King and Reaso 20 Or 
b 

possibly it is an indication that these activity coefficients are 

strictly valid only when the aqueous phase corresponds to that of their 

experiments (Ooll~j HCl)o 

The next problem to consider involves the complexing coefficient 

E and the salting effects on aqueous TTA activity. Specifically it is 

necessary to decide if the salting effects should be ignored - on the 

basis that they are canceled by an equal effect on the similar species 

ZrK+J - or if they should be removed, either by use of the activity 

coefficients in Table 10 or the approximately ~quivalent procedure of 

equation (8). Direct experimental evidence to resolve this problem 

does not exist. However an ans-vrer can be obtained from the consider-

able quantity of data in-the literature for the analogous situation of 

salting effects on the dissociation constants of weak acids. 

The dissociation of a weak acid and the corresponding equilibrium 
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constant are represented by: 

Ff..A. = H+ 

Ka = K c 

+ A-

fH+fA-

fa4: 

(19) 

(20) 

Where Ka is the thermodynamic dissociation constant and Kc is the so-

called concentration "constant", i.,e": 

K = c 
(21) 

Principally through E,.M'"Fe studies of cells Hith and without 

liquid junctions, values for the activity coefficient ratio fH+fA~/fHA -

at infinite dilution of the acid and in various salt solutions - have 

been evaluated for a large number of weak acids 9 The observed activity 

coefficient ratios vary with the salt employed and the ionic strength~ 

However at a fixed concentration of any given salt, the value of 

fH+fA_/fHA is nearly independent of the weak acid. This has been found 

to be so even though the salting effects on the undissociated part of 

the various weak acids (as represented by fHA) vary widely. On the 

basis of this experimental fact, Larsson and Ade1136 have suggested 

that the activity coefficient of the weak acid anion should be repre-

sented as the product·of two factors representing respectively the 

salting and charge effect or: 

(22) 

This salting factor in fA- is then largely canceled by fHA, leaving 

the activity coefficient ratio as: 

= = (23) 

and f_ is presumably approximated by the activity coefficient of a 

small minus one ion in the same salt solutiono (It is interesting to 

.. 

..• 
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note that in the recent theoretical equation for salting coefficients 

derived by 11cDevit and L6ng,.J7 salt effects are predicted to vary as 
" 

the partial molar volume of the salted out (or in) species. The salt 

effects on species of closely related dimensions such as HA and iC 

would thus be expected to be ve1~ similar 0 ) Equation (23) indicates 

that the activity coefficient ratio should be independent of the weak 

acid and in addition should assume values very similar to the activity 

coefficient product of 1-1 electrolytes at infinite dilution in the 

same salt solutiono 

Figures 1 and 2 illustrate how well the above conditions are 

obeyed in sodium and potassium chloride solutions 0 Utilizing the 

data of Larsson and Adell,36 the average of the logarithm of the 

activity coefficient ratios for 24 organic acids are plotted versus 

the square root of the ionic strengtho vfuere they become appreciable, 

average. deviations from the mean value are indicated by vertical lines. 

For comparison to the activity coefficient product of a 1-1 electrolyte 

at infinite dilution in the same salt solutions, the smooth curve in 

each case represents values of log f +f _ as calculated from the very 
H OH · 

accurate data that exist on the ionization constant of water 0 38 (In 

similar plots Harned and Owen39 use the square of the mean activity 

coefficient of HCl at infinite dilution in the salt solution). 

The deviations produced by applying salting out corrections for 

the undissociated part of the weak acid only are illustrated in the 

case of two of the acids - acetic and benzoic., The former is an 

example of a small to moderate salting effect (salting coefficients 

approximately 0.,04 in KCl and 0 0 08 in NaCl) and the latter of a fairly 

large one (salting coefficient approximately 0.,14 in KC'l and Ool8 in 
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NaCl). The values of fHA for these calculations were obtained from 

· fu.ndall .. and Failey3° .. for. a~etic acid and from'Kilpatrick.4°·for benzoic 

·acid .. All data in.Figures 1 and 2 are at 25°C., and are on the mo_;Les 

per liter scaleo ··The~necessary solution densities arid osmotic· coer-

ficients were obtained from the sources quoted for the data in Table 10" 

On the basis of the above discussion of salt effects on weak 

acids, all values of the complexing coefficient E were calculated from 

the equation: 

E = 
(ZrK+3) 

(HK) ~Zr aq 

(24) 

It was thereqy assumed that the salting effects on TTA activity are 

canceled by an equal effect on the TTA complex ZrK+3& The resultant 

residual activity coefficient11 as in equation (23), of ZrK+3 would 

then be expected to be that of a small +3 ion. 

(_). 
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V.; ABSORPTION SPECTRUJv1 OF ZrK+3 

NcVey9 has reported that the first zirconium-TTA\ chelate, ZrK+3, 

exhibits a maximum light absorption at 366 millimicronso By a method 

involving the equilibrium constant of reaction (2): 

(25) 

and lmown initial concentrations of zirconium and TTA, McVey determined 

!C and € 366 of ZrK+3 by a series· of optical density measurements in 4I'j 

perchloric acid solutions o His reported values» all at 25°Co» are K = 

1084 and_£ 366 of ZrK+ 3 ;:: 2 0 34 x 104., 

Since the spectrophotometric method of analysis was used exclusively 

in the study, the molar extinction coefficient of Zr~3 is necessarily a 

constant of prime importance., It was thus desirable to check McVey's 

results by a new determination at the ionic strength of two employed 

in this worko 

Efforts to do so by use of McVeyns method were not successful 

since as a necessary prerequisite, one must have a fairly wide working 

range of zirconium concentrations where the monomer is the only important 

zirconium species~ Such a range is available in 4ll but not Z~ acid 

because of the high hydrogen ion dependence of zirconium polymerizationo 

Therefore it was necessary to devise a new method for the determination 

of the ZrK+3 molar extinction coefficient., Briefly this method gives· 

a measure of ~ZrK+3 by the change produced in the optical density of 

an aqueous TTA solution by the addition of zirconium., 

The optical density9 including solution background and cell blank, 

of a TTA solution of concentration (HK) n and at any wavelength x may be 

expressed as: 



Df = 1 
1 

e: x 
HK 
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CHK) 11 + rr: 
cell 

(26) 

X where D represents the combined blank contribution of solution and 
cell 

cell. · The optical density, in the same cell1 of an identical solution 

plus added zirconium is: 

D~ = 1 ~x (HK) 
1 L' HK 

where (HK) and(ZrK+3) .are related by: 

(ZrK+3) = (HK)t - (HK) 

+ .nX 
cell 

(27) 

(28) 

(Actually the ~ell value of equati?n (27) is identical to that of (26) 

only after a very small correction has been applied for the additional 

absorption caused by the zirconium*) 

Equations (26)-(28) can be combined to give: 

Dill - o£1 ~ !UJf • {e:~rJr'3 -e:~ J (zrJr'3) (29) 

If optical density measurements are made on the same pair of solutions 

at any'other wavelength y and if xis taken equal to 366 I1911 the results 

can be combined to give: 
< 

- £~6 Lm366 366 
€zrK+3 ky ' 1 (30) - = .. -~ = 

-6Dy (£.Y <E ~rK+3 
1 -1 ,.ffi( 

If y is such a wavelength that the molar extinction coefficient of 

ZrK+3 is negligibly small compared to that of TTA1 then equation (30) 
366 

in combination with the ·independently measurable values of~ and 

-£HKY would allow an immediate determination of(366 +3.. Regrettably 
ZrK 

no such wavelength was found to exist, and hence a second series of 

experiments must be performed in order to utilize equation (30)a This 

second series is very similar in principle to the first but employes 

a two phase, benzene-aqueous systeme Optical density measurements are 

again made on the aqueous phase with and without added zirconium~ 
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However in this case the benzene phase acts as a reservoir for TTA, and 

hence all optical density values are increased by the addition of zir-

conium. 

Let (HK) 0 equal the total initial concentration of TTA. - all in the 

benzene phase- and (HK)? equal the equilibrium concentration of aqueous 

TTA with no added zirconium and (HK) equal the equilibrium concentration 

of aqueous TTA with added zirconiumo Then by equation (5) and if the 

benzene and aqueous phase volumes are equal: 

(HK) 0 - (HK) v 

(HK) n 

(HK) 0 - (HK) - (ZrK+3) 

(HK) 

(31) 

The difference of equations ex.a.ctly similar in form to (26) and (27) 
( 

yields: 

Dx = Df -= b.D~ = l{£~rK+3 (ZrK+3) ~€~ [ (HK)' - (HKi(32) 
B2 2 

Substituting (31) into (32) 9 we obtain: 

AD~ ~ 1 ~~rK+3 - £~ J (ZrK+3) 
[ ~+1 

(33) 

Again if optical density measurements are made on the same pair of 

solutions at another wav&length y and if x is taken to be 366 ~9 the 

quotient of the 6D2 values gives: 

366 
b.D 2 
!::.DY 

2 

€. 366 € 366 
_c~_+_l_)_~zr_K_+_3 __ -_H=K- = k y 

(~ + l) €. ~rK+3 - JE.~ 2 
(34) 

366 
At any given y9 the value of E:Zr~3 can now be obtained by simultaneous 

(35) 

For the case where cfuc '=€~rK+3 or ~y = ()('), equation (35) reduces 
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€366 = 
ZrK+3 

y y ,... 366 
~k2 €: riK + ~HK 

to: 

(36) 

~ + 1 

•' 
To utilize equation (35), aqueous phase optical density measurements 

were made on pairs of solutions ~rom one and two phase equilibrium 

systems. One solution from each pair contained added zirconium perchlo-

rate and the other did not. Since for the most part the ~D values so 

obtained represent rather small differences, the experimental error 

for any one determination could be quite largeo Therefore several 

solutions were analyzed at a total of 3 wavelengths (in addition to 

the necessary 366 Ill)l) in order to obtain a reliable average value for 

~ 366 ~;;;.. z:r:rr+3o The 3 wavelengths selected - 266.5, 292, and 314~1 I191 -

correspond to the two TTA absorption peaks and the wavelength where 

€HK = £ZrK+3• This last wavelength is indicated by a ~D value of 

zero in the one phase experimentso As such it was first determined 

approximately from experiments using a Cary Recording Spectrophoto-

meter., More precise measurements with a Beckman Hodel DU Spectro-

photometer, and on 3 independent solution pairs, gave an average 

value of 314 .. 1 ± 0.,1 Ill)lo 

All aqueous solutions were ~ in perchloric acid. The zirconium 

concentration varied roughly from o .. o~ to Oa04,M and the initial TTA 

concentration from Oc7 x 10-~ to 2 x 10-51:1 in the one phase runs and 

3 x lo-41:1 to 5 x 10-4£:1" in the two phase experiments.. (This method 

does not require a knowledge of the TTA or zirconium concentrations; 

the only restriction is that the initial TTA concentration in each 

solution pair must be identical .. ) Equal benzene and aqueous phase 

volumes were used1 and all experiments were performed~t 25.,00 ± o.05°C. 

Five cme and two em., absorption cells were employed respectively in runs 
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1-3 and 4-6; and unless otherwise indicated; two em .. cells were used 

for runs 7-12.. The experimental procedure was identical to that out-

lined in Section II of this thesis., 

The data and calculated results are presented in Tables llA-llCo 

The necessary values of E: fuc and ~ are given in Tables 6 and 7 o The 

plus or minus values listed in Table llC were obtained as follows: For 

k1 and k2~ they are average deviations from the mean experimental 

values., For €. ~~~+39 they are calculated as pro!fable errors 9 utilizing 

as uncertainties the average deviations listed for k1$ k2»E:~~ and p., 

Since the wavelength were €.uv = E: + 3 was found to be uncertain by n•• ZrK 
0 .. 1 !!91,11 the uncertainty in E ~~.,l was increased to ± 60 for these 

calculations .. The final value of E: 366+3 represents the average of 
ZrK 

the listed values» each weighted inversely according to the calculated 

probable error.. This final value is considered to be in sufficiently 

good agreement with 'J.IIcVey 7s9 value of €.~~~+3 = 2.,34 x lo4 since an 

examination of his data shows that this result is uncertain by at 

least 3%.. In addition there may be an effect due to the ~ Berchloric 

acid medium employed in his work and the 21:! perchloric acid used in 

--this determination.. It should also be mentioned_that the ZrK+3 

absorption peak was found to occur at 365 mp. in this work in comparison 

to NcVey' s result of 366 If9lo 

Once the value of £366 has been determined9 equation (30) 
ZrK+3 

allows the calculation of e +3 at any other wavelength by the one 
ZrK ·· 

- +3 ' 
phase 3 k1 experiments only" The absorption spectrum of ZrK. was thus 

obtained by running suitable solution pairs on a Cary Recording Spectre-

~~otometer., The smooth curve, average result of~two such determinations 

is illustrated in Figure 3., The absorption spectrum of TTA is also 

presented for comparison., 
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Table llA 

Determination of £366 
3 

in 2M HC'l04 - One Phase Data 
ZrK+ -

Run tmj_66 -ilD292 
1 

-ilD266.5 
1 

J292 
1 

'k266,.5 
1 

·~~-

1 0 .. 709 0.,0735 0.,189 9 .. 65 3 .. 75 
2 0.,525 0.,057 0..,136 9 .. 21 3.,86 
3 0 .. 6325 0.;,0705 0.,1715 8.,97 3.69 
4 0 .. 7145 0.,071 0.1905 10 .. 06 3 .. 75 
5 0.573 0,055 0 .. 1455 10.,42 3 .. 94 
6 0.5735 0,0585 0.,1495 9 .. 80 3o84 

Table llB 

Determination of £ ~~~+3 in 21:1 HC1o4 .- Ti;,ro Phase Data. 

366 314 .. 1 292 266.5 314.1 292 266.5 
Run ilD ilD2 ilD ilD2 k2 k2 k2 2 2 

7 Oo615 0.,1155 5.32 
8 o. 7165 0.137 0.,1035 5,23 6.92 
9 0 .. 5555 0.,1125 4.94 

10 0.,5705 Oe2325* 0.,2855* 0.,078 6.,13 5,.00 7.31 
11 0.,5005 0.,213* 0 .. 2455* 0.,0645 5.87 5.10 7.76 
12 Oe5835 0 .. 2385* 0.275* 0 .. 0905 6.,12 5 .. 30 6 .. 45 

* 5 em. cell-multiply ilD by 0.,4 to calculate k2 

Table llC 
. 366 

Determination of ESZrK+~ in 2~ HCl04 - Summary and Calculated Results 

Y (mp) 

314.1 
292 
266 .. 5 

00 
9.,68 ± 0.,.41 
3 .. 80 ± 0.,07 

~ 366 -4 
YZrK+3 x 10 

6~04 ± 0611 2o39 ± o~o6 
5 .. 15 ± 0.,14 2.,56 ± 0.,09 
7~11 ± 0~43 2.42 ± 0.,18 

Weighted average: 2.".45 ± 0.,09 
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Fig. 3. Absorption Spectrum of TTA (l) and ZrK+3 (2) in 2! HCl04 
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VI.. ZIRCONIUM-TTA. COHPLEXTim COEFFICIENTS 

Sufficient information is now available to determine values or the 

complex~g coefficient E" as defined by equations (.3) and (24). In the 

following equations (HK) 0 refers to the initial concentration of TTA· 

in both the one phase and two phase experiments (in the two phase 

experiments it will be understood that all TTA was initially in the 

benzene phase). The equilibrium aqueous phase concentration of' TTA. 

and the first zirconium chelate are always represented by (HK) and 

(ZrK+3). The initial and equilibrium aqueous phase concentrations of 

zirconium perchlorate are given by ZZr0 and ZZr.. In the two phase 

experiments the ratio of aqueous phase volume to benzene phase volume 

is abbreviated as Ao 

Two Phase Experiments 

In the case of unequal benzene and aqueous phase volumes, equation 

(.31) is modified to: 

(3 = 
(HK) 0 - A UHK) + (ZrK+.3~ 

(HK) 
(.37) 

From optical density measurements or the equilibrium aqueous phase -

all ·at .366 I91: 
(ZrK+.3) = D/1 - (HK) Erne 

€zrK+.3 
(.38) 

and D is understood to be the residual optical density after all necessary 

blank corrections, including the small absorption of the zirconium at 

high zirconium concentration.. Simultaneous solution or (37) and (38) 

yields:· 

(HK) == 
(HK)o GZrK+3 - AD/1 

(39) 
((3 + A) GZrK+3 - A~ 

After obtaining (HK) from (39) and then (Zr~3) from (38), ZZr is simply 
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obtained by: 

(40) 

One Phase Experiments 

E"quation (38) also applies in the one phase experiments and since: 

(41) 

then substitution of (41) in (38) gives: 

D/1 - (HK)o €HK (42) 

and ~Zr is again obtained by equation (40). 

All quantities are now available for calculation of the complexing 

coefficient E by equation (24)o The experimental procedure has been 

described in Section II of this thesis 9 and the data are presented in 

T ables 12-J4e One phase experiments are indica ted by an A value of co. 
' . . 366 366 

The necessary values of € HK , p, and €zz.K+3 are as listed in Sections 

III-V~ In certain of the two phase experiments where high TTA concen

trations were used, it was necessary to apply small corrections for 

zirconium extracted into-the benzene phase as ZrK4 - see reaction (2). 

Such corrections were applied by utilizing the data of Connick and Reas8 

for a successive approximation calculation of the ZrK concentration. 
4 

Corrected "initial" concentrations of TTA and zirconium were then employed 

to calculate Eo 



Table 12 

~irconium-TTA Complexing Coefficients in ~ HClo4 at 25°C 
-

1:Zr0 - -~ -~ (HK)o - (HK) - (ZrK+.3) L:Zr .3 
Run moles/1-x 103 mo1es/l .x 1o4 A 1 D.366 mo1es/1 x 105 moles/1 x 106 mo1es/l x 10 E (em) 

2-1 0 .. 02069 11 .. 99 00 5 0.974 119 .. 5 .3.78 0.01691 187 
0.971 119 .. 5 .3~75 0.,01694 185 

2-2 0.0.3211 8.994 Co 5 0.941 89 .. 48 4 .. 56 Oo02755 185 
0.941 '89 .. 48 4o56 0~02755 185 

2-.3 0.0.3924 6o.314 Oo 5 Oo752 62.75 .3 .. 95 0 .. 0.3529 178o5 
0.749 62c75 .3.92 0~0.35.32 177 

2-4 0.,06419 -5 .. 996 Oo 5 1.,009 59 • .34 6 .. 17 0 .. 05802 179 
1,.011 59o.34 6,18 0.,05801 180 I 

2-5 0.,09505 25.,25 1 10 0 • .318 
t: 

6 .. 87- 1 .. 06 0.,09.362 164~< I 

0.,.32.3 6o87. 1.,08 0.,09.359 168* 

2-6 0.,1956 1.26.3 Qo 5 Oo54J 12.,2.3 4 .. 01 0.,1916 171 
0 .. 545 12 .. 2.3 4.02 Ool916 172 

2-7 0 • .315.3 2.3.,87 1 10 0.84.3 6.48 .3 .. 21 0 • .3111 159.5* 

2-8 0.5208 0.5052 co 5 0 .. 516 4 .. 647 4 .. 05 0~5167 169 
. 0 .. 516 4 .. 647 4 .. 05 0.5167 169 

2-9 0.7875 5 .. 024 1 10 0.417 1 .. .364- 1.65 0.7858 154 

2-10 1 .. 299 .3~680 2 .. 5 5 0.241 0 .. 951 1.9.3 1.,297 157 
0.2.37 0.951 1.,90 1,.297 154 

*Corrected for (ZrK4)b - see text 

·-



Table 12-2 

- .ZZr0 (HK)o (HK) - (ZrK+3) 6 l:Zr 
Run mo1es/1 x 103 mo1es/1 x-1o4 A 1(cm) D:J66 moles/1 x 105 moles/1 x 10 moles/1 x 1t3 E 

2-11 2 .. 597 3 .. 680 2o5 5 0.,421 0.,941 3 .. 40 2o594 139 .. 5 
0.416 0.,941 3.36 2 .. 594 138 

2-12 3 .. 871 3 .. 680 2 .. 5 5 0 .. 5395 0.,934 1~ .. 37 3 .. 867 
,, 

121 

2-13 6 .. 278 1 .. 459 1 .2 0 .. 1202 Oo391 2 .. 44 6 .. 276 99 .. 4 

2-14 6.297 3 .. 879 1 2 00 3125 1.040 6 .. 34 6.,291 97 .. 0 
0 .. 3095 1.040 6 .. 28 6 .. 291 96 .. 0 

2-15 12.44 1.459 1 2 0.1645 0.,388 3 .. 34 12.,4/} 69.2 

2-16 12.46 5 .. 071 1 2 0 .. 578 1.,350 11 .. 8 12.45 69 .. 9 }.. 
2-17 13.09 4 .. 964 1 2 0.,573 1.,321 11 .. 6 13 .. 08 

\J'l 

67 .. 3 I 

2-18 18.10 4 .. 784 1 2 0.,617 1,.269 12 .. 5 18.,09 54 .. 6 

2-19 24 .. 19 4 .. 784 1 2 0.,7185 1,.264 14 .. 6 24.18 47o8 

2-20 24 .. 69 3 .. 879 1 2 0 .. 5855 1 .. 024 11.9 24 .. 68 47.1 

2-21 26 .. 18 3o310 1 2 0.502 0.,874 10.2 26.,17 44 .. 6 

2-22 31 .. 03 5 .. 071 1 2 o.832 1.336 16.9 31.01 40 .. 9 

2-23 39 .. 28 3 .. 310 1 2 0 .. 585 0.870 11.9 39 .. 27 34.8 

2-24 61.98 3.879 1 2 0 .. 821 1.011 . 16 .. 7 61 .. 96 26.,7 
0 .. 805 1 .. 012 16 .. 4 61.96 26,.1 



Table 12-3 
ZZr0 _ (HI\) 0 (HK) · _ (ZrK+3) ZZr 

Run moles/1-x 103 moles/1-x lo4 A. l(cm) n366 moles/1 x 105 moles/1 x 106 moles/1 x 103 E 

2-25 154o8 2.070 1 2 0,655 0.,528 13.4 15~ ... 8 16o3 
0.,647 0.528 13 .. 2 154 .. 8 16 0 1 

2-26 310.,1 2,.070 1 2 Oe955 0.511 19o5 310.1 12,3 
0.952 0.511 19 .. 4 310.,1 12 .. 25 

... 

Table 13 

Zirconitun-TTA.Comp1exing Coefficients in~ HCl04 + 1~ LiCl04 at 25° G 
t--- .6Zr0 (HK) 0 (HK) (ZrK+3) .6Zr 0'-

mo1es/l x 103 moles/1-x lo4 moles/1 x 105 - 6 moles/1 x 103 
I 

Run A L ) D366 moles/1 x 10 E 
\Cffi -

1-1 0.02097 10.06 00 5 0.,875 100o2 3.96 0 0 01701 232 
0.875 100$2 3o96 0~01701 232 

1-2 0.03920 6"289 co 5 0.,986 62 .. 28 6.07 0.03313 294 
0.984 62.28 6 .. 05 0.,03315 293 

1-3 0.05223 2o516 00 5 0.541 24.,80 3~63 Oo04860 301 
0.541 2.4.,.80 3o63 0.,04860 301 

1-4 0.07811 1,.529 00 5 o.~.87 14 .. 94 3 .. 50 0,.07461 314 
Oo488 14 .. 94 3.51 0 .. 0746o ' 315 

1-5 0.,1302 0,.956 co 5 0.500 9.,18 3.79 0.,1264 327 
0.501 9.18 3e80 0 .. 1264 327 
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Table lJ.-2 
~r0 (HK) 0 (HK) _ (ZrK+3) L:Zr 

Run moles/~ x 103 mo1es/1 x lo4 A 
1

(cm) D366 mo1es/1 x 105 mo1es/l x 106 moles/1 x 103 E 

1-6 0~1953 

1-7 Oo3255 

1-8 0~3255 

1~9 Oo4672 

1-10 0.,4673 

1-11 0~6486 

1-12 0.,6487 

1-13 10 038 

1-]4 10 619 

1-15 3~209 

1-16 5ol87 

Oe956 

18.,52 

17o90 

18o52 

17o90 

18.,52 

17o90. 

7.246 

7.246 

7o246 

5,.010 

c:>O 

2o4 

2o4 

2o4 

2.,4 

2o4 

2o4 

2.4 

2 .. 4 

2o4 

2o4 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

0.,718 9.,00 
0 o720 9o00 

Oo489 3.,74 
0,.471 3o74 

Oo471 3.,62 
Oo452 3o62 

Oo649 3o73 
Oo625 3.,73 

Oo623 3.,61 
Oo603 3o61 

Oo787 3.,72 

Oo779 3o60 
0.,770 3 .. 60 

0.,4125 1.,465 
Oo4095 1~465 

0 .. 5195 1.,461 
Oo4955 1o462 

0.6695 1.455 
0,.6625 1 .. 455 

0.555 1.002 
0 .. 553 1.002 

5o 57 
5o 59 

3o87 
3o73 

3 .. 73 
3o58 

5ol8 
4 .. 98 

4 .. 97 
4,.81 

6.,31 

6o24 
6.,17 

3o32 
3o30 

4.,19 
4o00 

5.42 
5 .. 36 

4 .. 50 
4 .. 48 

*Corrected for (ZrK4)b ~ see text 

Oo1897 
0~1897 

0.,3203 
Oo3204 

Oo32o6 
Oo3207 

0.,4604 
Oo4606 

Oo4609 
Oo4610 

Oo6404 

Oo6408 
Oo6408 

1.,035 
1,.035 

1o615 
1.,615 

3.204 
3 .. 204 

5ol83 
5.183 

326 
.328 

32.3* 
311* 

321* 
308* 

302i~ 

290* 

299* 
289* 

265* 

271* 
268* 

219 
217 

178 
169 

116 
115 

86 .. 6 
86.,3 

I 

~ 
I 



Table 13-3 
· ~Zr0 (HK) 0 (HK) (ZrK+3) 6 L:Zr 

Run moles/1 x 103 moles/1 x Io4 A 1 (cm) D366 moles/1 x 105 moles/1 x 10 moles/1 x 103 E 

1-17 7,758 5.010 2.4 5 0.620 1.,000 5 .. 03 7 .. 753 64o9 
0.,617 1.,000 5.00 7.753 64 .. 6 

1-18 12.90 3.999 2 .. 5 5 0.588 0.792 '~·78 12.90 46.8 
0.593 0,.791 4.82 12.90 47.2 

' 
1-19 19.40 5,.010 2 .. 4 5 0.855 0.990 6,95 19.39 36 .. 2 

0.854 0.990 6,94 19 .. 39 36 .. 15 

1-20 32 .. 28 3.999 2.5 5. 0.824 0.782 6.70 32.27 26.,6 
0.835 0.,781 6.79 32.27 26.,9 

1-21 48 .. 28 2.016 2.4 5 0.489 0.393 3.98 48 .. 28 21,.0 
0.,505 0.392 4.,11 48 .. 28 21.,7 

t. 
1-22 64 .. 32 3 .. 999 2 .. 5 5 1.084 0.771 8.82 64.31 17.,8 00 

I 
1,089 0.771 8.86 64 .. 31 17 .. 9 

1-23 80.17 2.016 2 .. 4 5 0.,603 0.388 4.91 80"16 15.,8 
0.,609 0.,388 4 .. 96 80.16 15 .. 95 

1-24 128.6 2.,016 2.4 ... 5 0.749 0.382 6.10 128.6 12.4 
0 .. 750 0.382 6.11 128.6 12 0 /;. 

,, 

\. 

<. 
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Table 14 
-

---~r 

Zirconium-TTA Complexing Coefficients in llj HCl04 + 1Ji NaClo4 at 25°0 

(HK) 0 - (HK) (ZrK+3) ·· - - hZr 
Run moles/1 x lo4 moles/1 x 104 A 1(cm) D366 moles/1 x 1o4 moles/1 x 106 moles/1 x 104 E 

11-1 Oo7775 2.,387 00 5 0.,751 2.,332 5 .. 49 0.,7226 326 
0 .. 749 2 .. 332 5o47 Oo7228 325 

1'-2 1.,295 1.,492 00 5 0.,754 1 .. 435 5.,76 lo237 324.5 
Oe751 1.435 5 .. 74 1.,238 323 

11-3 1 .. 944 0 .. 5959 00 5 0 .. 433 Oe5621 3o.38 lo910 315 
0.433 0.5621 3o38 lo910 315 

t-
-o 
' I 

0 



c 
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The data at low zirconium concentr~tions i~ ~he llj HClo4 + ~ 

LiClo4 series of experi.ments indicate that another type of correction 

must be applied. As '"ill be seen shortly in the theoretical treatment, 
' 

at constant acidity E must approach a. constant value as. the zirconium 

concentration is decreased., This condition is met fairly well in the 

211 acid series, but in Dj acid the. E' values reach a maximum and start 

to decrease, EXactly this same behavior has been observed by Connick 

and N:cVey 7 and Connick and Reas "g In each case it. has been attributed 

to the complexing of a small amount of the zirconium by an implirity in 

the solutionso The amount of zirconium 11lost 11 to this impurity complex 

is negligibly small until the zirconium concentration is decreased to 

about lo-411. 

This impurity remains unidentified, but there is some evidence8 

that it is leached off of glass surfaces. As a precaution against 

this, all bottles, flasks and pipettes used for zirconium solutions 

were coated with 11Dri-Film11 , which is SiC12 (cH3) 
2

4 This compound is 

hydrolyzed by the thin film of 1rrater ·present on an air..;.dried glass 

surface to give a hydrocarbon surface which is not wet by water& In 

addition a careful cleaning procedure, which included a 24 hour treat-

ment with potassium dichromate-sulfuric acid cleaning solution and a 

final 30 minute steam-rinsing, was used on all glass apparatus. These 

precautions apparently met 1vith a fair amount ·of success since no 

evidence of the zirconium-impurity complex was observed in Zj.perchloric 

acid. Since the impurity effect was thus limited to the ~ acid 

experiments, the lithium perchlorate stock solution is suspected 

as the source of the impurity - despite the considerable effort that 

was expended in an effort to obtain a pure solution (see Section II). 
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The presence of the impurity certainly· introduces a considerable 

uncertainty in the ~ acid values of E at low zirconium concentrationo 

However a quantitative correction for this effect can be madeo This 

correction is based on the simplest possible assumption: that the 

amount of zirconium complexed by the impurity is constant in all the 

llj HC1o4 + ~ LiClo4 experimentso If this is the case, then over the 

zirconium concentration range where the complexing coefficient is 

constant, which cQrresponds to zirconium monomer as the only important 

species - see Section VII: 
E~r 

(43) 

EZr - k 

where E0 is the true (constant) value of the compleY~ng coefficient, 

' E is the experimentally observed va"Iue9 and k represents the constant 

concentration of zirconium in the form of the impurity complexo Equation 

(43) can be rearranged to give: 

~r = E~Zr/E0 + k (44) 

Thus a plot of ~r versus E~Zr should be linear with a slope equal to 

l/E0 and intercept equal to ko The excellent straight line obtained 

with such a plot is illustrated in Figure 41 using the five points of 

lowest zirconium concentration from the Dj HClo4 + ~ LiClo4 series. 

At higher concentrations, polymerization of the zirconium becomes 

appreciable. The values of E0 and k obtained from the slope and inter

cept are E0 = 341 and k = 5o3 x 10-~o If it is assumed that the slope 

of Fig. 4 can be determined more accurately than the intercer~' then 

on the basis of E0 = 341 the calculated value of k from the same five 

points is (5 .. 35 ± 0,.(36). x 10-~; and this value of k was used to 

correct runs 1-1 through l-6o 
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At higher zirconium concentrations, the correction is negligible., The 

corrected results are presented in Table 15c No impurity complex 

corrections have been applied to the ~ acid series or to the results· 

in sodium perchlorate solutions~ 

Table 15 

Zirconium ImpUrity Complex Corrections in llj HC10
4 

+ ~ LiCl04 
L:Zr L:Zr-k 

Ecorrected Run moles/1 x 104 E moles/1 x 104 
l 

1-1 0.1701 232 o .. n66 339 
0.,1701. 2.32 o.n66 .3.39 

1-2 0 • .331.3 294 0.2778 .351 
00 .3315 29.3 0.2780 .350 

1-3 0.4860 .301 0.,4.325 .3.38 
0.,4860 .301 0.,4.325 .3~8 

1-4 0.7461 .314 0.,6926 .3.38 
0.7460 .315 0.6925 .3.39 

1-5 1.264 .327 1.211 .341 
1e264 .327 1.,211 .342 

1-6 1.,897 .326 1.844 .3.36 
1.897 .327.5 1.,844 .3.37 
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Figo 4o Zr Impurity Complex in 1 ~ HCl04 ~ 1 ~,LiCl04 
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VII 0 ZIRCONDJH SPECIES IN SOLUTION AS' OBTAINED FROH 
Z IRCONIU14-TTA C011PLEXING COEFFIC I.ENTS., 

Interpretation of ·the complexing coefficient data in terms of all 

possible zirconium hydrolytic species will nm;r be madeo The' general 

case of combined hydrolysis and polymerization of zirconium is repre-

sented by the reaction(s): 

n z:r+4 + m H2o 

and the corresponding equilibrium constant(s): 

~ • [zrn(OH)m+4n-, (lf')m 

(zr+4)n 

(45) 

(46) 

Consideration is thereby given to all possible integral values of n, 

starting with one, and all corresponding m values, starting with zero, 

for each no 

It will be noted that because of a lack of the necessary activity 

coefficients, all K equilibrium constants - and the K of equation nm 

(25) - are expressed in terms of concentrations instead of thermo-

dynamic activies; but as mentioned in Section IV, the conclusions of 

this work will not be affected as long as the activity coefficients 

of all pertinent species remain reasonably constanto Despite its 

possible high power dependence and the fact that it is considerably 

less than one in these solutions, the activity of water has also not 

been included in KnmD However this should introduce no relative error 

since the water activities in ~ HClo4 and in ~ HClo4 plus ~ LiClo4 

are nearly identical (see Table 10, Section IV) o The varia tiona pro

duced by salting effects in the activity coefficients of HK and 
aq 

ZrK+3 have been discussed in Section IV and have presumably been 
I 

canceled out by definirig E as in equation (24) $ 

.. 
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In regard to possible activity coefficient changes of the charged 

species in solution, no definite ans~orer can be given other than that the 

customary precaution of maintaining constant ionic strength was observed. 

Indeed, this procedure may have been especially successful here since 

only positive ions are concerned in all equilibria considered. In such 

cases, according to Olson and Simonson41, concentration equilibrium 

constants are primarily a function of the negative ion concentration, 

which was maintained constant in this investigation. The addition of 

zirconium perchlorate produces a negligible effect on both the ionic 

strength and perchlorate ion concentration until (ca) O~OZj ~zr. The 

possible error introduced by solutions containing higher zirconium 

concentrations is discussed in Section VII. Also it should be strongly 

emphasized that the effects of replacing hydrogen ~on by lithium (or 

sodium) ion is of concern here only in the determination of the hydrogen 

ion dependence of the zirconium monomer and polymersQ The data. from the 

2M and ~ acid series are analyzed independently to determine the number 

of zirconium atoms in the polymers. 

·The total (formal) concentration of zirconium is obtained by 

solving (46) for the concentration of Zr (OH) +4n-m and su.rm:ning over all 
n m 

values of n and m., Thus: 

~Zr = (47) 

n = 1 m = 0 

Through use of the equilibrium constant of reaction (2), as given by 

equation (25), and the definition of E - equation (24) -we obtain: 

(Zr+4) = = (48) 
K (HK) 

Substitution of (~.8) into (47) gives: 
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~ 
n K En (l::Zr)n 

l::Zr nm (49) = 
Kn (H+)m-n n, m 

Differentiating (49) partially ·Hi th respect to l::Zr at constant (H+), the 

results can be expressed as: 

1 = 

and since it is readily seen that: 

~ ( ) +4n-mj Zrn OH m 
. 

= 

then substitution of (51) into (50) and changing ln to log: 

l::Zr 

= -1 + 

Equation (52) can also be expressed in the useful form: 

[ 
d logE = _1 + 

· i) log L:Zr . (H +) L 
n, m 

1 

nf 
nm 

(50) 

(51) 

(52) 

(53) 

where each f represents the fraction of the total zirconium Hhich 
nm 

exists in.a polymer containing n zirconium atoms and m hydroxide groups. 

The weighted summation of all such fractions, as given by Thlf'Il.t
11

, is called 

the weight average degree of polymerization and represents the size of 

the polymer in which a zirconium ion will be found on the average. (If 

there is but one zirconium pol~er- or only the monomer - regardless of 

any differences due to the number of hydroxide groups, Znfnm gives the 
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exact degree of polymerization.,) Thus if a plot of log E versus log 

ZZr is made, the slope of the curves so obtained serves as a direct 

measure of the amount of polymerization. At low zirconium where the 

monomer is the only important species - thus L.nfnm == 1 - equation (5.3) 

demands a zero slope., .As the zirconium concentration is increased and 

polymers begin to form, the slope should become negative~, approaching 

minus one as a limiting value if the polymers are of infinite size. 

All of the complexing coefficient data in ~and 2ll acid are. 

shown in such plot in Figure 5o The majority of the points are the 

average of at least two experimental values. At low zirconium concen-

trations in the nj acid series, the plotted points represent E values 

.corrected for the impurity complex as listed in Table 15. The smooth 

curves are ~xawn in accord with the theoretical restrictions of 

equation (5.3) and represent calculated values that will be discussed 1 

shortly. Becau'3e of the hydrolysis of the zirconiumll a correction due 

to increased acidity over the nominal val11es of l.M. and 2,!:! has been 

applied to several of the points at high zirconium concentration., 

This hydrolysis correction will also be discussed shortly. 

Formula of Honomer 

The limiting values of the complexing coeffic,ient~ designated as 

E0 
1 at low zirconium concentration in 1kJ and 2ll acid allow a calculation 

of the amount of hyoxolysis of the monomeric species~ For this simple 

case, after expansion and rearrangement; we obtain from equation (49): 

K 

"' II 0 

' 
(K10 does not appear in the above equation since it is necessarily equal 

to one.,) Equation (54) indicates that if a number of hydrolysis products 
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of comparable importance are present, then values of E0 1.rould be quite 

a complicated function of hydrogen ion concentration., A clear-cut case 

-vri th a minimum of data can be found if, and only if, the observed 

hydrogen ion dependence of E0 is an inverse first power, corresponding 

to Zr+-4. as the monomeric species o That such appears to be the case in 

this work can be seen in Figure 5 where the theoretical curves have 

been drawn -vrith E0 values of 341 in l_M acid and 170 .. 5 in 21;1 acid., 

The amount of spread of the ~ acid points indicates a possible 

error in the E0 value of about 5%.. (The 4 points at lowest zirconium 

concentration, which also contained the highest TTA concentration, 

shmr a small trend beyond this 5% error limite This is presumed due 

to the formation of a small amount of the second zirconium - TTA. chelate, 

ZrK.~ +2o· ·-~ A high value for E would then be obtained since the molar 

extinction coefficient of such a species is expected to be roughly 

I twice that of ZrK+3.) Using this figurei an estimated upper limit for 

the monomer hydrolysis can be calculated from equation (54).. Assuming 

Zr(OH)+3, we obtain K11 ~ Oolo If a higher hydxolysis product such as 

Zr(OH)2 +
2 is assumed, a smaller Klm value is obtained.. The estimated 

error in the E0 values should perhaps be greater than 5% due to the 

zirconium impurity complex correction that was applied to the lH acid 

series; however it is assumed that this correction was made with. fair 

accuracyo ·In any event there can be no doubt that the data indicate 

zr+4 as the most important monomeric species in llj and ~ perchloric 

acid solutionso 

Additional support for Zr+4 as the monomeric species, and also for 

the important assumption that changes in the ionic media at constant 

ionic strength produce no significant change in the activity coefficients 

of the various species, is obtained from the results of the experL~ents 
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in J.li~ HG1?4 plllil J.11 NaClo4• The E values of the solutions containing 

:30dium ion appear to be about 5% lo>-rer than those in the corresponding 

lithium ion solutions; hmmver such a deviation is vrhat might be 

expected ~:m grounds of specific ionic effects o Also the sodium per-

chlorate solutions were not extended to low enough zirconium concen-

trations to detect if any correction for a zirconium-impurity complex 

was necessary in these solutions 0 If so11 this 1.-rould bring the E0 

~alues of the two ~ acid series in even closer agreement. 

In this identification of Zr+4 as the monomeric species, it has 

been implicitlyassumed that there is no appreciable complexing of 

the zirconium by perchlorate ion; and this t-rill also be the case in 

the discussion of the polymeric species.. Hm.rever such complexing 

would have no affect on the identification of species in solution as 

long as the perchlorate ion concentration is maintained constant. 

Polymeric Species 

The weight average degree of polymerization, as calculated from 

the slopes of Figure 5 by equation (53), can be analyzed in terms of 

possible species in solution; and this'method was largely used by 
8 

Connick and Reas in their treatment of zirconium-TTA extraction 

coefficients.. Hm1ever since the measurement of slopes from any but 

linear plots is liable to a good deal of personal error, a more ana-
• 

lytical treatment of the data is made here. 

Equation (49) can be rewritten in form: 

1/E 

which toJ"hen expanded is: 

nKnm (EL:Zr )n-l 

Kn (H+)m-n 

• 0 • 

(55) 

(56) 

•. 
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and where each a is defined by: . n 

a 
n 

= 
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n L (57) 

m==O 

At constant hydrogen ion concentration, all ~ values in equation (56} 

can be considered as constant coefficients. Thus a plot of 1/E versus 

EZZr gives a simple polynomial curve whose terms and coefficients are 

directly related to the polymeric species in solutiono vfuen such plots 

were~ made, it was found that 1/E represented a cubic eq;mtion in EL:Zr -

corresponding to the tetramer as the highest polymer present at 

appreciable concentrations under the experimental conditions of this 

work. In addition it was found that the value of a2, the coefficient 

of the dimer term, is negligibly smallo Thus assuming the polymeric 

species to consist of a trimer•tetramer mixture onlyp equation (56) 

can be placed in the linear form: 

(1/E - a1) (l/~r)2 = a3 + a
4 

(E:ZZr) (58) 

and a plot of the l~ft hand member of (58) versus (E~r) ~ at constant 

acidity, should give a straight line with slope equal to a4 and inter

·. cept equal to a
3 

.. 

Such plots for the 1!1 and 211 acid data are shown respectively in 

Figures 6 'and 7 11 The value of_ap as indicated by a comparison of 

equations (54) and (57), is simply l/E0
0 As such it has been taken 

equal to 341 in 1].1 acid and 170o5 in 2!1 acid. Only a somewhat limited 

range of the complexing coefficient is shown in these plots for two 
I 

reasonso Firstp because of the (1/E - a1) term in equation (58), the 

amount of polymerization must be appreciable before any reasonable 

accuracy can be obtainedo Second9 a definite trend at high zirconium 

concentrations is caused by a combination of increased acidity due to 
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hydrolysis and an increase in ionic strength due to the addition of 

zirconium. perchlorate. A hydrolysis ccrrect:ion has been ap:;)lied, and 

a rough estimate of the possible deviation due to the ionic strength 

increase is indicated in l!lgures 6 aD.d. 7 o Both of these effects are 

discussed belo~>r. 

For these reasons the range of points in Figures 6 and 7 is 

restricted to runs 1-7 through 1-20 and ru_'Yls 2-8 through 2-23. Th~ 

-4 range of zirconium. concentrations covered is thus about 3 x 10 1:.1 

to o.04lj. Nearly all the points represent.the average of two or more 

experime:n.tal values. Probable ~certainties :).,n the individual points 

. are indicated. by vertical·lines. These. uncertainties uere calculated 

on the basis of an es:ti~ted possible error of 3% in the E values and 

of 5% in each a 1 ., The possible errors at lo1.1r zirconium concentration 

are seen to be quite large. 

The effect that vwuld be produced in Figur·es 6-7 by the presence 

of appreciable quantities of the dimer and/or higher polymers than the 

tetram.er can he expressed by vrri ting,_ eq~tion, (58). in i .. ts eomplete 

form: 

(1/E- a 1) (l/EZZr)2 = a;/(EZZr) + a 3 + a
4 

(EZZr) + a 5(mr)2 + • •• 

(59) 

Thus if a 2 is not negligibly small, the ordinate term of Fig. 6-7 would 

commence to increase at loH values of (EZZr), producing a minimum. in 

the curve o Higher polymers than the tetramer vJould be indica ted by an 

upward curvature at high values of . (EZzr) • Neither of' these effects 

is observed though a S11'..a11 amount of the -lattE?r one may be ms.sked 

because of' the ionic strength error. An estimated upper limit for a 2 - I 
,.._----.> 

may be made by a plot of the quantity (1/E - a1) (1/EZZr) vers-q.s E.ZZr. 

The curve from such a plot should have an ordinate intercept equal to a2 • 
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The observed value is a zero intercept, but est.imated possible errors 

ap'proximately place the limit on a? (in 11.] acid) as no greater than 
""' 

5 X 10-4., By u~se of eqtiation (57). and taking K = 341, the Upper limit 
. .,. 

of the. sum. of the dimerization equilibrium constants is calculated to 

be: 
< .30 (60) 

As mentioned above, a rather large error has been attributed to 

ionic strength effects. This is not too unreasonable ·Hhen it is noted 

a typical experimental solution such as L:Zr = 0..,025!.::1 in 2fJ HClOL:- vmuld 

actually be 2.J.M in ClO 
4
-. That this could be the source of a fairly 

large error is indicated by comparison of the K value of 1084 determined 

by McVey9 at an.ionic strength of four and the value of 341 found in 

this worko To obtain a better picture of this ionic strength effect, 

we utilize equation (49), assuming average values of n and mat arrj 

given hydrogen ion and zirconium concentration: 

E = 
+ m/n - 1 

K (H ) (61) 

AssUll'dng a li1iear relationship bet\oreen the tt,]'O K values at p equal 

four and t'1vo and then estimating the ionic strength to be equal to the 

perchlorate ion concentration, Evalues can be corrected back to an 

ionic strength of two from the corresponding change ill K. The ionic 

strength corrections illustrated in Figures 6 and 7 are calculated on 

this basis.. Obviously they are but crude estimates and are only intended 

to show that the observed deviations from linearity at high zirconium 

concentrations can be adequately eA~lained on the basis of the increased 

ionic strength .. In addition they·sb.ould be. looked upon as upper limits 

since the value of E at constant (H+) and L:Zr varies not as K but as 
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K/(nK -)l/n. .Analysis in Section VIII of some additionallvork by HcVey9 
nm 

atjl ~ 4 shows that the polyraerization constants also increase with 

ionic strength and thus, partially at lea~t, tend to cancel the increase 

in Ke The true corrected value of the points is expected to lie some-

where on the dotted line joining the observed and corrected values in 

Fig., 6-7 •. If the plots included the additional E data at higher 

zirconium concentration, these points i·rould continue to fall further 

below the straight lines dra1m in Fig., 6-7; however the ionic strength 

correction is always more than adequate to account for the deviation. 

The intercepts and slopes from Fig. 6-7, corresponding to the 

respective a3 and a4 values, and their estL~.ted error limits are: 

a3 (1.8 ± 0 0 6) x lo-2 

(6.0 lo4) x lo-2 
l,tl acid 

a4 = ± 

a3 = (9.0 ± 2.6) x lo-3 

(3.75 ± 3.0) X lQ"-3 
21::! acid 

a4 = 

These values of a3 and a
4

, plus a
2 

~ 0 and the a1 values as listed 

previously, were employed to calculate the theoretical curves shown 

in the log E versus log L:Zr plots of Fig., 5. Equation (56), assuming 

all an values equal to zero for n equal to or greater than five, was 

used for this purpose. 

The a3 and a4 values can also serve to calculate the average 

degree of hydrolysis of the trimer and tetramer polymers., Expanding 

equation (57) we obtain: 

a 3 =3/K3 ~30 (H+) 3 + K31 (H+) 2 K33 + K
34

/(H+) + K3~(H+)
2 

+ o·~ 
(62) 

+ o.J 
(63) 

.. 
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Even though a number of the K values in the above equations could be nm 

set equal to zero as corresponding to unlikely species, still it is 

impossible to establish definitely the number of hydroxide groups in 

the trimer(s) and tetramer(s) with data at only tilO aciditieso However 

the values of a 3 are observed to have roughly an inverse first power 

hydrogen ion dependence and those of a4 to have an inverse fourth 

power dependenceo The straight lines drawn in Fig 0 6-7 thus correspond 

to the polymeric species Zr3 (0H)
4

+8 and zr
4

(oH) 8+8o 

Interpretation of the data in terms of but one trimer and one 

tetramer could easily be an oversimplification of a complicated system, 

but the above species at least represent the average degree of hydrolysis 

of the polymers as observed in this worko Understanding then that the 

constants so calculated are perhaps to be regarded as only average 

values, K
34 

and K48 can be obtained from equations (62) and (63) by 

assuming all other ~ values to be zero: 

Utilizing the observed values of a
3

, a4 and K~ 

rzr (OH) +8] (H+)4 
K = ~ 3 4 
34 3 

(zr+4) 

= '~r4 (OH)8 +8 J' (H+) 8 

(zr+4 )4 

== 

= 

(64) 

(65) 

we obtain: 

(66:) 

(67) 

And the above limits represent the corresponding uncertainties in the 

a3 and a4 values from the ~acid serieso 

'Though the trimer and the tetramer respectively with 4 and 8 

hydroxide groups give the best fit to the data, the uncertainties in 
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a3 and a4 indicate that the trimer could have from 3 to 5 hydroxide 

groups and the tetramer from 6 to 11 hydroxide groups. The case of 

the tetramer is especially uncertain because of the small slope observed 

in Fig. 7 (the ordinate scale has been magnified beyond the expected 

accuracy of the data in order to emphasize the slope). 

Hydrolysis Correction 

The hydrolysis correction that has been mentioned several times 

The previously can now be calculated from the values of K
34 

and K48 .. 

effect on E produced by changes in the hydrogen ion concentration can 

be obtained by taking the partial derivative of equation (49) with 

respect to hydrogen ion concentration at constant l:Zr. By a procedure 

very similar to that used in the derivation of equation (53), 1iJe obtain~ 

t 
~ logE 

""'\ 1 (H+) 9 og 

L mfnm 

-1 
n,m 

(68) = + 

L nfnm 

L:Zr n,m 

where £nm and L:nfnm are defined for equation (53) and L;mrnm represents 

the sum of m times the fraction of the zirconium atoms present in species 

containing n zirconiums and m hydroxidesc If for any given L:Zr (and 

over a small range o£ hydrogen ion concentration) an average number of 

hydroxides per zirconium is assumed, then equation (68) can be in·tegrated 

to give: 

(69) 

where C is the integration constant,. The acid concentration in the 

hydrolyzed zirconium solution is calculated by simultaneous use o£ 

equations (66) and (67) .. The concentrations of Zr+4, Zr
3

(0H)4+8, and 

zr4(oH)8+8 are also calculated, and a value of Zmrnrul2nfnm is thus 

obtained., This calculation is then repeated:- for the desired hydrogen 
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ion concentration, i.e., ~ or ~j, to obtain the other limiting value 

of Zmf nn/llif nm. The calculated hydrogen ion concentration and mean 

value_of L.mtnn/l.:nfnm are then used to correct theE values to~ or 

~ acid by equation (69)o The results of such calculations for the 

, concentrated zirconium solutions are summarized in Tables 16A. and 16B. 

Table 16A 

Zirconium Hydrolysis Correction in llj HGl04 + llj LiClo
4 

at 25°G 

L:mf'nm 
L:Zr (H+) llif E Run moles/1 moles/1 nni E corrected 

1-24 0.1286 1.224 1.851 12.4 10.45 
12.4 10.45 

1-23 0.08016 1.138 1.841 15.8 14.15 
15.95 14.3 

1-22 0.06431 1.110 1.834 17.8 16.3 
17.9 16.4 

• 
1-21 0.04828 1.082 1.824 21.0 19.7 

21.7 20.4 

1-20 0.03227 1.053 1.804 26.,6 25.5 
26.9 25.8 

1-19 0.01939 1.031 1.772 36.2 35.35 
36.15 35.3 

1-18 0.01290 1.019 1.,738 46.8 46.2 
47.2 46.6 

-
• -<, 



-70-

Table 16B 

Zirconium Hydrolysis Correction in ~HC104 at 25°C 
. L:m.f zZr (H+) ~m 

moles/1 moles/1 Zrifnm Run 

2-26 0.3101 

2-25 0.1548 

2-24 0.,06196 

2-23 0 .. 03927 

2-22 0. 03101 

2-21 0.02617 

2-20 0.02468 

2-19 0.02418 

2-18 0.01809 

2.,224 

2.,082 

2.,019. 

1 .. 653 

1.,623 

1.551 

1.~.98 

1.465 

1 .. 438 

1.428 

1.424 

1.370 

E 

12.,3 
12.25 

16.3 
16.1 

. 26.7 
26 .. 1 

34.8 

40 .. 9 

44 .. 6 

47.1 

47.8 

54.6 • 

E corrected 

10 .. 75 
10.7 . 

15.3 
15.1 

26.1 
. 25.6 

34 .. 4 

40.5 

, •. It' 
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VIII. SUJ'.1HA.RY AND DISCUSSION OF TEE CONTRIBUTIONS OF OTf.::ER IrNESTIGATOH.S 
ON niE HYDHOLYS IS OF Z I.RCOIHUi1 

HcVey9 has recently made a study of zirconium hydrolysis, utilizing 

the identical experimental tool that has been employed in this work: 

the aqueous equilibrium reaction between zirconium and its first TTA 

chelate. However in McVey's work, constant zirconium concentration 

was employed and the hydrogen ion concentration -vras varied. This method 

serves best to indicate the average number of hydroxides per zirconium 

ion in the polymers, while that employed in this work indicates the 

number of zirconium atoms in the polymeric specieso 

In brief, McVey found the average number of hydroxides per zir

conium ion t6 vary from zero to two as the acidity was changed from 

4N to 0.0121:1 - all at p. == 4 in HC104 plus LiClo4 solutions. J'1cVey 

realized from two series of experiments at different zirconium con-

centrations that polymers were being formed in his solutions; never

theless he chose to interpret his results in terms of zr+4 and 
+2 

Zr(OH)2 as the only important specieso It is equally possible -

and in the light of this 1wrk, more probable - to fit his data by 

assuming hydrolyzed polymers and zr+4 as the only monomer. licVey 

is also no~ in agreement that this is the more likely interpretation.42 

McV~y utilized a complexing coefficient F, which is defined 

identically as the E of this worko Small improvements in his calcu-

lated F values can be made by taking into account the amount of 

zirconium tied up as ZrK+J, and in addition there is a small hydroly-

sis correction at the two lowest acidities of his vmrk. For these 

reasons HeVey's data and the recalculated results are presented in 

Table 17o All the experiments represent one phase systems and hence 
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equations (40)-(42) can be used directly for the necessary calculations. 

A~l the optical density measurements were made at 366 mp., using 5 em. 

absorption cells. HeVey's reported values of the TTA and Zr:rrt3 molar 

·extinction coefficients (cf. Sections III and V) at an ionic strength 

of 4 were employed in the calculations. The last column of Table 17 

represents the result of assuming an average species in solution and 

then applying the integrated form of equation (53).. The values of 

the weight average degree of polymerization so calculated were 

· obtained .from each pair ofF I and F II values. 

Table 17 

Zirconium-TTA Complexing Coefficients as a Function of Acidity 

Temperature == 25°C; p == 4 .. 0 (HCl04 + LiCl0
4

) •· 

I zz-ro == 2.,50 X 10-~; (HK) 0 ~ 4 X 10-5M 

II l:Zro == 1.25 x lo-4H; (HK)o = 2 X lo-51::! 

(H+) 
DI FI DII Fri Lill.f moles/1 nm 

4 0.325 262 0.,101 286 1,.1 
3 0.,400 338 0.114 335 1 .. 0 
2 0 .. 530 478 0.151 478 1~0 
1 0.791 790 
0.5 0,640 604 
0.3 o .• -4.81 424 0.202 685 3 .. 3 
0.2 0.375 312.5 
0.15 0.,298 235 0.,124 373 3.0 
Oo05* 0 .. 145 90 .. 6 0.,067 161 5.8 
0.,012* 0.070 2~.8 0.040 65 ·>oo 

*Assuming 20H- groups per Zr, corrected acidities in I series are 
o.0505,ti and 0.,0125,tl. 

Unfortunately HeVey did not adjust.his experimental conditions 

for the II series to obtain the greatest possible accuracy (note low 

DII values). HovTever, the lilnited number of L:nfnm values that could 

be calculated show the ex~ected monomer at high acid; and at low 

~ . 

-~ • 

l 

.. 



. ·~ 

L 

-73-

acid., they are in reason{lble agreement with the trimer-tetramer results 

of this work" The ~nf value at lowest acidity is an impossible nm 

answer but easily accountable for because of the high probable error 

with such low optical densities 0 

Utilizing the I series of data in Table 17~ a plot of log F versus 

log (H+) is illustrated in Fig .. 8" The two limiting slopes of the plot 

are +1 and -1.. According to equation (68)g the average number of 

hydroxide groups per zirconium ion at low acid is thus indicated to 

be two and at high acid to be zero., The latter value indicates zr+4 

as the monomer.. Analytical treatments of the datap similar to those 
- .. 

discussed in Section VIIp to determine the polymeric species quickly 

indicated two facts., Firstp that plots such as Fig., 8 are sensitive 

only to the::•.nuinber of hydroxides per zirconium ion,showing but little 

change regardless of the ·size of the polymers assumed - as wit~essed 

. . ( , +2 by McVey's success in fitting the data with Zr OH, 2 ., __ And second, 

that the data require 9 in addition to zr+4, a minimum of two hydrolyzed 

species - one containing 2 hydroxide groups per zirconium and the other 

between le6 to 1.8 hydroxides per zirconium., 

\>lith only these limitations, it is not surprising that several 

combinations of species can be found that fit the data equally well .. 

Such fits were found with the pairs: zr3(oH)
5
+7 and zr3(oH)6+6

P 

(. ) +9 ( )" +8 ( ) +7 ( )" +8 Zr 4 OH 7 and Zr 
4 

?H 
8 

P Zr 
3 

OH 
5 

and _zr 4 OH 
8 

., Undoubtedly 

even others could be found; but if limit..:d to a·trimer-tetramer pair, 

the best fit and the corresponding equilibrium constants are: 

6 = 4.,0 X 10 (70) 



= [zr4 (OH) 8+8] (H+)S 

= 9 l .. L~ X 10 (71) 

These values of K35 and K48 plus the value K = 1,03 x 10J - see equation 

(25) - are the parameters employed to calcuJ~te the smooth curve of 
- -

Fig. 8., (The value of K reported by HeVey from independent experiments 

is 1084 at p = 4o However an examination of· his data shows that the 

best-fit value selected here is within his eA~erimental accuracy. In 

any event the value of K is only of importance in the high acid region 

of the curve .. ) Also the equilibrium concentration of L:Zr 1.-1as assu_rned 

to be 2~5 x lo~4Mo Since the experimental values of L:Zr vary between 

Oal% to 2.6% less than this value, a correction could be applied by 

use of the integrated form of equation (53). _ This i-tas not done in 

Fig., 8 but it would have served to lower all the experimental points 

slightly, with the largest correction occuring near the curve maximume 

In general then, it is seen that the results of llfcV_ey 1s experi-

ments provide considerable support for the conclusions of this Hork. 

His evidence for zr+4 as the principle monomeric species at moderate 

acidities is especially strange Agreement as to the number of zirconium 

ions in the polymer is also obtained., The different number of hycJ..roxide 

groups in the trimer found from HeVey's data is >fithin the experimental 

error of this work. Also it should be repeated that the type of experi-

ment performed by McVey gives a better measure of the hydroxide de-

pendence e Combining the best features of both investigations, 1.-1e thus 
+8 

obtain zr3(oH)
5
+7 and zr4 (oH)

8 
as the most likely polymeric zir-

coniinn· species in solutions of moderate acidity. 

~ . 
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Support for the monomeric species Zr+4 is also obtained from the 

work of Connick and McVey7 and Connick and Reas.8 Both investigations 

employed the TTA extraction technique that is represented by reaction 

;(1). Employing trace concentrations of zirconium in 21i perchloric 

acid, Connick and HeVey found Zr(OH)+3 as the apparent monomeric 

species. However they also observed the impurity effect that has 

been discussed in Section VI and attributed this apparent hydrolysis 

to it. Their few results with macro concentrations of zirconium 

indicated less than one hydroY~de per zirconium ion. 

Repeated reference has been given to the work of Connick and 

Reas8 since their experimental method and goals were so similar to 

those of the present work. Their results in 2.£4 and 11,:! perch1oric 

acid are in good agreement 1<rith Zr +4 as the monomer. They observed 

a 3.8 power hydrogen ion dependence in comparison to the theoretical 

value of 4 required by reaction (1) for the Zr+4 species; and since 

also troubled by the ever-present impurity, they concluded that the 

observed hydrogen ion dependence could have been as high as the 

necessary 4th power. However their reported results for polY-mer 

formation are not in very good agreement.with this work. They inter-

preted their data in terms of the formation of a continuous series 

of polymers, starting -v1ith a dimer that contained between 3 and 5 

hydroxide groups. 

For the treatment of their data they defined a distribution 

coefficient E' as: 

E' = 
(ZrK+3) 

(HK)4 ZZr 
b 

(72) 

·,;: 
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It can be shown that if plots of logE and log Ei versus log ZZr at 

constant acidity - as in Figo 5 - are made, the curves so obtained 

should be identical in shape and superimposable by shifting the ordinates 

cnly.. Such plots were made and it was indeed found that the ~acid 

data of Connick and Reas are in very good agreement with those of this 

worko Serious differences only occur at zirconium concentrations higher 

than 0.03M where errors due to ionic strength effects and hydrolysis 

render the results ?f both investigations highly uncertain. 

This was not found to be the c13;se for the ~ acid curves. The 

one obtained from the data of Connick and Reas commences to bend dovrn, 

i.,ejt, indicates polymer formation.~~ at a lovrer zirconium concentration 

and continues with a steeper slope.. To express the observed deviations 

in a more quantitative manner.~~ their ~ acid data would indicate but 

50% of ZZr. remaining in the monomeric form at ~Zr = o.B x 10-~ and 

the results of this H·ork indicate the same fraction of monomer at 

ZZr = l. 7 x lo-ii.. -This discrepancy remains unexplained and is 

especially perplexing in view of the excellent agreement of the ~ 

acid datao Both investigations had to contend with rather serious 

impurity effects in JJa HC104 + ll;1 LiClo4, and this fact may eventually 

afford the solution. 

Evidence that the polymers remain small even at high zirconium 

concentrations.~~ instead of the continuous series of polymers suggested 

by Connick and Rea~ is also obtained from the ultracentrifugal equilib

rium experiments of Johnson and Kraus 0 43 They have reported the.mole

cular weight of the zirconium polymeric species in llj HCl + ~ NaCl 
. -

to be about 600 and have interpreted this result as the species· 

[zr(OH)2oJJ C\.,6~ J" At 0.,05-rj Zr in Oo:Q:i HC1 + lo9~ NaC1 31 they 

· .. 
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about 1000 e In experiments at 0 a121:J Zr in JJj HClO 4 + 11.,1 NaCl0
4

, the 

polymers 1rrere found to carry such a substantial charge that assignment 

of a definite molecular ·vreight -uas not possible. Nonetheless they do 

state: 

"There seems little question, hm-rever, that continuous polyrn.eri
zation of the type postulated by Connick and Reas for similar condi
tions does not occur .. 11 

It is a.lso interesting to note that in the recent crystal 

structure determ.in.ation 
l 

f · ld d -r h 44 · .._ ·1e an \iaug an,~~ 11.1 is reported that zirconyl ions appear in the 

structure as the tetramer (ZrO) 
4 

rings., They mention that this 

structure shows no evidence of highly polymeric species and that 

viscosity meas-u~~ements on zirconyl chloride solutions also indicate 

the absence of high polymers. 

In contrast to the number of independent deterruinations that 

have indicated zr+4 as the principle monomeric species in so1utions 

of moderate aciditys> Lister and IvicDonald1 by use of ion exchange resin 

techniques have reported Zro+2 as the only monomeric form in solutions 

up to 6,!1 in perchloric acide They performed a number of different 

types of experiments$ but the Bast crucial one of their entire 

\ investigation involved a determination of the average charge per 

zirconium ion of the species· adsorbed on a cation exchange resin., 

This t>Jas done bJr eluting the water uanhed zirconium-hydrogen form of 

the resin with NaC1 solutions and determining the number of acid 

equiw.lents so released., The total nu>uber of resii"1 equivalents i·ms 

then determ.ined by a second elution Hith rb.Cl after the resin had 

been stripped of zirconium and returned to the hyo.rogen ion form., 

Difference of the tHo values gmre the resin equivalents occupied by 

, ..... } 

-w') 
,,/ 

~· 

:,, 
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Jlhe known amount of zirconium and hence the average charge per zirconium 

ion of the resin adsorbed species~ The average charge values so obtained 

varied from 1.7 at 6H HClo4 to lo3 at 2]1 HCl04 and all solutions were 

Oo04,M in Zro Lister and McDonald interpreted these results to indicate 

an equilibrium mixture of Zro+2 and an additional species such as 

+2 Zr2o3 o 

In a cr.i ~icism of this \1ork.!l Connick45 has pointed out that the 

above technique will not differentiate between the reactions (assuming 

zr+4 and zre+2 for simplicityh 

H+ + Na+ N + H+ R == aR + 

+ + 2Na . R + 

Therefore reaction (74} indicates how the sodium ion elution could 

(73) 

(74) 

increase the degrree of hydrolysis of the zirconium and hence produce 

the low average charge per zirconium ion found by Lister and McDonald. 

Connic~5 has also suggested that stripping the resin of hydrogen ions 

would be equivalent to lowering the acidity of a solution containing 

the adsorbed ion$ thus increasing the tendency for extensive zirconium 

hydrolysis as indicated by equation (74)o In view of these factors it 

is readily understood why Lister and McDonald did not observe the 

. . z +4 
z~rco~um monomer r o It should also.be mentioned that at a concen-

tration of Oo04,M Zr$ the results of this work indicate but 20% of the 

total zirconium in the monomeric form in ~ HCl04; and hence the average 

charge per zirconium ion is much less than +4e 

In conclusion it can be stated that the preponderance of experi-

mental evidence available has served to support the major conclusions 

of this work. In solutions of moderate acidityp the existence of zr+4 
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as the principal monomeric species is strongly established. A 'Hide range 

of experimental evidence supports the small size of the zirconium poly-

mers, and indicates the trimer and/or tetramer as the most likely species. 

The number of hydroxide groups in the polymers is less certain, but the 

average result appears to be about t1-ro hydroxides per zirconium ion. 

More extensively hydrolyzed species, and perhaps larger pol~ners, un-

doubtedly exist in solutions of very lovr acidity. Thus pH measurements 

of zirconyl chloride solutions by I..aubengayer and Eaton6 have indicated 

3 hydroxides per zirconiu~ ion~ Also Larsen and Gru~1110 have sho'?n 

from their electrometric titrat~ons of zirconimn perchlorate solutions 

that the average formula of the species in solution over 3/4 of the 

· ·t t· u • [zr(OH}+
3

°.
4
•61 ~ preclpl a lOll pu range lS Jn. 

• 

·~ '4 

J .. 
h . • 
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