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DIFFEaENTikL SPECTROPHOTOMETRIC 
DETERMINATION OF HAFNIUM IN 

THE PBESENCE OF ZIBCONIUK 

INTRODUCTION 

In 1922 1t was discovered that all nat~rally occur­

ring zirconium contains a small amount of hafnium. These 

two elements are so similar 1n their chemical behavior 

that virtually no qualitative and only minor q~antitative 

difterences have been observed ~P to the present time . 

This similarity is associated with the identical arrange­

ments of the electrons 1n the outermost qwantum levels and 

to the nearly identical atomic radii . HoweYer, a complete 

explanation of the exceptional similarity of hafnium and 

zirconium ie not known at the present time . Contributing 

also to this similarity is the fact that their compounds 

almost always occur with oxidation number four and cova­

lently bonded to the maximum extent that is eterically pos­

sible . These conditions limit the possib111t1es for va­

lence hybridizations which might tend to increase the dif­

ferences between the compounds of hafnium and zirconiam. 

They are both 1n Group IV of the Periodic Table and should 

therefore haYe a normal valence of fo~r and a maximum co­

ordination number of eight {9 , p. 3-S, 25-26, JS-38). 

As a result of similarities noted above, practically 

all experimental data on zirconium have been determined 



2 

on materials containing 0.5 to 2.0 " ha!niwn. For most 

practical purposes this can be ignored; however 1n the 

atomic energy field this 1s not true. Aa a result of this 

interest muoh research has been carried out using X-ray 

fluorescence and optical spectroscopic methods. An ex­

cellent survey of these methods is given by Goward and 

Jacobs (29}. Since the differences 1n the physical prop­

erties of hafnium and z1roolliWD are more readily measured 

than the ohemioal properties, these physical methods are 

used almost exclusively for the determination of hafnium 

in the presence of zirconium, especially at low concen­

tration levels of hafnium. 

Solvent extractio~ ion exchange, fractional crystal­

lization etc., have been applied to the separation of haf­

nium and zirconium from each other. Because many of these 

processes involve multiple batob or continuous operation, 

their use for quantitative analytical chemistry application 

has been rather limited with the exception of certain of 

the ion exchange techniques {29). 

Since ion exchange techniques lend themselves most 

readily to laboratory scale type separations, their appli­

cation is the most promising approach to separations from 

a quantitative analytica~ viewpoint. A number of separa­

tions based on election from cationic or anionic exchange 

resins by the use of various oomplex1ng agents have been 



described. Although separation by means of liquid- l1quid 

extraction has taken precedence over ion exchange insofar 

as the large scale separation of hafnium from zirconium i s 

concerned, the complexity of the equipment needed for con­

tinuous extraction makes this method less attractive for 

analytical scale separations (29) . Unfortunately , none of 

these separation methods has successfully been applied to 

the quantitative determination of small amounts of hafnium 

in zirconium. In addition to the relative difficulty of 

these separation methods , the great increase 1n the avail­

ibility of precise and rapid spectrochemical methods for 

the determination of hafnium 1n the presence of ziroonium 

has tended to discourage the development or analytical chem­

ical methods of separation . Sinoe no adequate chemical me­

thode have been developed, a definite need exists for a 

chemical method capable of determining 0 to 5~ Hf02 1n ZrO~ 

This would then make it ~ssible for laboratories lacking 

tbe more elaborate equipment needed for the X-ray and spec­

troscopic methods to determine hafnium 1n the presence of 

zirconium. It would also make available an independent 

procedure for checking the instrumental methods . 

A brief review of the gravimetric and colorimetric 

methods for z1roonium and hafnium will be found 1n the 

following sections . These will be followed by the methods 

available at the present for the indirect chemical 
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determination of hafnium - zirconium ratios and then by 

a discussion of differential spectrophotometry and its 

application to the determination of Hf02 in £r02• 

Gravimetric Methods 

All classical methods o~ analysis determine the total 

hafnium and zirconium present . Zirconium and hafnium are 

both precipitated aa the hydrous oxides from a basic solu­

tion. Unfortunately, most of the other metals occurring 

with zirconlum and hafnium are also precipitated thus 

making this procedure applicable only to pure samples of 

hafnium and zirconium. The resulting preci 1tate ~ust 

then be ignited to the oxides . In practically all gravi­

metric methods for these two metals , the final weighing 

form is the ignited oxide . ~ome of the more 1m~ortant 

methods for the separation and determination of both 

metals will be outlined 1n the following paragraphs . 

For tne purposes of this researoh, a ~ood method for 

the separation ot zirconium and hafnium from all other 

metals was desired as well as one which would 1ve the 

oxides upon 1gnit1on. 

~andelic cid Method - Mandelic acid (phenyglycolio acid) 

is probably the most useful and convenient reagent for 

the separation and determination of zirconium and hafnium . 

Mandelic aoid and the p-bromo- and p-ohloro-der1vat1ves 
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are the most selective reagents known for these two metals . 

The use of mandelic acid as a specific reagent for zir­

conium and hafni~ was first desoribea by Kumins (48) 1n 

1947. He found that zirconium was quantitatively separated 

from T1 , Fe , V, Al, Cr, Th , Ce , Sn, Ba, Ca , Cu , Ei , Sb and 

Cd in hydrochloric acid sol~tion . It was also shown that 

the complex formed was Zr~-8-~~c0Hs] 4· In 1949 Hahn (32)
8 

fo~nd that co++ , Mg++ , Hg++ , N1++, uo2+~ , and ~n++ do not 

interfere with the mandelic acid precipitation. It was 

also found that hafn1~m precipitates quantitatively with 

th1s reagent . Oesper and Klingenberg (SB} sug ested 

that the glycolic acid group ( - CEOH-COOH) might be speci­

fic for zirconium . Several glycolic acid derivatives were 

therefore studied by these authors. They fo~d that man­

delic, p-bromomandelic ao1d, p- ohloromandelic acia , the 

sodium salt of p-iodomandelio acid , sodium salt of banzilic 

acid , and the sodiJm salt of 2- naphthylglycolic acid were 

all suitable for the quantitative precipitation of zircon­

ium . However , of these , only the p-ohloromandelio acid 

and p-bromo~andelio acid were conaiaered to have advantages 

worth further consideration. These two derivatives were 

claimed to be very water insoluble , thus making it possible 

to wash them with water. Hahn and Joseph())) found that 

l - naphthylglyool1c acid co~pares favorably with mandelic 

acld but 1t offers no advantage over lt . 
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Klingenberg and Fapacc1 (45) have indicated that in 

the determination of zirconiam 1n steels using p-bromo 

or p-ohloromandelic acid , the precipitates can be weighed 

directly without conversion to the oxide . However, Belcher , 

Sykes and Tatlow (8) found that it was necessary to ignite 

mandelic acid and p-bromomandel1c acid to the oxides for 

the best accuracy . With the aid of the Chevenard thermo­

balance , Stachtchenko and Duval (73) carried out thermo­

gravimetric analysis of zirconium mandelate and zirconium 

p- bromomandelate and as a result , observed that the formula 

of the first compound closely approximates Zr( C6HsCHOHCOO .4 
while the second one had no definite formula . Hahn and 

Baginski (36) postulated that compounds of varying amounts 

of basic salts such as ZrO(CsH703)2 and Zr(OH)(CeH?O.:;).:; 

along with the pure zirconium tetramandelate were formed . 

This suggested that best results should be expected in 

strongly acid solutions. They found that the concentration 

of hydrochloric aoid present at the time of precipitation 

greatly influenced the composition of the precipitate . 

The normal zirconium tetramandelate was obtained only in 

strong acid solution (S! or greater). However, it was 

found that quantitative precipitation of zirconium occur­

red at all acidities . The proper conditions for prec1p1­

to be followed by direct weighing were also outlined . 

r--tandelic acid , p-chloro and p- bromoma.ndel1o acid nave been 
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utilized for the gravlmetric determination of zirconium 

in titanium, magnesium and aluminum alloys quite success­

fully (J9, 61, 62, 6J) . 

Hahn (34) has determined zirconium - hafnium ratios 

using p-bromomandelic acid. The mixed zirconium and haf­

nium tetramandelates were weighed directly and then ignited 

to the oxides and weighed . From these data, simultaneous 

equations were set up and the hafnium content calculated. 

An accuracy of about 0.5~ (absolute) was claimed for sam­

plea containing more than 10~ hafnium oxide . 

Cupferron Method - Cupferron is the ammonium salt of phenyl­

nitrosohydroxyl.amine (Q~~H4) aDd has been known sl.Doe 

1909 when it was introduced as an analytical reagent (78). 

This reagent forms insoluble compounds with a number of 

metals but is more specific 1n strong acid solution (?2). 

In addition to z1rconi~m and hafnium, it will precipitate 

ferric iron, titanium, vanadium and tin 1n 5 to 10,% sul­

furic or hydrochloric acid solution. In weakly acid solu­

tions copper, mercury, bismuth, molybQenum , tungsten, nio­

bium, tantalum, and others are precipitated. It has there­

tore been widely used for separation of the above metals 

when they are present as interfer~noea. However , it 1s an 

excellent reagent for standard1zat1on cr determination of 

solutions kDown to contain only zirconium and hafnium and 

those metals wh1cb will not interfere . The precipitate 
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cannot be weighed as mixed cupferrates, but must be ignited 

to the oxides. Hilleb~~d, LUndell, Sright and Hoffman 

(40, p. 5?2-5) and Scott (?O, p. 10~9-1100) give detailed 

directions for the use of Cupferron in the analysis of 

zirconium and hafniwm (Bee Appendix also). Olson and El· 

ving (60) have described a gravimetric oupferron precipi­

tation procedure tor the determination of zirconium 1n 

a thousandfold exoess of fluoride . This would be valuable 

1n those cases where hydrofluoric acid is used to put 

samples into solution . 

Phosphate Method - Lundell and Knowles (56) have described 

the use or alkali phosphates as precipitants 1D the deter­

mination of z1rooniwn and hafnium . They found that 1n 2~ 

sulfuric acid by weight, zirconium can oe q~titatively 
separated aa the phosphate from iron, aluminum , chromium, 

cerium, thorium and in the presence of hydro6en peroxide 

from titanium. Tbe phosphate was then i~nited to the 

pyrophosphate for we1gh1Dg. Th1a method was foand to be 

aoourate only for small amounts of ziroon1um (up to 20 mg. 

ot the oxide). Willard and Hahn (?1) found that 2 to 60 

mg . of zirconium oxide could be determined by homogeneous 

precipitation from J.6 ! hydroohloric or sulturio acid 

solution with trimetbyl phosphate after 12 to 15 hours of 

heating. The resulting phosphates were then ignited to 

the pyrophosphate . Antimony, bismuth. oero~e and stannic 
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1ona interfered and large amo~ts of ferrio, titaniam, 

thorium and uranyl ions gave high results . rhese authors 

also found that metaphosphoric aoid oan be used for samples 

containing from 0. 2 to 200 mg . of the oxide. Successful 

separations were made from a1~m1num, arsenate , borate, 

cadmium, chromic, cerous, cobalt, cupric, magnesium, man­

ganous , mercuric, nio~el , potassium, sodium, tartrate, 

vanadyl, yttrium and zine ions . &1amuth, stannic and per­

chlorate ions interfered as well as ferric ions, thorium 

and titanium oxide in large amounts. 

Goward and Jacobs (29, p . 2o9) claim that only tanta­

lum, niobium, thorium and protoactinium cause hi h results 

and that the thorium interference can be eliminated by 

solution of the phosphate and reprecip1tat1on . Hillebrand 

et al. (40, p. 569-5?1) and ~oott (?O, p ~ 1102) give ce­
tailed directions for the pbos~hate method. 

A great disadvanta6e of this method for the purpose 

of this researoh arises from the faot that the oxides are 

not obtained directly upon ignition. In order to obtain 

the oxides with this method, the pyro~hoaphate must be 

fused with sodium carbonate and then with pyrosulfate and 

£1nally precipitated with one of the reagents that will 

give the oxide upon ignition (40, p. 5?1). 

Other Reagents - Zirconium and hafni~m may be precipitated 

as the basic aelen1tes by ~sing selenioue ao1d as the 
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precipitant. The seleDices can then be ignited to the 

oxides . Zirconium and hafniwu can be separated from alu ­

minum, certain rare elements, moderate amounts of iron 

and titanium 1f hydrogen peroxide is present . Thorium , 

phosphate , sulfate, niobium and tantalum interfere (40, 

p. S7J-4; 70, p. 1101) . 

Phenylarsonic ao1d separates zirconium and hafnium 

from moat other elements. Hydrogen peroxide must be added 

if titanium or niob1~ is present . Tantalu~ interferes 

(40 , p . 567; 70 , p. 1102- J). 

Normal propylarsonio acid can be used to separate zir­

conium and baf'Dium from tito.nium , alum1num, ohrom1wn , cobalt 

nickel, copper , uranium , vanadium , thorium, molybdenum 

and traces of silicon and tungsten. The preoipitate oan 

be ignited to the oxide (40 , p. 567- 6) . 

~ann1n can be used for the quantitative separacion 

of titanium , niobium, tantalum, al~m1num , iron, chromium , 

neodymium, yttrium, uranium, beryllium, manganese and 

nickel from zirooni~ and hafnium (40 , p. 568). 

The phenylhydrazine, sulfurous acid and iodate are 

useful only with ~re zirconium and hafnium solutions 

(40, p . 575) . A Qethod which should be useful for the 

separation of zirconium and hafnium from niobium , titan­

ium, tantalum, molybdenum, tungsten , lead, iron , copper 

and t1n is that 1n whioh the zirconium and hafnium are 
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precipitated from hydrofluoric acid solution as the barium 

fluorzirconate and fluohafnate (29, p. 290-1) . Bainlescu 

and lrucu (l) have recently introduced the use or tartra­

z1ne and 2-hydrozy- 5-methylazobenzene-4 1 - aulfonic acid for 

the selective determination of zirconium. ~he precipi­

tate formed with the tartrazine was filtered through a 

filtering crucible and dried at l00°C for an hour and then 

weighed directly . Aluminum , titanium, uranyl , lanthanum, 

cerium , potassium . cadmium, zinc, cobalt , nickel , copper , 

magnesium, sodium, lithium, iron and calcium did not inter­

fere . Sulfate , tartaric and citric aoida in~erfered . 

Colorimetric Methods 

~u1te a number of colorimetric rea ents have been re­

ported for the determination of hafnium and zirconium. 

Some of the more important onee which have been considered 

are briefly described 1n tbe following paragraphs . 

Mandelic Acid - Kum1ns {48) obs~rved that ziroon1~ tetra­

mandelate dissolves 1n dilute sodium hydroxide followed b7 

immediate precipitation of the hydrous oxide . He found , 

however, that with ammonium hydroxide no precipitate was 

formed, thus indicating the probable formation of a soluble 

complex . Hahn and Weber (J7) further studied this reaction 

and subsequently (38) developed an ultraYiolet spectrophot~ 

metric method for zirconium. l' hey found that the amount or 
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ammonia ased to dissolve the zirconium tetramandelate was 

not critieal . An alcohol and ether wash served to remove 

the excess mandelic acid from the zirconium tetramandelate . 

After two days , the solutions started to hydrolyze with 

precipitation of the hydrous oxide . Absorbance meas~re­

ments were made at a wavelength of 258 ~. It was postu­

lated that the absorbance was oa1.1sed by the phenyl grol.\ps 

of the zirconium tetra.mandelate, as ammonium mandelate 

solutions give an identical absorbance speotru.m. These 

authors (37) also.oonclu.ded from their studies on zircon­

ium tetramandelate that it must be a chelate type compound 

as postulated by Fe1gl (21) . H 
~-C-C=O
"-=--.f. . I I 

o. 0 
I • " 

H Zr-/4 

The reaction of ammonia with excess zirconium tetramande­

late was thought to be 

H4Zr(CaH603 )4 + JNH40H-) (NH4)JHZr(CaH60J )4 + 3H20 

and with excess ammonia some (NH4)4Zr(CaH60;} was believed 

to have formed . 

Bricker and Waterbury (10) attempted to use p-bromo­

mandelic acid instead of mandelic acid bat found that each 

bottle of reagent was sufficiently different so that con­

sistent and reprod~cible results could Dot always be ob­

tained . 

Chlora:n111c Aoid - Thamer and Voigt (74 ; 75) found that 
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chloranll1c acid ( 2 , D cbloro-J, 6 d1h]droxy-p-quinone) 
cr rOH 

1 
'C I 

II 

forma soluble colored ~mplexes with zirconium 1n per­

ohlor1c aoid solution. ·rhe oolor reaction was rapid and 

a true solution that was stable indefinitely was claimed. 

A spectrophotometric method for z1rcoa1um at formalities 

of 2 x 10-6 to 5 x 1o-5 was developed with the absorption 

being measured at )40 ~. Although both a 1:1 and 1:2 

complex was formed, the color was found to oe due pr1nol­

pally to the 1:1 complex. lJ'he structure postulated for 

these complexes ls snown below. 

1:1 Co plex 
o-z,.·3 

Cl, ):., i-6 
y ~ 

o•c,Y~c'CI 

o e 
1:2 Complex 

~:u* 
Froat-vones and ziroonlum with 

chloranilio acid 1n the visible range at 525 m~ . At this 

wavelength, the sensitivity is much lese than at J40 m~ 

thus making it possible to determine considerably larger 

amounts of ziroon1um. vonoen~ration of zirconium should 

not oe greater than 1.5 mg . per 50 ml . aa solutions may 

become cloudy . be color lntenslty was round to decrease 

sharply over the range of 0 to J.S molar perohlor1o ao1d . 
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Bricker and waterbury (10) used chloranilio acid to 

determine zirconium in microgram amounts in plutonium 

alloys . For best results , the zirconium was separated 

from other metals by a double precipitation with p-bromo­

mandelic acid . Absorbance measurements were made at 350 

mu . Hahn and Johnson {J.5) analyzed for zlrconium in steel 
' 

using the ehloranilate complex. Interfering ions were 

first removed by electrolysis with a mercury cathode . 

Methods were described for samples containing 0. 1 %zir­

conium or more and for those containing less than 0. 1%. 

Measurements on the 0. 1,% z1rcon11.lm or more samples were 

made at 52.5 mu and for the less than 0. 1% samples at JJO 

mu . Interferences were found to be the same at both wave­

lengths . Quantitative results were obtained 1n solutions 

1 • .5 to 2.,5 !l 1n perchloric acid . Acid concentrations 

lower than 1. 5 M gave high results and concentrations-
greater than 2.5 ~ gave low results. 

Quercetin - Grimaldi and White {J1) have used quercetin 
~u/o- ~-C6 HjOH)2 

''"t....c- c- OH 
II 

0 

for the determination of trace quantities of zirconium . 

The reaction for this determination was carried out in 

0.,5 ! hydrochloric acid . Under the conditions used , 

quercetin forms a 1:2 complex although a 1:1 complex may 

exist under certain conditions . Absorption measurements 

were made at 440 m~. It was necessary to use alcohol to 

http:z1rcon11.lm
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prevent precipitation of the quercetin . The absorbancy 

was found to be almost independent of aoid concentration 

in the range 0. 1 to 1 !· The color reaction could alao 

be carried out 1D n1tr1c or perobloric acid 'b\.lt not 1n 

sulfuric . 

The form~la of the 1:1 complex was postulated to be: 

HU,.,o_c~H 
I II 

' , -~~ -i c'oHO () / 
.~!Zt«>
Hi" Cl

Prom the data given 1.n th1s paper, the molar absorb­

ance was found to be about 26,000 whioh makes this a very 

sensitive reagent for zirconium. The authors recommend 

this reagent for macro determinations aa well as micro . 

Xylenol Orange - The use of Xylenol orange ( J:J'-bis-N:N­

d1(carboxymethyl)-am1nomethyl -o-oreaolsulphonphthale1n} 
HOOCH~ ~~H 

HO~. c:f/ C~"foOOH 
~c-CJ_ c -::::. aHa

OS%H 
as a colorimetric reagent for the determination of zircon­

ium and hafnium has been investigated extenaively by Cheng 

(12; lJ; 14; 15; 16). These papers have ahown Xylenol 

Orange to be one of the most sensitive and selective oolor­

1metr1o reagents for zirconium and hafnium. The molar ab­

sorbance of the zirconium complex 1n 0.2 ~ sulfuric acid 
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was reported to be JJ, 840 at 5J5 m~. Since Xylenol Orange 

is 8D acid-base indica tor, it was found to change color 

from yellow to purple at about pH 6. The yellow solution 

of the dye was found to show maximum absorption at 43? ~. 

Optimum aoid conceDtration for the complex was 0.15 to 

0 . 25 ! with sulfuric acid, and both perchlor1o and hydro­

chloric acids gave their maximum absorbance at 0. 8 li con­

centration. With perchlorio ao1d , the complex should 

stand two hours or more for maximum color development . 

Effect of interferences was also studied extensively by 

the author . 

I t was found that the maximum absorption of the haf­

nium - Aylenol Oranse complex was at 530 ~ 1n 0. 3 .... N per­

ohloric acid . According to Cheng (14) the molar absorp­

tion of the hafnium - Xylenol Orange complex was foand ~o 

be 25,100 at 535 ~ as compared with J8,bOO tor the zir­

conium - Xylenol Orange complex at 540 ~ in 0. 8 ! per­

chlorio medium. However, 1n O.J li perohloric acid 

the molar absorption of the hafnium complex was found to 

be 48,?00 which was mucb grea~er than that of the zircon­

ium complex. 

In reference (14) this same aathor reports the molar 

absorptivity of the zirconium complex in 0.8! perohloric 

acid to be 24,200 at a wavelength of 535 ~ and 15 , 700 

for the hafnium complex in 0.2 li perohlorio acid at 



1? 

530 ~. No explanation was offered for tbe large dif­

ferences reported 1n these papers. 

One of tbe most ~luable findings to come out of 

thil work was 1n observing the masking effect of hydrogen 

peroxide on the zirconium complex. The masking effect on 

the hafnium complex was only slight . This, therefore , 

made possible the development of an analytical method for 

the determination of trace amounts of z1roon1um and hat­

nium when present together. 

The masking effect of the hydrogen peroxide on the 

zirconium - Xylenol Orange complex was postulated to be 

due to the formation of a relatively stable ziroonyl per­

oxide complex: 0 
II 

HO•Zr-oOH 
t 

H20 

It 1s also interesting to note that hydrogen peroxide 

will mask niobium which is often one of the chief inter­

ferenoes with zirconium and hafnium . 

Alizarin Red S, Alizarin , ~u1nalizarin and Purpurin -

Liebhafsky and 1nslow (54) first described the use of 

alizarin, qu1nalizar1n and purpurin for the determination 

of zirconium acd hafnium. They fo~d that qu1nalizar1n 

waa the most sensitive reagent followed by purpurin, and 

alizarin was the least sensitive but it adhered to Beer's 

law OTer a wider range of concentrations. The alizarin 
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and purpurin to~ed red co~plexes and the q~1nalizar1D 

purple. They found that no matter whloh or these dyes 

were ~sed, a precipitate event~ally settled o~t . The 

p~ rpur1n and qu1nal1zar1n settled out most rapidly . It 

was ola1med that zirconium and hafnium formed lakea with 

these dyes and evidence was presented to show that the haf­

nium- alizarin lake was a 1:1 compo~nd. Flagg , L1ebhafsky 

and Winslow (22) found that zirconi~m also formed a 1:1 

compound with alizarin, qu1nalizar1n and p~rpurlD . 

Green (JO) developed a colorimetric method for the 

determination of zirooniua in clays ~sing the red complex 

formed by sodium al1zar1n sulfonate and zirconium. Color 

deTelopment was fo~d to be complete 1n one ho~r and stable 

at least fo~r hours . This method was capable ot detecting 

from 0. 003 mg. to 0.275 mg. of Zr 02 in clays. Absorbance 

readings were made at 520 m~. Wengert (77) used this re­

agent for the analysis of zircon1~m 1n magnesium - base 

alloys . He fo~nd it to be equal to or better than gravi­

metric methods and applied it to samples containing 0. 10 

to 1 . 00% zirconium. This author found that optimum color 

development required about 15 minutes and was stable for 

two or three days . Silverman and Hawley (71) ~sed aliz­

arin Red s to determine 0. 005 to 0.35~ ot zirconium 1n 

thorium. They found that many interferences were reduced 

by adJ~at1ng the pH to 0.70. They also found that acetone 
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and neat will accelerate th~ rate of color development 

and increase the stability of the color. Manning and 

White (.57} and Freund and Holprook (27) nave aucoessfu.lly 

applied differential spectrophotometric methods for the 

determination of zirconium and hafnium in zirconium , re~ 

spect1vely , using alizarin Red s . Tnese ,..111 be d).se\.ussed 

1n a following section. 

It can be seen from above that alizarin is one of the 

most widely used of the colorimetric reagents for the 

determination of zirconium and hafnium . 

Other Colorimetric Reagents - Horton (44)' has deso,r1bed a 

method for the determination of z1rcon1um u.sing "Thoron" . 

Measurements were made at .5.55 m}.l and cove.red a range of 

10 to 100 ppm . of zirconium. Fletcher and Milkey (24) , 

1n a study of the Thorium - Morin colo.r system included 

data which suggested the application of Morin to the deter­

mination of zirconium and hafnium . 

The blue color or the zirconium - pytooateohol violet 

complex was utilized by Young, French and White (82) for 

the microdetermination of zirconium in sulfuric acid sol­

utions with Pyrocatechol Violet . Measurements were made 

at 6.50 m.u and its molar absorbance at this wavelength was 

claimed to be 32 , 600 wbleh would make this a very sensitive 

colorimetric reagent . As would be expected, hafnium was 

found to form a complex of equivalent molar absorbency . 
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Fletcher (23; 25} has recently 1n~roduced the use 

or 2 , 2' , 4'-Trihydroxyazobenzene-5-Sulfonic acid as a 

oolor1metr1o reagent for zirconium . These papers were 

principally theoretical studies . It was found that both 

a 1:1 and a 2:1 complex or dye to zirconium were formed . 

Both complexes were found to be true chelates. Still 

more recently 1tolf (68) extracted zirconium with di-n­

butyl phosphate and determined it directly 1n the organic 

phase with 1- (2-Pyridylazo)- 2-naphthol . This method was 

claimed to be very sensitive and selective for the sepa­

ration and determination of microgram quantities of zir­

conium 1n Al - Hg alloys . ~he system obeyed Beer 's law 

from 10 to 65 ug. or zirconium per 25 mls . The molar 

absorptivity was claimed to be about 32,000 . 

There are a few additional colorimetric reagents for 

zirconium which have not been described . However, these 

are of limited value. 

Indirect Chemical Determ1na~ion of Hafnium - Zirconium 

Ratios 

A number of 1ndirect chemical methods have been des­

cribed for the determination or hafnium 1n the presence 

or zirconium. However , most ot these have serious limit­

ations and none are completely adequate in the 0 to 1~ 

Hf02 range . 
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These indirect chemical methods are adequately re­

viewed by Goward and Jacobs (29 , p . J00-2) . All of these 

methods involve the determ1Dation of the total hafnium 

aDd zirconium by two independent chemical methods , one 

of which is usually the weignin~ of a mixture of the 

pure ignited oxides and the other a gravimetric , volu­

metric or spectrophotometric procedure . The composition 

of the mixture 1s then found by solving two simultaneous 

equations or determined on the basis of a calibration 

curve in which a f1xed weight of known oxide mixtures 

are used. Some of these 1nd1reot chemical methods will 

be briefly mentioned 1n the following paragraphs . 

A phosphate precipitation method has been descri bed 

for the determination of hafnium 1n zirconium. These me­

tals were isolated as the pure oxides , weighed , dissolved 

and reprec1pitated with ammonium phosphate and ignited 

to the pyrophosphatea for the second weighing . lJ.'he reverse 

procedu.re has also been used (2'1 , p. JOl). 

Werniment and DeVries (76) based a method on the in­

creased effect of hafnium over zirconium on the optical 

rotation of solutions of t a rtaric acid . Claassen (17} 

and Sohumb and Pittman (69) utilized a mixed selenite pro­

cedure to determine the zirconium - hafnium ratios . 

As previously mentioned , Hahn ()4) determined the 

ratios using p-bromomandel1c acid as a weighing form 

http:procedu.re
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1n conjunction with a m1xed oxide weight . 

A different1al spectrophotometric method using 

alizarin Red s was developed by Freund and Holbrook (2?) . 

10 to 5~ Zr Oz 1n Hto2 was determined by measl.lritlg the 

absorbance against a permanent standard prepared from 

strips of colored cellophane. A calibration ourve was 

prepared from known mixtures o~ Hf02 and z ro2 all at the 

same total oxide level. 

A number of other methods based on the determination 

of mixed halides, sulfates eto. have been proposed but 

have not received m~ch attention because of the d1tticulty 

of obta1n1ng these compounds 1n a reproducibly pure form. 

Density measurements have also been l.laed bl.lt have not 

proved very satisfactory . 

None of these methods above except that of Freund 

and Holbrook hold much promise of being applied to the 

determination of o to 5% Hf02 1n zre2• The method of 

Freund and Holbrook will be further discussed in a later 

section. 

Differential Spectrophotometry 

Differential spectrophotometry refers to that tech­

nique 1n which the concentration of an unknown sample 1s 

determined by measuring its transmittance or absorbance 

relative to a standard soll.ltion of known concentration . 
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This is us~lly done with the specific obJective of re­

ducing the relative ooncen~ration error. 

A differential method can decrease the relative 

error in the determination of concentrations 1n two ways . 

The determination of the concentration of an unknown by 

measuring its transmittance or absorbance relat ive to a 

reference soluti on of known concentration can result 1n 

an increase 1n the relative precision of the concentration 

measurement . This is true since any error 1n tbe spectro­

photometric measurement will result only in an error in 

the difference 1n conceneration between the unknown and 

reference solutions . The second way in which a differ­

ential method may reduce the relative error is 1n the 

compensation of systematic errors. For example , a slight 

error 1n setting the wavelength for a given solution will 

affect both the reference and sample absorbances to ap­

proximately the same extent when the concentrations are 

the same or nearly so (59) . 

In 1955, Reilley and Crawford (65) described theo­

retically, four spectrophotometric methods and called 

these Method I, II, III and IV . Methods I and II had 

been described previously. but III and IV were newly 

pro~oaed methods . ~bese four methods of operation are 

described below: 

Method I. ''Ord1nary 0 r1etho<i . '!'he 1Dstrt.lment is Get 
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to read 0 with the photocell in darkness and to read 

100 when exposed to light which has passed through 

pure solvent . 

Method I I . "Transm1ttance- Bat1o• Method . The in­

strument 1a set to read 0 with the photocell 1n dark­

noes and to read 100 when exposed to light which has 

passed through a reference solution more dilute than 

the sample . 

Method III . "Trace Analysis" Method . The instru­

ment is set to read 100 when exposed to light which 

has passed through the pure solvent and to read 0 

when exposed to light which has passed through a 

reference solution somewhat more concentra ted than 

the sample . 

Method IV . "Genera18 Method . Reference solutions 

are used to set both the 0 and 100 end of the soal e . 

1ethod II was known, used and discussed by many in­

vestigators previous to this paper of Re1lley •s . Inter­

est 1n the "transmittance-ratio• method was promoted by 

the papers of Kortum (4?) , KortUm and Seiler (46), R1ng­

bom (67), Bastian (S; 7) , Bastian , Weberling and Pa l 1lla 

(6) , Hiskey (42), H1akey and Firestone (41} , H1skey, 

Rab1now1tz and Young (43) , Youn~ and Hiskey (61) and 

B1ngbom and Osterho~ (66) . ~bese papers were concerned 

primarily with the theory and principles of this method 



which will be further d1sc~ssed later. Papers subse­

q~ent to these have been concerned with application , 

evaluation and extension of Methods 11, III and IV . 

Among these are articles by Lothe (SS), Freeland and 

Fritz (26), Banks , et al (4) , Banks, Spooner and O' Laugh­

l1n (2 ; J), Manning and White (5?) , Carvallo (11), 

Beilley and Hildebrand (64) , Freu.nd and Holbrook (27) , 

and Crawford (18) . 

The principles of differential spectrophotometry 

are also briefly disc~ssed 1n many of the more recent 

lnstru.mental analysis books s~ch aa iUard , Merritt and 

Dean (79, p . S0-5) and Ewing (20, p. 57-60) . 

Since this thesis work has been principally con­

cerned with Method II described above, 1n general the 

remaining discussion will be confined to this method . 

As previously mentioned , the prinoiple obJective in 

using a differential method 1s to reduce the relative 

error. This is designated as dC/C or ~C/C . Bastian , 

Weberling and Palilla (6} developed an equation relating 

this relative u.noerta1nty 1n concentration, AC/C to the 

uncertainty in absorbance, t:.A. This is given bJ 

!:iC/C = t::. A/SxC 

where S is the slope of the absorption - concentration 

ourYe at any concentration c . This eq~ation is independ­

ent or Beer ' s law which is a special case when s is 
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constant. From this relationship it oan be seen that in 

order to make nC/C as small as possible, A should be as 

small as possible and SxC as large as possible. Since 

6.A 1s usually relatively constant for a given instrument 

s or c or s and c must be increased 1n order to decrease 

~ C/C. 

Using Method Il, the sxc product is maximized by 

increasing C where c is the concentration of the reference 

solution. As C 1s increased, then wider slit widths 

than normal ml.lst be used to balance the instrl.lment . This 

results 1ll less monochromatic light and eventually in 

an apparent deviation from Beer's law. When this happens 

the slope, s, begins to decrease. ~herefore, it is ap­

parent that the optimum conditions for a minimum ~C/C 

will occur when SxC is a max~um. From this it is seen 

that 1f sxc vs. c is plotted, the curve will rise to a 

maximum and then decline . The opt1mum concentration is 

then taken at the point where sxc is a maximum. 

In order to determ1ne the best transmittance and 

absorbance range for finding C relative to a reference 

standard, we will consider the ~allowing . ~he relation­

ship for finding the concentration C for a sample using 

the ntransmittanoe-ratio" method 1s given by 

(1) c = ~ log .l... + ..1.. log ..1.. 
au lf1 iD TB 

and tbe relative uncertainty 1n this concentration is 
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given by 

( 2) I:SC/C = Tl ( lii~i.r liltg) 

where T1 is the transmittance relative to the reference 

solution and Ta is the transmittance of the reference 

solution . The T1(lnT1+lnT.a) term increases with T1 if 

the transmittance of the reference solution relative to 

solvent is 0.)68 or smaller and A C/C will be at a minimum 

when T1 = 1 , and also if the absorbance of the reference 

solution relative to solvent is O. l+J4J or larger, the 

absorbance of the unknown sample relative to the referene• 

should be as small as possible (.59; 6; 42) . The \Utefu.l 

transmittance range for this method is from 20 to 100. 

O'Laughl1n and Banks (59) expressed the opinion that 

the compensation of systematic errors which is inherent 

in this method may be equally as important as the theo­

retical increase 1n precision. 

Lothe {55) and Reilley and Hildebrand {64) have 

described indirect 11 transm1ttanoe-ratio" methods which 

potentially are very useful . In the 1nd1rect methods, 

the substance to be determined is added to a colored sol­

ution which 1s bleached as a result of the addition. The 

extent of the bleaching oan then be related to the amount 

of the substance added . Lothe (55) shows that for the 

ideal case. the optimum absorbance of the sample solution 

in indirect spectrophotometry is zero . He also develop.O. 
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an equation for the relative error when the instrument 1s 

balanced.. at the 100 end of the soale with a reference 

solution slightly more bleached than the same solution , 

and where 6 C1/c1 is the relative concentration error of 

the bleached solution T1 and Tu is the transmittance of 

the original unbleached solution . 

Using the illd1reot approaoh there is no instrumental 

l1m1t on how high the absorbance of the unbleached sol­

ution 1s made since it is not necessary to wake any spec­

trophotomet.rio measurements on it . It wot1ld therefore 

appear that there would be no instrumental limit to the 

possible gain 1n relative precision by this procedure . 

O' Laughl1n and BMks (.59) h.ave labeled this the "ultimate 

method" but have qualified this by admitting that this 

approach is ireatly limited by the lack of suitable color 

systems . It should also be recognized that none of these 

methods are any better than the ohemioa.l manipulations 

wh1ch accompany them . In many cases these will be the 

l1m1t1ng factors rather than the instrumental measure­

me.nts . 

Now that the differential method has been described • 

as well as the var1ou.s color systexns available for hafnium 

and zirconium , it is possible to outline the experimental 

approach to the thesis problem of determining 0 to S% 
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Hf02 1n the presence of zro2 . This will be taken u.p 

1n the next section on uApproach to the Problem" 
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APPROACH TO THE PROBLEM 

With the background which has been 1.ncluded 1n the 

preceeding sections it is now possible to state the pro­

blem and to outline theoretically the experimental ap­

proach to it. 

The problem was to find a method for determinillg 

accurately 0 to 5% Hf02 in the presence of ZrOz by u.til­

izing the differential spectrophotometric Method II. 

As previously stated, the molar absorptivities of 

given zirconium and hafnium complexes are essentially i­

dentical. Therefore , for the same weight of Zroz and 

HfOz• the difference in absorbance (~A) will be due to 

the difference in their atomic weights. This can be seen 

from the following relationships: 

(1) AzrOz = [ X b X C X l/Zr02 

(2) AHro2 = E X b X C X 1/Hf'Oz 

where is the molar absorbtibity of the complex, b is 

the cell path length and C is the weight concentration 

ill grams per liter. The A's shown would actaally be for 

the complexes but they are written in terms of the oxides 

for convenienc-e. 

It the total weight of the oxides are held constant. 

Wzro2 + Waro2 = Wt = constant, it can then be seen that 

the absorbance of' any mixture of Hf02 and Zr02 1Dust l1e 
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bet;ween l1m1t1ng values set by the pure components. The 

relat1oDsh1p of AHto2 to Azro2 can 'be fo\U'lcl by d1viding 

equation (2) by (1), then; 

( X b X C X 1/Hf02()} 
= -( __~x-b_x_C_x ir-/~Z!-r"'!!'0-2 

(4) AHf02 = zroa • 123.2 = 
Azre2 Htoa 210 •.5 

Then for a given concentration { Wt . /vol.) of HfOa and 

ZrOa. the absorbance of the Hf02 solution would be 

0.58.5 x Azro2 • It can therefore be seen that ordinary 

spectrophotometry wo1.1ld be completely inadequate for 

small amounts ot Hf02 1n Zr02. However, Method li 

(transmittance-ratio) operation, 1n effeot, permits a 

scale expansion since an absorbiDg solution 1s used as 

the reference solution. These relat1ollsh1ps can. more 

clearly seen from F1gare 1. 

It 1s clear from this diagram of idealized cali­

bration Ol.lrves tba.t as the concentration increases, the 

curves become more widely separated. However, as we go 

to higher concentrations such as C2; CJ, etc; where the 

absorbance curves are sufficiently separated, tbe limits 

of the 1nstNment are exceeded for Netbod I. However, 

using these higher concentrations (Cl, c2 , C3} as refer­

ence sol.at1ons to set the 10~ T seale reading of tbe 

instrument, acceptable Method II c.alibration carves are 

obtained. It is also seen that the greater tbe 
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concentration ot reference solution, the greater the 

separation of calibration curves and the more sensitive 

the ~etbod becomes to the detection of hafnium. In an 

actual case, the optimum concentration will produce the 

largest separation of curves with minimum relative error. 

The optimum concentration was discussed briefly 1n 

the preceeding sectio~ where the relation 

AC - D.A
C- :3xC 

was given. Since this equation was not derived at that 

point, it is der1VeQ below starting with the fundamental 

equation suggested by Reilley (65). 

( 1 ) Ii = kl + k • where B = 1nstrwuent dial reading, 

k • sensitivity, I = amo~t of light 1ssu1ng from the 

sample, k' • dark o~rrent setting. A linear relation­

ship between I and R 1e assumed. 

(2) Boundary conditions forB, 0 and 100 

H • 100 when I = I1 

B ~ 0 when 1 = I2 

(3) When a = 100, 

100 = kll + k 1 

and when R = o , 

0 = kl2 + k' 

then 
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a • 100, c1 
o, 02 • 

C • - 1/\l(ln /100) e·~Cl • 0 .; 0 

C - 1/u ln 5/100 ; lD e-"C1 

(6) C 01 - ~u(ln fi/100J 

c • c1 - 2 .JS>ao (2.)0) lo a/10 ) 

C • C1 - 1/ab{lo a/100) 

ubat1t.\olt1ag A • • lo 5 1oto th1a eq~a,1on 
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we obta1Jl 

c • cl -+- at - a§ 
(9) Differentiating gives 

dC • dA
iD 

and d1v1d1ng both sides of the equation by C 

dC D dA c iCC 

or 6 C • _I:AA
'C 'iiDC 

where 6 C/C is the relative u.ncerta1Jlty in con­

centration and /lA is the m1n1mu.m difference 1n 

absorbance that can be detected. 

( 10) Sl.lbatitut1ng, a = ~~ = s ll:lto equation (9), 

6 C = _aA when b = 1 om.c ~ 

Equation (10) is correct if Beer's law is followed 

and therefore the greater the concentration the smaller 

the relative error 1n the determ~nation ot concentration. 

However, a concentration level is reached ultimately 

where tor both ohemioal and instrumental reasons dev­

iations from Beer's law results 1n an increase 1n this 

relative error. This suggests that an opt1mum concent­

ration should exist. 

NegatiYe deviations from Beer's law caused by chem­

ical deviations may be due to the presence of more than 

one absorbing species, polymerization, or to excessive 

concentration. This latter case may also result 1n 



1natrumeDtal dev1at10l'ls as well as chemical. 

As aolutioDa of increasing conoeDtrat1oDa are em­

ployed leas and less , radiant eDergy will strike the 

deteotor. Ultimately, a po1Dt m\.lat be reached even 

though the system obey's Beer ' s law perfectly, where the 

signal to Doise ratio will limit the \.l&etul operatioD of 

the deteotoG, Failure of the eq\.lation a • kl + k ', or 

i ts equivalent, H = k kci + k ' will also occur when such 

concentrated solutioDs are used that no radiant energy 

issues from the sample aDd I will then become zero. tt 

k • the photocell sensitivity at a given wavelength is 

not great enougb to su~t1ciently detect the extremely 

small signal received by lt through the highly absorbing 

sample solution or kc 1 the circuit seDaitivity 1s not 

great enough to adeq\.lately amplify the signal trom the 

photocell, then the equati on B = kl + k ' will become non­

linear. In order for this eql.lation to be applicabl e , 

must be large enough so that k does not have to be made 

so large that instrumental tnstability will result . The 

maxtmam usable ampl1fioation 1s fixed by the signal-to­

noise ratio. 

An excellent way 1n which to increase k, without 

increasing kc, wheD I is relatively small is to replace 

the ordinary phototube w1tb a photomultiplier tube . Tb1s 

can increase k as much as 100 to 200 times without 

I 
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increasing k to a degree that will result 1n instability . 

Ordinary vacuum phototubes have a maximum photoourrent 

sensitivity of 10 to 40 microamperes per lumen while 

photomultiplier tubes have sensitivities of the order 

of 20 to 20000 amperes per lumen . In practice however, 

the actual photoourrent must be of the order of microam­

peres as excessive currents will damage the tube (50) . 

Photomultipliers are generally useful from about 

lo-14 to 10-4 lumens . The continuous current flowing from 

the anode should be kept below 1 milliampere to avoid fat­

igtle effects . For maximum stability, the current should 

be 1n the ran.ge 0. 1 to 0 . 001 milliamperes (51) . These 

tubes have a linear response over a wide range of light 

intensities leading to anode currents of lo-12 to l0-.5 

amperes . Amplification can be pushed to the limits im­

posed by shot - effect noise , approximately 6 x lo-12 

amperes, without seriously 1ncreasl.ng the number of er­

ratic excursions of the 1nd1oat1ng meter. This limit may 

be diminished by reducing the temperature at which the 

tube 1s operated, the reason for which will be given 1n 

a later paragraph. (l9) . 

The superiority of a photomultiplier tube over an 

ordtnary photocell, with respect to random noise , in­

creases as the illumination decreases. The phOtomulti­

plier can measure intensities about l/200 as strong as 

http:1ncreasl.ng
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those measurable with an ordinary photoocll(19) . In the 

oase of the Beckman Model DU Spectrophotometer , the elec­

meter - amplifier circuit 1s sensitive to phototube our­

rents as small as lo-13 amperes. This amounts to an IB 

drop 1n the phototube resistor (2000 megohms). produced 

by the light 1nduoed pbotoourrent, of 0 . 2 millivolts . If 

a photomultiplier tube is used 1n plaoe of the ordinary 

phototube the sensitivity is increased 100 times (53) . 

The sensitivity of a spectrophotometer ia ultimately 

limited by the signal - to - noise ratio . Eleotrieal 

noise arises 1D electronic oircuits from tbe random motion 

of electrons in conductors, resistors, and vaouum tubes , 

generating spontaneous voltage fluctuations that are super­

imposed on whatever directed voltages are present . Tbe 

three types or noise commonly encountered in electronic 

o1rou1ts are thermal - resistor, or Johnson noise, noise 

from fluctuations in plate and grid currents, and shot 

effect noise . The magnitude of the noise voltage asso­

c1ated with a resistance , fi is given by the equation : 

~ = 4kTR(f2-tl) 

where e~ 1a the root - mean - square value of the noise 

voltage, k is the Boltzman constant , T the absolute tem­

perature, and (f2-fl) is the band width , or range ot 

frequencies under consideration (52). 

Whenever the voltage drop produced by a photocurrent 
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in an input resistor B. is applied to the grid of the in­

put tube of an amplifier, thermal resistance noise is 

added to the shot noise 1n the photocurrent. Whenever 

the voltage drop in the resistor produced by the total 

photoourrent i is less than 0.05 volt, the thermal re­

sistance noise exceeds the shot noise. Since the input 

resistance cannot be increased withoat l1m1t• this con­

dition is commonly found. The total noise voltage at the 

input is given by the equation: 

e! = {2e1R2 + 4kTR) (f2-f1) 

Prom this it would then appear that it would be 

desirable to preamplify the photoourrent to a relatively
' 

high value by some method w.~1ch does not introduce thermal 

noise. This can be accomplished by the use of a photo­.·. 

multiplier tube. Detailed .analysis has shown that the 

mean square noise Cllrrent ·in the output of a photomul­

tiplier exceeds only slightly the mean square noise our­

rent in the emission of the photocathode ml.llti.plted by 

the squ.are of the ga.1n or the lllUlt1pl1er tube. This ex... 

cess decreases as the gain per stage of the photomulti­

plier 1s increased. Secondary - em1ss1on amplification 

1n the photomultiplier tube raises the level of the sie;• 

nal current to a point at which the amplified shot noise 

1.n the original photoourrent, overrides the thermal noise 

generated 1n the 1nput resistance of a succeeding 
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conventional amplifier, as well as the tube noise of the 

amplifier. This is accomplished without appreciably 

reduc1Dg the signa1 - to - noise ratio to a value below 

that of the original pbotocurrent. The noise output of 

an n - stage photomultiplier \'11th a gain G per stage is 

given by the following formula, 

in2 - 2eio(f2-fl) o2n + 1 - an 
G - l 

The term is the emission current from the photocathode,i 0 

comprising both photoem1sslon and thermionic emission 

(dark current). Since the output signal ourrent is 18G~ 

1s being the photoourrent generated by the light• ~he 

ratio ot signal to noise current becomes, 

1sGn = 1s (83).l1fi )I ~ei0(f2-f1 )( 1+1/0+· ··) Ji 
At this point a little more will be said about the 

dark current previously mentioned . Any phototube to which 

voltage is applied will pass a oertaln amount of current 

even if the photocathode is unillumlnated. Such dark 

currents are most significant in devices employed for 

the measurement of very small amounts of l1ght such as 

photomultiplier tubes where the relatively high poten­

tial differences present 1n these tubes may accentuate 

these currents (8J). At the normal operating Yoltages 

of photomultiplier tubes (and at room temperature) 

therm1on1o emission is the principle source of dark 
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cu.rrents. Thermionic emission depends only \lpon the 

work tu.nction of the emitting surfaces and their tem .. 

peratare. The specific emission of a surface 1s given by 

the formula: 

where T is the absolute temperature of the surface, W 

its work 1\uletion in electron volts, and. k the Bolt..man 

constant. The constant A is, for pure metals• of the 

order of 1.2 x 106 amperes per sqware meter per degree 

squared. The exponential faetor is therefore verr small 

and varies very rapidly with temperature. This relation 

also holds tor composite s\lrfaoes, altho\.lgb 1n this ease 

A is much smaller than the val\le given. It is therefore 

possible to greatly reduce the dark current by cooling 

the photomultiplier tube, for example, in liquid air. 

It has been shown that the dark ourrellt can be x-edu.eed 

from about 1o·1J amperes at 40°C to 1o•l? amperes at 

-120° c (8)). 

Deviations from Beer's law may also result from the 

use of exoess1ve slit widths (or speotral band widths). 

In a prism instrument such as the Beckman Model DU 

Spectrophotometer, the spectral band width will increase 

as the slit width is l.nereased. This w1ll resu.lt in a · 

decrease in the absorption maxima and it 1s therefore de­

sirable to u.se small slit widths. The m1n1mwD slit 
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width at which measurements oan be made with a given so­

ultion 1s dependent upon the energy of the light source , 

the sensitivity of the detector, and the absorbance of 

the solution . In a prism instrument the light dispersion 

depends upon wavelength and therefore the minimum slit 

width will depend upon the wavelength at which the soll.l... 

t1on is measured . A photomultiplier will or eol.lrse, 

make it possible to use much smaller slits than would 

otherwise be possible, thus minimizing deviations due to 

excessive spectral band widths and making it possible to 

measure much more highly absorbing ·· solutions than wol.lld 

otherwise be possible . 

In addition to the above considerations, the 2 , 000 

megohm phototube load resistor as used ill the Model DU 

may snow nonlinerities of as much as 0. 2% . These de­

partures from Ohm ' s law are largest at low current and 

represent an important reason for operating at as high 

light levels as other conditions permit when measurements 

of the highest accuracy are required (5)). 

When measuring very low incident light intensities. 

the sensitivity of different regions of the photosensi­

tive surface may vary significantly and may be a source of 

error {80) . 

Experimentally , the optimum concentration previously 

mentioned, can be determined as follows . A series of 
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standard solutions of the complex, differing by a fixed 

increment, 1s prepared and the absorbance of each solu­

tion is measured Sia1nst the solution of the next lowest 

concentration as reference . In making these measure­

ments, the spectrophotometer is balanced at 0 absorbance, 

(R = 100) with the reference solution 1n the light path, 

making a rough adjustment with the slit control and the 

fine adJustment with the sensitivity control. 0 1Laughl1n 

and Banks (59) claim that the sensitivity should remain 

'· - , essentially constant as changing it will change AA which 

is assumed to be constant. It is not clear however, how 

significant this 1s. 

If the relative absorbance ( A A) values measured are 

divided by the concentration increment A C then the aver­

age value for the slope, s , of the absorbance vs . concent­

ration curve is obtalned for the concentration range of 

the two solutions. The optimum concentration will then 

be that concentration at which S x C 1s a maxim~m. 

In order to assist 1n the selection of color systems 

which might be suitable for the differential Method II 

approach, the following derivation was made 1n which the 

relative absorbance or relative log R can be estimated 

between any two solutions. 

starting with the relationship already derived, 
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( 1 ) c • c1 _ log u/100 
c xb 

and applying to the determ~t1on of Hf02 ln Zr02 . 

(2) C = fWt + Wt{l- t)
Hf02 Zr02 

c _ forit + Wt(l-fo)
1 - H?02 ~r02 

where Wt = Wzro2 + WHro2 c: constant = g/1 

t 0 • weight fraction of Hf02 1D solution 1 , C1. 

f = weight fraction of Hf02 in any solution, c . 

Substituting into equation (1) gives, 

(J) fWt Wt(1- f) foWt Wt(1- fo) 1 c 'lOO 
ltrn2+ Zro2 = ln"'2 + zro2 - c 1og ~ 

When f = o, and b = 1 em. , eq~tion (J) beoomes 

t • fo t + Wt(l- fo) - i log B/100~ aro2 zro2 

Wt to~t Wt(l-fo) { log fi/100Zr02 - Hf02 - zro2 = 
Wt foWt Wt foWt 1 

zro2 - Hf02 - Zr02 + .Zr02 = - t' log a/100 

( [~r~t _rowt ] = log tt/loo
2 :t..r02 

1 1£t 0 Wt ( ) = log - log 100Hf02 - L.r02 

€foWt ( 2lA.6 - 12~ . 2) a log R - 2.000 

(4) log E = 2 . 000 - £ f 0Wt x ; .;6, x 10-J 

Thia relationship will then give log for a solution 

containing only Zr02 when measured against a reference 

solution containing some fraction of Hfo2• 

The derivation above was checked by another approach 
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which is toWld 1n appendix D. 

It oan be seen from tnese derived relations that it 

is desirable to haTe the molar absorbanoy {( ) and the 

total weight of oxides as large as possible 1n order to 

permit the fraction of Hf02 to be small . Tho opt1m~ 

total weight of oxide {Wt} to be used can be found by 

following the procedure previously described. 

In selecting the color systems to be investigated, 

the literature was consulted (see proceeding section) 

and those systems which seemed to have desirable charac­

teristics and would lend themselYes to this type of 

treatment were investigated. 

The mandelic acid system was first investigated since 

it could be used to separate as well as determine zircon­

ium and hafnium . In this approach , the sample was pre­

cipitated with mandelic acid to give tne zirconium and 

hafnium tetramandelates which were weighed directly. 

These were then dissolved 1n ammonia and the absorbance 

measared . 

The second system to be tried was one utilizing 

ohloran111c acid . This seemed to have poasibil1t1es dae 

to its large molar absorptivity and stable color com­

plexes formed with hafnium and zirconium. 

ueroetin was the third system to be utilized. It 

bas an even higher molar absorptivity than ohloranilio 
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The £1nal system to be 1nvest1gated waa Xylenol 

Orange . Th1a system offered the poaa1b111ty of an 1n­

d1reot •transmittance-ratio" approach and proved to be 

the most fruitful one. 

Deta1la of theee investigations w1ll be fo~nd in tbe 

experimental seot1ons. 
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INVESTIGATION USING MANDELIC ACID 

Objective 

The obJec~1ve of this research was to develop a 

differential spectrophotometric method for the deter­

mination of hafnium 1n zirconium. lt was hoped that this 

could be accomplished by prec1p1tating standard aolutions 

prepared from known weights or Zr02 and Hf02 with mande­

lic acid, filtering and drying the precipitates and final­

ly weighing out exactly the same weight of each tetra­

mandelate standard and dissolving it 1D 1 ! ammon1~ hy­

droxide to a given volume. These solutions should then 

be able to be measured differentially by the •transmit­

tance-ratio• method, the seandard containing the largest 

amo~t of Ht being used as the reference solution. Each 

of the other standards should then be measured and a 

calibration curve of relative absorbance (~~ ) versus per­

cent Ht{M)4 constructed. 

In order to accomplish this objective it was neces­

sary to establish or confirm: 

1. The conditions for quantitative precipitation 

of hafn~ and zirconium with mandelic acid. 

2. The absorption curves for manaelic acid, zir­

conium tetramandelate and hafnium tetramande­

late 1D 1 ! ammonium nydroxide. 



3. The optimwm concentration of zirconium and 

hafnium tetramandelate 1n 1 ~ ammonium hydrox­

ide. 

Apparat~s 

All absorbance meas~rements were made with the Beck­

man Model DU Spectrophotometer eq~ipped with photomul­

tiplier and ~ltrav1olet light source. Matched a1lioa 

cella were used for all absorbance measurements. 

Reagents 

1 . Zirconium Oxide - High purity Zr02 obtained 

from the United States B~reau of Mines , Albany , Oregon 

was used aa the source of zirconium for all z1roon1~ 

solutions. Z1roon1um sol~tions were standardized by the 

oupferrcn method. (See Appendix). 

2 . HafD1um Oxide - H1gb ~r1ty Hf02, HfCl4 and 

HfOCl2 •8H20 from the Bureau of Mines were used as tbe 

aouroes of all hafDium solutions. Hafnium sol~tions 

were standardized by the cupferron method. (See Ap­

pendix). 

3. Mandelic Ao1d - Reagent grade mandelic aoid 

(melting po1nt, 118-1190C) available from Matheson, Cole­

man and Bell , Norwood , Ohio , was used for preparation of 

mandelic acid aol~t1ons. 
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4 . Potassium eyrosulfate - Reagent grade. Used 

for ft.lsion or ZrOz and HfOz . May be obtained from J . T. 

Baker Chemical Co., Ph1llipsbt.lrg, New Jersey . 

5. wash 3olutions ­

A. Saturated ziroonit.lm tetramandelate solution . 

Added distilled water to a bottle containing exness soli d 

zirconium tetramandelate and agitated. 

B. Saturated hafnium tetramandelate solu.tion. 

Same as (A) except solid hafnium tetramandelate was used . 

Mandelic Acid ?recipitation 1n Presence of ~ulfate 

Three 0. 2 g . samples and three 0. 05 g . samples of 

zro2 and Hto2 were weighed exactly into crucibles, 5 g. 

and 2 g. respectively of potassium pyrosulfate was added 

to each and the samples were fused until a clean melt 

was observed . The contents were then dissolved in 100 

mls . of 2 ~ HCl solu.tion , 50 mls . of 15~ mandelic acid 

was added and the temperature was slowly raised to 85°C 

and held there for about half an hou.r. The resulting pre­

cipitates were filtered thro~h previously weighed medi~ 

porosity sintered glass crucibles and washed with a hot 

2% HCl and 5~ mandelic acid wash solution. Each aample 

was then washed three times with acetone and twice witb 

ether. Air was then drawn through the precipitates tor 

a few minutes and they were then placed 1n an oven a t 

http:ziroonit.lm
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110°c overnight . The results are su.mtJ:ta.rized 1n 'fable 

r and II . 

Although the zirconium gave essentially 10~ yields 

with mandelic acid ,. the hafnium was low 1n eaeh case. Ill 

order to determine whether this was due to the 11ethod of 

precipitation, a dropwise addition of mandelic acid so­

lution was made. The Zr02 and Hf02 samples were fused 

1n pyrosulfate and dissolved as previously . The sola• 

tions were then heated to a;oo taad. 1.5% mandelic acid was 

added dropwise with constant st1rr1llg . They were d1gestecl 

for thirty minutes at this temperature and allowed to cool. 

They were filtered• washed and dried as previously des­

cribed . The results are su.mmarized in Table III and IV. 

This procedure gave essentially the same results as 

the previous one . However, tbe precipitates obtained 

were grainer and more easily filtered but the procedure 

was much more t 1me con awning . 

Since actual standards and samples wo~ld be composed 

of the mixed oxides , a series of aynthet'ie standard.a were 

prepared ee>nta1n1ng from 0% Hf02 1n ZrOa to 10% Hf02 in 

Zr02 • These were fused with 2 g . ot potasa1~m pyrosu.l­

fate and the melts dissolved ill .50 mls . of 2 M hydro­-
ohlorio acid . 3.5 mls . ot 1.5% mandelic acid was added to 

each solution and they were slowly heated to asoc and 
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TABLE l 

MANDELIC ACID ?RECIPI'.rATION 
OF Zr IN ?RESENCE OF SULFATE 

Sample
No . 

1 

2 

J 

4 

5 

6 

zroa 
Added 

{g) 

0. 2023 

0.2082 

0 . 1706 

o. 0.520 

0.0565 

0 . 06)0 

Zr(M)4
Foand 

(g) 

1 . 1.583 

1 . 1'739 

0. 9'7.52 

0. 2914 

0 • .)163 

0. 35.51 

Zr02 
Found 
{g)( calc) 

0 . 20.5J 

0 . 2081 

0 . 1'728 

0 . 0.51'7 

0.0561 

0.0629 

Error 
(g) 

+0.0030 

-0 . 0001 

+0 . 0022 

-0.000.) 

-0 . 0004 

-0 . 0001 

%Recovery 

101 . $ 

100. 0 

101 . ) 

99 . 4 

99 . ) 

99 . 8 

TABLE II 

MANDELIC ACID PRECIPITATION 
OF Hf L~ PRESENCE OF Str.LJI'A:TE 

Sample
No. 

1 

2 

3 

4 

5 

6 

HfOa
Adde . 

{g) 

0.1847 

0. 1982 

0. 2034 

0.0653 

o. o;ao 

0 . 0.574 

Hf(M)4 
Fou.nd 

(g) 

0 . 6?12 

0. 7235 

0. 7354 

0 . 23.50 

0. 2100 

0 . 2091 

Hf02 Error 
Foand (g) 
(g)(calc} 

0. 1804 -0.0043 
. ~,. 

0 . 194.5 -0.0037 

0 . 19'77 -0.0057 

0 . 0632 -0 . 0021 

0 . 0.56.5 --0 . 001.5 

0 . 0.562 -0 . 0012 

%Recovery 

9? . 7 

98 . 1 

97.2 

96 . 8 

9? . 4 

97 · 9 
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Sample
No. 

1 

2 

.3 

Sample
No . 

1 

2 

zroa_
Adde 

(g) 

0 . 0520 

0.056.5 

o . 06JO 

Hf02 
Added 

(g) 

0. 06.53 

o. 0.580 

0 . 0574 

TABLE III 

DRO.PWISE MANDELIC ACID 
PRECIPITATION OF Zr IN 

PRESENCE OF SULFATE 

Zr(M)4
Found 

zro2
Found 

Error 
{g) 

{g) (g}(calo} 

0.2914 0 . 0.517 -O.OOOJ 

0 . ;316.) o. 0.561 .. o.ooo4 

0 . 3.5.51 0 . 0629 -0 . 0001 

TABLE IV 

DROPWISE MANDELIC ACID 
PRECIPITATION OF Hf IN 

PRESENCE OF SULFATE 

Hf(M)4 Hf02 Error 
Found Found (g) 

(g) (g)( calc) 

0 . 2.3.50 0 . 0632 ...0. 0021 

0 . 2100 0 . 0,56.5 ...o. ooa.s 

0. 2091 o. 0.562 -0.0012 

%Recovery 

99 . 4 

99 . ) 

99 . 8 

%Recovery 

96 . 8 

97 . 4 

97 . 9 
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were allowed to remain for thirty minutes . They were 

then allowed to stand overnight before filter1Dg through 

s1ntered glasa crucibles as previo~aly described. These 

experi~ental results are s~rized 1n Table V. 

No explanation can be given for theae generally h1gh 

results especially s1nce they ordinarily seem to be 

slightly low in presence of sulfate. 

A series of experiments were carried out to determine 

whether precipitation 1n absence ot sulfate would be ad­

vantageous . These results will be found 1n the follow1ng 

paragraph. 

Mandelic Acid Precipitation 1n ~bsence of ~~lfate 

Standard sulfate free solutions of Zr02 and Hf02 

were prepared from ZrOCl2 •8H20 and HfOCl2•8H20 respectively. 

Since ZrOCl2 •8H20 was not available as such, it was pre­

pared from Zr02 • (See Appendix) . The standard ~ro2 solu­

tion contained 3. 248 mg . /ml. ot the oxide and the stand­

ard Hf02 solution 4.692 mg . /ml . of oxide in 2 j HCl so­

l~tion . 

25 . 00 ml . aliquots of both standards were precipi­

tated and filtered 1n the same manner as preTioualy ex­

cept that th~y were filtered while still hot . These 

data will be found 1n Table VI and VII . 

In general these data seem to abow improvement over 
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TABLE V 

l'l&~DELIC nClD P EClPITf..TlON 
OF SYNTHETIC SAMPLES IN 

Pn~~E~CE OF ~ULF~TE 

Sam-
ple 
No . 

ZrO~ 
Adde 

(g) 

HfO 
Ad de~ 

(g) 

Total 
Oxide 

{g) 

Mandelate Mandelate Differ- %Er­
{Theory) {r ound) enoe r or 

(g) (g) (£>) 

1 0 . 0982 0 . 0982 0 • .5,540 o • .s.ss~ +0 , 0044 0.79 

2 0.0992 0 . 0009 0 . 1001 0 . ,5629 0 • .5612 -0. 0017 0 . 24 

3 0 . 0973 0 . 0029 0 . 1002 0 . 5597 0 . ,56.51 "T-0 . 00.54 0 . 97 

4 0 . 09.58 o. 00.50 0 . 1008 0 . 55~1 0 . ,5649 +0.0058 1.0 

5 0 . 0084 o. oo84 0 . 1047 0 . ,574.5 0 . ,5813 +0 . 0068 1 . 2 

6 0 . 0096 0 . 0096 0 . 0994 0 . ,542) 0. ,5~66 -tO . 004) 0 . ?6 
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TABLE VI 

MANDELIC rlCID FnhCltiTAT ON 
Zr IN ABS£hCE OF SULFATE 

OF 

Sample 
No . 

1 

2 

3 

4 

.5 

6 

Zr02 
Added 

(g) 

0. 0812 

0 . 0812 

0 . 0812 

0 . 0812 

0.0812 

0 . 0612 

Z..r(rt}4 
Found 

(g) 

0 . 4577 

0 . 456.5 

0. 4581 

0 . 4542 

0.4497 

0. 4540 

~r02 
Found 
(g )(calc} 

0 . 0811 

0 . 0809 

0 . 0812 

o. 0805 

0 . 0797 

0 . 0805 

Difference ~Error 
(g) 

-0.0001 0 . 12 

-0 . 000) 0 . 37 

-0. 0000 o. oo 
-0 . 0008 0 . 98 

-0. 0015 1 . 8 

-0. 0008 0 . ~8 

MANDELIC 
Hf IN 

TJWLli VII 

ACID .t1RECl.t'l'l'~~luN OF 
AB~ENC~ OF ~ULFAT~ 

::>ample 
No. 

1 

2 

3 

4 

s 
6 

Hf02 
Added 

(g) 

0 . 1173 

0. 1173 

0 . 1173 

0 . 1173 

0 . 1173 

0 . 1173 

Hf( l'l)4 
Found 

(g) 

0 . 4)84 

0. 4374 

0 . 4397 

o . 4JB9 

0 . 4362 

0 . 4)6) 

Hf02 
FO\Uld 
(g}(calc) 

0. 1179 

0 . 0076 

0 . 1181 

0 . 1160 

0 . 117" 

0 . 11(8 

01fferenoe ~Error 
(g) 

-r0 . 0006 0 . 51 

+0 . 0003 0 . 26 

-+0 . 0008 0 . 68 

+0 . 0007 0 . 60 

+0 . ooos 0 . 4) 

+0 . 0005 o . 4J 
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thoae obtained in the presence of sulfate. Th1a is es­

pec1ally true tor the hafnium. Subsequent precipitations 

were therefore made 1n absence or sulfate. 

Soon after this investigation, the paper of Hahn and 

Baginski (9) was consulted 1n which the optim~ conditione 

for the direct weighing of z1roon1um tet~andelate was 

given. Th next phase of this work was therefore con­

cerned with testing these conditioDs for both zircon­

ium and hafnium . The conditions outlined by these authors 

were: 

1 . The solution should be 5 ! or greater hydro­

chloric aoid . 

2 . The mandelic acid should be added dropw1se with 

constant stirring to the hot (85°C-90°C) aoid 

solution . 

3. The solution should be cooled before filtration . 

4. The precipitate should be washed with a satur­

ated solution of zirconium tetramandelate fol­

lowed by alcohol and ether. 

Mandelic ACid Precipitation 1n trong Hydrochloric Acid 

Solution 

The standard sulfate free zirconium solution for 

this investigation contained 2. 828 mg. /ml . of 2r02 and 

the hafnium contained 3 . 740 mg . /ml . of Hf02 both 1n 6 ~ 
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hydrochloric ao1d . 

Twenty-f1Ye mls . al1qouts of these standards were 

used . 25 mls . or concentrated ~droohlor1c aoid was 

added to eaoh standard and was then heated to 8S°C . SO 

mls . of 15~ mandelic acid was added dropw1se with constant 

stirring. These solutions were digested for thirty min­

utes atter the mandelic acid had been added . The preci­

pitates were allowed to stand overnight before filtering 

through sintered glass crucibles . The z 1roonium and haf­

nium tetramandelate precipitates were washed with satur­

ated solutions of the same, followed by acetone and ether. 

~he results are summarized 1n Table VIII and IX. 

The zirconium results look Tery ood but the haf­

nium values are high . This is rather interesting since 

in all previous runs the hafnium had a tendency to be 

low . The only explanation that seems reasonable is that 

these hafnium precipitates were not washed enough to re­

move all the excess mandelic acid or that the ratio of 

mandelate to hafnium was slightly greater than 4:1 . Tho 

latter explanation seems to be the more likely one. The 

hafnium standard was analyzed using exactly the same pro­

cedure as that for the direct weighing of the hafnium 

tetramandelate except that the precipitates were filtered 

through Whatman #42 filter paper and ignited to the oxide 

and weighed. ·rbese values checked w1th the or1g1nal ones 
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TABLE VIIl 

MANDELIC ACID PRECIPIT TION 
OF Zr IN 5TliONG HCl 

Sampl e 
No. 

Zr02 
Added 

Zr (:[-1) 4(Theory) 
Zr(M)4
Found 

Differenc e 
( g) 

~Error 

(g) (g) {~) 

1 0 . 0'(07 0 . 3988 0 . 3980 - 0 . 0008 0 . 20 

2 0 . 0707 0 . 398b 0 . 3991 ;-0 . 000) 0 . 08 

3 0 . 0707 0 . )988 0 • .3973 -0. 0015 O. J8 

4 0 . 0707 0 .. )988 0 . )9b8 0 . 0000 o. oo 

5 0. 0'(07 0 . )988 0 . )979 -0.0009 0 . 2) 

6 o. 0707 0 . )988 0 . 400.3 -t-0 . 0015 0 . )8 

7 0 . 0707 0 . )988 0 . )9}) +0 . 0005 0 . 1.3 

8 o. 0707 0 . )988 0 . 4000 +0 . 0012 0 . )0 

TABLE IX 

tlhNDELIC ACID PaECIFITA~luN 
OF Hf L~ STnvNG HCl 

Sampl e 
No . 

HfO& 
Adde 

Hf(l'd4
(Theory ) 

Hf(M)4
FoLlnd 

Difference ~Error 
(g) 

(g) (~) (t;.) 

1 0 . 0935 0.3478 0 . )543 +0 . 0065 1 . 9 

2 0 . 093.5 O. )Lr78 0 . 3,536 -rO . 0058 1 . 7 

3 0. 0935 0 . )478 0.),500 +0 . 0022 o.. 6J 

4 0 . 09).5 0 . )478 0 . ),500 +0 . 0022 0 . 6) 

.5 0 . 09).5 0 . )47o 0 . ),54) +0 . 006.5 1 . 9 

6 0 . 0935 0 . )47 0 . )))2 -t-0 . 00,54 1.6 

7 0 . 09.35 0 . 34/d 0 . ),5J.4 -r0 . 00)6 1 . 0 

8 0 . 0935 0 . )476 0 . ),517 +O . COJ9 1 . 1 
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using cupferron. 

At this time it seemed worthwhile to aetermine the 

effect of varying the ratio of zirconium to mandelic aci d. 

For this work new standard solutions containing 4. 196 

mg . /ml . of ~r02 and 4 . 012 mg . /ml . of Hf02 were prepared. 

The concentration of z1roon1um and hafnium wer e varied 

by using s . oo , 10. 00 , 25 . 00 and so .oo mls . of each stan­

dard solution . ~o mls . of concentrated hydrochloric ac i d 

was added to eaoh solution and then SO mls . of 15~ man­

delic ao1d was added dropwise at 85°C followed by a 

thirty minute digestion. They were finally cooled , fil­

tered , washed and dried . These data are summarized 1n 

Tables X and XI . 

These data seem to indicate that a large excess of 

mandelic ao1d gives the best results with zircon1~ and 

that no significant difference 1s observed for hafnium . 

This would impl y t hat a large excess of mandelic acid 

should be used for precipitation of mixed oxides of z i~­

oonium and hafnium where the zirconium content is high . 

It should also be noted that the present figures for the 

hafnium agree ver.y closely to theory , whereas the last 

aeries were cons1stantly high . No explanation for this 

oan be made unless it had something to do with the use 

or different standard solutions for the two rune . This 

latter run certainly indicates that this method 1a 
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TABLE X 

EFFECT OF VARIATION OF ZIRCONIUM 
TO MANDELIC aCID RA !0 

Sample Volume 
No. ZrOi

(ml 

Zr02 
Added 
(g) 

Zr(rl )4
(Theory) 

(g) 

~r( >4 
Fo110d 

(g) 

Difference ~Er-
(g) ror 

1 ,5.00 0. 0210 0 . 1164 0 . 1184 o. oooo o. oo 
2 ,5.00 0. 0210 0.1184 0.11C:S9 +0 . 000.5 0 . 42 

J 2.5 . 00 0 . 1049 0.,5918 0 • .5889 -0. 0029 0 . 49 

4 2,5 . 00 0. 1049 0 . ,5918 0 • .5892 - 0 . 0026 0 . 44 

s 10 . 00 0.04196 0 . 2367 0 . 2376 ...-0.0009 O. J8 

6 10.00 0.04196 0 . 2367 0 . 236.5 -0.0002 0 . 08.5 

1 ,50.00 0.209o 1 . 1836 1 . 1686 -0.01.50 1 . 2? 

8 so .oo 0 . 2098 1.18.)6 1 . 1694 -0 . 0142 1 . 20 

TABLE XI 

EFFEC·:r OF VAiilA'l' lO.N OF HAFNIUM 
TO l'lANDELIC aCID rlAT IO 

Sample Volu.me HfOa Hf(M)4 Hf(M )4 Differenoe ,:Er-
No. Ht01 Adde ('theory) Found (g) ror

(ml (g) (g) (g) 

1 10.00 0 . 04012 0.1492 0 . 1.51.3 -+-0 .0021 1 . 40 

2 10. 00 0 . 04012 0 . 1492 0 . 1,50.5 +0 . 001.3 0 . 8? 

3 s.oo 0 . 02006 0. 0746 0.07.5.5 +0 .0009 1 . 20 

4 s.oo 0.02006 0 . 0?46 0 . 0?43 -O . OOOJ 0 . 42 

5 2,5 . 00 0 . 1003 0 • .3731 O. J7J7 +0 . 0006 0 . 16 

6 2,5.00 0 . 100.) 0 • .3731 O. J7J1 -0. 0016 0 . 43 

1 .so. 00 0 . 2006 0.?462 0.?4?6 +0 . 0014 0.19 

8 .50. 00 0 . 2006 o.?462 0.7460 -0. 0002 0 . 027 
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applicable to hafnium as well as zirconium. 

A aeries of precipitations were also r~ 1n whicb 

t1me of digeation varied from no digestion (after ini­

tial precipitation) to eight hours digestion at 70°c . 

No significant differences were observed tor either z1r­

ooni~ or hafnium. The thirty minute digestions whioh 

have been used for all runs therefore seems to be ade­

quate . 

The next atep 1n this study "as the precipitation of 

several solutions containing both zirconium and hafnium 

in varying amounts . These solutions were prepared by 

measuring different volumes of standard zirconium solu­

tions containing 2. 072 mg./ml . or Zr02 and standard haf­

nium oontaln1ng 0. 988 mg . /ml . of Hf02 into beakers and 

precipitating, filtering and weigh1Dg as done previously . 

The results are tabulated below 1n Table XII . 

ln general these values seem to fall in line with 

previous results for the individual metals . 

Since it was shown that both hafnium and zirconium 

can be quantitatively precipitated with mandelic acid , 

the next phase of this study was concerned with the de­

termination ot absorbance curves for mandelic acid, zir­

conium tetramandelate and hafnium tetramandelate 1n 1 M 

ammonium hydroxide . 
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TABLE XII 

MANDELIC ACID PRECIPITATION 
OF MIXED OXIDES lN 

STRONG HYDHOCHLOhlC ACID 

Sam- zro2 Hf02 Zr(~ )4+Hf(M )4 Zr(M)4+Hf (M)4 Dif- %Er­
ple Added Added (Theory) (Found) fer- ror 
No . (g) (g) <s> (g) ence 

(g) 

1 0 . 0497 0. 000988 0.2841 0 . 2625 -0.0016 o.s6 
2 0 . 049? 0. 000988 0.2841 0 . 2824 - 0 . 0017 0 . 60 

3 0 . 047? 0 . 00198 0 . 276.5 0 . 27JJ - 0 . 00)2 1 . 1.5 

4 0 . 04?7 0. 00198 0 . 2765 0 . 2727 - 0 . 00)6 1 . J7 

5 0 . 0456 0 . 00296 0 . 2683 0 . 2675 -o.ooo8 o. ;o 

6 0 . 456 0. 00196 0 . 266) 0 . 2667 - 0 . 0016 0. 60 

7 0 . 04J5 0. 0039.5 0 . 2601 0 . 2576 -0.002.5 0 . 96 

8 0. 04J5 0. 0039.5 0 . 2601 0 . 2586 - 0 . 001.5 o • .sa 
9 0 . 0414 0 . 00494 0 . 2,520 0 . 2.50.5 -0 . 001,5 0. 59 

10 o . o414 0 . 00494 0 . 2520 0 . 2506 -0.0014 0. ,56 

11 0 . 0))2 0 . 00889 0 . 2204 0 . 218.'3 -0.0021 0 . 9.5 

12 O. OJJ2 0 . 00889 0 . 2204 0 . 2192 -0.0012 0 . ,54 

13 0 . 0249 0 . 0128 0. 1881 0 . 1876 -0.0005 0. 27 

14 0 . 0249 0 . 0128 0.1881 0 . 1862 +0 . 0001 o.os; 
1.5 0 . 020? 0 . 0148 0 . 1719 0 . 1?21 -t0 . 0002 0 .17 

16 0 . 0207 0 . 0148 0. 1719 0 . 1701 -0. 0018 1 . 0,5 
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Mandelic Acid Absorption Curves 

The UV absorption of 5 . 04 x 1 0 J and 1 . 008 x lo-J 

! mandelic acid 1n 1 ! ammonium hydroxide solutions were 

determined by plotting absorbance vs . waYe length ( il ) 

from a wavelength of 2~2 ~ to 270 m~. These curves are 

shown in F'igure 2 . It can be seen from these cu.rvea that­

the maximum absorption peak occurs at 258 m~ . The 1 ! 

ammonium hydroxide solution was uaed ae a blank 1n these 

measurement& . 

Zirconium Tetramandelate Absorption Curves 

Absorption cu~es for z1roon1um tetramandelate 1D 

1 ~ ammonium nydroxide solution were determined tor 9. 95 

x lo-4 ~ and 2. 49 x 10-4 ~ solutions 1n the same manner 

as those for the mandelic acid . The curves obtalned are 

shown 1n Figure 2. 

Hatn1um Tetramandelate Absorption Curves 

These curves were determ1ned 1n the same manner as 

thoae above except that 9. 86 x lo-4 _ and 2. 47 x 10-4 ,!1 

solutions of haf'n1um tetramandelate 1n 1 l! ammonium bf­

drox1de were l.lsed. These Cl.lrYea are also 1nd1oated 1n 

Figure 2. 

Upon examination of these absorption curves 1t can 



LOG ABSORBANCE 
vs. 

WAVEL£NGTH 

FIGURE 2 

1- 5.04X 16~ MANOEUC ACID 
2-9.95Xl<i4M Zr{M)4 

9. 86X t<J4M Hf(M)4 
3- 1.008 X IC:f~M MANDEUCACID 

2 .49 X 10--4 M Zr (M~ 
2 .47 X 10-4 M Hf (M)4 

64 

WAVELENGTH tt.fJ) 
245 250 2 5 2&0 2 5 
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be seen that they are all essentially identioal thua 

showing that the absorption is due to the mandelate ion. 

It is ot 1ntereat to note that when the molar ab­

sorptivities are oaleulated for the above solutions , the7 

are found to be greater for the more concentrated solu­

tions than for the dilute . This is rather unusual as it 

would result 1n a positive deviation from Beer ' s law 

when absorbance vs . concentration ia plotted , while the 

usual oase 1a to find a negative deviation. 

In order to find the optimum concentration tor the 

zirconium and hafnium tetramandelatea, ~he following in­

vestigation was carried out . 

Optimum Concentration 

The optimum concentrations were determined by pre­

paring a series of solutions containing zirconium and haf­

nium tetramandelate 1n 1 ! ammonium hydroxide at a con­

stant weight increment of the tetramandelate. Starting 

with a 1 ! ammonium hydroxide solation as reference, the 

absorbance of the most dilute solation was measured. Then 

using this solution as reference, tbe absorbance of tbe 

solution of higher concentration was determined and so 

on until all solutions were measured. Using these ab­

sorbance values and knowing the concentration increment 

(in g . /1.) the slope was calculated, 5 = 6 I c. Tbe 
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optimum concentration then is that concentration at which 

S x C is a maximwo since ~C/C c t:H../~xc . These data are 

to~d in Table XIII and XIV. 

From these data it was concluded that the optimum 

concentration of zirconium tetramandelate was about 

2 . 4 g. /1. and of hafnium tetramandelate about 2. 8 g./1. 

or 3.46 x 10-J ! and J.sa x 10-J _ respectively . It no 

deviation rrom Beer ' s law occurred, then the product of 

S x C would continue to increase until the instrument 

oould no longer be balanced. Perbapa this de•1at1on from 

Beer 1 a law can be more clearly seen it these same data 

are uaed to determine the absorbance of each solution re­

lat1ve to tbe initial zero reference and the resulting 

values then plotted against concentration . These are 

found in Figure J . It can be seen from these figures 

that, aa expected, rather severe deviation is starting to 

oocur just beyond the optimum concentrations. 

Using the optimum concentration of 2.400 g . /1. of 

total mandelate, a standard curve was next determined. 

Standard Curve for Determination ot Hafnium Tetramande­

late in Presence of Zirconium Tetramandelate 

A aeries of standard solutions containing from 5 . 00 

to so .oq% hafnium tetramandelate in zirconium tetraman­

delate were prepared by weighing out the proper amounts 
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TABLE XIII 

OP~IMUM CONCENTRATION OF 
~IRCONIUM TETaAY~DELATE 

Solution 
ZrOt)4 {g/1) 

To Set 
Zero 

To Obtain 
Heading 

Slit 
(mm) 

b. A 3loye
(S 

sxc 

o.oooo 0 . 41?.5 0 . 022.5 0 . 461 1 . 104 

0 . 41?.5 0 . 8.)50 0. 04 0 • .502 1 . 202 0 . 502 

0 . 8.).50 1 . 2.525 0 . 07 0 . 460 1 . 102 0 . 920 

1 . 2525 1 . 6?00 0 . 13 0 . 495 1 . 186 1 . 485 

1 . 6700 2 . 087.5 0 . 24 0 . 4.)8 1 . 149 1 . 752 

2 . 08?.5 2.50.50 0 . 40 0 . 4.)4 1 . 140 2 . 171 

2.5050 2 . 9225 0 . 64 0 • .)18 0 . 62 1 . 909 

2 . 9225 .) • .)400 0 . 8& 0 . 26.; 0 . 644 1 . 882 

.) • .)400 .) .7575 1 . 15 0 . 1.)0 0 • .)11 1.0.)9 

) . 7575 4 . 1?.50 l • .)O 0 . 112 0 . 268 1 . 007 
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TABLE XIV 

OPTIMUM CONCENTRATION OF 
HAFNIUM TETRAY.tANDELATE 

Solution 
Hf(M)4 (g/1) 

To Set 
Zero 

To Obtain 
Beading 

Slit 
(mm} 

~A Slope
(S) 

S X C 

o. oooo 0 . 4698 0 . 0225 0 . 469 0 . 998 .. 
0 . 4698 0 . 9)96 o. o4 0 . ,500 1 . 064 o. soo 

0 . 9)96 1 . 4094 0 . 0( 0 . 4,56 0 . 971 0 . 912 

1 . 4094 1 . 8792 0 . 1) 0 . 498 1 . 060 1 . 494 

1 . 8?92 2 . 3490 0 . 24 0 . 4)2 0. 920 1 . 728 

2 . )490 2 . 8188 o.4o o. 44J 0. 943 2 . 215 

2 . 8188 .) . 2886 0 . 64 0 . 4:)4 0 . 924 2 . 604 

) . 2886 ) . 7584 0. 88 0 . 146 0 • .)11 1 . 022 

.) . 7584 4 . 2282 1. 1.5 0 . 1J5 0 . 287 1 . 080 

4 . 2282 4 . 6980 1 . )0 0 . 109 0 . 2)2 0. 098 
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ABSORBANCE FIGURE 3 
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ot ch compound and made up to volume with 1 ! ammon­

ium hJdrox1de ao that each aolutlon contained exaotlJ 

2.400 a./1. or m1xed mandelatea. he oaorbance or each 

ot tbeae aol~t1ooa was then ea.ured relat1Ye to the So.% 

hatnlum tetramandelate as reterenoe a1Doe 1t waa the least 

ebaorb1ng. A atandilrd C"lne or D.A vs. %Ht(M)4 wae thee 

drawn. Th1a 1a ahown 1n Fi~re 4. 

It 11 ta1rl¥ obY1o~a from th1a o~rve that the o to 

J.S~ Hf(M)4 (0 to 5.~ Hf02) ran e wh1cb ia reallJ the 

dea1red rao ·e, oo~ld DO~ be uaed due to the ll !:::.A. 

Diacuaa1on 

nlthou h th18 procedure ue1n mandelic acid cannot 

be applied to tbe determination or o to .5~ Rt'02 1n zro2, 
it certainly could be applied to sample• contalnlng a 

lar~e ratio of Hto2 to zro2• However, th1a application 

waa not puraued ~~ CUrtner. 

Th1a method failed 1n the o to S$ HtOz ran e due to 

the low optimum concentration and low molar abaor~t1v1ty 

or the ayatem being uaed. Thie or co~ae oould haYe 

been predicted, ua1Dg the tonuAla developed tor calc\l­

latlng DJ , had the opt1Jilum coDcent t1on and olar ab­

sorbance of the zirconium and batn1um tetraaandelate been 

known previous to this e.xper1mental ork. 

Tbe ohloran111o aoid &J&tem with ita h1 h molar 
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ABSORBANCE<~A) FIGURE 4 

vs. % 
HAFNIUM TETRAMANOELATE 
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absorbance, seemed to offer some possibilities for the 

solution or this problem and was investigated ~ext. 



INVESTIGATION WITH CHLORANILIC ACID 

Chloranil1c acid with its high molal" absorptivity 

and other desirable eharaeteristios seemed to offer hope 

for successful application to the determination of small 

quantities of Hf02 1n ZrOa. The investigation of the aP­

plication of ohloranilic acid to this determination will 

therefore be described. As was seen 1n the introduction" 

a considerable am~unt of work pertaining to this reagent 

had been carried out previously. In view of this, a min­

imum amount of preliml:na.ry work was necessary 1n running 

absorption curves., etc. This made possible the determ1u­

ation of the optimum concentration and its application 

to the determination of Hf02 in a minimum of time. 

Experimental Approach 

The experimental approach used for the determination 

of hafnium in the presence of zirconium With chloranil1c 

acid was based on the following considerations: 

1 . Hafnium and z1rooni~m will reaet 1n an identi­

cal manner with ehloranil1o acld . 

2. The intensity of the colored complex found with 

the ehloranil1o acid and mixt~,res of hafnium 

and zirconium will depend on their ratio when 

the total weight concentration is held oonstant. 

3. Differential spectrophotometry will provide 

http:preliml:na.ry


sufficient cain in aoourary and sena1t1v1ty to 

permit accurate analysis by tb1s method. 

The apparatu.s wa,s identical to that utilized for the 

mandelic ao1d work . 

Reagents 

1 . Perchlorio acid, 4 11· Diluted 684 mls . of 70% 
(11 . 7 !) perchlorio acid, reagent grade, to two liters 

with distilled water. 

2 . Chloran1lie acid, (2, S-d1hydroxy.-p-qu1none. 

Eastman no. P4539), 0. 10% (4 . 78 x 10-J ,!1). Dissolved ex­

actly 0 • .500 g . of purified ehloran1l1o acid in distilled 

water and diluted to exactly soo mls. See Appendix for 

method of pur1f1cat1on . 

3. Zr02 , standard solution. Dissolved about ) g . 

of ZrOCl2 •8H20 1n distilled water and precipitated with 

ammonia . Washed precipitate with distilled water to re­

move the chloride ion . The precipitate was then dissolved 

and diluted to SOO mls . with 2 M perohlor1o acid . This-
solution was standardized by the cupferron method and 

was found to contain 2. 624 mg./ml . of zro2 . 

4. Hf02• standard solution . This solution was 

prepared 1n the same manner as the Zr02 standard except 
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that 0. 9 g . of HfOCl.a · SHzO was lilsed. 'Dh1s solution upon 

standardization with eupferron was found to contain 0.988 

mg . /ml . of Hf02. It was further diluted ten times with 

2 M perchlor1o acid so that the final concentration was-
0. 0988 mg . /ml . of Hf02 • 

Absorption Curves of Chlorenilie Aoid and eircon1um 

Chloran1late In the UV 

UV absorption curves from 240 to 380 ~ were deter­

mined on 1 1:1 perohlor1c acid solutions or the following! 

1 . 8 . 12 x 10·6 M ehloran1l1o acid .- . 

2 . 8 . 12 x 1o·S M ohloranil1o aeid .-
) . 8 . 12 x 1o·S Mzr and 8 . 12 x 10-' M chloran111o- -

aoid. 

4. 8 . 12 x 10-S ! Zr and 8 . 12 x lo•.5 .!! chloran1lio 

acid• 

.5 . 8 . 12 x 10·6 ! zr and 8 . 12 x 1o•S ! ohloran111o 

ao1d. 

All measurements were made against water as the re­

ference solution . The curves are shown in Figure .5 . It 

oan be seen from these f'tgu.res that the absorption masimunt 

oeourred at about )28 to JJO ~ tor solution ) and 4 where 

the zirconium to ohloranilio acid ratio was 10:1 and 1:1 

respectively . However. the maximwn seemed to be shifted 

to abot.tt 335 DV.t when chloran111c ao1d was in ten fold 



76 ABSORBANCE FIGURE 5 
vs. I-8J2 XI0-1) M CttLORANIUC ACID 

WAVELENGTH 2-8.12 X 165M CHLORAHIUGACID 
3-8..12 X 10-5M Zr a 8 .12 X I Cf6 M CHLORANIUC ACID 
4-8.12X IO~M Zt- a 8 .12 X I o"5 M QiLORANIUC ACtQ 
5-8.12X to•6M zr a 8 . 12 X I <fS M CHLORANIUC ACID 
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vs. 

WAVELENGTH 

WAVELENGTH- MJJ 
2eo aoo 
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FIGURE 6 

3 - 8.12 X I o-5M Zr­ a 8 . 12 X 10-t;M 
CHLORANILIC ACID 

4-8.12X I cJ->M Zr a 8 .12 X IO::.SM 
CHLORANILIC ACif. 

5-8J2XI<i~ Zt- a 8.12X 10 M 
CHLORANILIC ACI 0 



excess (solution 5). This shift was probably due to the 

formation of a 1:2 z1reonium to chloranilio acid complex 

whereas a 1:1 complex was present 1n solutions J and 4. 

The curves in Figure 6, where the log of absorbance vs. 

wavelength is plotted , seem to support th1s 1nterpetat1on. 

Curves 3 and 4 were plotted directly but curve S was 

corrected for absorbance due to excess ohloran1lic acid . 

It oan be seen that ourves 3 and 4 are essentially iden­

tical but curve 5 is shifted to the right. An increase 

1n molar absorptivity accompanies this shift to higher 

wavelengths . However , for all practical purposes it 

should be possible to make absorbance measurements at any 

given wavelength from about 328 ~ to about J~5 mp. Ab­

sorbance measurements for this work on ohloranilio acid 

were made at 330 ~· 

It was next necessary to determine the optimum con­

centration for this system. This investigation is des­

cribed 1n the tollow1ng section. 

Optimum Concentration 

A series of solutions oonta1n1ng from 0 . 05 mg . /25 ml . 

of Zr02 were prepared. A fiTe fold excess of ohloranilio 

acid was added to each solution and diluted to volume 

with sufficient perchlor1c ~cid to make the final solu­

tion 2 M 1n this acid . 
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The optimum concentration was then determined 1n the 

aame manner as previously described. These data are sum­

marized 1n Table XV. 

As seen from this table, the optimum concentration 

was O. JO mg . /25 ml . of Zr02. when these data are used to 

plot absorbance vs. aoncentration, as in Figure ? , a 

slight positive deviation is observed for the first few 

points but beyond the optimum concentration, severe neg­

ative deviation is seen to occur. As previously noted , 

an examination of the absorption curves (Figures S and 6) 

tor the zirconium chloran1la.te complex indicates the form­

ation of a second complex of greater molar absorbance than 

the 1:1 complex, probably the 1:2 (Zr:Ch) oo~plex . This 

could account tor the 1n1t1al positive deviation . The 

negative deviation probably resulted from excessive con­

centrations. 

An optimum oonoentrat1on determination was made using 

excess zirconium. With exoeas zirconium only the 1:1 

complex should be present 1n the solution . This would, 

ot course, have no practical application but ia or in­

terest in understanding the chemical system involved . 

Solutions containing tenfold concentrations of zirconium 

to chloranil1o acid were used 1n making these measure­

ments. The Zr02 ooncentratio11a ranged from 1 . 00 mg./25 ml­

to 9 . 00 mg ./25 ml . of ZrOz . Since these were 1n ten told 

http:chloran1la.te
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TABLE XV 

OP.riMtJM CONCENTRl~TlON 
OF Zr02 WITH EXCESS 

CHLORANILIC ACID 

Solution 
Z.r02, rag/25 ml. 

To Set To Obtain 
zero Reading 

Slit 
(mm) 

!J.A 
D1ff . In 
Absorb . 

Slo)e
(S 

c S XC 

water o. os 0 . 01.5 O. J78 7 . 56 

o. os 0 . 10 0 . 020 0 . 422 8. 44 o. os 0 . 42 

0 . 10 0 . 15 0 . 025 0. 448 9. 97 0 . 10 0 . 88 

0 . 15 0 . 20 0 . 040 0 . 489 9 . 78 0 . 15 1 . 47 

0 . 20 0 . 2.5 0 . 070 0 . ,520 10 . 4 0 . 20 2 . 08 

0 . 25 O. JO 0 . 1.20 0 . ,502 10 . 1 0 . 25 2 • .51 

o. ;o 0 . 40 0 . 220 0 . 840 8 . 40 O. JO 2 . 52 

0 . 40 o. so 0 . ,560 0 . )89 ~ . 89 . 0 . 40 1 . ,56 

0 . 5Q Oo60 0 . 900 0 . 104 1 . 04 o.so 0 . ,52 

0 . 60 0 . 70 1 . 02.5 0 . 063 0. 6; 0 . 60 0 . )8 
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exoesa, tbia means that only 0.100 m ./25 ml . to 0.900 

mg./25 ml . were aotaally present as the 1:1 complex. The 

results of these measurements are shown 1n Table XVI••.. 
An optimum concentration of 0 . 50 mg . /25 ml . was ob­

tained in this experiment . For comparison purposes, 

the absorbance vs. concentration was plotted in Figure 

1· With the zirconium in excess, no positive dev1at1on 

was noted which would seem to support the argument that 

a second more absorbing complex was present in the first 

case when exceas ohloran1l1o acid was present . In fact, 

th1a complete second curve ia displaced from the first 

toward lower absorbance values. However , it should be 

noted that negative deviation starts to ooour at approx­

imatelJ the same absorption value 1n both cases . 

1n order to f~ther confirm the fact that the OP­

timum concentration should be low, the experiment 1n the 

next section was carried out . 

Determination of Difference 1n Absorbance ( 6 A} of I HfO? =. 
0 and f Hf02 = 0.20 at Different ~otal Oxide Levels 

Several pairs ot solutions containing 0 and 20% Hto2 
were prepared at dit~erent total oxide concentrations 

and 6 A between each pair was measured . The total oxide 

level varied from 0. 250 mg . ox1de/25 ml. to 1. 250 mg . 

oxide/25 ml • . be results of this investigation are 
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TABLE XVI 

OPfiMUM CONCENTRATION 
OF EXCESS Zr02 IN 

CHLO.B.ANILIC ACID 

Solution 
zro2 , mg/2.5 ml. 

To Set To Obtain Slit 
Zero Reading (mm) 

b.. A 
D1ff , In 
Absorb . 

Slope
{S) 

c 
(mg.) 

S X C 

water 1 . 00 0 . 0125 0 . 56~ 5 . 69 ... 
1 . 00 2 . 00 0.020 0 . 229 5 -70 0 . 10 0 • .5'7 

2 . 00 ) . 00 0 . 02.5 0 . 880 s.ss 0 . 14 0 . ?8 

) . 00 

4 .00 

4 . 00 

5.00 

0 . 060 

0 . 110 

0 . )40 

0.,542 

_5 . 40 

5 . 42 

O. JO 

0 . 40 

1 . 62 

2 . 16 

s.oo 6 . 00 0 • .200 0 . 477 4.7? o.so 2. J9 

6.00 

7 . 00 

8 . 00 

7.00 

8 . 00 

9 . 00 

0 . )40 

0 . 480 

0 . 600 

0 . ,304 

0 . 186 

0 . 1.59 

) . 04 

l . S6 

1 • .59 

0 . 60 

0 . 70 

o.ao 

1 . 82 

1 . )0 

1 . 27 
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shown in Table XVII . 

These data tend to confirm that the opt lmum concen­

tration should be low since the greatest Ah was observed 

at the lowest concentration . 

Standard Curve for % Hf02 1n Fresen()e of ZrOz 

A aeries of standard solutions oonta1n1Dg 0 to SO% 

Hf02 at opt1m~ concentration of 0 . 30 mg. /25 ml . of to­

tal oxide were prepared. A standard curve was then con­

structed by plotting difference 1n absorbance ( 6 n ) va . 

%Hf02• Each standard solution was measured relatiYe to 

the SO% HtOz solution as the reference. The results 

are summarized 1n Table XVIII and Figure 8 . 

A straight line calibration curve 1s obtained if the 

1 . 00 ~ Hf02 standard !.s disregarded. Th1a point was prob­

ably out of l1ne due to the difficulty of aoouratelf pre­

paring the. low % Hro2 standards. 

D1souss1on 

:rheae data 1nd1oate that chloran111o acid 1s a suit­

able reagent for the determination of about S to 5~ ato2 
1n zro2• It also seems likely that the range oou.la be 

considerably narrowed to perhaps 0 to 2~ Hto2 and bJ very 

carefUl work possibly 0 to 10fo Hf02 could be determined 

by this method . However, 1t does not seem likely that 
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TABLE ~VII 

DIFT.c.nENCE ll AESOrlBANCE OF 
0 AND 20;; H1'02 SOLtfiIONS 

WITH CHLORAN ILIC AC ID 

Solution %Hf02 

To Set To Obtain Total Oxide Sl1t ~ -
Zero Beading (mg/2.5 :nl . ) (mm) 

20 0 0 . 2,50 0 . 11 0.146 

20 0 0 • .500 o. so 0 . 044 

20 0 o. 7.50 0 . 90 o. oos 
20 0 1 . 000 1 . 0 0 . 013 

20 0 1 . 2,50 1 . 20 0 . 012 

JIABLE XV I II 

STANDAliDI2.ATIO CURVE FOB 
~Hf02 IN ?hL~ENCE OF Zr02 

Sol\ltion i'bHf02 

•r o Set To Obtain Absorbance 1I'ranam1ttanoe 
Zero Reading ( A ) ( T ) 

so .oo 40 . 00 0 . 086 82 . 0 

so .oo )0 . 00 0 . 1?6 66 . ? 

so . oo 20 . 00 0 . 257 .5.5 . 2 
50 . 00 1,5 . 00 0 . )18 48 . 0 

so .oo 10. 00 O. J6J 4J . J 

,50 . 00 s . oo O.J9.5 40 . J 

so . oo ;.oo 0 . 415 ) 8 • .5 

so . oo 1 . 00 0 . 4.59 )4. 9 

so .00 o. oo 0 . 442 )6 . 1 
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the 0 to s~ Hf02 range could be used due to the small 

difference 1n absorbance between solutions 1n this re­

gion. 

S1noe there seemed to be no probability of utilizing 

this method for the desired 0 to s~ range, a new reagent, 

quercetin , was investigated ainoe it forms complexes with 

zirconium and hafnium of even higher molar absorptiY1t1es 

than doea ohloranilic acid . 
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INVESTIGATION USING QUERCETIN 

It was hoped that quercetin with its ve~ nigh molar 

absorptivity would have a sufficiently high optimum oon• 

centratio:n to permit the determination of HfOa 1n the 

desired range . In view of this , a considerable amount 

of research was oa~r1ed out 1n the determination of the 

optimum conditions to be used . The resalts or this re­

search on quercetin are described 1n the following para­

graphs. 

The same apparatus was used in this investigation 

as was used for the mandelic aoi4 and chlo:ran111o acid 

work except that a tungsten lamp was used as the light 

source . 

1 . zro2 standard solutions. .Prepared all solutions 

by dissolving high purity ZrOCl2 · 8H20 ill 6 ! hydrochlor1c 

acid . These were standardized by the e\.lpferron method . 

2. HfOz standard solutions . Dissolved high purity 

Hf0Cl2 · SH2o 1n 6 ! hydrochloric acid and standardized 

with oupferron . 

J . Quercetin sol~tion, {tetrahydroxy flavanol; 

5,7 ,3• , 4•) 1 . 00 mg . /ml . (J . Jl x 10-J !1) . Exactly 1. 000 g . 
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of quercetin was dissolTed and diluted to exactly 100 

mla . with 9.5% ethanol . 

1roonium - ~uercet1n nbsorpt1on Curves 

Absorbance vs . wavelength was determined and plotted 

tor the following solutions: 

1. 2.,50 X 10- 6 moles/.50 mls . of quercetin. 

2 . 2 . ,50 X 10- 6 moles/.50 mle . of quercetin and 2. ,50 

x 10-5 Joles/.50 mls . of zr02. 

J . 2 • .50 x 10-6 moles/50 mls . of quercetin and 2. 50 

x 10- 6 moles/50 mls . of Zr02 . 

4. 2 • .50 x 10-6 moles/50 mls . of quercetin and 2. 50 

x lo-7 loles/50 mls . of Zr02 . 

~olut1ons 2, ) and 4 were prepared according to the order 

of addition of reagents as recommended by Grimaldi and 

White (32). They suggested that the reagents be added 

in the fcllow1ng order: ( ~uantities are mine). 

1 . zro2 solution. Added number ot moles indicated 

above, using a 2. 164 mg./ml . Zr 02 solution. 

2 . Acid. Added just enough 6 ! hydrochloric acid 

to adjust final acidity to 0 . 5 ! · 

3. Alcohol. 95% . hdded 15.00 ml . to each solution. 

4. , ueroet1n . Added 2.50 x 10-6 moles (in 9.5% 

alcohol) to each solution . 

s. Water. Diluted to ;o.oo mls . with distilled H2~ 

http:Joles/.50
http:moles/.50
http:moles/.50


The absorbance of these so~tioDe waa then measured from 

320 to 500 ~ using water as a rerereDoe . These curves 

are shoWD 1n Figure 9 . 

Hafnium - Quercet1D Absorption Curves 

Absorbance vs. wavelength curves were determ1Ded for 

the following hafDium - queroet1D solut1oDs: 

-6 Il . 2 • .50 x 10 moles 50 mls . of quercetin Slld 2 • .50 

x lo-.5 ~oles/.50 mls. of aro2• 

2. 2.50 x 10-6 moles/SO mls . of quercetin and 2. 50 

x lo-6 moles/50 mls . or aro2. 
). 2 . 50 x 10-6 moles/SO mls . of quercet1D and 2.SO 

x 10-7 moles/SO mls . of Hf02 . 

These aolutioDs were prepared 1D the same manner as the 

zirconium - quercetin except that a standard solution of 

1. 782 mg . /ml . of Hf02 was used. The resulting curves 

are fcUDd in Figure 10. 

Upon examination of Figures 9 and 10, it appears that 

the absorption spectra of the quercetin complexes of z1r­

conium and ha1'niwn are essentially identical. However , 

the curves do seem to shift slightly depending upon wheth­

er the zirconium or bafll1um ratio to quercetin 11 < 1:1, 

1:1 or > 1:1 . This oail be more readily observed when log 

absorbance vs. wavelength curves are plotted (Figure 11}. 

From these curves there seems to be a small shift towards 

http:oles/.50
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higher wavelengths for the solutions 1n which quercetin 

is 1n a ten fold exoeee. The molar absorptivity is also 

greater under these conditions. These data seem to 1n­

d1oate the ex1etanoe of more than one oomplex. Or1mald1 

and White (32) suggested that a 1:1 complex was first 

formed and as the ratio of quercetin to ziroon1um was 1n­

oreased, a mixture of 1:1 and 1:2 complex formed and fi­

nally only the 1:2 complex. 

In view ot the above findings a study of the relation­

ships ot absorbance to ratio of quercetin was made. First, 

however, the effect of time on color development of the 

zirconium and hafnium complexes of quercetin will be in­

dicated and also the effeot of acid concentration on ab­

sorbance . 

Effect of Time on Color Development or 1roonium and Haf­

nium Complex&@ of Quercetin 

The zirconium - quercetin solution oonta1ned 2.50 

x lo-6 moles/50 mls . of Zr02 and 12.5 x 10-6 moles/50 

mls . of quercetin and the hafD1wn - quercetin solution 

contained 2.50 x lo-7 moles/50 mls. of Hf02 and 82.7 x 

lo-6 moles/50 mls . of quercetin. These solutions were 

prepared 1n the same manner as those for the absorption 

curves. A water reference was used and measurements 

were made at a wavelength of 440 m).l. 'l'hese data are 
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foWld 1n Table XIX. 

Prom these data it is obvio~a that meas~rements can 

be made within 15 minutes of preparation of complex solu­

tions . altho~gh the hafn1~ complex seems to fade slowly 

over a period of hours, this sho~ld oa~se no trouble . 

Grimaldi and Whi te fo~nd that the absorbance of the 

zirooni~ - quercetin complex was almost independent of 

hydrochloric acid concentration from 0 . 1 to 1 !! {32} . 

In the following section the effect of acidity on the haf­

nium complex will be discussed. 

Ettect of Acidity on nbsorbance of Hafnium - Q~eroetin 

Complex 

Hafnium sol~tions containing 0 . 0535 mg . /SO mla . of 

Hto2 at various hydrochloric acid normalities were pre­

pared and the absorbanc1es determined as previo~sly des­

cribed. The results are recorded in Table XX . 

For tbis complex, the acidity is nearly independent 

ot acid concentrations from 0 . 10! to abo~t 0 . 90 !· 

Therefore, a 0 . 50 ! acid concentration oo~ld be used for 

the batnium as well as for the zirconium - quercetin com­

plex . 

Absorbance va . Mole Batlo of ~ueroet1n to Zirconium. 

As previously stated , the effect or mole ratio of 
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EFFEC~ OF TI~1E ON AB~O ?TION 
OF ZiaCONIUM AND HAFNIUM 

COHP.LEXES OF ~UERC~riN 

Zirconium Complex Hatn1um Complex 

Time Absorbance Absorbance 

15 ml.n. 1 . 29 0 . )22 

JO mln . 1 . 29 0 . 322 

60 m1n . 1 . 29 0 . )21 

120 mill . 1 . )0 0 • .)13 

13 . 5 hrs . 0 . )05 

20 hrs. 1 . )0 

TABLE XX 

AESOBBAHCE OF 'l'HE H.ILF1 IUM - UERCETIN 
CO~PLEX Ai' VAh4vUS C1D1XIEd 

Solution Normality A 
No . 

1 0 . 10 0 . )22 

2 0 . 30 0 . 309 

J o. so 0 • .)12 

4 0 . 70 0 • .)23 

5 0 . 90 O. JJ4 
6 1 . 1 0 • .)40 
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quercetin to zirconium was determined . A aeries of sol­

utions was prepared 1n which the zirconium concentration 

was held constant at 2 .50 x 10-5 M, and the quercetin 

was Yaried from 2. 50 x 10-5 ~ to 1 . 50 x 1o-3 ! or from 

a ratio of 1:1 ~o 10: 1 . Figure 12 shows the results ob­

tained at various wavelengths when wate1• was used as tbe 

reference sol~tion . When these absorbanc1es were cor­

rected for absorbance of quercetin, the results summarized 

1D F1 ure 13 were obtained. From these figures it 1s 

seen that the corrected absorbancies rise sharply from a 

mole ratio of 1:1 to 10:1 and then level off . A 10:1 or 

greater ratio of quercetin to zirconium should therefore 

be used. These data also seem to indicate , as previously 

suggested, that more thaD one complex is present 1n the 

system at low quercetin to zirconium ratios (1:1 to 10:1}. 

The sharp rlse 1n absorbancies from 1:1 to 10:1 ratios 

suggested the presence or more than one complex while the 

leveling off above the 10:1 ratio suggests the presence 

ot only one complex. 

It can be seen ~ examination of the uncorrected 

(Figure 12) and corrected (FiGure lJ} curYes that the 

quercetin i~self contributes considerably more to the ab­

sorbano1es of these complexes at the lower wavelength of 

420 ~ and 4JO ~ than at 440 m~ . In view of these ob­

servations 1t seemed that measurements at 440 ~. or 
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perhaps even higher, might be most advantageous s1noe 

the effect of ~he quercetin would be the least at the 

higher wavelengths. Smaller slit widths should also be 

required for balancing the instrument when a highly ab­

sorbing reference solution is used to set the zero ab­

sorbance on the instrument . 

The effect of wavelength on optimum concentration 

was investigated and is described in the next section. 

Optimum Conoentration of Zirconium - Quercetin Complex 

at Various Wavelengths 

A series of zirconium solutions ranging in concen­

tration from 0 to 0 . 90 mg . /SO mls . ot Zr02 were prepared 

and 25 . 00 mla . of quercetin solution (1 . 00 m& . /ml. in 95% 

ethanol) was added to each. Hydrochloric acid was added 

to adjust the ac idity to o.s ~ when solutions were dilu­

ted to 50 . 00 mls . 

The optimum concentrations were then determined a t 

420 m.u • 4JO lll)l, 440 III)l and 4SO m).l, in the same manner as 

previously described. These data are summarized 1n Table 

XXI . 

From these data it is apparent that the optimum con­

centration and product of s x c at the optimum concentra­

tion increases 1n going from a wavelength of 420 to 450 

~· This can be more readily visualized in Figure 14 
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TABLE AX! 

OPI .I.hUM CONCENTRATION OF 
Z IECONrt.M - UERCETLN COMPLEX 

A'! VAt!IOUS 1AVELENGTHS 

A - 420 m}l 

Solution, Zr02 (mg . /50 mls . } 

To Set 
Zero 

ro Obta1ll Slit 
1iead1ng ( mm . ) 

M 
(mg

c 
/.50rul} 

~ 

(Slope) 
S X C 

Blank 0.100 0 . 408 0 . 641 - 6 . 41 -
0 . 100 O. lOO 0 . 696 0 . 514 0 . 100 s . l4 0 . 514 

0 . 200 0 . )00 1 . 0? O. JS1 0 . 200 ; . 81 0 . 762 

O. JOO 0 . 400 1 . ,50.5 0 . 244 0 . 300 2 .44 O. ?J2 

0 . 400 o.soo l . b7 0 . 1JJ 0. 400 1 . ).:; 0 . ,5,32 

o.;oo 0 . 600 ~ol~tlone too absorbing to balance DU 

A ::: 430 D}J 

Solution, :lrv2 (m6 . /.50 mls . } 

'l'o Set ~·o Obtain ~lit !::.A c s s X C 
Zero Bead1ng (mm.} (~/50ml) ( !:>lope) 

Blank 0 . 100 0 . 100 0 . 731 - 7 . )1 

0 . 100 0 . 200 0 . 222 0 . 674 0 . 100 6 . ?4 0 . 6?4 

0 . 200 o . :;oo 0 . 466 o . ;o6 0 . 200 ; . o6 1 . 18 

0 . )00 0.400 0 . 905 0. ]96 0 . )00 ) . 96 1 . 19 

0 . 400 o . ;oo 1 . 29 0 . 2,51 0 . 400 2 . 51 1 . 00 

o.;oo 0 . 600 1 • .5?5 0 . 169 0 . )00 1. 69 0 . 84.5 

0 . 600 0 . 700 l . b2 0 . 109 o . ooo 1 . 09 0 . 6,54 

0 . 700 o . soo 1.94 0 . 0&4 0 . 700 0 . 84 o . ;ss 

0 . 800 0 . 900 ~olut1on too absorbing to balance DU 
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TABLE XXI 
(continued) 

~ = 440 m}-l 

Solution , Zr02 (mg . /.50 mls.) 

'l'O Set 
Zero 

ro vbta1n Sl it 
Reading (mm) 

6 A 
(mg

c 
/SOml) 

s 
{Slope} 

XC 

Blank 0 . 100 o . o66 0 . 620 - 6 . 20 

0 . 100 0 . 200 0 . 127 0 . ,589 0 . 100 ,5 . 89 0 . 589 

0 . 200 0 . )00 0 . 240 0. 556 0 . 200 s.s6 1 . 11 

0 . )00 0. 400 0 . 466 0 . 4.59 0 . 300 4 • .59 1 . )8 

0 . 400 0. ,500 0 . 729 0 . ),56 0 . 400 ) . 56 1 . 42 

0 . 500 o . 6oo 0 . 972 0 . 280 o . soo 2 . 80 1 . 40 

0 . 600 0 . 700 1.18 0 . 200 0 . 600 2 . 00 1 . 20 

0 . ?00 0 . 800 1 . 32.5 0 . 1,59 0 . ?00 1 . ,59 1 . 11 

0 . 800 0 . 900 1 . 4,5 0 . 133 0 . 800 1 . JJ 1 . 06 

A = 4,50 m~ 

::>olut1on , Zr02 (mg ./.50 ml s) 

·ro set To ObtaiJ:l Slit 6 A c s s % c 
zero Reading (mm) (mg/50ml) (S l ope} 

Blank 0 . 100 0 . 056 0 . 40.5 - 4 . os 

0 .100 0 . 200 0. 087 0 . )87 0 . 100 ; . 8? O. Jij? 

0 . 200 o . ;oo 0 . 1)0 0 . )84 0 . 200 ) . 84 0 . ?68 

O. JOO 0 . 400 0 . 219 O. JJJ O. JOO J . JJ 0 . 999 

0 . 400 o.soo 0 . 310 O. JJ6 0 . 400 ) . )6 1 . )44 

0 . 500 0 . 600 0 . 4)4 0 . )24 0 . ,500 ) . 24 1 . 620 

0 . 600 0 . 700 0 . 590 0 . 2.5.5 0. 600 2 • .5.5 1 . 530 

0 . 700 0 . 800 0 . 711 0 . 226 0. 700 2 . 26 1 . ,582 
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where s x C vs. C is plotted. r he opt1m~m concentration 

at 450 m~ was rather •1ncertatn as the points at the 

higher concentrations were scattered . There is no doubt 

however, but that the opt1m~ concentration is higher 

than for the lower wavelengths. This shift was probably 

due in part to the much greater absorbance of excess 

que rcetin at the lower wavelengths which made excessively 

larse alit widths necessary to set the instrument for the 

more highly concentrated solutions . At 440 ~ and 450 m~ 

the absorption or the quercetin was very small . This 

plus the increased sensitivity of the instrument at the 

higher wavelengths permitted all or the solutions to be 

measured . 

Here again it is of interest to plot absorption vs . 

concentration of Zr02 (Figure 15) and to compare the op­

timum oonoantrat1on Which might be predicted on the basi s 

of the negative deviation with those found in the S x C 

vs . C plots . The predictions based on the 420, 4JO and 

440 ~ curves seem to agree ae expected but there is still 

some doubt about the 450 ~ curves . This was, however , 

resolved 1n the next series of exper1men~s . 

Optimum Concentration and wavelength Ua1ng o and 2Q% Hf02 

Solutions 

In order to help determine both the optimum 
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concentration and wavelength, a series of 0 and 2Q% Hfo2 
solutions were prepared at O. JOO to 1 • .500 mg . /50 mls . 

of total oxide content . Hydrochloric aoidt quercetin 

and water were then added as in the preceding paragraph. 

The difference in absorbance was then measured between 

each pair of solutions at the same total oxide concen­

tration . This seemed to be a realistic approach since 

this was the type of measurement which would eventually 

be made 1n running standards and unknowns . The 0 and 20% 

Hf02 levels were selected for convenience . 0 and lQ% 

Hf02 or even 0 and 5% Hf02 eto . could have been used but 

these lower %Hf02 solutions were more difficult to ac­

curately prepare . It was felt that what was true for the 

0 to 20% Hf02 solutions would also be true for the 0 to 

5% Hf02 • Measurements were made at several wavelengths . 

The results of this series of measurements are summarized 

in Table XXII . 

Examination of this table shows an optimum concen­

tration of 0. 800 mg . /50 mls . of total oxides at 4.50 ~. 

This essentially agrees with data 1n the preceding sec­

tion . Subsequent measurements were therefore made under 

these conditions . 

The variation of ~A with wavelength at the varioas 

oxide levels 1s more readily seen 1n Figure 16 . Figure 

17 shows the curves of s x C vs /\. • On compar1ng these 
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TABLE XXII 

O.Pl'IMUM CONCENTRATION AND WAVELENGTH 
USING 0 AND 20% Hf02 SOLUTIONS 

Solution, %Hf02 

To To Ob- Total ~ Slit A s S X CCzrof
Set ta1n Oxide (m}.l) 
Zero Reading mg/.50mls. 

(mm) mg/m
(oalo} 

20 0 o. :;oo 420 0 . 82 0. 107.5 4 . )2 0 . 2751 1 . 19 

4.)0 0 . 44 0. 129 5 . 18 1 . 43 

440 0 . 26 0 . 112.5 4 . ,52 1 . 24 

450 0 . 13 0. 081 ) . 2.5 0 . 89 

460 0 . 08 0 . 040 1 . 61 0. 44 

20 0 0 . 400 420 1 . 45 0 . 109 ).28 0 • .)668 1 . 20 

4JO 0. 92 0 . 149 4 . 49 1 . 6.5 

440 0 • .52 0 . 1.56 4 . 70 1 . 72 

4.50 0 . 24 0 . 1.)4 4.03 1 . 48 

460 0 . 11 0 . 084 2 • .53 0. 9J 

20 0 o • .soo 420 1 . 875 0 . 08.5 2 . 0.5 0 . 4.58.5 0. 94 

4)0 1 . )0 0. 126 ) . 04 1 . 39 

440 0 . 76 0 . 1.56 3-76 1 . ?2 

450 0 . 34 0 . 145 J . so 1 . 60 

460 0 . 13 0. 097 2.)4 1 . 07 

20 0 0 . 600 420 could not balance 0 . 5.502 -

4:;0 1 .'60 0 . 105 2 . 11 1 . 16 

440 1 . 00 0 . 142 2 . 8.5 1. 5? 
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4.50 Oe116 0. 15?5 ) . 16 1 . 74 

460 0 . 17 0 . 116 2 . }) 1 . 28 

20 0 0 . {00 420 Cou.ld not balance 0. 6420 -
4)0 1 . 825 0. 095 1 . 64 1 . 05 

440 1 . 175 0 .1)7.5 2 . )7 1 . ,52 

4,50 0 . ,58 0 . 168 2 . 90 1 . 86 

460 0 . 21 0 . 1)75 2 . 37 1 . 52 

20 0 0 . 800 4)0 1 • .52.5 0. 04) 0 . 6,5 0 . 7337 0 . 48 

440 0 . 960 0 . 108 1 . 6) 1 . 20 

4.50 0 . 460 0. 181 2 . 74 2 . 01 

460 0 . 140 0 . 146 2 . 20 1 . 61 

470 0 . 060 0. 70 1 . 06 0. ?8 

20 0 0. 900 4JO 1 . 400 0 . 019 0 . 2.5 0 . 82.54 0 . 21 

440 1 . 0,5 0 . 064 0 . 86 0. 71 

4.50 o . ;6 0 . 1)4 1 . 80 1 . 49 

460 0 . 18 0 . 116 1 . 56 1 . 29 

470 0 . 07.5 o. 0.59 0 . 79 0 . 65 

20 0 1 . 000 4)0 1 . 4?.5 0 . 01.5 0 . 18 0 . 9171 0 . 17 

440 1 . 1,5 o. 0.57 0. 69 0. 6) 

4.50 0 . 64 0 . 124 1 . ,50 1 . )8 

460 0 . 20 0. 114 1 • .50 1 . 27 

470 0 . 015 0 . 060 0 . 72 0. 66 

480 o. oso 0 . 028 0 . )4 0 . )1 
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20 0 1 . ,500 4.;o 1 . 70 0 . 002 0 . 016 1 • .3756 0 . 022 

440 1 . 475 0. 0225 0. 18 0 . 2.5 

4,50 1 . 00 0 . 0775 0 . 62 0 . 85 

460 0.48 0 . 124 1 . 00 1 • .)8 

470 0 . 16 0. 068 o.ss 0. 76 

480 0 . 090 0 . 018 0 . 145 0 . 20 

Note: The Czro2 1s the weight concentration of the 

20% Htoa solut1o.n expressed as Zr02 only: 

Czro2 = Wzre2 + WHro2 x zr§2H 2 



RELATIVE ABSORBANCE 
vs. 

WAVELENGTH 

430 440 450 

FIGURE 16 

1-WOXIDE = 0.300 
2-WOXIDE= 0.400 
3-WOXIDE = 0.600 
4-WOXIDE= 0.800 
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6-WOXI DE= I. 5 00 
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Sx C VS. WAVELENGTH FIGURE 17 
FOR Zr- HF-QUERCETIN 
COMPLEX 

l - WOXIOE =0.300 
2-WOXIOE =0.400 
3-WOXIOE= 0 .600 
4-WOXIOE= 0.800 
5-WOXIOE= 1.000 
6-WOXIOE =1.500 

WAVELENGTH (Mj.J) 
0 440 450 60 470 
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curves it is noted that the curves tor 6A vs ~ and 

s x c vs. " are of the same shape and the optimum wave­

length at various oxide levels are found to be exactly 

the same. 

When ~A va . concentration and S x C vs. concentra­

tion are compared as 1D Figure 18 and 19, the same shape 

curves are again observed and with identical optimum 

concentraticna . This leads to the conclusion that tor 

thia approach D.A vs. Coxlde at a given wavelength oan 

be plotted directly to determine the optimum concentra­

tion at that wavelength. In a like manner, D.A vs A oan 

be used directly to find the optimam wavelength for a 

given oxide concentration. 

A calibration curve for f. Ht02 1n Zr02 was determined 

next using the optimum conditions found above . 

Standard Curve for the Determination of ! Ht02 1n ~he 

Presence of Zr02 

Several sets of standard solutions containing from 

0 to 1~ Hf'02 1n Zr02 at a total oxide concentration of 

0. 800 mb./50 mls. were prepared and run. The acidity 

waa adJusted to 0 . 5 ! w1tb hy~rochloric acid and 25.00 

mla . of quercetin (1.00 mg./ml. 1n 95~ ethanol) were 

added to each solution and the solutions diluted to 50 . 00 

mla . with distilled water. 
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~A VS. CONCENTRA~ 
FOR QUERCETIN COMPLEX 

CONCENTRATION OF OXIDE <MGI50MU 
0 A 06 8 

Sx C VS. CONCENTRATION 
FOR QUERCETIN COMPLEX 

F1GURE 19 
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A standard o~rve for 0 to 1~ Hto2 was run first 

and AA vs. %Hfo2 was plotted. The 1o.; Hto2 solution 

waa used as the reference and all other standards were 

meaa~red against it. The stanaard ourve is shown in 

F1g\.lre 20 . 

Standard ourves for 0 to 5% Hfo2 were run on differ­

ent days . The res~lting calibration curves are found 1n 

Figure 21 . There seems to be a considerable shift 1n the 

ourves and also a aoattering of points . These data indi­

cate that it wo~ld certainly be necessary to run a new 

calibration ourve for each set of unknowns. 

D1souaa1on 

The findings 1n this study using quercetin seem to 

indicate that it would be or potential use tor the deter­

mination of 0 to 5% Hf02 1D Zr02 1f no better method 

could be developed . No doubt this procedure could be 

further refined to eliminate most of the scattering of 

points. Perhaps 1f a permanent standard, which waa 

roughly equivalent to the 5% Hf02 colored solution could 

be found then the ah1ft 1n calibration curve might also 

be eliminated. 

More research would have been devoted to this sys­

tem 1f a more promising methoa using Xylenol Orange had 

not been suggested by Cheng (.36) . This new method 
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seemed to offer the possibility of actually measuring 

the absorbance of the hafnium complex formed with Xylenol 

Orange, rather than Just the difference due to differ­

ences 1n atomio weights of hafnium and ziroon1um . De­

tails or th1s work will be discussed next . 
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INVESTIGATION USING XYLENOL ORANGE 

The investigation of Xylenol Orange differed from the 

preceding methods 1n that it was an indirect differential 

method while the direct differential approach was ased 

on the mandelic ac1d, chloranil1o acid and qaercet1n. 

h small fraction of this work was carried out to 

confirm the findings of Cheng (12; 13; 14; 15; 16), bat 

since h1a work was principally with perchloric acid so­

lutions and this work was with hydrochloric acid solu­

tions, there waa little overlap. 

In this investigation advantage was taken of the 

tact that H202 almost completely bleaches the zirconium -

Xylenol Orange complex while it only bleaches the hafn1am 

- Xylenol Orange to a aUght extent. Ill thia case then, 

while holding the weight of oxides constant as before, 

the ~ Hf02 solation was the reference used to set the 

1nstr~ent and the absorbance of the other standard so­

lutions were measured relative to 1t. 

Apparatus 

The aame apparatus as previously ased was utilized 

1.n this investigation. 
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Reagents 

1. zro2 solutions. Used high purity ZrOCl2 •8H20 

for most or this work. High purity Zr02 wae used 1n 

preparing some of the standards for the ~mknown sample 

calibration ourvea. These solutions were made up in 

6! hydrochloric ao1d (standardized) and were analyzed 

using the oupferron method. 

2 . Ht02 solutions. H£OCl2•8H20 waa used for pre­

paration of all standard solutions . They were made up 

1n standard 6 !! hydrochloric aoid and were standardized 

by the oupferron method. 

3 . Xylenol Orange, o.os% and o .so~ solutions. 

Weighed out exaotlf 0. 0.500 g . and 0 • .5000 g . respectively 

ot Xylenol Orange (sodium salt), dissolved 1n distilled 

water and diluted to volume 1n a 100 ml . volwuetric flask . 

Xylenol Orange may be obta1ne6 from Lamont Laboratories, 

5002 West Mockingbird Lane, Dallas 9 , Texas . 

4. Hydrochloric aoid, 6 . 000 !• Diluted about 

12.50 mls . of concentrated nydroohlorio aoid to about 

2500 mla . with distilled water . Standardized with stand­

ard sodium hydroxide solution using phenolphthalein. 

Absorption Spectra of XYlenol Orange 

Absorption curves of 5.8 X 10-S ! Xylenol Orange 
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eol~tiona 1n distilled water, O. J ~ . 0.8 N and 1. 6 N 

hydrochloric acid were determined ~sing a distilled 

water reference solution. These o~rves are found 1n 

Figure 22. It can be seen from these c~rves that tbe 

acidity has a pronounced effect on the absorption ot 

this dye. 

Abeorption Spectra of the Zirconium - Xylenol Orange 

Complex 

Sol~tions containing 1. 31 x lo-5 ! z1roon1um and 

5.8 X 10-5! Xylenol Orange, were prepared at O. J !• 

0.8 N and 1 . 2 N hydrochloric acid concentrations and the 

absorption o~rves, using a water reference were deter­

mined as shown 1D Figure 23 . Here again the ao1d1ty pro­

d~oed a pronounced effect on the absorption c~rves . The 

wavelength tor maxim~m absorbance tends to shift towards 

lower wavelengths as the ao1d1t;y 1a increased. The ab­

sorbance also increases 1n going from O. J N acid solu­-
tion to o.a ! and deoreases at 1 . 2 li· 

Absorption Spectra of the Hafnium - Xylenol Orange Com­

plex 

Absorbance c~rves were run on sol~tions of 1. 25 x 

l0-5 ! hafnium and 5.8 x lo-5! Xylenol Orange at O. J!, 

0.8! and 1. 0! hydrochloric acid. A water reference 



120 

ABSORBANCE OF XYLENOL FIGURE 22 
ORANGE VS. 

WAVELENGTH 

1-XYLENOL ORANGE (NO ACID) 5.8 X t~M 
2-XYLE.NOL ORANGE, 5 .8 X I~jA IH O.a N HOI 
~'t\.ENO_ ORANGE, 5. 8 X ICJ'~ IN 0.8 N HOI 

~ 
~ 
CD 
a: 
0 
(/) 
CD 
~ 

4-XYLENOL ORANGE, 5.8 X 10'5M IN 1.6 H HCI 

WAVELENGTH (MJ,J)
400 440 



ABSORBANCE OF Zr-XYLENOL 
ORANGE COMPLEX VS. 

WAVELENGTH 

AGURE 23 

1- Zr02 (1.31 X I~M)•X0{5. 8 XIO'SN) IN 0.3N HCI 
2- Zr020.31 X I~• X0(5.8 X 10-5M) IN0.8 N Ha 
3-Zr02 ( 1.31 X I~ .... X0(5.8 X I@M) IN f, 2 N HCI 
4-Zt-02 (1.31 X IO~.M)+X0(58 X l~)• I ,OCJeO •t. H.2~ IN 0 .3 N HCI 

WAVELENGTH <MJJ) -fO-

http:2-Zr020.31
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was used. These results are found 1n Figure 24. The 

same general trend as that noted for zirconium 1a obser­

ved. 

Absorption Spectra of Zirconium and Hafnium - Xylenol 

Orange Complexes 1n Presence of Hydrogen Peroxide 

ln order to observe the masking e!feot of hydrogen 

peroxide on these complexes. O.J! solutions 1dent1oal 

to those above were prepared except that 1.00 ml. o! J~ 

hydrogen peroxide was added Just before the Xylenol Or­

ange, as suggested by Cheng (12) . The effect on the zir­

conium oomplex is seen 1n Figure 23 and for the hatn1um 

1n Figure 24. It is observed that the maaking effeot ot 

the hydrogen pero~ide on the ziroonlum - Xylenol Orange 

is oonsiderably greater than on the hafnium. On the 

basis of Cheng's work, this was expected. 

Effect of Time on Absorbance 

The absorbancea of solutions containing 1. 31 x 10-5 

~ zirconium and hafnium and 5.8 X 10-5 ~ Xylenol Orange 

at 0.5 hydrochloric acid concentration were determined 

at various times against a water reference. Tbe results 

are shown in Table XXIII . 

These data indicate that the color of these com­

plexes under the above conditions has fully developed 



FIGURE24ABSORBANCE OF HF-XYLENOL 
ORANGE COMPLEX VS. 

WAVELENGTH 
1- HF~( 1.31 X 165 M)+X0(5.8 X I o"S M) IN 0.3 N HCI 
2-HFD2( 1.3lX 105 M}+XO (5.8X 10-5 ~·t) IN 0.8 N HOI 
3-HF~( 1.31 X 10'? M)t-XO {5.8X 165M) IN 1.0 N HCI 
4-HF02(1.31XI0-5M}+X0(5.8XI0-5M)+I.OOML 30%~~1N 0.3N HOI 
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T 1llle 
Hours 

0 . 2,5 

o. so 
1. 0 

2 . ,5 

12 . 0 

24 . 0 

48 . 0 

72 . 0 

TAaLE XXIll 

ABSOBBP.NCE V.5 . •r D1E FOR 
COLOR DEVELOF~~T OF 

Z IRCONIUM ~~D HJ~N IUh­
XYLENOL 0~0£ COMPLl:XES 

Zirconium omp lex Haf'!l1:um Complex 
.rtbsor'oallce 

0 . 590 

0 . 589 

0 . 589 

0 . 586 

0. 580 

0 . ,588 

0. 588 

0 . 5)9 

Absorbance 

0 . 621 

0 . 620 

0 . 619 

0 . 616 

0 . 614 

0 . 618 

0 . 620 

0 . ,565 
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a1'ter 1.5 minutes and that they are stable for at least 

48 hours . 

Effect of Aoidity on the Absorbance of Xylenol Orange, and 

its Z1roonium and Hafnium Complexes at Various wavelepgths 

A series of ,5 . 8 X l0-.5 ~ Xylenol Orange solutions 

were prepared at 0.1 ! to 1, 6 li hydrochloric acid con­

centration. The absorbencies of these solutions were 

measured at wavelengths of .52.5 , .5:30, .53.5 and .540 Djl using 

a water reference. The results are shown 1n Figure 2.5 . 

The above procedure was repeated for aolut1ons con­

taining 1 . 31 ~ 10-5 ~ z1roonium and also for solutions 

oonta1n1ng 1 . 2.5 x lo-S !! hafnium. These results are also 

shown in Figure 2.5 . Corrections tor the absorbance of 

Xrlenol Orange have been made on these curves. 

These Xylenol Orange curves indicate that the ab­

sorbance increases with increasing acidity but that the 

effect is leas pronounced at the higher wavelengths. 

The zirconium complex curves indicate that its maxi­

mum absorbance ooours at an acidity of 0. 7 to 0.9 ! and 

at a wavelength of .535 or 540 ~. 

In the case of bafn1:um, the maximum absorbance oc­

curs at an acid concentration of 0. 4 !i and at .53.5 IDJ,l . 

The effect on absorbance of the ratio of Xylenol 

Orange to zlrcon1um was next determined. 
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FIGURE 25ABSORBANCE VS. 

ACID CONCENTRATION 

1,2,3,4-XYLENOL ORANGe 
5,6,7,8- Zt--XYLENOL ORANGE COMPLEX 

+If -XYLENOL ORANGE COMPLEX 

OJ NORMALITY OF HYDROCHLORIC ACID 
0.2 0.4 OS 
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Absorbance vs . Mole Ratio ofX;ylenol O~f:mge to Zirconiutn 

and Hafnium 

Solutions containing from 0. 45 to 27 mole ratio of 

Xylenol Orange to zirconium and hafnium were prepared and 

the absorbance determtned at .5J,5 . 1DJ,l . The aeld ooneen-.. 

tratlon was 0. 4 N 1n both eases . Th1s acidity was used -
since the conditions eventually desired are those which 

will give a maximum absorbance for the hafnium complex 

ana a minimum absorbance for the zirconium complex. Fig• 

u.re 26 shows these curves which have beeu corrected for 

the absorbance of Xylenol Orange. 

These curves are seen to rise sharply from a. mole 

ratio of 0. 45 to about 3 and then they taper off and be .... 

come essentially constant from a mole ratio of about J . O 

to 27 for the zirconium and about 10 to 2'7 for the haf­

nium . It therefore appears that a mole ratio of about 

s.o or greater should give the max1mum absorbance but 

that not much sensitivity would be lost by using a ;; to 

1 mole ratio of Xylenol Orange to zirconium and hafnium , 

if' necessary . 

After the optimum acidity, wavelength and mole ratio 

had 'been determined, the masking effect of hydrogen per­

oxide on the zirconium and hafnium - Xylenol Orange com­

plexes was studied . 
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Effect of Time gn AbsorbMoe of Zirconium and Hafnium ­

&lenol Ora.nse Com12lexes 1n Presence of ijldroeaen PeJI'O!fide 

A series of zirconium - Xylenol orange complexes 

conta1n1ng 1 . 31 x 1o-5 l! zirconium and ? . 2 x 10•.5 ! x.y.. 

lenol Orange at an hydrool'lloric acid concentration of 

0 . 4 ! was prepared . Various amounts of JO% hydrogen per• 

oxide were added . The hydrogen peroxide was added after 

the dye. All measurements were made at .53.5 Dl}l over a 

period of several hours using a water reference . All 

curves, shown 1n Figure 27, have not been corx>ected 

for the absorbance of Xylenol Orange 1n order to better 

indicate the changing nature of these solutions . Figure 

28 shows these same curves plus some additional ones 

which have been corrected for the absorbance of Xylenol 

orange . 

The above procedure was repeated except that 1 . 31 x 

lo-5 M hafnium was used . These results are also shown-
1n Figure 2? and 28 . 

Examination of the corrected curves in Figure 28 in­

dicate that the zirconium - Xylenol Orange is bleached 

w1th1n abot.\t 1.5 minutes after preparation and the ab­

sorl>ances decreases only slightly over a period of two 

to three boars . No apparent difference wa noted regard­

less of whether the hydrogen peroxide was added before or 
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after the Xylenol Orange . , 

In the oaee of the hafnium complex, the absorbance 

generally rose to a maximum withtn half an hour and then 

slowly decreased althoQgh for all praotical purposes it 

was essentially constant for a period of 1-2 boura . As 

expeoted from Cheng's work {12), the behavior waa much 

different wben the nydrogen peroxide was added after the 

Xylenol Orange. Under this oondit1on , the absorbance 

was initially at a maximum and continually decreased over 

a period of hours until it finally merged with the iden­

tical solution to whiob the hydrogen peroxide had been 

added before the dye. 

It ia alao noted that both complexes decrease 1n ab­

aorbanoe with the addition of 1noreaa1ng amounts of hydro­

gen peroxide . 

The effect of volume of 30% hydrogen peroxide on ab­

sorbance can be seen 1n Figure 29 where absorbance is 

plotted against the volume of Jo.% H202 added to solutions 

oonta1n1ng 1 . 31 x lo-5 ! zirconium and hafnium and 10. 00 

mls . of 0 . 05~ Xylenol Orange. The final acid concentra­

tion was 0. 4 ! in a t ota1 volume of 100 mla . The H2o2 
was added before the Xylenol Orange . From this figure 

it is observed that the maximum difference 1n abaorbance 

occurs where 1 to 4 mls . of hydrogen peroxide were ad­

ded . It is also noted that 1n this range the effect of 
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FIGURE 29ABSORBANCE VS. VOLUME 

OF 30% HYDROGEN PERC»<IDE 
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time on absorbance is at a minim~. 

J~dg1ng from Figures 28 and 29, it seems that under 

the above conditions, a volume of abo~t 2 to 4 mla. of 

JO% hydrogen peroxide wo~ld be optim~m. 

Determination of Opt1mam Conditions for the Differential 

Measurement of 0 to 5! Hf02 1n Zr02 

The study of the Xylenol Orange system ~P to this 

time has been oonoerned with a study of optimum cond1t1ons 

tor a non - differential system. Using the information 

found from the non - differential studies, 1t was there­

fore neoeaaary to investigate the optimum oond1t10DB for 

the differential system wb1ch was eventually ~sed. This 

proved somewhat more difficult than for the investigation 

or the previous systems. This was due to the nature of 

the indirect approach used to examine this system. 

The wavelength selected for making differential ab­

sorbance measurements was 535 ~. baaed on the absorbance 

curves earlier determined for the zirconium and hafnium 

complexes and on the measarement of ~A at various wave­

lengths. This is shown 1n Table XXIV. It should be 

recalled that tor this approach, the total weights of 

oxides are held constant. Four different paira of so­

lutions containing 0 and 5~ Hf02 1n Zr02 at different to­

tal weights of oxides were run under the conditions 
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TABLE XXIV 

HELn.TIVE ABSORBANCE (6 ) VS . 
WAW.T.ENGTH OF 0 5% ~~ 

Hf02-XYLENOL OBANGE SOLU IONS 

wOxide xoc o. s,b > h202(301") avelength Slit ~:::.. ~ 
(mg/2.5mla) (mls} (mlsJ <~~ ) (mm) 

0 . 200 2 . 00 1 . 00 .510 0 . 11.5 0 . 025 1 

51.5 0 . 10 0 . 030 

520 0 . 085 O. OJ4 

525 0 . 07 O.OJ7 

530 0. 06 o . OJ9.5 

535 0 . 06 0 . 0)8 

.540 0 . 06 0 . 0)6 

0 . 400 4 . 00 2 . 00 510 1 . 12.5 0 . 07J 

515 0 . 90 0. 076.5 

.520 0 . 68 o. oaos 
52.5 0 . 49 O. Ob1.5 

530 O. JJ 0 . 081.5 

535 0 . 2) 0 . 078 

540 0 . 14 0.071.5 

o. aoo 8 . 00 4 . 00 510 1 . ,50 O. Oo75 

520 J. . 02.5 0 . 072.5 

.525 0 . 85 0 . 074 

530 0 . 64 0 . 075 

.53.5 0 . 47 0 . 075 

.540 0 . 29 0 . 074.5 
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T.hbLE XXIV 
( cont1nued) 

1 . 000 10.00 5 . 00 510 1 . 65 0.110 

520 1 . 20 0 . 116 

525 0 . 98 0 . 1175 

.5JO 0 . 77 0 . 120 

.535 0 . 6) 0 . 120 

,540 o. 4o 0 . 121 

.54.5 0 . 14 0 . 1125 
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indicated 1n the table . Measurements were made at ~l 

aensit1vit1 after about an hour. Tho 5% Hf02 (95%Zr02) 

solutions wore measured relative to the ~ Hf02 (100,% 

Zr02) • 

From this table it appears that most any wavelength 

from 520 to 540 could be used without any significant loss 

1D senaitivity . However, it is also noted that the slit 

widths required to balance the instrument are much smaller 

at the higher wavelengths, thus resulting 1n more mono­

chromatic light. The optimum wavelength therefore seems 

to be about 535 ~. Thus , this wavelength was used for 

all subsequent absorbance measurements . 

After the optimum wavelength had been determined , it 

was next attempted to determine the optimum initial tem­

perature tor color development or bleaching, concentration 

of oxides, volume of 0.5~ Xylenol Orange and J~ hydrogen 

peroxide . 

In addition it was a lso ne9essary to determine the 

best time interval before making measurements . 

As already mentioned, the initial temperature tor 

color development or bleaching was investigated as it 

seemed to be of importance . Consequently, this effect 

was studied briefly. It was found that most any initial 

temperature up to about 60°C could actually be used as 

long aa it was the same for each solution being run. 
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For the maxlmum relative absorbance reading 1n a minimum 

ot time , an initial temperature of 50°c for 10 to 20 

minutes was selected . A temperature of 60°C gives a 

slightly greater absorbance reading, however , bubble for­

mation from decomposition of the hydrogen peroxide seems 

to be much greater thus making 1t more difficult to make 

readings . The temperature effect was determined on sev­

eral pairs of 0 and 5fo Hf02 solutions containing 1. 200 

mg . of oxide per 25 mls , 6 . 00 mls . of 0 . 5~ Xylenol Orange 

and 2 .00 mls . of JO~ hydrogen peroxide. Both solutions 

1n each pair were treated 1n exactly the same manner be­

fore making meas~rements. These solutions were immedi­
oately cooled to 25 C after the initial heating. The re­

sults are shown 1n Figure JO where relative absorbance vs. 

time is plotted for various initial temperatures . In or­

der to help determine the optimum concentration of mixed 

oxides, Xylenol Orange and hydrosen peroxide, the solu­

tions shown in Table XXV were prepared. 

The relative absorbance vs . time of the solutions 

in Table XXIV were nw and the results are shown 1n Fig­

ure Jl . The max1m\.lm 6 A occurs at a concentration of 

6 . 000 mg . of oxide per 25 . 00 mls . However, these were 

not run at exactly identical conditions. It seemed that 

many possible combinations of oxide concentration, Xy­

lenol Orange and hydrogen peroxide concentrations mi£ht 

http:max1m\.lm
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SOLUTIONS USED IN STUDY 
0~ v2ilj UM CO.DITIONS 

Solution , Hf02 

Solution 
No . 

o,t 5% 

W v-cide Xylenol 
(me,/25ml} onmse 

( 0 • 5;:.. )( mls } 

Hydrogen
Peroxide 

(mls) 

Tem). 
<oc 

Time 
(min . ) 

l la 2 . 000 6. 00 2 .. 00 .soo 10 

2 2a ~ . 000 10 . 00 2.,00 .soo 10 

3 3a 6 . 000 10 . 00 2 . 00 soo l.S 

4 4a 8 . 000 10. 00 2 . 00 soo 20 

5 5R 10.00 12 . 00 2 . 00 500 20 



.1 

FlGURE 31RELATIVE ABSORBANCE 
VS. TIME OF 

.e COLOR DEVELOPMENT 

~ -

TIME- MNUTES 



142 

be possible depending on temperature used to develop the 

color etc . These solutions were observed to be ehangUig 

rather rapidly as can be seen from the large changes in 

slit width required to set the instrument after short 

time intervals . Fortunately , both solutions seemed to 

be chang1ng at essentially the same rate for a period of 

one to two hours since constant relative absorbance read­

ings were obtained during these intervals . .F'is;ure )2 

shows the slit necessary to balance the instrument for 

the above several sets of solutions over a period of 

about three hours . 

It can be seen from Figure J2 that the rate of change 

of slit width with time is essentially constant for all 

of the curves plotted . This seems to imply that the re­

ference solutions were changing at a fairly constant rate 

over the time interval 1Dvestigated . 

Although it has been noted that under the oonditiolls 

used, the concentration for maximum 6. A was 6 . 000 mg. of 

oxide per 25 mls . , a concentration of s . ooo mgs . oxide/ 

25 mls . was finally selected as the ooncentration to be 

u.sed . This lower concentration was used beoau.se of a 

slight precipitate formation at the higher concentrations, 

after one to three hours . These higher concentrations 

would probably be usable 1f measurements were made before 

precipitation occurred . 

http:beoau.se
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In selecting the concentration of 0. 5% Xylenol Or­

ange to be used, the phfs1oal limitations were considered . 

This was selected on the basis of a 10. 00 ml . aliquot of 

oxide solution per 25 mls . being used (4 . 00 mla . oxide/ 

10 mle . ) . H. Oo mls . (or ; . oo mls . ) of 0 . 5~ Xylenol or­

ange was therefore considered to be an adequate oowpro­

m1se concentration of dye . This then allowed an unused 

volume of 7.00 mls . (or J . OO mls.) for hydrogen peroxide , 

ao1d and r1lls1ng . 

The amount of JO% hydrogen peroxide to be used was 

next determined. On the basis of previous data, it seem­

ed likely that a rather small volume would be suitable . 

In order to determine the effect of JO% hydrogen peroxide, 

a aeries of the complex solutions containing 2. 000 mg . 

of oxide {0 and 5% Hf02)• J . OO mls . of 0 . 5~ Xylenol Or­

ange and several peroxide concentrations were run. The 

results are shown in Table XXVI . The final volume was 

10 . 00 mls. and the acidity was 0. 4! at an initial re­

action temperature of 50°C . The 5~ Hf02 solutions were 

measured relative to the o,% Hf02 solutions . 

From this table it oan be seen that any of these 

volumes could be used without any great loss 1n sensit1­

vity . However , for convenience, the 0. 40 ml . /10 ml.• 

volume was adop~ed for subsequent work since this is 

equivalent to 1. 00 ml ./25 mls . and aan eaa1ly be measured 
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wlth a volumetric pipet . 

Since all conditions have been defined for running 

differential solutions of 0 to 5% Hf02 1n Zr02 , cali­

bration curves were constructed next. 

Standard Curves for the Determlnatlon of 0 to 5~ HfOz 1n 

Presence of Zr02 

As concluded from the preoeed1ng section , the con­

centrations of reagents which were used 1n the 9repara­

tion of standard curves were: 

W(total oxida) = 5 . 00 ~./25 mls . (2 . 00 ~./10 mls . ) 

V(H2o2) • 1 . 00 ml . of J Q% H20z/25 mla . (0 .40 mls . / 

10 mls . ) 

Vcxo ) = a. oo mla . of o.s% Xylenol Orangc/25 mls . 

(J . OO mls ./10 mls . ) 

Ao1d Concentration = 0 . 40 li hydrochloric acid . 

All measurements were made under the following conditions: 

Sensitivity of Photomultiplier - Full 

Light Sourca - Tungsten lamp 

Cells - Silica (Pyrex could have bean used) 

Wavelength - 535 ~ 

Temperature of measurements - 25oc 

A aeries of standard solutions containing o, 0.50, 

1 . 00, 2 .00, J . OO, 4 . 00 and 5 . 0Q% HfOz 1n ZrOz were pre­

pared suoh that the stock standard solutions contained 



14? 

100 mgs . of oxide/100 mls . at an hydrochlor1or.ac1d con­

centration of 1 . 00 ! · When preparing standard curves, 

2. 00 ml . al1quots were measured into 10 . 00 ml. volumetric 
i.

flasks and 1. 00 ml . of 2 . 00! hydrochloric acid was added 

to each solu.tion . When finally diluted to 10 mls . the 

complex solutions were at the proper acid concentrations. 

Exactly 0 . 40 mls . of Jq% hydrogen peroxide were added to 

eaoh solution and then 0. 5.% Xylenol Orange . The solutions 

were then diluted to volume with distilled water . IJ.~he 

Xylenol orange was added as rapidly as possible to each 

.solution so that they were prepared at as nearly the same 

time as possible . 

All solutions were simultaneously shaken 50 times . 

They were then placed in a water bath at 50°C for 20 

minutes after which time they were removed and cooled to 

25°C before making measurements . 

The effect of time on the calibration curves was de­

termined by running the 0, 1 . 00 , 3 . 00 and 5 . 00,% Hfo2 so­

lutions . The absorbance of the 1. 00 , 3. 00 and 5 . 00,% Ht02 
complex solutions were measured relative to the \1% Hfo2 
solution at various times . Several of these curves are 

shown 1n Figure JJ . Curves 1 and 2 are from the same so­

lutions at different times and ) and 4 from a second set 

of solutions . Although these three point calibration 

curves shift with time , a straight line ourve was obtained 
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in each ease. This seemed to indicate that the cali­

bration curve could be run after almost any time in­

terval that would give a straight line just as long as 

the samples being determined were measured at approxi­

mately the same time . 

Calibration curves for all standard solu.t1ons on two 

different days were run next . MeasuremEmts for curve 1 

were made after both 2 and :; hours and was essentially i­

dentical for each time. ·:rhese are found 1n Figare )4. 

Examination of these standard curves certainly indicates 

that this method should be applicable to the determin­

ation of unknown samples of ores or mixed oxides. The 

next section will therefore include details for these ap... 

pl1oations. 
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PROCEDURE FOR DE.lElL'1I:NA'l'IO..~ OF HAFNIUM 
IN 'l'HE .?tt.E.~.E.NCI: OF Z lliCOr.lUM 

USING XXLE.t>JO.L OBMGE. 

Details for the determination of hafnium 1n the 

presence of zirconium are incl~ded 1n this seotion . The 

analysis of three different zirconium - hafn1~m ores, 

using the Xylenol Orange method, are 1noladed. These 

results are compared to those obta1ned by the X-ray flu­

orescence method . 

Apparatus 

The Beckman ~odel DU $peotropnotometer with photo­

multiplier was used for all absorbance measurements. A 

tungsten lamp was used for tbe light source . Matched 

s1lioa cells were used 1n all absorbance measurements 

(P.yrex could have been ased). 

Reagents 

1. Hf02 standard. 1.068 mg. Hf~/ml . 1n 2.940 M 
HCl . Dissolved about 1 g . of high purity HfOCl2 •8H20 1n 

250 mls . of s.a~o ! hydrochloric acid and diluted to 500 

ml. with distilled water. 50.00 ml. aliquots were ~sed 

for standardization by the oupferron method . 

2 . Zr02 standard, 2.732 mg . Zr02/ml . 1n 2 . 9~0 N 

HCl . Fused about 3 g . of high purity Zr 02 with 40 g . o~ 
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potassium pyrosullate u.ntil a clear melt was obtained. 

Dissolved melt 1n dilute hydrochloric acid and filtered . 

The hydrous oxide was precipitated with 28" ammonia and 

washed with distilled water, until no test for sulfate 

was obtained 1n the wash solution. The precipitate was 

then dissolved in soo mls. of ,5 . 880 li hydrochloric aoid 

and diluted to 1 liter with distilled water . 2.5.00 ml . 

al1quota were used for stanQ8rd1zation by the oupferron 

method . 

) . Xylenol Orange, 0 . 5~ aqueous solution. Dissol­

ved 0. 5000 g . of Xylenol Orange (sodium salt) 1D distilled 

water and diluted to 100 mls . 

Calibration Curves 

Using the conditions previously determined for the 

Xylenol Orange method (Investigation Using Xylenol Orange) , 

a series of standard solutions containing from 0 to 8 and 

lQ% Hf02 1D Zr02 were prepared by accurately measuring the 

standard Zr02 and Hf02 solutions into a 250 ml. volametrio 

flask and add1Dg a quantity of hydrochloric acid which re­

sulted 1n a 1 . 000! acid solution upon dilution to vol~e 

with water . The same volumetric flask was used for all 

dilutions . The total oxide concentration for eaob solu­

tion was made up to be 12.5 mg . of oxide per 2.50 ml . ot 

solution or 0 • .500 mg. oxide/ml. A 10 . 00 ml . aliquot was 
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therefore used to g ive 5 . 00 mg . oxide/25 ml . or 4. 00 mls . 

to g ive 2. 00 mg . oxide/10 ml . Since the stock standards 

were made to have a 1 . 000 ! hydrochloric acid concentra­

tion, the aliquots above resulted in 0.40! acid solu­

tions when diluted to volume. 

One milliliter of )0,% hydrogen peroxide was added to 

eaoh standard for a 25 ml . volume or 0. 40 ml . for a 10 ml . 

volume. 8. 00 ml . /25 ml. or J . OO ml . /10 ml. of o .s~ Xy­

lenol Orange was added and each solution diluted to vol­

ume with distilled water . All solutions were simultane­

ously shaken 50 times and placed 1n a 50° C water batb tor 

20 minutes a fter which they were removed, shaken 10 more 

times and oooled to 25oc. 

Absorbance measurements were made from one to ~wo 

hours rrom initial time of preparation. The ~ Hf02 solu~ 

t1on was used for the reference solution and all measure­

menta were made relative to it . A standard curve was tben 

drawn . The :l Hf02 1n unknowns were determined from this 

curve. A calibration curve was prepared eaoh time a new 

analysis was oarried out. Typioal calibration curves are 

shown in Figure 35 and )6. 

Determination of Hf02 in Cyrtol1te and !&er1an Zircon Ores 

Using SulfUric Acid Treatment 

Cyrtolite and Nigerian Zircon Ores - Five gram 



samples of Cyrtolite and Nigerian ores were weighed into 

~vaporatinb dishes and 10 g . of concentrated sulfuric acid 

was added to eaoh, as suggested by Larsen, Fernel1us and 

~uill (49) for cyrtolite ores. These samples were placed 

on a hot sand bath. The oyrtolite was heated until a 

thick mud was produced and the Nigerian ore was digested 

for about an hour. They were then rinsed into beakers of 

water and evaporated to fumes of so3• Water was then 

added to dissolve salts and the mixtures were filtered. 

28% ammonia solution was added to these filtrates until 

basic and the resulting hydrous oxides of zirconium and 

hafnium were filtered and washed with water until all sul­

fates were elimlnated. The precipitates were theD die­

solved with hot dilute hydrochloric acid . {6!~ Portions 

of these cool solutions were treated with SO mls. of 16% 

mandelic acid and the temperature slowly raised to about 

85-90°C. The precipitates which formed were allowed to 

digest for half an hour and then cooled and filtered 

through siDtered glass crucibles. The precipitates were 

washed with a saturated zirconium tetramandelate solution 

and then dissolved 1n 5~ sodium hydroxide solution plus 

hot water. The precipita tes which almost 1mmed1ately 

formed were re-dissolved 1n dilute hydrochloric aoid and 

a second mandelic acid precipitation made with subsequent 

treatmeDt with 5~ sodlum hydroxlde solution. The 
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resulting hydrous oxides were washed several times with 

water . Both precipitates were dissolved by adding them 

~o 127 • .5 mls. of ,5 . 880 ~ hydrochloric ao1d . These solu­

tions were filtered toto 2.50 ml . volumetric flasks and the 

beakers and filter papers were washed several times with 

water. The final ao1d concentration was then 3.00 !! • 

These solutions were then analyzed for total oxide con­

centration by the oupferron method. 

The NigeriaD Z ircon ( 1~ -1) was found to conta1Il 1 .5J6 

mg . oxide/ml. and the cyrtolite (C-2) 2. 642 mg . oxide/ml. 

Stock solutions of the unknowns containing 12.5 mg . oxide/ 

250 mls . and ot 1.00 ! hydrochloric acid concentration 

were prepared trom the above solutions . 

A standard curve was run and the ~ Ht02 1n the total 

oxides determiDed. 4 . 00 ml. aliquots (2 . 00 mg . ) of each 

standard oxide and unknown were pipetted into 10 . 00 ml. 

vo11.unetric flasks and 0. 40 ml. of J O% hydrogen peroxide 

were added to each. J . OO mls. of 0. 5% Xylenol Orange was 

then added and the solutions diluted to volume with dis­

tilled water . All solutions were simultaneously shaken 

50 times and placed 1n a .50°C water bath for 20 minutes . 

They were then cooled to 2.5°c and absorbance measurements 

were made at 5JS ID)..l after one hour from the tlme of ini­

tial preparation. The analytical results for sample N-1 

(tt l and # 2) and C-2 (# 1 and 11 2) are shown 1n Table XXVII~ 
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TABLE .XXVli 

Analysis of Hf02 in Mixed Oxides 
From Zirconium - Hafnium Ores 

ore sample No . ~ HtO %Hf02 
(X-ray &ethod)(Xylenol Orange

Method) 

Cyrtol1te C-2( 1)
C-2(2)
C-2(3)
C-2(4) -

6 . 40 
6. 4 
6.?5 
6.75 

(Oxide Used 
For X- ray
Analysis) 

X-1)4( C)-1c 
X-1)4(C)-1d 
X-1J4(C)-1e 

6.J5 6. ))
6 . 10 
6 .0) 

Nigerian N-1(1 ) 6.?4 
'l iroon N-1( 2) 6 . 54 

6.;;N-1(~)
N-1( ) 6 . 90 

(Oxide Used X-1JJ(~)-1c 6 . 1? 6 . 6; 
For .X-ray X-1JJ(N)-1d 6 . 40 
Analysis) X-133 (1'11 )-le 6 .7) 

Australian 
Zircon 

(Oxide Used X-132(A)-lc 2.19 2.42 
For X-ray X-1J2(A)-1d 2.18 
Analysis) X-1J2( A)-le 2. )2 
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Typical oalibration curves are shown 1n Fi I.U'es 3.5 and J6 

for aubsequent samples . 

The aboTe determination was repeated except that 

10 . 00 ml . aliquots of standards and unknowns were trans­

ferred to 25.00 ml . volumetric flasks . 1 . 00 ml. of 30% 
hydroeen peroxide and 8. 00 ml . of o.s ~ Xylenol Orange 

were added and solutions diluted to volume with distilled 

water . 1he remainder of th1s procedure was the same as 

that above. Results for sample N-1 ("J and #4) and C- 2 

(#J and #4) are also found 1n Table XXVll . 

These oxides above, had been preYiously analyzed for 

hafnium by Wah Chang Corporation, Joilbany, regon, using 

the X-ray fluorescence method. In order to compare result~ 

the oxides used for the X- ray analysis were analyzed 

using Xylenol Orange . 

Determination of Hf02 1D A- ray Oxide Samples 

X-ray samples - Fifty milligrams of the X- ray oxide 

samples, X- 132, X-lJJ(N) and X-1J4( C) were weighed into 

porcel1n crucibles and 2 g . of potassium pyrosulfate was 

added. The samples were then fused to a clear melt 

(about 1.5 minutes). The melts were cooled and aissolved 

in dilute hydrochloric acid , then 28 amuon1a was added 

until basio . The hydrous oxides were filtered and washed 

with water until no test for sulfate was obtained in the 



158 

8 

CALIBRATION CURVE: FIGURE 35 
AA VS. '1. HFOe 

.6 -c 
<S-
""'(,) 

~ 
I 
~ 
CD 

0 .4 c 0 

~ -s 
w 
a: 



159 
CALIBRATION CURVE: FIGURE 36 
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wash water. They were then dissolved from the filter 

paper into 100 ml. volumetric flasks ~s1ng 17.00 ml. of 

5 . 880! hydrochloric acid which had been diluted to about 

50 mls. with water. Tbe filter paper was washed several 

times with water and the sol~t1ons were diluted to volume . 

These solutions then contained o. soo ~· oxide/ ml. at a 

1 . 00 ~acid concentration . 

The ~ Hf02 1n the above solutions was determined 

using 4.00 ml . aliquots of standards and unknowns. 1 . 00 

ml. of JO~ hydrogen peroxide was added to each solution 

by mistake (should have been 0.40 ml.) and J . OO ml . or 

o .s~ Xylenol Orange . The remainder of the procedure was 

the same as previously descrlbed. Although the above er­

ror waa made, the analysis was completed and the results 

for samples X-132(A)-1c, ~-133(~) -lc and X-134( c) -lo are 

shown ln Table XXVII . It can be seen from the table that 

these results are comparable to the others included. The 

X-132(A), X- lJJ(N) and X-134(C) refer to the X-ray oxides 

prepared from the Australian Zircon, Nigerian Zircon and 

cyrtolite respectively. The last number and letter refer 

to the run number . 

The above determ~atlon was repeated twice except 

that 0. 40 mls . of 30% hydrogen peroxide was used . A new 

standard ourve was run for each set of samples. These 

results for samples X-132( A) -ld, X-13J{N)-ld , X-1J4(C) - ld 
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and X-1J2( A)-le, X-lJJ(~J-lc, X-134(C)-le are also shown 

in Table XXVII . 

In order to check the standards used for the Xylenol 

Orange procedure, they were precipitated wltb ammonia, 

filtered• washed and ibnited to the oxides and subsequently 

used as standards for the X-ray fluorescence analysis of 

X-132(A), X-13J(N} , X-l34(C), N-1 and C-2 oxide samples. 

These results shown in Fable AXVIIl indicate that the 

standards were satisfactory. The second col~ 1n this 

table shows the results obtained on the samples using the 

X-ray method and X-ray standards. he third column shows 

the results obtained usln~ the X-ray method and the stan­

dards used for the Xylenol Orange method . The fourth 

column shows the results using the Xylenol Orange method 

and the Xylenol Orange Method standards. 

Up to this point the determinations carried out were 

concerned pr1no1pally with testing the method and compar­

ison of the Xylenol vrao~e and X-ray fluorescence methods. 

The next section will therefore descrlbe the complete pro­

cedure for the analysis of total hafnium in the ores . 

Procedure for Analysis of Hafnium 1n Ores 

The ores analyzed were the 1ger1an Zircon ( N ) andl 

oyrtollte (C) previously used and ln addition an Aus­

tralian Z1roon(A) . 
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TABLE XXVIII 

X-BAY J\NALISIS OF MIXED OXIDES 
USING THE XYLENOL ORANGE 

OXIDE STANDARDS 

Sample % Hf02 % Hf02 % Hf02 
No . (X-ray Method) (X-ray Method) (XO Method) 

(X-ray Standards) (xo standards ) (XO Standards) 

X-1:32(A) 2 . 19 2 . 02 2 . J1 
ave. 

X·13J(N) 6 . 17 6 . 2,3 6 . 59 three 
runs 

X-134(C) 6 . 35 6 . 56 6 . 15 

N-1 6 . 0) 6 . 68 

c-2 ; . ?6 6 . 66 



Due to twtat•a uror pqe 163 wu oaltt..S. 
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Two 0. 300 g . samples of ore (A) and (N) and two 

0. 5000 g . aamples of (C) were weighed into nickel oruo1­

blea . Aboat 1 - 2 teaspoonfala of sodium peroxide were 

added to each sample and fusen until all or each sample 

went into solution . When oool, the aamples and oruoi· 

bles were removed and rlnsed . Hydroohlorio acid was ad­

ded to the solutions until acid (green solation). When 

acid , 60 ml . of 1:1 salfuric acid was added and samples 

evaporated to heavy fumes of SOJ to drop out the s1l1ca. 

Water was added to dissolve salts and the solutions fil­

tered. The residues and filter papers were washed with 

hot dilate hydrochloric acid . 

These solutions were made bas1o witb 28% ammonia and 

tbe precipitates washed with water until all sulfate was 

eliminated. Precipitates on filter papers were dissolved 

with hot dilute hydroc hloric acid (6!) and the filter 

paper was thoroughly washed with this solution . These 

samples were allowed to cool and 50 ml. of 16% mandelic 

aoid waa added to each and the temperature was slowly 

raised to 85- 90oc and allowed to remain tor JO a1nutes . 

Tbe resulting precipitates were then filtered and washed 

with hot 5% mandelic acid containing 2~ hydrochloric acid . 

The filter papers and precipitates were dried , and the 

paper burned off at a low temperature . The oxides were 

finally ignited at 900°C for an hour to convert to oxides . 
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They were cooled, weighed and the %total oxide calcu­

lated. Results are shown in Table XXIX. 

Fifty milligram samples of the oxides trom above 

were weighed into poroelin crucibles , fused with potassium 

pyrosultate etc., aa previously described for the X- ray 

oxide samples x-1J2(A) , X-13J(N) and X-1J4(C) . The f1nal 

solutions then oontatned o.;oo mb./ml . 1n 1. 00! acid 

solution . 

4 . 00 ml. aliquots of standards and unknowns were 

~sed for a total volume of 10 ml . 0 . 40 mls . of ;~ ny­

drogen peroxide and ; . oo ml . of o.s% Xylenol Orange were 

used as previously described. The remainder of the pro­

cedure was also oarr1ed out as before giving the result­

ing %Hf02 Yalues shown 1n Table XXIX . 

ID Table XXIX , the first column lists the samples 

analyzed . The samples X-132(1)) , X-lJJ(N) , and X- l34(C) 

were the X-ray oxides from the Australian Zircon , N1ger­

1an Zircon and Cyrtol1te, respectively . The A- 1 sample 

was the oxide prepared from the Australian Zircon by per­

oxide fusion . Sample N-1 was the oxide prepared from 

Nigerian Zircon by sulfurio acid digest ion and N-2 was 

the oxide prepared by peroxide fusion . C-2 was the oxide 

prepared from the cyrtolite by sulfuric acid digestion 

and C- J was prepared by peroxide fusion . Sample X-134-C 

waa the X-ray oxide re- run from the same cyrtol1te sample 
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TABLE XXIX 

ANALYSIS OF Hf02 lN ZlttCONIUM - HAFNIUM 
ORLS BY THE XYLhNOL OnANGE r1ETHOD 

Sample ~ l'otal 
Oxide 

~ HfO 
'I'otaf 

1n f;, Hf02 
Ore 

1n Average
Deviation 

Oxide (~) 

Auatral1a.n 
Ziroon 

6) . J 2.42 
2.18 

1.5J}
1.47 1 . 4.5 

I0 . 06 

X- 132(A) 2 . )2 1. 6 

A-1 64. 1 6~ 2 . 22 
6) .9 2.28 

2.28 
1 . 4~}1.46 
1 . 46 

1 . 45 I0 . 02 

Nigerian
Zircon 
X-1J3( N) 55 . 1 6 . 65 

6. 40 ; . 6~}
3.53 J . 6J IO . O? 

6 . 73 ).?1 

N-1 

N- 2 

55 . 1 .55.5
.56 . 0 6 . 74 

6 • .54 
6 . 5.5 
6.90 
6 . 90 
6 . ,52 

3.74 
) . 6)
) . 6)
) . 8)
) . 8)
) . 62 

3 . 71 10 . 09 

"""Cyrtolite 
X-134( C) 29 . 8 6 . )3

6.10 1.8:11 . 82 1 . 84 I0 . 04 
6 .03 1 . 80 

X-134-C 28. 9 6 . 96 
7 . 0.5 

2. 011
2.04 

2.0) 

C-2 )0. 8 Ja.B 
)0. 8 

6 . 70 
6.44 
6. 7.5 
6 . 7.5 

2 . 0 
1 . 98 
2 . 08 
2 . 08 2 . 0) IO. O? 

6 . 12 1 . 88 
6 . 8? 2.12 
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X-1J4(C). In oolumn two 1a shown the peroent total oxide 

1n the ore. The total oxide valuea !or samples X- 1J2(A) , 

X-1JJ( N) , X-134(C ) and X-1J4- C are those reported by Wah 

Chang Corporation. The other values shown were those 

determined by peroxide fusion for tb1s thesis research. 

Column three indicates the percent Hf02 found by the Xy­

lenol Orange Method, 1n the total oxide . In column four 

the percent Hf02 1n the ore has been calculated from the 

percent Hf02( column J) 1n the total oxide and from the 

percent total oxide 1n the ore (column 2) . Column f1Te 

shows the average deviation 1D the values of percent Hfo2 
1n the ore(column 4). 

A summary of the X-ray analysis is found 1n Table XXX 

and a summary of both the X-ray and Xylenol Orange methods 

1s found 1n Table XXXI . 
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TABLE XXX 

ANALYSIS OF HfOf !l, i.lrlCONIUM - HAFNIUi1 
BY X-RAY ME HOD (wAH CH.AJ.~G} 

Sample %Total Oxide 
(Wah Chang) 

'f, Hf02 1n 
'lotal Oxide 

~ Hf02 
1D Ore 

Australian 
Z1roon 

X- 132(A) 6J . J 2 . 19 1 . 39 

N1ger1an 
Z1roon 

X-133(N) 5.5 . 1 6 . 1? J . 4o 

Cyrtolite 
.X-134lC) 29 . 8 6 . 35 1 . 89 

X-134-C 28 . 9 8 . 83 2. 55 
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TABLE XXXI 

SUMMhBY OF ANALXTICAL DATA 
% Hf02 IN OiUS 

Sample ~ HfO~ 
(X- ray 

!' Hf02(ave.)
(Xylenol Orange) 

D1fferenoe 
(%) 

X-1.32(A) 1 • .39 1 . 4; 0. 06 

A- 1 1. 4; 

X-133(N) 3 . 40 3 . 63 0. 23 

N-1 3 . 71 

N-2 3 . 7.3 

X-134(C) 1 . 89 1 . 84 o. os 
X- 1)4­ C 2.;; 2 . 0.3 0 . 52 

C-2 2 . 05 

C-J 2 . 00 
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SUMMARY AND 
COriCLUSIONS 

The application of differential spectrophotometry 

to the determination of hafnium 1n the presence of zir­

conium was investigated using the mandelic acid, chlor­

anilio acid, quercetin and Xylenol orange methods. 

A literature search was made in wbioh the ohemioal 

and physical methods presently available for the deter­

minatioD of hafnium and zirconium and of hafnium and zir­

conium 1n the presence of each other were extensively 

reviewed. 

It was then possible to select systems which appeared 

to be promising for the application of the differential 

spectrophotometric Method II (•transmittance-ratio") to 

the determination of hafnium 1n the presence of zirconium. 

A theoretical discussion of the application of Me­

thod II spectrophotometry to the problem 1s included. 

Some possible chemical and instr~ental limitations for 

the differenttal approach were discussed with parti~ular 

emphasis on the characteristics of phototubes and photo­

multipliers. 
~C A A The equation, C =SiC' which ia the basis for the 

deterQ1nation of the optimum concentration of oxides to 

be uaed, was derived atart1ng with the fundamental re­

lationship suggested by Heilley . In order to facilitate 
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the at~dy of the several differential systems which were 

investigated an eq~ation , 

log R ~ 2.000 -Et0 Wt X J . J65 X. 10-J 

was derived, relating tbe log of the instrument soale 

reading, B, to the weight of total oxide, Wt , fraction 

of Hf02• t 0 , molar absorptivity, £ , or oomplex and the 

molecular weights of Zr02 and Hf02. 

It can be concluded from this preceding research 

that the approaoh outlined in "Approaoh to the PrOblemw 
- . 

was sound and its application did lead to the develop­

ment of methods for the determination of hafn1am 1n the 

presence of zirooni~m . 

Actually tour methods, using different complex sys­

tems were developed . Only the Xylenol Orange method, 

however, was found to be suitable for the determination 

of 0 to 5~ Hf02 in Zr02. Tbe other three methods are, 

however, of potential val~e for the determination of a 

wider range of Hf02 1n Zr02• This should then make 1t 

possible to determine from 0 to 10~ Hf02 in Zr02 oy 

using the Xylenol Orange for the 0 to 1~ Hf02 range and 

one of the other reagents for the higher percentages . 

z.landelic Acid 

The mandelic acid system sho~ld be ideally s~ited 

for the determination of aro2 in zro2 at relatively high 
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percentages of Hfo2• lt was confirmed that ziroon1wn 

and hafnium could be quantitatively precipitated from 

strong bldroohloric acid and weighed directly as the tet­

ramandelates . It was then foUDd that these tetramandelates 

could be dissolved 1n 1 ~ ammonia and their abeorbanc1es 

measured at 258 ~· 

By holding the total weight of tetramandelates con­

atant (2.400 g/1) and varying the %Hf(M)4 it was found 

that a standard curve could be run . This ourve seemed 

to indicate that this procedure should De applicable to 

the determination ot S to 50~ Hf(M}4 1D a mixture of pure 

zirconium and hafnium tetramandelates . There ia no rea­

son to believe that this range could not be narrowed or 

broadened somewhat . 

One of the most attractive features of this method 

is that mandelic acid can be used for tne separation of 

zirconium and hafnium from practically every other ele­

ment, as well as for the subsequent differential deter­

mination or Hf(M)4 1n 1 ~ ammonia solution. 

Unfortunately. the mandelic acid procedure was not 

found to be sufficiently sensitive to determ1De the 0 

to ;~ Hfo2 range that was desired . This was due to the 

small molar absorptivity and the low optim~ concen­

tration . 
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Chloranilic Acid 

It was fo~nd that the ohloranilic acid system had 

certain desirable characteristics and that it co~ld be 

used for the differential spectrophotometric determina­

tion of about 5 to 5~ Hfo2• It alao seems probable that 

the range could be narrowed ao that 5 to 20% Hf02 could 

be determined. 

Although this complex system had a very high molar 

absorptivity, the opt1mum concentration was so amall 

that it is not likely that the 0 to s~ Ht02 range could 

be determined with any accuracy . The opt1mum concentra­

tion was fo~d to be O. JO mg . z ro2/2S mls . or 0. 012 g . 

Zr02/l. 1n 1 ~ perohloric acid solution . Absorbance mea­

a~remeDts were made at JJO mu . 

This particular complex system does make it possible 

to work in an aqueous acid system whloh is quite stable 

for a long period of time. 

uercet1n 

Quercetin seemed to offer some poas1b1lit1es tor the 

determlnat1on of small amounts of Hf02 1n z ro2 . It was 

fo~d that. as 1D the case of the zirconium complex, the 

absorbance of the ha~1um complex as alwoat independent 

of hydrochloric acid concentration from 0. 1 to 1 !· It 
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was observed 1n the course of th1a work that the op­

timum concentration varied with wavelength . The opti­

mwm concentration of oxides was found to be 0. 800 mg . / 

50 mla . at the optimUm wavelength of 450 ~· This wave­

length was found to be considerably shifted from the 

maximum wavelength found 1n the original absorption 

curves . 

It was also f ound that when the relative absorbance 

waa plotted against concentration of oxide, 1t gave ex­

actly the same shape curve and optimum concentration as 

when the slope times concentrations was plotted against 

concentration of oxide . This seemed to indicate that 

the optimum concentration could be round by plott1ng A 

va . concentration as well as by plotting S x C vs . con­

centration . 

Standard curves were run for solutions from 0 to 10% 

Hf02 and from 0 t o 5% Hf02 in Zr02 . It appear ed that 

this system offered the possibility of determining Hf02 

in these ranges although a scattering of points and 

shifting of standard curves were observed. Nevertheless 

with additional refinement this method oowld probablJ 

be used at least tor 0 to lQ% Hf02 1n Zr02 . Additional 

time was not spent in ref1n1ng this procedure beoause or 

the possibilities offered by the indirect •transmittance­

Approach• using Xylenol Orange. 
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Xylenol Orange 

The application of Xylenol Orange to the determin­

ation of small amo~nts of hafnium 1n the presence of zir­

conium was fo~d to be by far the most promising of the 

procedures investigated. 

It was confirmed that hydrogen peroxide will bleac h 

the zirconium - Xylenol Orange complex to a much gr eater 

extent than lt will the hafnium complex. It was found 

that this selective bleaching action can be applied to 

the determination of hafnium in the presence of zirconium. 

The approach used for ~his complex system differed 

trom the other three only 1n that it ~tilized the in­

direct •transmittance- ratio• method whereas 1n the other 

three procedures the ~rdinary "transmittance-ratio~ me­

tho4 was used . In the ordinary "transmittance- ratio" 

method the reference solution used to set the 100 end of 

the instrument scale contained the highest percentage of 

Ht whereas in the indirect approach , the solution con­

taining no hafnium was the reference solution . 

After preliminary non- differential investigations 

on the zirconium and hafnium complexes were completed, 

the d1fferent1al solutions were studied . The prelimin­

ary non-differential work helped to establish the proper 

conditions for differential operation. lt was found 

that the zirconium complex has its maximum absorbance at 
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an acidity of 0. 7 to 0.9! hydrochloric acid at a wave­

length of 535 to 540 ~ while the hafnium complex shows 

a maximum absorbance when the acid concentration is 0. 4 

li and at 535 IDJ.l • 

The effect of hydrogen peroxide and the time of color 

development (or bleaching) waa investigated and it was ob­

served that the zir conium - Aylenol Orange complex was 

mostly bleached w1th1n about 15 minutes after prepara­

tion and the absorbance decreased only slightly over a 

period of three hours . No apparent difference waa noted 

regardless or whether the hydrogen peroxide was added be­

tor or atter the Xylenol Orange . 

In the case of the hafnium complex, it was found 

that the absorbance generally rose to a maximum within 

half an hour to an hour and then slowly decreased , al­

though for all practical purposes it was essentially con­

stant for a period of one to two hours . However, when the 

hydrogen peroxide was added after the Xylenol Orange , the 

absorbance was 1n1t1ally at a maximum and it continually 

decreased over a period of several hours and ttnally mer­

ged with the curve of the s~lution to which the hydrogen 

~eroxide had been added f1rst . 

A considerable amount of research waa carried out 

with the purpose of determining the optimum conditions 

for the differential Qetermlnation of hafnium 1n the 
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presence of zirconium. It was not pqpsible to determine 

any one set of conditions which could be aaid to be op­

timum as it seemed that many combinations were possible . 

The conditions used were therefore based to a certain ex­

tent upon such factors as solubilities of complexes, the 

size of the volumetric flasks to be used for making up 

the complex solutions, eto. 

It was found that the initial temperature for color 

development (or bleaob1Dg) had a great effect on the re­

lat1Ye absorbance measurements wh1oh were f1nally made. 

Although it was observed that the reference and standard 

solutions were continually changing, they were evidently 

doing ao at about the saoe rate aa there waa a period of 

about two hours when the relative absorbance was essen­

tially constant . During this time 1t was possible to 

construct a standard curve. 

Several three point calibration curves were con­

structed after various times of color development. They 

were found to shift with time but a straight line curve 

waa obtained 1D each oase. This seemed to 1nd1oate that 

a standard curve and unknowns could be run after most 

any time interval Just as long ae they were measured at 

approximatel¥ the same time. 

Standard ourves were determined for the 0 to 1~ 

Hf02 and the 0 to 5% Bf02 range. Since these showed 
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straight line curves it seemed very likely that this me­

thod oould be u.sed to de'tiermine 'tihe % Ht02 1n an u.nknoWD 

oxide or ore. 

This method was tested using three zirconium - haf­

nium ore samples . These were analyzed for both the total 

oxide oonuent and for the %Hf02 1n the total oxide . 

Theae results were compared w1th those obta1ned by Wah 

Chang Corporation, using the X-ray fluoresoenoe method . 

The Xylenol Orange method results were found to oompare 

very favorably with the X-ray results. 

This procedure was, therefore, found to be applicable 

to the determination of 0 to 5% Hfo2 starting with either 

a mixture of pure oxides ot hafnium and zirconium or with 

zirconium - hafnium ores . 
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APPENDIX A 

DETERMINATivN OF Zi hCONIUM 
AND HAFNIUK WITH CUPFEBBON 

Details of the oupferron method aa used tor stand­

ardization of the zirconium and hafnium solutions used 

for the preceeding work are included below . Hillebrand, 

Lundell, Bright and Hoffman (17, p. 572-~) and Scott 

(18, p. 1099-1100) also give detailed d1reot1ons tor 

the use or cupferron. 

Solutions 

1 . Cupferron solution, 6~ . Dissolved 6 g . ot CUP­

ferron 1n 100 mls . of distilled water. 

2. Cupferron - sulfuric acid wasb solution . Dis­

solved 0. 6 g . of cupferron in SOO mla . of distilled water 

conta1n1n& S mla. of concentrated sulfuric acid . 

Procedure 

In most cases 25 . 00 or 50 . 00 ml. al1quots ot the 

stock zirconium and hafnium solutions were used for an­

alyaia depending on the estimated oxide content . These 

aliquota were diluted to about 175 ~la . with distilled 

water . cooled to 10°C and precipitated with 15 mls . of 

6% oupferron solution. These precipitates were then fil­

tered and washed several times with the cupferron 



188 

sultur1c acid solution. The filter papers and preciP­

itates were placed 1n previously weighed platinum cru­

cibles, dried 1n the oven and the paper burned ott at 

a low temperature with a final 1gnit1on at 900°C for 

one hour. The crucibles were cooled, weighed and the 

concentration of oxide in mg . /ml. calculated. 



APPENDIX B 

PREPARATION OF ZIRCONIUM 
OXYCHLO!ilDE 

Fused S g . of ~r02 with potassium pyros~lfate antil 

a clear melt was obtained. The melt was dissolved 1n 

1 ~ hydroohlorio ao1d . The res~lting sol~t1on was fil­

tered into a beaker and treated with ammonia ~ntil basio. 

The res~lt1ng precipitate was thoro~ghly washed, filtered, 

and then diasolYed 1n hydrochloric aoid. A second pre­

cipitation was made with ammonia and the preo1pitate was 

again filtered, washed and finally dissolved 1D concen­

trated hydrochloric acid . This solution was again fil­

tered and evaporated ~ near dryness. The oryatals of 

ZrOCl2. 8H20 which separated out were filtered through 

a sintered glass funnel and washed with a small amount 

or 1oe oold concentrated hydrochloric ao1d. Air was 

drawn through the funnel until the crystals were dry . 
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APPENDIX C 

PURIPICATIOtf OF CHLOHANILlC ACID 

The procedure used to purl~y the ohloranil1o acid 

was the one suggested by Thamer and Voigt (75) . 

Eight grams of practical grade ohloranilic acid were 

dissolved 1n a liter of distilled water at the boiling 

po1nt and filtered . The filtrate was extracted with two 

200 ml. portions of benzene 1n a separatory ~unnel at 

S0°C. The benzene phases were discarded sinoe they con­

tained only a slight ~ount of chloran1l1o acid. The 

aqueous phase was cooled 1n an lee batb yielding bright 

red crystals of chloranillc acid which were filtered otr 

and washed with three 10 ml . portions of water . The 

crystals were dried 1n an oven at 11S°C in order to ex­

pel the water of hydration. The overall yield of ohlor­

anil1o ao1d waa approximately SQ% 
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APPEND D 

DESIVATlO OF FORMU 
FOii C t.LCULA G 
~tlVE AaSOBBA~CE 

A different approach was made 1n the tollow1ng 

der1Yatloo from that 1n the ·~pproaoh to tbe Problem" 

aeotion. 

6. A or 6 (log a ) can be eatlmated betweem an,- two 

aoll.lt1ona ualllg Method !I when l ht02 • o and i sro2 • 

n(n • o.os. 0. 10, 0.25 etc. ) at oonatan~ or total oxide. 

( 1 ) 6. . • • 1 - Ao aDd aaaual.ng Beer' a law 1a Yal14 

' bo e.nd 

• €~r02 X b( t•rltr0 ) X_!_ t rlr o2 X b XA0 Zr02 
1

Wtto ~ Hf'0'2 

A1 € X b X Wt X ..l._• ~ro2 zro2 
where 

Ao • absorbance ot reference aol~t1on (Zr02•RtO~ 

A1 • abaoroanoe or p~re Zr 2 complex aolutlon 

( ~ro2 • molar abaorbanoy or z1rooo1 complex 

E. hto o olar abaoroanoy or hato1 oo:llplex2 

't Wzro2 1- Wu t o2 • oonatant • 8/l 
t 0 • fraction ot Ht Oz 1n reterenoe solution 

Subatitut 1Dto eqwatlon (1) &1Yea 

(2) 6 a € i.r0z Z b X Wt X. • ~ LrOz X b(Wt• 

http:aaaual.ng
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Wtfo) X_!__+ Hf02 X b X Wtfo X _JL_~
Zr02 Hf02j 

6J.. a €zro2 x b x Wt x zrb - E.zro2 x b x Wt x
2 

'i.;0 + € j.r02 X b X Wtfo X~ - € Ht02 X b X
2 

1 
Wtfo X trrn2 

6 A • £ Zr02 X b .X Wtfo X Zr~2 - 6Hf02 X b x 

1 
Wtf0 X "Ei??'2 

and a1mplify1ng, 

(J} 6A : bxWtfo {£~~§ - ' :?g§ }and since € zr02 = 

£ato2 = €. and 1f b c 1 om then 

(4) 6 A a ~ xWtfo (zk - ~}
2 

6 A • ~ xwtfo <12;.2 - 2IB. 6 ) 

6J\ • €. x Wtfo x J.J65 x 1o-J 

and since A0 = log-1 and A1 = log 1 
Ho lrl 

1(5) 6 A = log Rl - log 1
To 

then 

log Bo - log B1 =Ex Wtfo x J .J65 x lo-3 

and 

6 (log B) = €.x Wtfo x J . J6S x 10-J 

and since Bo = 100 for the Method II reference 

solution, then 

(6) log 100 - log B1 = t X Wzra2f 0 X J . J65 X 10-J 
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and therefore 

log Rl = 2. 000 - x Wzre2f 0 X J.J6S X lo-3 

It oan be seen that this derivation confirms the 

validity of the previous one. 




