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o ABSTRACT

This thesis reports research leading to a procedure‘for the
separation and determination of zireBnium and hafnium on a
scale of a few micrograms. The objective was to débelop
methods that could be used in laboratories that are not
equipped with highly expensive instrumentation.

various considerations led to the choice . of
bi;(Z-ethylhexyl)phenylphosphonate as an extractant to be
used in a reversed phase chroﬁatographic mode. The immedi-
ate objective was a determination of distribution coeffi-
cients and separation factors for the two elements of inter-
est.

Chapter-I-is devoted to a general review of the history,
occurence, properties, and applications of both elements. A
survey of the several analytical methods that have been used
for the separation of zirconium!énd hafnium 1s the subject
of Chapter II, |

An overall procedure for the determination of the ele-
ments was explored in which the final step would be a clas-
sical spectrophoéometric measurement. There were interfer-
ences ‘due to the organic matter deriving from the

extraction. The possible presence of phosphate from decompo-

sition of the extractant is a potential difficulty. The



hydrolytic polymerization of Zr(IV) and HE(IV) 1is a well-
kHBwn phenomenon that had to be dealt with. ‘Various
approaches to these problems are described. Destruction of
organic matter by wet ashing and evaporation led to polymer-
ization. The polymers were destroyed by fusion with borax.
Good recoveries of zirconium were achieved by these means
from samples that had béen polymerized by heating. Attempts
to eliminate phosphate by the use of a cation exchange pro-
cess were unsuccessful. The presence of phosphate apparently
prevented the retention of zirconium by the resin. While
further attempts to develop a successful separation of phos-
phate may be ip order, it was more expedient for the present
work to proceed with the extraction studies by making use of
plasma emission atomic spectroscopy for the determinations.

Determination of distribution coefficients were performed
in hydrochloric and nitric acid media., Results showed that
an increase in nitric acid concentration and conseguently in
acidity, reduced the separation factor but increased the
distribution coefficients of both elements. Best separation
factors were obtained at 4M HNO4 concentrapion.

The effect of doubling the concentration of the extrac-
tant in the organic phasé was also studied. Distribution
coefficients were almost doubled when the concentration of
the organic phase ;as increased from 4% to 8% DE@P in pet-

ether.

- iii -
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The agueous phase after extraction was analyzed using DCP

emission spectrophotometry.
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Chapter I

OCCURRENCE AND PROPERTIES OF ZIRCONIUM AND

HAFNIUM.

1.1 Introduction.

Zirconium and hafnium are found 1in the titanium subgrcup of
group IV of the periocdic table. Since their properties are
very similar, they are usually discussed together.

Zi}conium was first identified by Klaproth (1) while
analysing the precious stone jargon, which had come from
Ceylon. He had fused the specimans with sodium hydroxide,
extracted the reaction :product with hydrochloric acid, and
found that this mineral contained an element which he could
not identify and which he called zirconerde. The english
equivalent is zirconia. More chemical studies were made by
Thommsdorf (2).

The isolation of an impure form of the metal was achieved
by Berzelius (3) in 1824, by‘heating a mixture of potassium
metal and potassium fluorzirconate; - after drying the rqu)
tion product, he found that he had obtained a black powder
which consisted of impure elemental zirconium, The ductile
metal was not pfoduced until 19&5, when Van Arkel and the
Boer (4) developed a technique which allowed the preparation
of extremely pure zirconium metal by thermal decomposition

of zirconium iodide vapor on a tungsten filament.

-1 -
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Hafnium was isolated in 1922 and 1is therefore one of the
most recently discovered elements. It always accompanies
zirconium in minerals, There had been many false indications
of the presence of at least one unrecognized element in zir-
cenia, but none q} these claims could bé confirmed. (5,6,7).
Urbain {B) announced the discovery of element .72 while work-
ing with a soluble fraction from an ytterbium nitrate solu-
tion . Hehisolated a small amount of material which he
claimed had distinctive properties. He concluded that the
material was composed of a new member of the rare earth
group and called it "celtium"”, (\f

Coster and .Von Hevesy (9) considered that the evidence
presentd by Urbain (8) was inconclusive; using Bohr's theory
of atomic structure they concluded that this ﬁew element was
noct one of the lanthanide elements but it was guadrivalent
and an homologue of zirconium and thorium. Coster and Von
Hevesy announced the éiscovery of element 72, naming it haf-
nium after the city im which the discovery was made (from

Hafnia, latin for Copenhagen).

1.2 Ocurrence of Zirconium and Hafnium.

Zirconium is widely distributed in nafure and the zirconium
content of the earth's crust is estimated”to be more than
o.ozé%. It ranks eleventh in the list of elemen;s present in
the earth's crust and actually is more plentiful in it than

nickel, cepper, lead, =zinc, and some of the more familiar

lal)

metals.
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. . . . . ; .
Hafnium always occurs with zirconium 1in minerals, hafnium

being the minor constituent. The earth's crust has been
estimated to contain 4.5 parts per million (0.00045%) of
hafnium; this is about the same content gf beryllium, germa-
nium or uranium and more than the guantities of bismuth,
cadmiun, tantalum, silver, or mercury, but-less than the
amount of gallium, praseodimiqm,.or samarium.

These elements do not occur in the free state due to
their vigdrous chemical activity at the temperature of the
enviroment during the solidification of the earth's crust.
They are combined with oxygen in minerals such as zircon,
baddeleyite and other complex minerals, particularly sili-
cates. .

The most abundant mineral containing =zirconium is the
silicéte, ZrSiO4: which is known as zircon. Zirton is found
in igneous rocks, such as granites, pegmatites, diabase,and
basalt; in sedimentary rocks, such as limestone, sandstone,
conglomerate, etc.. Von Hevesy's and Wuerstlin's (10) stud-
ies of 1,175 rock specimens showed granite to contain 1 g of
2r per 3,000 g, volcanic rocks about 1 g per 4,000 g, effu-
sive rocks 1 g per 4,500 .g, and stony meteorites 1 g per
12,000 g . The mineral forms tetragonal crystals with a
hardeness on Moh's scale of 7.5, 1is brittle and infusible,
and has adamantine luster, Its cclor may vary but usually is

some shade of brown:
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Zircon usually contains less than 2% hafnia (HfO, ), but
there are some exceptions. For example, zircon froa Nigeria
contains almost 5% hafnia, and altered zircon may contain up
to 17%. The zirconia content of the mineral varies from 61
to 66.8%. Some varieties of zircon may contain large amount
of other rare metals such as rare earths, niobium, tantalum,
-——and wranium, The amount of thorium and uraniu§ may be as
high as 12% and 1.5% respectively. )
The second most ifgortant mineral 1is baddeleyite, 2rOQ,,
which is the native form of the oxide of zirconium. It was
first found at Jacupiranga, Brazil and was named brazilite.
Later, the mineral was discovered in Ceylon and named badde-
leyite, this latter name being the generally accepted ocne.
Baddeleyite bccurs as rounded pebbles sometimes called
"favas the zirconium" (favas = beans); they are associated
with phonolite as the predominanﬁ rock type. This mineral

contains 1.0 to 1.8% hafnia and 96.5 to 98.9% zirconia.

Some mineral waters contain dissolved zirconium carbonate

complexes in a very low concentration (tenths of a part per

million), <Zirconium is also found 1in minute proportions in
living organisms and in coal. By spectrographic methods, the
existence of zirconium in stars has been noted. Studies by
Von Hevesy and Wuerstlin led to the conclusien that hafnium
occurs in the solar systém in about the same proportion to

zirconium, 2:100, as it occurs in the rocks 1in the earth

(10).

S
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Although zircon and baddeleyite are the commercial miner-
als of éfrconium many other minerals exist which Acoﬁtain
zirconia and hafnia. Some of them, 1like alvite and cyétol-
ite, may contain more hafnia than any of the other zirconium
minerals. In Téple 1, the more important hafnium-bearing
zirconium minerals are.tabulaﬁed.

Sources of the zircon mineral are found in several coun-
tries around the world. Beaches containing considerable pro-
portions of zircon are known in Travancore, India; Malaya;
Australia; U.S.A.; Spain; Nigeria; Brazil, The most impor-
tant source of baddeleyite is in the Pocos the Caldas region
of the states of Sao Paulo and Minas Gerais in Brazil, but .
it has been found in many other places like Kuda Padi,
India; Alno, Sweden; Vesuvius, Italy. World production of

zirconium concentrate is shown on Table 2.

-7



Table 1: Minerals Containing Zirconium and Hafnium.

Source : "Zirconium, Its Production and Properties”. Bureau
of Mines. Bulletin 561. Washington : United States Govern-

ment Printing Office, 1956. .

MINERAL 2r0,, % HfO,, &
Baddeleyite , 96.5-98.9 1.0-1.8
Eudialyte ’ 12.2~14.3 0.2-0.7
Thortulitite z2.0 0.5-1.1
Zircon 64.2 0.5-2.0
var. Hyacinth 64.8 1.2
Zircon altered
Hagatalite 38.5% 2.5
Oyomalite 38.4 2.5
Alvite 41.9 3.0-15.0
Cyrtolite 52.4 5.5-17.0
Malacon 53.2-65.2 2.6-7.0
Nalgite 49.8 3.5-7.0
Zirkelite 51.9 1.0-2.7




Table 2: World Production of Zirconium Concentrate.,
W =withheld to avoid disclosing company propietary data;

excluded from TOTAL. Source : Minerals Year Book. United
States of America. Bureau of Mines. 1982

{ SHORT TONS)

COUNTRY 1980 1981 1982
Australia 541,837 468,138 350,000
Brazil 3,759 4,400 3,850
China 14,000 15,000 15,000
India 16,336 13,669 13,000
~Malaysia: 388 1,441 1,650
South Africa, Rep. 88,000 110,000 138,000
Sri Lanka 3,341 3,600 3,640
Thailand 67 115 110
U.S.S.R. 80,000 80,000 86,000
United States. W 1% W
TOTAL 747,728 696,363 611,250




1.3 Physical, Structural, and Chemical Properties.

Zirconium and hafnium belong to the IVA subgroup of the
pericdic system; they are included in the second and third
transition-series elements and they exhibit electronic con-
figurations in which dv electrons play an important role.
They are characteristically metallic and usually exhibit
high melting and beiling points. In general, the elements
belonging to the d-block are relatively unreactive with oxy-
gen, halogens, sulfur, nitrogen, hydrogen, and water vapour
under ordinary conditions; - however, at elevated tempera-
tures, reaction takes place readily.

Some important features of these two elements are the
A

following:

1.3.1 Atomic and Ionic Radil.

If we consider a given series in the periodic table, we
would expect a decrease in the size of atoms as the atomic
number increases; however, as a consequence of the lanthan-
ide contraction, the size of hafnium i1s almost identical to
that of zirconium, The atomic radius of zirconium is 1.45 A
while the atomic radius of hafnium 1is 1.44 A. The same
effect is observed when the ionic radii of both elements are
compared : 0.78 A (2r*% and 0.75 A (Hf*% (11). Shannon (12)
reports wvalues of the crystal radii of both elements
according to their coordination number as follow: coordina-
tion number 4, Zr 0.73 A, Hf 0.72 A; coordination number 6,

Zr 0.86 A, Hf 0.85 A; coordination number B, Zr 0.98 A, Hf
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6.97 A. In all cases, the oxidation number of both elements
is +4. As a conseguence efrthese similarities in atomic and
ionic size, the chemical properties o¢f both elements are
extremely similar, perhaps more than for any other pair of

elements apart from the lanthanides.

1.3.2 Electronic Configuration, Oxidation States, and

ISOtOEES.

The electrenic configurationrof zirconium is [Krlad®5s? and
of hafnium is [Xelaf' 5d26s2. Both elements have 4 electrons
outside the rare gas-like core, which in the solid state may
act as conduction electrons. By loosing these 4 electrons,
thé two elements assume their most stable state, the tetra-
valent. Lower degrees of valency are known in' the case of
the halides and zirconium oxide (i:o) (13).

Both elements . have several natural and -artificial iso-
topes. The.application of these isotopes falls in the field
of radiochemistry; they are used as radiocactive indicators;
e.g.  the lsotope HE'B! i a B-emitter with a half life of
70 days (14,15). '

1.3.3 Density, Boiling and Melting Points.

The melting and boiling points, as well as the density, are
strongly dependent on the purity of the metal. For example,
the melting point of hafnium-free zirconium is 1815 + 152C
while the melting point of =zirconium with hafnium present

has been reported to be 1830 + 409C (15). On the other hand ~

<
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the melting point for hafnium is 2222 + 30°C for crystal bar
hafnium (with 80 ppm 2r) and 2150 ° for arc-melted crystal

bar hafnium ( < 100 ppm Zr) (14).

1.3.4 Neutron Absorption. .

An important property of both =zirconium and hafnium, which
has application in modern nuclear technology, is their dif-
- ferent behavior toward thermal neutrons.

The absorption cross section of zirconium is 0.18 + 0.02
barn for the highest purity element. This low absorption
cross section is an advantage when compared with the cross
‘section of common construction materials such as iron (2.43
barns), nickel (4.5 barns), copper (3.59 barns), aluminum
{0.215 barns), and magnesium (0.059 barns). Another advan-
tage 1is the relatively low radicactivity exhibited after
exposure in a reactor,

For hafnium, the absorption cross section is 105 barns.
Therefore, the neutron capture cross.section of commefﬁial
zirconium is increased by small amounts of hafnium. As a
conseguence, hafniém-free zirconium must be used when con-~
structing nuclear reactors. Reactor-grade zirconium has less
than 100 ppm hafnium by weight. Hafnium, due to its high
neutreon capture cross section is used as con;rol material to
absorb neutrens in nuclear reactors. Scme physical proper-

ties of zircenium and hafnium are shown in Table 3.



Table 3:

Source : MUKHERJI, Anll K., Analytlcaljkhemlstry of Zirconi-

Physzcal Properties of 21rcon1um and Hafnium.

Specific Heat
Electrochemical
eguivalent

Thermal Neutfon
Cross Section

4th. lonization
Potential

~

iin

34,

0.067 cal/g‘C
at rdom tempa.
0.08 cal/g°C

above 862 °C

Valence 4,
0.2363 mg/C

$.18 barns

33 ev

—

0.035 cal/gt
between 25

'land 100 X

Valence 4,
0.4626 mg/C

105_batns

um and Hafnium. London : Pergamon Press, 1970, ,
v Z1RCONIUM HAFNIUM
Atomic Number 72
Atomic Weight ~ 178.6
Atomic Radius (A) 1.442
Ionic Radius (A) 0.75
Density (low HE)|[ 13.09 g/cm3
. (high Hf) at 20°C
at 979°C
Melting Point 2°C 2222 °C
Boiling Point . 3580°C o 5400 °C

"'!
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1.3.5 Chemical Reactivity.

The reacgivity of zirconium and hafnium towards Séberal
substances 1s almost the same. They are very stable at room
temperature to reactions with common gases such as oxygen,
nitrogen, and hydrogen. Only when the temperature reg;hes a
few hundred degrees Ceﬁsius do they begin to react apprecia-
bly.

Hafnium oxide is slightly more basic than zirconium but
less basic than thorium. In general terms, the chemistry of
hafnium is more related to that of zirconium than to that of
thorium, probably due to the fact that the atomic size of
hafnium is nearer to that of zirconium.

Zirconium and hafnium become oxidized on beiﬁg heated in
air. Compact metals are oxidized much less rapidly than met-:
allic powders. Zirconium reacts easily with oxygen at a
temperature of 200 °C at 7.6 mm of oxygen pressure (16},
Various workers have found that large amounts of oxygen can
be dissolved in =zirconium without showing any =zirconium
dioxide structure, Lower zirconium oxide (2ry04 and Zro)
can probably also be prepared (17). Hafnium reacts with
oxygen in the range 350-1200° at 1 atm of oXxygen pressure
{18), forming the dioxide HfO, . The digxides form a contin-
uos series of solid solutions with one another.

Hafnium and zirconium dioxides are practically insoluble
in water. They are somewhat soluble in concentrated sulfur-

ic acid or by fusion with alkalis, potassium pyresulfate, or

Ny
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solid alkali borate. Both dioxides c¢an be dissolved in
hydrofluoric acid as a result of the formation of complex
fluorides. ‘ «

The reaction between zirconium and nitrogen is very slow
at 400°C but increases rapidly at 800 °C; this reaction is
independent of pressure (16), With hafnium the reaction
takes place in the range 876-1034 °C {19). .

Zirconium absorbs hydrogen at temperatures between
300-1000°C. Thé absorption of hydrogen makes zirconium so
easy to breake that it «can be crushed. Hafnium absorbs
hydrogen at 700°C to give the composition HEHLBB - {20). With
the thermal recycling to 500°C and slow cooling to room
temperature, both in hydrogen at 1 atm, the composiiion HfH, 4
is obtained (21).

Neither dissolved oxygen nor nitrogen can be removed from
zirconium by heating; however, by prolonged heating in vac-
uum above 1000 °C, hydrogen'is completely removed.

Reaction of =zirconium with COp occurs above 800 °C and
with CO and’ Hp0 vapor above 1000°C. The product of these
reactions is ZrO, and when the temperature is sufficiently
high, reaction with CO or (O, leads to =zirconium éarbide
formation. Due to tgis, the use of zirconium for gas-cooled
reactors is limited to 500°C or less.

Zirconium and hafnium also react with all the halogens in

the range 200-400°C and with sulfur, carbon, phosphorous,

boron, and aluminum at still more elevated temperatures.
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Zirconium also reacts with all metals oxides and other ref-
ractory materials, making impossible the use of zirconium in
refractory crucibles, for contamination of the metal will
occur (13).

Since compounds of =zirconium and hafnium have similar
phx§ical and chemical properties, separations of these ele-
ments based on properties such as béiling and melting points
are impractical. In Tables 4 and 5 the melting and sublimimg
temperatyures as well as the free energies of formation of
éorres onding hafnium and zirconium compounds ar'e compared.

Separation of zirconium from hafnium is rather based on
substantial differences in solubilities of hafnium and zir-
conium compounds in water, orgaﬁic solvents, fused salts, or
liguid metals. As this question is the central issue in this
thesisf we éhall return to the ‘problem of separation in

Chapter I1.
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Table 4: Melting and Subliming Temperatures of compounds of
zr and Hf. ‘

( ) = estimated; X = hafnium or zirconium. Source:
BENEDICT, M., et al., Nuclear Chemical Engineering. New York
: MacGraw—-Hill, 1981,

MELTING SUBLIMING

T, OK T,0K;P, 1 ATM
COMPOUND | HAFNIUM|ZIRCONIUM | HAFNIUM | ZIRCONIUM
X0, 3063 2953
XC 4110 3805 \
XF, : (1200){ 1205 _ | (1200) | 1177
XCl, 705 710 590 608
XBrg4 693 723 595 633
X1, (750) 772 {700) 701

'
‘
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Table 5: Free Energies of Formation of Halides of Zr and Hf
at 1000 °K. ‘ .

Source: BENEDICT, M., et al., Nuclear Chemical Engineering.

New York : MacGraw-Hill,, 1981.

FREE ENERGY OF FORMATION
Kcal/g mol ~
COMPOUND HAFNIUM ZIRCONIUM
Tetrafluoride (s) - 363 - 378 .
Tetrachloride (g} - 203 - 180 o
Tetrabromide ( ? - 172 - 154 -
Tetraiodide (g? - 118 - 104

N AN
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1.3,6 Corrosion Resistance. .

\ ‘

The ‘resistance of zirconium and hafnium to corrosion in agif-

ferent media has been investigatea. Zirconium slowly dis-
solves in sulfuric and in concentrated hydrochloric acid,
but is,resistant to <cold and hot 5% hydrochloric acid,
organic acids, solutions of a number of salts, and a solu-
tion of iodine in potassium iodide (22). The corrosioﬁ
resistance of zirconium was also studied in water, steam, a
number of gases, and several organic reagents. According to
Lustman and Kerze (23), =zirconium has a corrosion rate less
thaé 0.0127 mm per year in almost all the media studied,
except for gaseous chlorine and the chlorinated derivatives

of acetic acid.

Reactions of zirconium with lten dissolved alkalis have
been investigated and differen ‘results have been reported.
According to (24), =zirconiym reacts readily with alkalis,

but Broughton (25) reports that zirconium is stable both in
solutions of aikblis and in lten alkalis. Songina (13)
considers ' this discrepancies to be due to the different
degrees of purity of the metal employed. When alloying addi-
tives are introduced into metallic zirconium, its resistance
to corrosion is enhanced. Additives used are tin, niobium,
tantalum, molybdenum, and tungsten (23).

Hafnium is slightly less resistant to the attack of acids
than is zirconium; however, with .the addition of ammonium

fluoride, reaction with acids becomes rapid. Hafnium is very
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resistant to bases, showing no attack by boiling sodium
hydroxide solution even when sodium peroxide is present

(26).

1.4 Applications.

Zirconium as well as hafnium possess certain physical, chem-
ical, and nuclear properties which are unique. They there-

fore have several uses in modern industry.

1.4.1 Zirconium.

1.4.1.1 Nuclear Power Applications.

With the development of nuclear energy and the knowledgk of
the nuclear properties of zirconium, it has been proved that
this element is particularly suitable as a material tor
reactoers.

The rﬁquirements for such reactors, according to Miller
{15), are: (1) low neutron absorption cross section; (2)
mechanical strength and stability under severe stresses
resulting from high thermal gradients; (3) leakage reliabil-
ity in high temperature, high pressure, corrosive, dynamic
and radioactive systems; (4) resistance to mechanical damage
by radiation; (5)- limited formation of high activity prod-
ucts by nuclear reaction; and (6) adaptability t6 simple
remote maintenance and repair.

Zirconium has not only a low thermal neutron cross sec-

tion but also an exceptional corrosion resistance under cer-

P varaeP e o ==
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tain conditions as well as relatively highh strength at the
elevated temperatures obtained in thermal reactors. Zirconi-
um can therefore be used as a cladding material for nuclear
fuel elements, as an alloying metal with uranium, or as the

material for the structure of the reactor core.

1.4.1.2 Chemical Equipment Applications.

Zirconium combines extreme resistance™o corrosion in both
alkaline and acid exposures. It has low corrosion rates in
nitric, hydrochloric, and sulfuric acids, dry chlorine,
sodium and potassium hydroxide, sea water, halide salts,
and sodium hypochlorite. The combination of these factors
with its mechanical properties has led to the development of
many applications in the chemical industry.

Some of these applications are as a‘component of: (1)
heat exchangers and acid concentrators; (2) tubing, pipe,
and pipe fittings for caustic and acid service; (3) cruci-
bles; (4) high-speed agitators used in zirconium phatalite

soluticn.

1.4.1.3 -Miscellaneous uses.

Zirconium has been used 1in vacuum applicatigif as a good

getter. Several experiments have confirmed that zirconium

will absorb or form solid solutions with oxygen and with

nitrogen without X-ray evidence of an actual compound being
!

formed (up to 40 atomic % and 20 latomic $ respectively)

(27).
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t has been suggested that zirconium can be used in elec-
trolyte condensers. However, high leakage rgsulés (5 to 20
times greater) when zirconium is used instead of tantalum.
Oxide.films of the metal such as those required in electrol-
itic condensers have been obtained by anodizing zirconium 1in
various electrolites such as citric acid, ammonium borate,
boric acid or sulphuric acid (28).

‘Zirconium has found another uses as refractories, in
enamels, glass polish, pigments, heat transfer pebbles, por-
celains, and abrasives. Doped zirconia serves as an oxygen

senser in computerized automobile emission control systems.

1.4.2 Hafnium.

Hafnium had had just a few commercial uses owing to the dif-
ficulty in separating'it from zirconium; nevertheless, it

has become more available as a by-product of reactor grade

zirconium,

~

Hafnium has an adequate absorption cross section for
thermal neutrons, 1its resistance to corrosion is very high,
and it has excellent mechanical properties. All these have
made hafnium a very useful material in nuclear reactors
where high cross sectioh and high temperature corrosion
_resistance are desirable, It is used to fggbricate control
rods which are wused in water-cooled nuclear reactors. The
rods absorb thermal and epithermal neutrons. Hafnism control
rods were successfully used for a full core life in the

reactor of the submarine Nautilius (29).

.
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_Hafnium has advantages over substitute materials because
of its resistance to water corrosion, its stability under
the intense radiation within a reactor and the fact that it
does not reqguire cladding or other difficult fabrication
operations. However, other elements such as boron, cadmiun
samarium, europium, gadolinium, and even gold, silver, and
platinum alse have high cross sections and havg been used

NP
for reactor control. Of these, cadmium and bo;on appear to

be most competitive with hafnium (14).

1.4.2.1 Other Uses of Hafnium,

Hafnium has been used for filaments in electric light bulbs,
T™us electrodes in X-ray tubes, rectifiers, high pressure

tubes, and special glasses (30,31).

A certain number of hafnium alloy systems have been
developed. For example, hafnium-titanium alloys which are
free from oxygen, nitrogen, carbon, and silicon can be used
as getters 1in evacuated or gas-filled devices such as lamps,
radio and television tubes (32).

Hafnium has also been used in photographic flash powders,
as a component of detonating caps and ammunition, and in

bright coatings for ceramic decorat&ons.

I

i
i



Chapter 11

METHODS OF SEPARATION. GENERAL REVIEW.

2.1 Introduction.

Zirconium and Hafnium are invariable associated in natural
sources and because of their similarity in chemical proper-
ties, they are very difficult to separate.\ﬁarly research on
separation of these elements was only of academic interest,
for the hafnium content of zirconium did not interfere with
its industrial applications. However, in recent vyears, the
separation problem has assumed a greater importance owing to
the fact that the presence of hafnium renders zirconium
unfit for nucleéar applications,

As stated earlier in Chapter 1, =zirconium has a very low
neutron Eapture cross-section (0.18 barns}) while hafnium is

characterized by its high value (105 barns). If the hafnium

is allowed to remain with zirconium, the absorption cross-
section of the latter would be about 1.6 barns, which is
unaceptable for its wuse in reactors. Therefore, the main

problem in the preduction of reactor grade zirceonium is the
separation XQ the metals. Methods which have beeﬁ developed
include fractional crystalization and precipitation, frac-
tional distillation, ion*exchangg, chromatographic methods,

and solvent extraction. Some of these methods are suitable
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only for refining operations, while others, like chromatog-

raphy, have been adapted for use in analysis.

2.2 Fractional Crystallization and Precipitation.

Differences in solubilities of corresponding salts of zirco-
nium and hafnium have led to using fractional crystalliza-
tion and precipitation for the separation of both elements.
Table 6 compares the solubilities of some salts of zirconium
and hafnium. 1In general, the solubility df hafnium salts is
greater and depending on the hafnium-zirconium solubility
ratio, the separation will be more or less successful.

' Double oxalates of ammonium and potassium have been used
to separate both elements by this technique. The hafnium
salt remains in the mother liguor while the zirconium com-
pound precipitates. This separation is dependant upon the
hydrochloric acid concentration (18). Potassium and ammoniuﬁ'
sulfates of both elements behave similarly. Both the citrate
(33) and acetylacetonate (34) of hafnium are more solubles
than the corresponding zirconium compounds. The difference
in solubilities of 2rOBr, and HfOBr, and ZrOClp and HEOClp
has also been employed (35). Hafnium oxyhalides are less
soluble than the corresponding zirconium compounds; however,
the solubility of both‘hafnium and zirconium compounds
increases as the concentration of hydrochloric acid increas-

es.
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Table €: Solubilities ¢f salts of Zr and Hf.
M = Hafnium or Zirconium. Source: BENEDICT, M.,T. PIGFCLD,

and H.W. LEVI. Nuclear Chemical Engineering. New York:
McGraw-Hill, 1981. -

SOLUBILITY g mel/liter

SALT SOLVENT TOoC ZIRCONIUM| HAFNIUM | Hf/Zr RATIO
(NH4 )y My H,0 0 0.611 _ 0.890 1.46
(NH4 ) MF5 H50 0 0.360 0.425 1.18
K o MFg 0.125N HF | 20 0.0655 0.1008 1.54
MEC 1% 11.6N HC1 | 20 0.33 0.15 0.46
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One of the earliest separations accomplished by this
method was based on the difference in solubility of KpZrFg
and Ko Hffg . The hafnium salt-~is 1.5 times more soluble than
the zirconium salt; therefore, during fractional crystalli-
zation, hafnium accumulates in the mother liquor. Ammonium
analogs have also been employed (18) but the solubility
ratio is not favourable for separation. When ammonium hexaf-
luoro salts are used, the diammonium hexafluoro salts are
preferred to triammonium heptafluoro salts, because the dif-
ference in solubility between zirconium and hafnium com-
pounds is greater with the former salts (36).

Separations using fractional crystallization are general-
ly faster and more efficient than crystallization methods
but they are still not economical.

The phosphates of zirconium and hafnium show different
solubility in sulfuric acid. Using an appropriate reagent,
like triethyl phosphate, acid ethyl phosphate, and trime-
thylphosphate, the correspending phosphates of zirconium and
hafnium are precipitated. One disadvantage of this method is
the difficulty in converting the precipitates to soluble
compounds

Schumb and Pitman (37) used the fractional precipitation
of ferrocyanides of zirconium and hafnium; after four frac-
tionations,a starting material containing 12% HfO2 was
enriched to a product containing'BO% HfO, . One disadvantage

is the partial decomposition of sodium ferrocyanide by sul-
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furic acid during the process, leading to the formation of
hydrochloric acid. Therefore, good ventilation 1is needed
during precipitation.

Based on the difference in pH at which the hydroxides of
zirconium and hafniym precipitate, a variation in acid con-
centration leads to fractional precipitation. Zirconiumyg
hydroxide precipitates at a lower pH than hafnium hydroxide;
therefore, during hydrolitic precipitation'hafnium concen-
trates in the supernatant solution. According to Larsen and
Gamill (38), the difference in tﬁe pH of precipitation is
most marked in nitrate and chloride solutions while in sulp-
hate solutions, the order of precipitation is reversed. This
demonstrates the complexing ability of sulfate.

When hydrogen peroxide and sodium hydroxide are added to
zirconium and hafnium solutions, fhe'corresponding perzirco-
nate and perhafnate salts are precipitated, the former being
less soluble (395. Since these salts are unstable, zirconium
and hafnium are precipitated by heating the mixture.

Conditions for the precipitation of zirconium and hafnium
with m-nitrobenzoic acid were studied by Ramous (40). He
found that by adjusting the pH properly below 2, the precip-
itate was enriched 1in zirqpﬁium; the precipitation should be
done in a perchlorate medium, since he observed that the
amount of precipitate increased in the order soj, NO,, C17,
Cl04. However, the amount of hafnium could not be reduced

below 0.3% in the final product.

-
LN )
N
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A simple and-effective method of éeparation was devg}oped

by Purkayastha and Sinhamahapatra (41). By fractionaij@re-
cipitation as pyrophosphate, pure hafnium can be prepared
from natural zirconium, following a process of 8 or 9 stages
of fractional precipitation. By this method, reactor grade

zirconium and pure hafnium can be obtained.

Fractional precipitation processes are tedious and time

consuming and are not used for industrial processes.

2.3 Fractional Distillation.

The tetrachlorides of zirconium and hafnium form addition
compounds with phosphorus oxychloride and phosphorus penta-
chloride. Since the boiling points for the compéunds of haf-
nium and zirconium are in the neighborhood of 360 °C and dif-
fer by about 30 °C, separation is possible by fractional
distillation, using a large number of theoretical plates in
a column. -

Van Arkel and the Boer (42) found that the analysis of
these compounds. corresponded to 22rClgq.PCls and 2HfCl4 .PClg
and 2ZrClq .POClz and 2HECl4 .POClz. Later studies by Nisel'-
son (43), Sheka (35) and Larson (44) reported the composi-
tions of zirconium and hafnium complexes as 2rClg.PCls, ZrCly
.2POCly ;2rCl, .POCl3, HfClg.2POClz, and HECls.POCly. Accord-
ing to (45), the products of the reaction with POCl, are

azeotropic mixtures in the vapour state.
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Green and Katz (46).found that the phosphorus oxychloride
complexes have lbwer boiling points anad greatq{fthermal sta-
bility than the corrésponding phosphorus pentaﬁhloride com-~
pounds. In the case of the phosphorus oxychloride complexes,
the hafnium addition compound has the lower boiling point;
therefore, hafnium is en;iched'in the first distillates and .
is almost entirely absent from the residues (42).

Bradley and Warddan (47) examined the fractional distil-
lation of the alkoxides. The tetraisopropoxides of zirconium
and hafnium are prepared by the action of dry ammonia én a
suspension of the pyridinium metal hexachloride compound in
a.- dry mixture of iscpropanol and benzene. O£her alkoxides
from less volatile alcohols may be obtained by refluxing
this product with the .appropriate alcohol. The boiling
peoints: of the tertbutoxides of zirconiﬂm,and‘hafnium, at 5
mm-Hg are 89.2 °C and 87.6°C, respectively. Boiling boint

differences increase toward higher pressures.

2.4 Vapor Phase Dechlorination.
v ."l
This process is based on the selective decomposition of zir-

conium tetrachloride to the oxide whereas the conversion of
hafnium tetrachloride to the corresponding oxide is not
highly favoured under the same conditions. At 1200°C the

equilibrium pressure ratios for chloride and oxygen for the

-

formation of oxide is 114 for the zirconium and 6.97x105for

- - ,
the hafnium reaction.
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When mixed chlorides of hafnium and zirconium react with
a gas mixture cbmposed of chlorine and oxygen, Funaki and
Uchimura {(48) observed an appreciable dechlorination of haf-
nium tetrachloride too, which reduces the efficiency of sep-
aration. After dechlorination, 90 to 97 % of zirconia was

. o

recovered; however, the hafnia content in the condensate was

2.5 %. =

2.5 Partial Reduction of the Tetrachlorides.

Reduction of zirconium tetrachloride to zirconium trichlo-
ride with aluminum in iliquid aluminum chloride was first
studied by Ruff and Wallstein (49) and the Boer angd Fast
(50). Since the use of aluminum as the reducing agent yield-
ed a zirconium trichloride that was contaminated with alumi-
num and zirconium oxide, the Boer and Fast suggested that

zirconium could probably be used to reduce its own halides.

‘This was proved by Fast . {51), who reduced zirconium tet—

raiodide to the ériiodidé by using zirconium as the reducing
agent. Young (52) and Schumb and Morehouse//§%¥ investigated
this process further All these studleq/were done in order
to compari/\the chemical behaviour of the-halldes of both
zircénium and hafnium., Larsen (54}, who studied the separa-
tion and reduction of the tetrahalides of both elements,
concluded that the difference in the ease of reduction of

the tetrahalides of zirconium and hafnium did not appear to

béﬁgreat enough to be utilized in a separation process. How-

L/

~ -
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ever, Newnham (55) developed a method of separation based on
the work of Young (52) and Schumb and Morehouse (53). Young
concluded that the reduction by aluminum of zirconium tetra-
bromide to the tribromide occurred at or above' 450 °C while
Schumb and Morehouse observed the reduction of the hafnium
compound to the correspo?ding tribromide took place at 600

.fC. Newnham showed that this difference in temperature of
reduction can provide a method of separation. K
Newnham's method uses zirconium metal to reduce zirconium
tetrachloride to the di- or trichloride with subseguent sep-
aration of unreduced hqfnium tetrachloride. It was observed
tﬁét in the tempegature range of 330-550°C, the hafnium con-
tent of the reduced chloride was always less than 0.1% and
if hydrolysis of the zirconium tetrachloride was eliminated,
the hafnium content of the lower chloride of zirconium could
be reduced to 0.01%. One disadvantage of the zirconium
reduction is that zirconium trichloride begins to dispropor-
tionate even at 300°C; at 450°C, the trichloride dispropor-
tionates completely but the disproportionation of the
dichloride is more difficult. The presence of this unreduced
zirconium tetrachloride causes the dilution of hafnium tet-
rachleoride in the vapor state: this can be eliminated by
carrying out a reduction with aluminum powder at 300 °C. A
great advantage 'of this method 1is that =zirconium can be

introduced as the chloride and recovered as chloride; in

- this way, the hafnium impurity is removed without the use of
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.aqueous solution chemistry, which is involved in other pro-
cesses of separation. After sepa}ation in an agqueous pro-
cess, zirconium has to be recovered by precipitation and

rechlorinated. .
Two recent patents (56) describe a process in which a
mixture of NapZrFg and Naz.Hng is reduced by aluminum dis-
solved in liquid zinc; a very high separation factor between
hafnium and zirconium is obtained, with almost no contamina-
t'ion of the zirconium by aluminum. Reactor grade zirconium

containing less than 0.01% hafnium content is produced.

2.6 Chromatographic Methods.

This simple and very effective procedure has been used for
the separation of zirconium and hafnium; the separations
have been achieved by adsorption, reversed-phase and ion-

exchange chromatography.

2.6.1 Adsorption Separations.

Various compounds of zirconium and hafnium show different
adsorption on silica gel and cellulose. 1In both cases, haf-
nium is preferentially held by the column. Based on this,
several methods have been Qeveloped for separation of these
elements.

Hansen et al. (57) worked with the tetrachlorides of zir-
conium and hafnium dissoclved in meﬁhanol and they observed
that silica gel adsorbs hafnium preferentially from the

solution and good separations were obtained. Yaturajam and.
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Gupta (58) and Giffen (59) improved the efficiency of the
process and obtained zirconium dioxide containing 0.01% or

less of hafnium oxide from startirg materials containing

several percent of HfO,. Olsina et al. (60) successfully

used a thin layer chromatohraphy technigue on silica gel G.
An HCl:HaPO4:H,O0 (10:1:9) mixture was used to develop the
plates.

A column of cellulose was used by Kember and Wells (61).
The column was packed with ashless filter paper pulp in eth-

er; a saturated solution of zirconium nitrate was passed

through the column and a solution of nitric acid and dichlo-

rotriethylenglycel (3:7) was used as the eluent. From two

hundred grams of zirconium nitrate, fifty qrams of pure zir-
conium metal containing less than 0.01% hafnium was
obtained. This method is not commercially atractive because
of the large number of individual operations involved; the

risks of fire and explosion, and also because the yields are

poor.

2.6.2 Reversed Phase Chromatography.

While adsorption chromatography may be especially suitable

for refining operations, the reversed phase mode may be

appropriate for analytical work owing to the fact that it

can accept agueous samples. This thesis is essentially con-

cerned with the analytical separation of zirconium and haf-

nium,
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Fritz and Frazer (62) usediTeflon-G as the scolid subport

and methylisobutylketone g@u{iibrated with HSCN as the sta-

"tionary phase. Zirconidm and hafnium in the ratios

5:1-500:1 were separated; ’tﬁe separated zirconium contained
less than 0.01% hafnium. See fig. 1.

Yagodin and Chekmarev (63) wused a 2N sulfuric acid solu-
tion as the eluant and a column packed with paper treated
with tri-n-octylamine bisulfate solution 1in benzene. The
separation coefficients 1is about 10 when the concgntration
of tri-n-octylamine in the solutilon is 12%.

Other organic solvents have been used as the stationary
phase. Choe and Han (64) used a column‘packed with polyethy-
Vlene with cyclohexane and a mixture of ammonium thiocyanate

\—\ié}d,sulfuric acid as L:e eluant for zirconium; Choe '(65)

also worked with cycloBexanone and acetophenone as the sta-

t&onary phase and sulfuric acid at different concentrations
as the eluent. Although capable of achieving good separa-
tions, these methods possess the disadvantage that the elu-
ates contain a considerable quantity of SCN™ and/or Séi
salts which prevent the analyst from evaporating to a small
volume in an attempt to achieve high sensitivities for small
amounts of analyte. The present author has been interested
in developing a procedure thaf employs a volatile acid as

the eluent.
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Fiqure 1: Reversed Phase Chromatography of Zirconium-
Hafnium_ Mixture, Separation of zirconium and

hafnium “mccording to Fritz and Frazer (62}.
Eluent A contains 4M NH,SCN and 0.2M (NH4)y SO,
Eluent B is aqueous 1.2M (NH 4 #3250, . Source
:MUKHERJI, ANIL K., Analytical Chemistry of Zir-
conium an® Hafnium. London : Pergamon Press,
1970.
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2.6.3 lon-Exchange Separations.

The methods that have been described achieved relxtive
amount of success, but the aplication of them to large scale
economical operations for the production of hafnium-free
zirconium did not seem to be possible; the use of ion-
exchange resins as a feasible way of separating these ele-
ments showed better industrial possibilities..™In Table 7, 2
review of the different types of ion-exchange resins that
have been used is showed.

Street and Seaborg (66) performed a separation at mili-
gram levels using the resin Dowex-50 and observed tha;Jafter
elution with 6M hydrosﬁloric acid, hafnium was eluted from
the resin before zirconium. The initial mixture has a ratio
of 2:1 zirconium to hafnium; 60% of the starting hafnium
oxide was recovered containing about 0.1% zirconium oxide.
See Fig. 2.- Newnham (67) extended the method to gram sam-
ples of the initial mixture (2 grs oxide mixture containing
20% hafnium oxide). He reported a total hafnium recovery of
42%.

Lister (68) proposed that, ba;ed on economical grounds
zirconium should be eluted first and the smaller quantity of
hafnium should be retained on the column. He worked with
mixtures of zirconéum and hafnium (as the oxychlorides or
nitrates) containing 2% hafnium. Dowex-50 was used as the

resin and several acids (hydrochloric, oxalic, nitric, per-

chloric, ”sulfuric) were tested as eluents. Sulfuric acid

e
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Table 7: Separation of Zirconium and Hafnium Using Ion-
Exchange.
ION-EXCHANGER TYPE ELUENT REF.
Dowex-50 Sulfonated 6M HC1 66.67
Polystyrene| 0,5M HpSO4 - 73
0.09 citric acid + 70
0.045M HNOg
IM formic acid and| 71
4M HNO4
Zeo-Karb 225 Sulfonated 0.5M H,80, 68
Phenclic
Dowex-1 Quaternary 0.05M HF + 1M HC1 69
Ammonium
Chloride 3% HopS04 123
Amberlite Ira-400f{Quaternary 0.01M HF + 02M HC1 74
Ammonium
Dowex-2 Quaternary 9M HC1 76
Ammonium
Dowex-3 HS0, form 1.4-10N HoSO, 124
AN-2F,EDE-10 hAmines 1N HpS0,4 17
AV-16,AV-17 Amines 1IN H,S0, 77
KU-2 Sulfonated H,S0 78,119
Polystyrene | 0.025M citric ac. 78
+ 1M HC104o0r HNO4
HCl with organic 120
soclvents.
KU-2 & RF Sulfonated 0.65 M HpS504and 72
Polystyrene | ammonium oxalate
EDE-10P Amines 0.5M H,504 121
Zerolit FF-200 Cl” type 1.25N HpSO,4+
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Separation of Hafnium and Zirconium by Ion-
Exchange.. Elution of Zirconium and Hafnium
with 6M HC1, according to Street and Seaborg
(66). Source : MUKHERJI, ANIL K., Analytical
Chemistry of Zirconium and Hafnium. London : Per-
gamon Press, 1970,
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seemmed to achieve the simplest and more satisfactory sepa-
ration. Gramme quantities were separated by one passage

through the column. Zirconium was eluted first and 95 to 98%

of it was recovered containing less than 0.1% hafnium. Lis-

ter and MacDonald (69) scaled up the process to kilogram
guantitiles wusing the cation exchanger resin Zeo-Karb 225
which is similar to Dowex-50.

The above methods are probably not suited to analytical
work as recoveries close to .100% are not observed. However,
Benedict et al. {70) developed a proce@ure that is prebably
applicable in analytical work. They observed that a good
separation is achieved when a mixture of nitric and citric
acid is used as the eluent, due to the big differences in
the distribution ratio of the elements' complexes in
Dowex-50 when wusing that mixture of acids. Zirconium 1is
eluted first. See Fig. 3.

Quereshi and Husain (71) used Dowex-50 WX-8 resin 1in
hydrogen form to separate zirconium'and hafnium solutions
of 1M formic acid with great success. Zirconium is eluted
with 1M formic acid, the column 1is washed with water, and
the hafnium is eluted with 4M nitric acid. Under these con-
ditions, the separation factor is 40. See Fig. 4. The use of
formic acid rather than citric acid is most attractive owing
to the ease gith which it can be destroyed by wet oxidation,

Larkorin et al. {72) based their investigation on the

differences between the fluoro-sulfate complexes of hafnium

insaia |
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and zirconium. Using RKU-2 resin, they observed that the haf-
nium complexeg are retained morp/z
After elution with 0.65M H,S04, the first fraction of the
eluate contained less than 0.01 to 0.08% hafnium in relation
to ziqfonium: the_intermediate fraction which contained some
zirconium contaminated with hafnium was recovered and added
to the starting sqlution; the third fraction containing
mainly hafnium is passed through a column of RF resin. Haf-
nium is retained by the column and eluted from it with ammo-
nium oxalate solution. 99% pure hafnium oxide was obtained.

Both zirconium and hafnium form negatively charged com-
plexes with fluoride ions and the differences between these
anionic complexes have been used to separate the elements
using anion exchange resins. Krauss and Moore (73) used the
resin Dowex-1, tracer concengﬁations of zirconium and 0.2 mg
of hafnium (2r9® and HE'8! as tracers), and a mixture of HCl
and HF as eluent. Zirconium is eluted first and an estimated
purity of the last fractions better than 95% in hafnium is
reported. Huffman and Lilly (74) and Rajan and Gupta (75)
also worked with the fluorocomplexes. When a mixture of HC1
and HF is used as elueht, zirconium is eluted first (74),
but when sulfuric acid is used, hafnium is the one eluted
first (75).

Huf fman, Iddings, and Liliy (76) used the chlorocomplexes
and Dowex-2 as the resin. 9M hydrochloric acid was used as

the eluent. They also observed that in the absence of fluor-

trongly Dby the column;
&
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ide ibns, hafnium was elgted first. See Fig. 5. However;
Vinarov and Shulgina {(77) reported that they dissolved the
metal ioﬁs in hydrofluoric acids and/the elution was per-
formed with sulfurié acid. Under these conditions, hafnium
is eluted first, 1in contrast to the oﬁservation of Huffman
et al. (76) and Lister (68). |

Differences in stability between Zirconidm-and hafnium
sulfate complexes (the former being three tim;;hggfg)soluble
than the latter) have been used By Marov et al. (78) to
develop a method of separation for both elements,

Gupta et al. (79) obtained purified zirconium oxide con-

taining less than 0.01% hafnium oxide by combining chroma-

tography on silica gel and anion exchénge on IRA-400.
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2.6.4 Liquid-Ligquid Extraction.

Many studies on the separation of zirconium and hafnium by
liguid-liquid extraction have;peen done in the last 30 years
and many organic solvents have been }eCOmmended for achiev-
ing the separation, Several reviews havg been published
dealing with the description of these processes (80,81,82).
Two principal solvent-extraction methods are used at the
industrial level in order to prepare reactor grade zirconi-
um. One is based upon the solvent methylisobutylketone
(hexone) "and the other on tributylphosphate (TBP). These

methods, as well as others not as important at the industri-

al level, are described below.

2.6.4.1 Methylisobutylketone.

Fisher and coworkers (83) separated a zirconium-hafnium mix;
ture from an aqueous solution of sulfates containing ammoni-
um thiocyanate. As the extractant, they used an ether solu-
tion of thiocyanic acid, into which hafnium is
preferentially extracted. When a‘starting material contain-
ing 0.5% hafnium oxide was submitted to 6 to 8 fractiona-
tions, a product containing |, 70-90% hafnium oxide |is
obtained. However, due to the "wvolatility and hazards of
working with ether, other solvents were studied. Overholser
et al. {(84) and Fischer et al. (85), showed that methylisobu-
tylketone {(hexone), which is less volatile and chéaper than

ether, was a good substitute.

/’\
SN
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This hexone-thiocyanate separation process was first used
] I
on an iédustrial scale by the Oak Ridge Ejiggafories in USA,
because it waé considered as the besf suited of the methods
for separating hafnium from =zirconium.. After extraction in
nine stages, 90% of zirconium remains in the agueous phase
with a hafnium to zirconium ratio of 0.01% or less {86).
Hoshino and Takuii (87,88) studied the distribution con-
stants of zirconium and hafnium from agueous phase contain-
ing NH,CNS, (NH4),804 , and HCl by eiéhty different ketones,
alcohols, esters, and ethers. When cyclohexanone was used as
the extractant, the separation factor is about 100 if the
hydrochloric acig concentration is 1-1.5M. The separation
factor can be 1increased to 250 if the HCl concentration is
lowered, but a decrease in the distribution 'ratic of both
elements 1is also observed. According to these authors,
cyclohexanone seems to be a better extractant for zirconium
and hafnium than methylisobutylketone.
As successful as this approach has been in refining oper-
ations, the necessity of separating the elements from large

amounts of thiocyanate is a decided drawback in analysis.

2.6.4.2 Thenoyltrifluoroacetone (TTA).

Huffman and Beaufait (89) studied the distribution ratio for
zirconium and hafnium between a 2M perchlorate acid solution
and various concentrations of TTA. From an initial solution
containing hatnium and zirconium in the ratio 20:1, they

reported that after 3 extractions with 0.02M TTA, a recovery
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of 50% of the hafnium with a zirconium content of 0.4% is
obtained.

Schultz and Lagéﬁf (905 used a benzene solution'of TTA as
the organic phase and 0.2N hydrochloric acid solution as the

feed solution. Zirconium was preferentially dissolved in the

benzene phase as the chelate. After six extractions, the

hafnium content in a mixture was increased from 7.5 to 99.8

mol percent with a 37.6% yield of the original hafnium. &

drawback of tHese methods is the alleged severe carcinogen-

icity of TTa,

2.6.4.3 Tributylphosphate (TBP).

Tributylphosphate forms addition compounds with zirconium

and hafnium nitrates; this feature has been used to develop

a method of separation of these two elements. ;

TBP is diluted with an organic solvent to lower the den-
sity and biscosity of the organic phase; an agueous solution
acid}fied with nitric acid enters into contact with theée
orgaﬁic phase and the zirconium 1is extracted into it. By
stripping the organ%g phase, the zirconium nitrate is recov-
ered. In Fig. 6 a schematic diagram of the p;oééssiis'shown
as developed by Cox and coworkers (91). They\§épar5ted haf-

nium and zirconium nitrates from a feed solution containing

2.4% hafnium, by extracting with TBP diluted with 40 vol$% of

n-heptane., They reported a separation factor of 3 to 30'and-

a reduction of the initial hafnium content to less than

0.01% hafnium,.

('\
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Hudswell and Hutcheon (82) found that at high acidities,

the extraction is more efficient but the separation factor

‘decreases. They also found that the formation of another

phase, due to the 1limited solubility of the =zirconium
nitrate-TBP complex 1in kerosene, can only be avoided by
increasing the TBP concentration or by changing the solvent
for another. They chose a 50% TBP/xylene solution.

Hure and Saint-Jame3 (93) studied the effect of salting
out agents on the extraction and found that socdium nitrates
favour extraction of zirconium, ammonium nitrate 1is less
effective as salting out agent, and calcium nitrates lead.to
the formation of viscous solutions. They also observed that
the extraction of zircénium decreases as 1its concentration
increases. They found that ;sjng a 60 v/o {volume percent)
of TBP and 40% refined kerosene solution and an agueous
phase 3N in nitric acid and 3.5N in sodium nitrate, the dis-
tribution coefficients are 1.5 for =zirconium and 0.15 for
hafnlum, giving a separation factor of 10.
2.6.4:4\ Tri-n-octylamine (TNOA).

Cerrai and Testa (94) worked with a solution prepared by
dissolving 36 mg of‘an impure zirconium sample, containing
97.8% Zr and 2.2% Hf, in a 8M HC1~0.4M HNOz solution. This
aqueous solution was contacted with 0.2M TNOA 1in cyclohex-
ane, Aféer one contact, 75% of zirconium and 0.12% of hafni-
um.are extracted into the organic phase, If/ﬁNoa concentra-

tion is increased, the extraction of zirconium is lowered.

vy 14
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Otsuka and Miyazaki (95) worked with a' kerosene solution
containing 5-20 vol percent of TNOA. They found a zircomium
purity in the organic phase of 99.93% while the ﬁafnium
remaining in the agueous phase had a purity of 98.6%. This
gives a good method of separation.

De Oliveira et al. (96) used a solution of 0.3M Alamine
336 (tri-n-octylamine + N-decylalkylamine) in a mixture of
94% n-heptane-6% CHCly as the organic phase. Experimental
results showed that good sebaration factors (250-260) are
obtained when the aqueous phase 1s 6.5M HClland 0.5M HNO5 ;
if the total acidity of the system is increased, the separa-
tion factors decrease.

This seemingly excellent method suffers from an unexpect-
ed disadvantage for analytical work. It is extremely diffi-

cult to strip metals from the TNOA extract.

14

2,6.4.5 Other Organic Solvents.
Other solvents that have been tested are: acid esters of
orthophosphoric acid in xylene (95,98): Hyamine 1622 (99);
Primene JMT in kerosene (100); Amberlite LA-2 in Xylene
'(101,102); Mesityloxide (103); diantypyrylmethane group
(104): n-nonyl alcohol or n-hexanol mixtures with niheptane
(105); o-(2—hydroxy—5—dodecylphenyléi ) benzoic and phenyl
arsonic acids in petroleum naphta'or n CHClg ?106); dihep;
tyl sulfoxide (107); PhgN iﬁ a petféleum fraction solvent
(108); diethyl ;ther, diiscamyl meéhyl phosphate, diethylke-

tone, methylpropylketone, isobutylmethylketohe (109).
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Chapter 111

DETERMINATION OF DISTRIBUTION COEFFICIENTS.

PROCEDURES AND RESULTS.

. . \

3.1 Intreduction,

Determination of distribution coefficients for zirconium and
hafnium between an agueous phase and
bis(2-ethylhexyl)phenylphosphonate (DEPP) was the main con-
cern of the research. This extractant was chosen because it
is similar chemically to tributylphosphate (TBP)® but it is

less soluble in acid and it is therefore suitable as the

stationary phase in a chromatographic system. Moreover, Kan-

tipuly (110) encountered large separation factors with a
related monoester, {2-ethylhexyl)hydrogenphenylphosphonic
acid (HEH@P), in his work with lanthanides. It was hoped

r
that DEPP would be especially suitable for zircenium and

hafnium,

It was 1initially intended to analyse thek agqueous phase
after the extraction pfocess by means of a spectrophotome-
tric method, using Alizarin Red S as the reagent. Some
interferences were encountered and so various procedures
were examined in order to deal with them. Attempts to remove
phosphate‘were not successful, so analysis of the aqueou;
phase was finally performed by DCP emission spectrophotome-

try in which phosphate does not interfere.

450_
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Distribution coefficients for zirconium and hafnium were
determined in hydrochloric and nitric acid media. The effect
on the distribution coefficients of acidity, nitric acid
concentration, presence of sodium nitrate, and the concen-

tration of DEPP in the organic phase were studied.

3.2 Spectrophotometric Determination of Zirconium and

Hafnium,

Unfortunately, owing to very poor sensitivity, atomic
absorption is not suitable for the determination of zirconi-
um and hafnium. Therefore, Alizarin Red S (sodium alizarin
sulfonate) was chosen to determine both zirconium and hafni-
um. The reaction between these elements and the Alizarin Red
S in acidic medium produces an intensily red-colored com-
plex. The technigue shows great sensitivity althougﬁpinter-
ferences occur with ions that inhibit the formation of the
complex 2Zr(Hf)-alizarin,

According to Smith and West (111) bisulfate, phosphate,
and sulfate anions all interfere by complexing both ele-
me;:;. Fluoride interferes guantitatively up to a concentra-
tion of 0.0l mg per 100 ml; cations such as aluminum, cop-
per, iron, lead, rare earths, manganese, and nickel also
interfere (112).

The standard curve was prepared following the technique
outlined by Wengert (112), Beer's law is obeyed in the range

of concentrations studied for both elements.
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3.2.1 Experimental.

Standard Zirconium Stock Solution : 1.2724 g of sublimed
zirconium tetrachloride (2ZrCly) were dissolved in 30 ml of
concentrated hydrochloric acid. This solution was transfered
quantitatively to a 500 ml volumetric flask, 50 ml of con-
centrated hydrochloric acid were added and the volume made
up to 500 ml with de-lonized water. This solution contained
0.995 mg of Zr per ml.

Standard Hafnium Stock Solution : 65.7601 g of sublimed

hafnium tetrachloride (HfCl,) were dissolved in approximate-
ly 250 ml of concentrated hydrochloric acid. This solution
was transfered quantiﬁatively toa 2 liter volumetric flask
and 70 ml of concentrated hydrochloric acid added. The vol-
ume was made up to 2 litefs with de-ionized water. This

solution contained 1.603 mg of Hf per ml.

Zirconium Standard Solution : a 5 ml aliguot of the zir—w'. "

conium standard stock solution was transfered'to.a 250 ml
volumetric flask and 58.3 ml of dilute hydrochloric acid
(16:100) was added. This was diluted to 250 ml with de-

ionized water. This solution contained 19.9/19 of Zr per ml.

Hafnium Standard Solution : a 5 ml aligquot of fhe hafnium
standard stock solution was transfered to a 250 ml volumet-
ric flask and 58.3 ml of dilute hydrochloric acid (16:100)
was added. This was diluted to 250 ml with de-ionized water.

. %
This sclution contained 32/#9 of Hf per ml,

Alizarin Red § : a 0.05% aqueous solution was prepared.

1A

U SV U Y

o atin s & et



53

Procedure : aliquots of the standard solution of Zr(Hf)
were transfered 1into 50 ml volumetric flasks so that they
contained 0.4, 0.79, 1.19, 1.99, and 2.39}19 of zirconium,
respectively (0.64, 1.28, 1.93, 3.21, and 3.85 Jlg of hafni-
um). Enough HCl'(16:lOO) was added to each flask in order to
give approximagély a 0.1N solution; while swirling the
flask, 3 ml of 0.05% Alizarin Red S were added and voclume
made up. A blank was prepared containing all the reagents
used except for the standard solution of zirconium (hafni-
um). The flasks were shaken and al%pwed to stand for 40 min—
utes. The absorbance was measured ;t 515 nm in a 5 cm cell

in a Varian spectrophotometer, ..

3.2.2 Results. '

Absorbances were plotted against concentration for both ele-

ments. The standard curves obtained are shown on Fig. 7.
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Figure 7:
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Determination of Zirconium and Hafnium with Ali-

zarin Red S. Standard Curve. Absorbance meas-
ured at 515 nm, cell=5cm, 40 minutes color devel-
opment. The blank absorbance has been
substracted. i
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3.3 Study of Interferences in the Spectrophotometric

Determination.

when an agueous solution is brought 1into contact with an
organic phase during the solvent extraction process, some
" disolution of the ;rganiqﬁSUbstance into the agueous phase
can be expected. The preéénce, of this material could arise
interferences in the measurément of the absorbance.
Absorbances for two set of solutions, one of them con-

taining a small amount of diester-ether solution, were com-

pared in order to 108kPEor interferences.

3.3.1 Procedure.

. L 3
Synthesis ¢f Bis{2-Ethylhexyl)Phenyl Phosphonate (DE@P)

The extractant bis{2-ethylhexyl)phenyl phosphonate was syn-
thesized following the method employed by Kantipuly (110).
Phenylphosphonic dichloride (Aldrich) aﬁd 2-ethyl-1-hexanol
(Aldrich) were mixed in a 1:2 molar ratio in benzen?; this
reaction mixture was stirred in a bottle for 72 hpurs at
room temperature. After completion of reaction, the mixture
was’ washed with two-20 ml portions.of water. The organic
phase was taken up with ether and shaken with three-20 ml
portions of a 15% sodium hydroxide solution. The diéster was
then dried with anhydrous magnesium sulfate and filtered.r
The solvent and any other volatile material were removed
under reduced pressure.

Preequilibrated Acid Diester Solution : an adequate vol-

ume of a 16:100 hydrochloric acid solution was shaken with
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an#qguivalent volume of a solution of diester in petroleum
ether (3:100). After equilibration, the phases were separat-

ed and the agueous  portion used for préparihg the sample

. Ve
solution,

Zirconium Control Solution : an appropriéte aliquot of

the zirconium standard solution was transfered inFo a 50 ml
volumetric flask so that it contained 1.13 }Lg of Zr per ml;
the acid concentration was adjusted to 0.1N by the addition
of a 16:100 HCl solution. While swirking the flask, 3 ml of
0.05% aguecus solution of Alizarin Red S were added and vol-
ume madé up to 50 ml with de-ionized water.~-A blank waégpre-

pared using the same reagents.

Zirconium Sample Solution : the saﬁple solution was pre-
pared in the same manner as the control solution was but thé
acid concentration was adjusted to 0.1N by the addition of
preequilibrated acid-diester solution. A blank was prepared
using the same reagents.

Both the coptrol and the sample solutions were let stand

for 40 minutes and the absorbance measured at 515 nm in a 5

cm cell,

3.3.2 Results.

Measurements of absorbance for the sample showed a very low
degree of reproducibility and the average absorbance was
higher than that of the control. See Table 8. .It w;%hfhen
concluded thaté,the presénce of even suih small amount of

organic substance would interfere with the <colorimetric
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“)‘ determination of both_firconium andjggknium. Before analys-

L \ujég the aqueous phase/ it is®™necessary to elimi#ate any
afganic substance presentT ) ’ ‘
= 4.

Table B8: Effect of Organic\\Material on Absorbance of Ir
. Solukions. :

" | EXPERIMENT ABSORBANCE
No. CONTROL SAMPLE
' \
1 0.085 0.087
2 0.083 0.094
3 0.084 0.101
~. 4 ‘ 0.084 0.098 .
AVERAGE : 0.084 0.094 -
) RELATIVE 0.3% 5.3% '
DEVIATION

3.4 Elimination of Interferences;

Evaporati"‘to dryness was chosen as the procedure to elimi-

nate interferences due,to ghe presence of organic substances

in the agueous phase. Conﬁrol solutions were\zﬁéﬁorated to
d

dryness to-test 1f heating of solutions wo haye any

effect'on the spectrophotometric determination. hafnium
solution was used for the\}esting. Beiﬁglzircon'um and haf-
nium so similar in chemicai behaviour, it was hssumed that
any result obtained for the latter will be appli¢able to the

former. -~

Two sets of solutions were prepared containing the same
amount of hafnium. One set was evaporated to dryness and the
absorbance measured. The absorbance of the coRtrol solution

7

was measured without prior heating.
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3.4.1 Procedure.

Hafnium Control Solution : an aliquot of hafnium standard

solution containing 32 }Lg of Hf per ml was transfered to a
50 ml volumetric flask; the acid concentration was adjusted
to{P.lN by the addition of a 16:100 HCl solution: while
swi;ling the flask, 3 ml of 0.05% Alizarin Red S were added
and volume made _up to 50 ml. A control blank was prepared
using the same reagents. Absorbance was measured after 40
minutes color developing at 515 nm in a 5 cm cell.

Hafnium Sample Solution : a similar aliquot of hafnium

standard solution was transfered to a beaker and the concen-
Stration of hydrochloric ac{d adjusté&-—fﬁ/0.2N with a 16:100
HCl solution. The beaker was covered and the solution was
evaporated to 10 ml on a hoE\\p}ﬁte\QE/a_yery low tempera-
ture. Then, using a steam bath, the remainder solution was
evaporated to dryness. After evaporation,'thé beaker's walls
were washed with distilled water and a 16:100 HC1l solution
added to adjust the concentration of acid to O0.1N. This
solution was transfered with water rinsings to a 50 ml volu-
metric flask, 3 ml of 0.05% Alizarin Red § solution added
and the volume made up to 50 ml. A blank was prepared using
the same reagents and technique. The absorbance was measured

after 40 minutes color developing-at 515 nm in a 5 cm cell.
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3.4.2 Results,

-

The sample solutions gave a lower absorbance than the, con-

trols. Results are shown on Table 9.

\) Table 9: Effect of Evaporation to Dryness on Absorbance of
. Hf Solutions.

EXPERIMENT CONTROL SAMPLE RELATIVE
No. ABSORBANCE jﬂg/ml ABSORBANCE g/ml !ACCURACY
1 0.590 3.21 0.453 2.47 76.94%
2 0.591 3.21 0.412 2.50 77.88%
3 0.588 3.18 0.410 2.50 78.61%
4 0.58% 3.18 0.363 2.00 62.89%

AVERAGE 0.58% 3.19 0.408 2.24 74.08%

Y,

According to these values, there seem to be a "loss" of
hafnium during the process. It 1is unlikely that mechanical
losses were large enough to account for the discrepancy. The
"loss" of hafnium is doubtless due to a loss of reactivity.

Searching for an explanation in the liFerature for this

\\yyppa;ent loss of hafnium, the ‘author found that Ruer (113)
reported marked changes 1in chemical behaviour of 2ZroCl,
solutions when they wére heated even for short periods. Ruer
considered these differences were due to polymerization of
species in solution. Johnson and Kraus (114) attribute these
differences to structural changes of polymers during aging
or heating of solutions. Taking these facts into considera-
tion we can explain the lower absorbance of the sample solu-

tion as due to the incomplete formation of the hafnium-
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alizarin complex because of polymerization of the element

during heating.

3.5 Fusion with Borax Glass,.

Fusion with borax glaés was employed to decompoée polymers
formed during evaporation to dryness. This procedure 1is
based on the one used for the decomposition of the mineral
zircon by Lundell and Knowles(115). A posible interference
due to the presence of borax in the colorimetric determina-
tiontwith Alizarin Red S was studied first and no interfer-
ence was observed when 0.3 g of borax glass was present in
samples contaiﬁing 3.él }Lg of Hf per ml. See Table 10.
4

Table 10: Effect of Borax Glass on Absorbance of Hf Solu-
tions.

Amount of Borax Glass = 0.3 g

EXPERIMENT ABSORBANCE RELATIVE
No. CONTROL | SAMPLE ACCURACY
1 0.588 0.588 100.0%
2 0.588 0.585 99.5%
3 0.588 0.584 99.3%

AVERAGE - 0.588 0.586 99.6%

3.5.1 Procedure,

An aliquot of the zirconium (hafnium) standard solution con-
taining the appropriate amount of the element was transfered
to a platinum crucible and evaporated to dryness. After eva-

poration, 0.1 g of borax glass were added and the mixture
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fused at ‘bright red heat for about 3 minutes. Enough 16:100
HC1l solution was added to adjust the acid concentration to
0.1N, 'iﬂ solution was let stand overnight to completely
dissolvghthg melted mixture. The sample was then transfered
quantiﬂgtively to a 50 ml volumetric flask, 3 ml of 0.05%
Alizarin Red S added ‘and the volume made up to 50 ml.
Absorbance was measured after 40 minutes color developing at
515 nm in a 5 cm cell, A control solution was prepared con-
taining the same amount of zirconium (hafnium) as the sample
solution, .but it was not evaporated. Absorbance was meas-

ured under the same conditions,

3.5.2 Results.

Values obtained for the control and sample solutions are

shown on Tables 11 and 12.

Table 11: Effect of Fusion with Borax Glass on the Absor-
bance of Zr solutions.

CONTROL SAMPLE RELATIVE
AVER. ABSORBANCE|jlg/ml | AVER. ABSORBANCE | lg/ml |ACCURACY
0.275 0.79 0.249 0.74| 93.67%
0.413 1.19 0.384 1.12| 94.12%
0.688 1.99 0.633 1.84| 92.46%

Absorbances of the samples are still lower than absor-
bances of athe controls, but now the relative accuracy is
higher and the differences in concentration of the solutions

‘'with and without evaporation are smaller. We think that the

e

S
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Table 12: Effect of Fusion with Borax Glass on the Absor-
bance of Hf solutions.

CONTROL ' SAMPLE RELATIVE
AVER. ABSORBANCE |({g/ml |AVER. ABSORBANCE {lg/ml | ACCURACY
0.234 1.28 0.221 1.20 93,75%
0.354 A 1.93 0.315 1.72 89.12%
0.589 3.21 0.527 2.87 89.41%

fusion with borax effectively destroys the polymers formed

during heating of the solutions. It was thought that’

.increasing the amount of borax glass would increase the
amount ‘of zirconium (hafnium) recovered after fusion. There-
fore, some fusions yere done with 0.4 g of borax. The cruci-
ble was tipped iﬁéggrious directions during the fusion in
order to ensure\éapd contact of the melt with the bottom
area of the crucible. 9.0 ml of 1M HCl were used to dissolve

the melt overnight. Results are shown on Table 13.

Table 13: Standardizations with 0.4 g of borax glass.

Amount of Zr taken = 57.8#9. Blank gbsorbance has been sub-
stracted.

e

EXPERIMENT | CONDITIONS
No. OF ER_I MENT ABSORBANCE jl.{ g/ml
1 ("“’ﬁg fusion 0.329 0.96
2 1. no fusion 0.343 1.00
37 fusion 0.350 1.02
4 fusion 0.333 0.98

Results showed thaf the decomposition of polymers formed

during evaporation was complete when enough borax glass (0.4

EWEISIRFRE B L SRR IN FET W
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g) was used for the fusion. Recovery of zirconium is about

100%.

3.6 Interference from Phosphate,

When the interferences due to the presence of organic
materials are eliminated by wet or dry ashing, the extrac-
tant bis(Z—ethylhehyl)phenyl phosphonate is decomposed and
produces phosphoric acid. As discussed previously, phosphate
interferes with the Alizarin Red S determination of the ele-
menfs. However, the amount of phosphate present after decom-
pos;tﬁon of the extractans was suspected to be very small., A
test‘ysing micrograms of phosphate was perfgrmed and the
effect of these microamounts on the absorbance of the sample

determined.

3.6.1 Procedure.

An aliguot of hafnium standard solution containing 64.1 /{g
of the element was placed in a platinum‘crucible and 50/Kl
cof a sodium phosphate solution containing 12 }Lg of phos-
phate were added. The solution was evaporated to dryness and
fused with borax glass as explained before. A blank was pre-
pared by following the same procedure.

A control solution was prepared con%ginigg/_gh;,\same
amount of hafnium as the sample solution, but it was neif&er
evaporated nor fused. No phosphate was present. A blaqﬁ/Qas

ya
s

also prepared following the same procedure.

o .

-~
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Absorbances of both the control and the samples solutions

were measured at 515 nm after 40 minutes color developing in

a 5 cmcell,

‘ 3.6.2 Results.

vValues for the absorbance of the control and sample solu-

tions are given on Table 14.

Table 14: Fusion of a Hafnium+Phosphate solution with Borax
Glass.

CONTROL : SAMPLE RELATIVE
AVER. ABSORBANCE | j/{g/ml |AVER. ABSORBANCE|#{g/ml |ACCURACY

0.234 1.28 0.173 0.95 74.22%

The relative .accuracy of the determination 1if phosphate
is present 1is very low compared to the same determination
done in absence of phosphate (see Table 11). The interfer-
ence due to the presence of such a small amount of phesphate
can not be ignored. The elimination of amy phosphate present
in the solution ié necessary before analysing the aqueous

phase after extraction.

3.7 Elimination of Phosphate Interference Using \

Ion-Exchange.

The determination of zirconium and hafnium in phosphate con-
taining samples is difficult owing to the strong complexing

and precipitate formation that occurs. The classical proce-

@
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dure for macro and semi-micro quantities consists in precip-
itating the metal phosphate. The precipitate is treated witq
molten alkali carbonate which produces the metal oxide and
-alkali phosphate. The oxide 1is separated’ and fused with
potassium pyrophogphate to render it soluble. It is conceiv-
able that microgram gquantities of zirconium and hafnium
- might be handled by co-precipitation with a few miligrams of
bismuthkand treating the precipitate as above.

It was felt that 'a new promising approach would be to use
cation-exchange in moderatedy concentrated acid in order to
collect 2r and Hf. This succeeded in the separation of tho-

rium from phosphate (110).

»
3.7.1 Procedure.

Aliquots of zirconium in 1M HNOj were passed onto strong
cation exchange resin (Biorad AGW 50-X8, 200-400 mesh) . in
columns of dimensions 0.8x5 cm., . The zirconium was eluted
with either nitric or formic acid. The latter eluent was
suggested by Quereshi and Husain (71). The eluates were eva-
porated to dryness_in platinum crucibles and the residues
fused with 0.4 g. of borax glass. Alizarin Red@ S§ was used
.fof the determination. The results are shown in Table 15.
- -

Despite the reported Slccess with formic acid, our
results are very unsatisfa;tor;. We suspect that samples
made up 1in feormic acid and add;d ,EQ the ion exchanger in

that form were relatively simple, 1i.e. unhydrclyzed. Our
3 .
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- Table 15: Recoveries of 1Ir from Strong Cation Exchange
Resin.

Amount of Zirconium taken = 57.8ﬂg.

EXPERIMENT’ ELUATE VOL . OF ELUATE $ ZT
No. . ml RECOVERED
1 iM formic acid 80 29
2 1M formic acid 80 26.5
3 4M nitric acid 100 102.8
4 aM nitric acid 100 96.0
5 4M nitric acid |~ 100 34,0
6 4M nitric acid 100 41.0
7 7.5M nitric acid 180 100.3
B 7.5M nitric acid 180 87.5

\

. -y
—

samples, which were made up in 1M nitric acid were doubtless

more complex. A polycation would presumably be held more
firmly to the resin than would a mononuclear ion.
Samples 3 and 4 were recovered satisfactoriiy, but this

L 4
result could not be reﬁEated.

Samples 5 and 6. are typical.
Large volumes of 7.5M HNO5 were generally required fo}_quanQ
titative recoveries.

The separation of zirconium from phosphate was attempted

by .essentially the same procedure.

3.7.2

Procedure.

Samples were prepared by adding 20 mg of H g POs4 to aliquots
-

containing 57.8 ({g of Zr. The solution were made up to 30

ml volume and were ca. 1M in HNOg The subsequent procedure

was the same as in the preceeding experiment except that

after adding the samples to the cclumns, the resin was
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washed with 100 .ml of 1M HNO5 . The results are shown in

Table 16.

Table 16: Attempted separation of Zr and Hf from phosphate.

Amount- of Zr taken = 57.8‘ﬂg. Amount of HzPO4 mg = 20

-

No. % Zr RECOVERED
1 73.5
2 50.2

These recoveries are so far from guantitative that it was
felt that further attempts to develop the procedure would be
fruitless. It is assumed that the zirconium was incompletely
retained by the resin. Freiling and coworkers reported evi-
dence of anidWic complexes in the Zr(IV)-HaPO, system (116).
These may be of the form ZrO(H:2P04)5 as the precipitate

. . oy s -18
2rO(H, PO 4 ) is known with a solubility product of 2.4x10
(117). -

3.8 _Determination'of Distribution Coefficients of Zr and

e . | (S

The atomic emission system utilized was the Beckman Spectro

Spén V combined with a high energy dc plasma excitation ic(«—
source with.a high resolution Echelle grating. The liquid
samples are converted into aerosol form and introduced into
the excitation region. The intensity of the emitted light at

predeterminated characteristic wave lengths is proportional
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to the concentration of the element. The signal was inte-
grated for fiwve- seéonds and the integration repeated twice
under computer control. The calibration was done b?‘heésur—
5ng a low and high standard of the element to be determined
everytime before the test was performed for the samples.

The analytical wave lengths used were 339.20 nm for zir-
conium and 277.34 nm for hafnium. The oﬁerat{ng parameters
were: Argon flow rate, 7 liters per minute: sample uptake, 2

ml per min; temperature in the excitation region, 6000-7000
.

K.

A study of the distribution ratios of zirconium and haf-
nium in bis(2-ethylhexyl)phenyl phosphonate was carried out.
Tﬁ; distribution ratio 1is defined as: D = [Mlorg./[M]ag.;
[Mlorg. 1is the concentration of the element in the organic
phase and [M]aqg. is the concentration in the agueous phase.

For our purposes, the concentration of the elements in
the agueous phase was determined by DCP.spectrophotometry,
while the concentration in the organic phase was not deter-
mined analytically but assumed to be the difference between
the initial concentration of the solution and the agueous

phase concentration after extraction.

3.8.1 Procedure,

4:100 Extractant Solution : 4 ml of DEﬁP was diluted to

100 ml with petroleum ether.

8:100 Extractant Solution : B8 ml of DE¢P was diluted to

100 ml Wizi-petroleum ether.
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Preequilibrated Extractant Solution : an appropriate vol-

ume of the extractant solution was shaken in a separatory
funnel with an equivalent yolhme of acidic solution. After
equilibration of the phgses, the organic phase was separated
and used for the extractions.

Extraction Procedure : a 25 ml aliguot of the zirconium

{hafnium) solution containing a known amount of Fhe element
and a specific acidity was transfered to a separatory funnel
and 20 ml of a preequilibrated extractant solution with the
desired concentration were added. The system was shaken for
about 1 minute and the layers. .allowed to settle for 20 min--
utes, After equilibration, the ééueous phase was separated,

the acid concentration adjusted and the volume made up to 50°

ml. The resultant solution was analyzed by DCP.

“ )

3.8.2 Results.

3.8.2.1_  Effect of HC1 concentr;?Tbn.
Extractions for both elements were performed adjusting thé
hydrochloricg acid concentration 1in the aqQueous phase to
0.05N, 0.5N, 1.5N, and 3N. Concentration of the exéréctant
was 4:100 DEPP-petether. Results are shown in Table 17.

The extraction of zirconium and hafnium into the organic
phase decreased as the‘céncentéation of the hydrochloric
acid increased. At l.éM HCl hafnium did not seem to be

b J

extracted into the organic phase, but zirconium was although

-

the amount-extracted was not very large. At 3M HCl, hafnium
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Table 17: Effect of HCl Concentration on Extraction of Zr
, and Hf.

» .
Extraction perfq;ped with 4:100 DEﬁpret ether. Phase ratio
25:20. .

. s
HCL | % ur § Hf D D | SEPARATION
MOLARITY | EXTRACTED | EXTRACTED | 2r | Hf |FACTOR
0.05 35.34 68.22 | 0.5¢ |1.64 | 0.33
0.5 10.84 12,59 | 0.12 {0.14 | 0.85
1.5 1.21 0 0.012| 0 |very large
3.0 3.82 0.24 | 0.039/0.003] 13

was extracted into the organic phase in a small proportion.
A.separation factor of 13 was obtained under these condi-

tions, a good value eventhough the amount of =zirconium

. extracted was very small.

3.8.2.2 Effect of HNO,4 Coﬁcgntration.
Keeping the concentration of hydrochloric ac{E\a{‘g,OSM, the
concentration of nitric acid was varied from 1M to 4M. The

concentration of the extractant was 4:100. Results are shown

in Table 18.

. j

& A

L4

“Téb1e¢18;M_Effect_of/ﬁN03 'Cohteﬁiration-on Extraction of ZIr

and H

Extpraction performed with 4:100 DEQP-pet ethertl Phase ratio
25:20. Agueous phase .0.05M HCI.

.. HNO3 § Zr % Hf D .~ SEPARATION
MOLARITY | EXTRACTED | EXTRACTED | Zr | /HE FACTOR
1 42.97 23,69 | d.7slo.31 | 2.4
2 ©30.42 15.7 0.44 | 0.19 | 2.3
3 31.02 12.84 | 0.45]0.15 3.0 .
k]

..JE-'-‘ Al
A L




71

When nitric acid was added, distribution ratios were

higher for zircopium than for hafnium. As the concentration

of nitric acid increased, distribution ratios decreased but

14
‘the separation factor increased. At 3M HNO, , a separation

factor of 3 was obtained which was not as good as the one
obtained at 3M LCI, but the amount of zirconium and hafnium
extracted was large;. It was theought that increasing the
concentration of nitric acid would iﬁcrease the separation
factor and Asomeiéxtractions were done varying the nitric
acid concentration between 4M and 9M. Results are shown in

Table 19.

Table 19: Effect of Increasing Concentration 'of HNO, on’
Extraction. :

Extraction performed with 4:100 DE¢§;pet ether. Phase ratio
25:20., Agueous phase 0.05M HCl.

HNO3 $ 2r ) % Hf D D SEPARATICN
MOLARITY | EXTRACTED | EXTRACTED Zr Hf | FACTOR

4 | 16.59 - 0 0.20 0 very large

7 . 23.40 8.05 0.31 | 0.09 3.2

9 26.17 17.77 0.35 | 0.22 1.59

-

Diskribution factors decreased to a minimun when the
niELic cid concentration reached 4M. At this HNOa concen-
tration,the separation was very large. As the concentration

o . . ‘
of nitric acid increased, the separation factor decreased.
) -
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3.8.2.3 Effect of Nitrate Concen;ration.
The concentration of nitrate was increased to 5SM and 7M by
the addition of a sodium nitrate solution. The concentration

of nitric and hydrochloric acids was kept constant. Results

are shown on Table 20.

Table 20: Effect of Nitrate Concentration on Extraction of
2r and Hf,

Extraction performed with 4:100 DE@P-pet ether. Phase ratio
25:20. Agqueous phase 3M HNO3 and 0.0ST HCl,

NaNOg $ Ir $ Rf D D SEPARATION
MOLARITY | EXTRACTED | EXTRACTED Zr Hf | FACTOR
2.0 8.03 0 0.09 | 0 very large
4.0 9.60 3.7 0.11 | 0.041 2.75

Increasing the concentration of nitrate decreased the
amount of both elements extracted into the organic phase.
Experimental results showed a very large separation factor

when the solution is 0.05M HCl, 3M HNO3 , and 2M NaNO5

3.8.2.4 Effect of Extractant Concentration.
Extractions were done with a 8:100 DE¢P-peé ether solution.
In the aqueous phase, the concentration of hydrochloric ac? y
was kept at 0.05M and the concentration of nitric acid was
varied from 4M to 9M. Results are shown in Table 21.

When the concentration of the extractant‘wéé doubled, the
digtributiqg/éiefficients‘were almost doubled if we compare

them with values in table 17. At 4M HNO, , a good separation
. 3 g P

o
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Table 21: Effect of Extractfant Cohcentration on the Extrac-
- tion of Zr and Hf, ’

Extraction performed with 8:100 DE¢P-pet ether. Phase ratio
25:20. Aqueous phase 0.05M HCIl.

HNO3 $ Zr % Hf D . D SEPARATION
MOLARITY | EXTRACTED | EXTRACTED Zr Hf | FACTOR
a .| 28.04 0.55 0.39 {0.006 65
7 38.26 15.27 0.62 |0.180 3.4
9 48,04 35.00 0.92 |0.54 1.7
- x‘; /

factor was obtained, with a better extraction of zirconium
than using a 4:100 extractant solution. As the concent;afion
of nitric acid increasédn the distribution ratios also
increased, Dbut the-separatioﬁ factors became simiLgr to
those obtained under the same conditions with a 4:100 ext-

ractant solution.

3.9 General Discussion and Conclusions,.

Alizarin Red S is a good spectrophgtometric reagent for zir-
conium and hafnium beéause of its sensitivity in detecting
microamounts of the elements. However, interferences due to
the presence of common anions such as phosphate, sulfate,
and fluoride 1limit its direct application to $amp1es con-
taining even microguantities of those anions and pretreat-
ment of the samples is necessary.

Interferences were found.in the Aiizarin Red S defermina-
tion of the elements due to the presence of organic subs-

-~ TS ‘
tances after extraction. Evaporatioh to dryness followed by
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fusion with borax glass allowed us to overcome pést of these

| o
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interﬁerences. The organic substances were eliminated by
ev§pcratfon; however, haating of solutions caused polyme
zazion of the elements which i&kerfered ﬁ?th the analysis;
polymerization of =zirconium and hafnium
fusing the residues after evaporation th borax glass. This
substance proved to be very effective 1in decomposing the’
polymers formed.

Another interference that had to be eliminated{ was the
.

phosphate left as residue after decomposition of bE¢P. An 3

N._Jjon-exchange ggocg@ure using Dowex 50 cation exchanger yas“
selected to eliminate any phosphate present , but the recdv-
.ery of zirconium turned out to be difficult; =zirconium was
incompletely retained by the resin apparently because 1t was
.in the" form of phosphate anions. Analysis of the agueous
phase after extraction was performed using DCP emission
spectrophotometry. _ L

The distribution coefficients as well as the separation

factors showed dependance on.the acidic concentration of the
system., Extractions were performed in hydfochlorie acid and
in a mixture of hydrochloric and nitric acid media. In Loth

o~

.cases, an increase in acid concentration produced a decrease
» .

in the distribution ratios.

' In hydrochquic acid medium, values oBtained or the sep- *
aration factors when the HCl concentration were varied from
0.0§M to 3M were fairly low compared to those obtained in

nitric acid medium,

S AR
&

Ctw e W aalt
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Extractions performed in a 0.05M HC1-XM HNO5 (where X was
varied from 1 to 9) mixture were relatively®* successful.

Eventhough the distribution ratios decreased as the nitric

\\

=]

acid concentration 1increased, at 4M HNOgz those values

-

3 .. . . )
reached a minimum and a very high separation factor was

obtained; from. 5M to 9M HNO3 , the._distribution ratios
increased again but the separation factors decreased. From
the experimental results, a solution which is 4M in HNO, and
0.05M in HCl gives good conditions for oBtaining a high sep-
aration factor. However, thg extraction of zirconium at this
point i1s not very large. This can be overcome by making the
extractant solution more concentrated. " When the concentra-
tion was changed from 4:100 DE@P-pet ether to B:lOO:gEd;—pe
ether, the amount of zirconium extracted was almost double
while the amount of hafnium extracted remained about the
same, keeping the separation factor high. Extractions per-
formed in the p;;sence of HNO4, seemed to be more effective
-tﬁ;n those performed in the presence of hydrochloric acid
alone.

A razionalization of the difference in the behaviour of
ii}conium and hafnium was the primary objective of the preg—
ent work. Two factors are considered most important in
determining that behaviour: electrostatic Coulombic effects
and polarization. ' Lo

Coulombic factors should 'favour'}bénd formation by the

y .
smaYler atom or ion. Hafnium being slightly smaller® should

-

! .The reported difference in radii is only 0.01 A so the
| . (“

"
Tt .

"
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form slightly stronger bonds with fluoride and oxy anions.
Hafnium (IV) should carry a stronger effective%}nuclear

charge and it therefore should also form stronger bonds

with more polarizable entitigs like C1° and Br~ (118).

has long been felt i%
tion of zirconium and Xafnium should exploit pola;ization by
hafnium. Howeq@i, Enlthe other hand, the best separation
described in the literature employ oxy anions as complexing

agents, e.g. citrate and formate.

in the present work, also, coulombic factors have .

appeared to be more important, The best separation factors
observed in the present sﬁudy occurred in the presence of
nitrate ion while hydrochloric media were quite unsatisfac-
tory. The follqwing'iﬁferences are suggested.

In dilute hydrochloric acid, relatively large distribu-
tion coefficients were observyed. It is certain“thet the
solutions are exten51ve}y hydrolyzed in 0,.05M acid to form
oxy-hydroxy species, €. g. Zip'(OH fas well as pol;éondensed
forms. Being anionic, thesi are readlly extfacied by proto-

nated ester. As the HCI concentratlon 1s increased, the met-

. . — 2+
al species are progresively de-hy yzed to form Zr0 ,
Zro(OH)* , etc. These are not exEracted ‘This occurs more

“Teadily with hafnium (38). As a consequence of the preferen—
tiai/ﬂe-hydrolysis, the: separation fa?tor changes from being
less than unijgy to greater.0 The formation of chlorohafnate,

if it occurs, is not beneficial for separatioh.

.

,/ . ~ _
\ matter is debatable. '

L

~
5

ur labgratory that efficient separa-

“
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AThg addition of nitric acid has a two-fold effect. The
de-hydrolysis occurs as just described, but the nitrate ion
has the ability to chelate the metal ions so as to retain
anionic forms, e.g. ZrO(NO3); . Zircenium should show a more
pronounced tendency to be so complexed, so the extraction of
zirconium is favoured over that <f hafnium. The effect of
acidity and .of ahelation, respectively, have opposing
effects on the extraction. O©Only the chelation favours the
_extraction, therefore the addition of nitrate salt rather
than nitric acid appeared to be desirable. The use of amme-
nium nitrate would allow the sugsequent removal of all the
reagents by volatilization, if desired. This would be useful
in trace analytical work.

There is a necessity for compromise in the choice of con-
ditions for extraction. Acidity is required in order to pro-
tonate the estey but high acidity possibly favours cationic
forms of zirfonium. It is therefore junderstandable that

nitrat;/xon is a particularly favoufﬁgzi choice as a chelat-

ing_ij and. Nitrate has an éktremely feeble basicity, there-

/56;; the chelated group 1s not much susceptible teo removal

by protonation in strong acid. Carbonate ion, with a double
c(érge would clearly be more strongly held in neutral or
basic solutions, but it is certainly more easily lost from
the complex in fairly acdid media.

The comparative readiness of zirconium and hafnium to

‘form complexes gith NQ& . so: , citrate, etc. is in contrast
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L2+ 2+
. N1, Cu , etc.,

to the behaviour of elements such as FeS'
i.e. thdse\,ions for which a wealth of infO{Eation about com-
plexing is available. It seems that the éifference lies in
the relatively weak hydration of the larger =zirconium and
" hafnium ions. The.coulombic lon-dipole interaction energy is
given by U = -e #/r where e and M are the ion charge and the
dipole moment "of the water molecule respectivelx. Because
the energy falls off as the square of the separation, r , it
1s seen that large ions are solvated much less strongly than
smaller ones, Ion-ion'energy; l.e. the energy of attraction
between a cation and a charged ligand, varies as the first

power of r . Consequently, complexes with charged ligands

are stronger with larger cations. Thus carbonate complexes

with/ thorium are very stable even in moderately strong acid..

The equilibria are complicated by the readiness with
which Zr(IvV} 1is hydrolyzed. The principles outlined above
fail to accoﬁnt for this. However, the hydrolysis behaviour
is ?aralled by that of niobium which hydrolyzes more readily
than tantalum while these two elements are reported to have
exactly the same ionic radii. The cause of this'may be a
difference in the cpmponent in oxygen bridges: Nb—=0==Nb

It may be that the greatest distinguishing feature of zir-
conium aﬁd niobium lies in this phenomenon. It isfcertainly

~

the basis of the Marignac method for the separation of nio-
Ve
bium and tantalum. ,/

B
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The best condition found for differentiating between the
two metallic elements were (.05M HCl1 and 4M HNO; . As the
tables show, the extraction is not satisfactory with dilute
extractant. By extrapolétion from the data given,‘fz appears
that if the extractant is concentrated to 50% or more, it
would be quite effective toward zirconium., The most promis-
ing conditions for the separation of the two elements would
be a reversed phase chromatographic system with essentially
pure ester on a solid support. Zirconium should‘€xhibit a
long retention time while hafnium should pass rélgtively
quickly through the column. A change cf eluting solutien go
moderately strong hydrochloric acid should remove the zirco-

nium fairly rapidly.

~
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