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"These elements perplex us in our rearches [sic],
baffle us in our speculations, and haunt us in:
our very dreams. They stretch like an unknown
sea before us — mocking, mystifying, and
murmuring strange revelations and possibilities.”

Sir William Crookes (February 16, 1887)
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\\\ ABSTRACT

This thesis describes contributions to the analytig?l
chemistry of f-series elements. New procedures were developed
for the isolation and determination of lanthanides and
thorium in rock samples. '

The thesis commences with an account of the history of
f-series elements, their occurrences, applications and a
E%view of the various analytical separation and inst£umental
methods. The limitations of these methods and the inter-
ferences are examined,

A new fluxing agent, potassium superoxide was introduced.
Potassium superoxide mixed with potassium hydroxide is an
effective flux for rock and ore samples. Potassiﬁm_may be
removed subsequently by precipitation with perchloric acid.

, , . . 2+ 3+
Traces of cations with various charges i.e. Ca® , Eu and

Th4+ are not significantly carried down but silver (I) is

7
partially lost to the precipitate.

The cation exchange behaviour of micro and é?ace
quantities of thorium on Dowex 50-X8 in thé.presence of
carbonate and phosphate has been studied. Carbonate causes
loss of thorium to the column effluent aé pH 10. In the
presence of phosphate, thorium is incoﬁpletely sorbed in the
pH range 2-4.5, the loss being maximum at pH 3.8. Outside

this range, thorium is quantitatively sorbed and recovered.

A method that does not employ ion exchange has been developed



Xiii

for the microdetermination of thorium in phosphate solution.
The phosphate is precipitated as bismuth phosphate and
thorium is leached from the precipitate with ammonium
carbonate solution and determined with Arsenazo;III. Uranium,
molybdenum, and vanadium are removed with Alamiﬁe 336. The
results obtained for a standard ore are in excellent agree-
ment with the certified value.

The extraction chromatographic separation of lanthanides
is studied. The 2-ethyl hexyl hydrogen phenylphosponic acid”

( HEHgP) is an effective extractant for lanthanides. The
extractant is supported on’Kel—F that had been modified by
treating with phenylithium. Microgram gquantities of varlous
lanthaﬁides were placed on the column, eluted with HCl1l and
determined by DC plasma spectroscopy. The development of

the chromatogram confirmed the "tetrad effect", in lanﬁhanides.
Quantitative recovery of lighter lanthanides are studied and
the determinations carried out with DCP spectroscopy and by
colorimetFy with Arsenazo-III. The effect of 8102 matrix

in the determination lanthanides with DCP are studied.

A separation scheme is develoﬁed for the détermination
of lanthanides in rock samples using the extraction chroma-
tographic technique, followed by DC plasma emission spectro-
scopy. This separation scheme is also applicable in other

instrumental techniques such as NAA and spectrophotometry.
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CHAPTER I

GENERAL INTRODUCTION

The purpcse of this chapter is largely to review the
natural distribution, chemical behaviour and the applications
of the f~series elements. These comprise the 4f and 5f

series elemezfs'which are often referred to as lanthamides
.or rare earths and actinides respectively. The lanthanides
and actinide$-are similar in their chemistry and as a group,
these'“inner transition series" elements are somewhat dif-
ferent from other elements. Another important factor is that

t)

these Q;gments are usually associatedwwith each other in
A .
nature. These parallels in fact made it easier to ugravel
the behaviour of the actinides in the early days of trans-
uranium element production.‘.In addition to being similar |
chemically, the tﬁo series also share the propertieé of mag-
netism, radiant energy absorption and emission chargcteristic
of f-electron species: Impdrtant differences also exist,
particularly in oxidation states, bondinqrahd complex ion

formation.

Thorium is ‘frequently found to be the principal rarer
element acé;mpanying the lanthanides. Less frequent con-
geners include uranium, zirconium, hafnium, titanium, tanté—
lum, niobium, beryllium and very farely scandium. Therefore
this thesis is directed towards the'development of proce-

dures for the separation and determination of rare earths

and thorium in different environmental conditions at trace



levels.

» Occurrence of the f-transition elements in nature

The 4f transition elements cerium to lutetium, atomic
numbers 58 to 71, lanthanum and yttrium are so similar to one
another in chemical propertiés,.it.is no surprise that‘thef
show strong geochém;cal coherenice. This is because under most
natural conditions all membefs share a coﬁmon trivalent state
but with anomalous behaviour occurring under some conditions‘
for Ce_4+ and Eu2+. Although scandium and yttrium do not be-
long to the lanthanide series they exhibit pronounced lanthan-
ide-like characteristics and are often regarded as belonging
to the "rare earth" group. 1In the loose terminology of some
authors, even thorium is discussed as though it were a member
of the rare earth group. In spite of some likéness in proper-
ties, thorium %s not as similar to the lanthanides as ytfr;um
is.and there are some significant differenceé.

The earliest known of the rare earths, yttrium, was
discovered before the beginning of the nineteenth century
.(1794} in a rare -Swedish ore gaaolinite and it.was separated
in the form of an impure oxide. éﬁnce then, é'total of 17
rare earths were isqlatedllaboriously by reiatively ineffi-
cient fractional precipita£ion methods. * 'The rare earths are

not truly rare in nature. This is shown in Table 1 which

* Promethium, a fission product does not exist in nature.
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TABLE 1
Abundance . Abundance
Symbol ppm Symbol ppm
La 18.3 N . 46.3
Ce 46.1 - Sn . 40
Pr 5.53 Nb 24
Nd 23.9 Co 23
Pm 4.5x10720 Pb 16
Sm ' 6.47 Ga 15
Eu 1.06 ' Mo . 2.5-15
Gd '6.36 Be ' 6
Tb 0.91 ' As 5
Dy ’ 4.47 ' u o 4
Ho 1.15 'B 3 -
Er 2.47 Ta 2.1
Tm 0.20 Br 1.62
Yb 2.66 Sb 1.3
" Lu o 0.75 ' I : 0.3
| ‘ cd ©0.15
Sc . "t ts : Se 0.09
Y ' 28.1 Au 0.005

Comparison between the Crustal Abundances of the Lanthanide
Elements (Source: T. Moeller. The Chemistry of the
Lanthanides, Oxford: Pergamon Press, 1973, p. 46.)




compares the crustal abundance of the lanthanides, to that
of some getter known elements. %he relative abundance of
lanthanides is in remarkable agreement with the rule of =
D. Harkins (1l):that elements of odd atomic number are always
less abundant than those of even atomic number, which imme-
diatély precede or follow them.

The rare earths are highly dispersed in nature (2).
They are lithophilic elements i.e. when allowed to distri-

bute themselves among common silicate and sulphide phases,
they overwhelmingly enter siiicates. The rare earths occur
in a variety of minerals chiefly in pegmatite dikes associ-
ated with igneous rocks and in deposits derived from the
weathé;ing of pegmatites. The rare earths are concentrated
in the residual fluid that crystallizes as pegmatite by the
process of fractional crystallization. Then rare earths are
partially separa@ed so that somé minerals are richer in the
lighter elements (the so-called cerium group) whereas others
are richer in the heavier elements (the so-called yttrium
group}. The cerium group consists of La, Ce, Pr, Nd, Sm,
Eu, and Gd; the yttrium group Eonsists of ¥, Tb, Dy, Ho , Er,
"Tm, ¥b, and Lu_ (2). . A

Although a large number, -about 160, mineral species
{2a, 2b) are known to contain rare earths, only a few are
rich enough to warrant their use as ores of commercial im-

portance. They are bastnaesite, monazite and xenotime.

Bastnaesite: Bastnaesite, a fluorocarbonate, is the principal



source of rare earths today. The primary content of this
minéral is light rare earths of 60~-70%. About 55% of rare
earths utilized today in the free world comes from the
Molycorp's open pit mine at Mountain Pass, California.

. Other significant deposits are found in mainland China,
Burundi, Sweden, and New Mexico, U.S.A. )

Monazite: This is an orthophosphate of the cerium group with
thorium silicate. Monazite constitutes the second most
important ore source fo; the rare earths and accounts for
about 40% of the free world production. The rare earths
distribution varies in monazites found in different parts
of the world. The monazite found in South‘Carolina, U.S.A.
has a higher concentrat%o$wsf heavy lanthanides plus
yttrium than does the Ausfréiian monazite, which is in
turn richer in the heavier earths than the Indian monazite.
The La and Ce content is higher in the latter two. The
commercial monazite sources are alluvial and may be found
in beach sand. The primary associated minerals are rutile,
ilmenite, cassiterite and zircon. These sands were pro-
cessed in'the past for their Ti, Zr, and Sn content.
Xenotime: Xenotime is an yttrium orthophosphate and is the
major source for the heavy lanthanides and yttrium. In
xenotime, the light lanthanide concentration is smaller by
a factor of ten, while the heavy lanthanid; arnd yttrium

concentrations are greater by a factor of ten to several
!

hundred, compared tc bastnaesites and monazites.
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Other minerals which have been used as a source of

rare earths are apatite [CéstP04)3F]; exenite [Ln(Nb,Ta)TiO
2+

X HZO];-gadolinite [an(Fe P Be)BSlzolo]. -

sources include allanite, fluorite, perovskite, sphene and

~

zircon. In addition, uranium tailings have been used in the

6
Other future

past as a source of heavy lanthanides and yttrium. 1In
Canada, Elliot Lake ore contains 0.1% uranium and 0.05% rare
earth oxides; other deposits are found in the Bancroft,
Agnew Lakg areas.

The 5f-transition elemenfs, when they were discovered,
resembled rare earths and were named rare earths belonging
to the Second Series. However, shortly many sgientists col-
lectively referred to these elements as actinides which in-
clude actinium (Z = 89) through lawrencium (Z.= 103). &All
these nuclei are unstable with respect to alpha emission.
Of(ﬁhe actinide elements, thorium and uranium have raﬁher

10 232 9

long lives {1.39 x 10 yr for ‘goTh and 4.50-x 10° yr for

2ggU). Nuclei formed at the beginning of the earth's life-

time are spill present in the lithosphere. Thorium is the
most abundant element among actinides and has a radius quite-
similar to those of the lanthanides. It-is therefore almost
always associated with the lanthanides in nature. Also,
there is considerable interest in thorium as this eiement is
expected to be used as a nuclear fuel in the future. There-
fore the review of the actinides will be limited to thorium

in this thesis.

¢



On the basis of physico-chemical data derived from
experiments by Seaborg and other investigators, it is recog-

nized that thorium is the first member of the 5f actinide

series (3, 4, 5).

Occurrence of Thorium

Thorium was first discovered in 1828 bf one of the
nineteenth century's greatest chemists, Jons Jacob Berzelius
(1779-1848) in the mineral thorite (6). According to Vino-
gradov (7) its average concentration in the earth's crust is

8 x 1074 wts about the same as for lead, but it is rarely
encountered in a concentrate form. .In alkaline rocks, the
theorium concentration is much lower than in acid rocks (8).

-

For example, its average content in granites is 1.2 x lO_3
wt% as compared with 5 x lO—4 wt% in dunites (5}. 1In the
hydrosphere, the thorium concentration fluctuates between

-5 -9 -1

10 to 10 g - L ~ {9, 10). 1In iron metecorites, the aver-

age concentration of thorium varies between 0.9 #’10‘6 and

6 wt$, while in stony meteorites it is 2.4 x 10 °.

4.3 x 10
wtd (11).

Thorium minerals are usually found in igneous rocks,
pegmatites, veins and placers. The most important commer-
cial sources of thorium are tne placer depnsits. The chief .
minerals which contain thorium (lla)} are monazite, thoro-
gummite, huttonite, thorlte and thorlanlte, the latter two
minerals are rarely encountered and are of no practlcal

value. . Monazite contains 5 to lO%-of ThOZ} Because thorium
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is a fissionable material several countries, notably Brazil
and India, remove and stockpile thorium as a strategic ma-
‘terial and the Th-free monazite is exported. Commercial
thorium deposits (15) also exist in Ceylon, Tasmania,
Nigeria, the Scandinavian peninsula, Colorado, North Caro-
lina, Idaho and other states ih the U.S5.A. Monazite con-
taining about 7.5% thorium was foﬁnd in concentrated form at
several sites in the iron-bearing region of Marquette in
Northern Michigan. Iﬁ many parts of Canadé (13, 14) éhe
percent composition of ’l‘hO2 is low. For example, Elliot
Lake ores contain 0.028% Th02, Blind River and tbe Bancroft
ores about 0.03 to 0.04%. ‘Therefpre thorium proéessing in
Canada is limited. Although thorium is a fairly abundant
element, only.a few tonnes of thorium are extracted per year,

mainly as a byproduct of rare earth extraction.

Electronic structure and physico~-chemical properties of rare

earths and thorium

Many chemists view rare earths as an unique class
among the naturally occurring elements with similar chemical
properties to one another and collectively they can be con-
sidered as one element. To a certain degree this is correct,
but as one examines these elements more closely vast differ-
ences in fheir behaviour and properties become apparent.

One of the obvious facts is the difference in the melting
points of the lanthanide elements which vary by almost a

factor of two acrosé the series, La - 918°C and Lu - 1663°C
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fo exaﬁple. The remaining trivalent hanthénide melting
a—
points lie between these two values. This difference is much
larger than that found in many of;the groups of the periodic

table, e.g. ﬁhe melting points of Cu, Ag, Au vary by about

100°C (1083, 961 and 1063°C) respectively.

tion of the anomalous chemical properties of the lanthanides,

the ,more impbrtant

oy

+
foperties will be discussed first. These

‘
tions and ioniq radii.

include th elec%fo ic configura

Electronic'Structure: The elect#lnic configuration, known

dxidation states and ionic radii of the rare earths are given

~z ~

in Table 2..SThey all form trivalent ions and in metals most
.of them have three electrons in their conduction bands.

They all exist in dilute agqueous acid solutions as trivalent

A

positive ions, except thorium which is tetravalent. While

- +3 is their characteristic oxidation state, under certain

~.

conditions‘Ce, Pr, and Tb exhibit a +4 coxidation state and

Sm, Bu, Yb a +2 oxidation state. These exceptional oxidation
-states are striking examples of the rule, which .states that

empty, half filled and completely filled levels tend to be

-more stable states; Ce4+ and Tb4+ give up an electron to have

;/////an empty and half filled 4f level respectively; Eu2+ and

sz+ gain an electron to have a half filled and completely

. )
fiilled 4f level respectively. The Ce%+, Eu2+ and sz+ states

re quite common and are utilized by industry to separate
R

these three rare earths from the remaining rare earths

In order to have a better understanding and apprecia-




TABLE 2

’

Electronic Configuration, Known Oxidation State
and Ionic Radii of REE and Thorium (ref. 16)

10

Neutral atcm Known oxidation Ionic radii, °a
Element electron configuration state M‘2+ M3+ 4+
Se 3342 +3 0.745
Y 4d5s° +3 0.900
La 536 52 +3 1.045
Ce af 1562 +3, +4 1.01 0.80
Pr a£3652 +3, +4 0.997 0.78
Nd arl6s? +3 0.983
Pm 4£°652 +3 10.97
Sm afbes? 12, +3 1.19,0.958
Eu 457652 +2, +3 1.17 0.947
cd 4£'5d6s° 43 0.938
Th 4£° 652 +3, +4 0.923
Dy 4510652 +3 0.912
11, 2
Ho aftles +3 0.901
Er a£l%652 +3 0.890
13, 2 ‘
T 4f 68 +3 0.880
Yb artigs? +2, +3 1.00 0.868
Lu art45a652 +3 0.861
Th 6a27s2 +3, '+4 0.99
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elements by relatively chéap chemical methods. The other
rare earths can be separated by making use of ion exchange or
extraction chromatography. For most major uses it is-not
cost effective to separate the individuafslanthanides, but
it may be worthwhile to separate the lanthanides into groups
of light, medium and heavy'in order to optimize the chemical
beﬁaviour for some limited applications and in certain in-
strumental analytical determinations.

Tonic Radii: fThe ionic radii of the lanthanideq and thorium

are shown in Table 2. The ionic radii debréases~smoothly and
systematically from La to Lu, the total contraction being
ébout 7.5%. This is due to the increase in the effective
nuclear charge.in passing from one lanthanide tq the next.
The lanthanide contraction also accounts for the decreased
baSiciéy on going from La to Lu and forms an important basis
:uof various separation technigues. Also the cantraction is
'significanﬁ in its effect on the properties of elements after
the lanthanide sequence relative to those before lanthanum.
.For example, zirconium and hafnium have almost identical
chemical properties because of the lanthanide contraction ex-
perienced by hafnium. The usual increase of radius down‘a
grdup is’ fortuitously cancelled at hafnium and it is nearly
identical in size to zirconium. Since the trivalent lan- -
thanide ions are comparable in- size with Nat or Ca2+, substi-

tution for these ions is sometimes possible provided the

electronic charge is compensated for by the addition or

4



removal of anion charge in some way.

Thorium: Thorium-232 is the first member of the naturally'
occurring radioactive disintegration serdes. Thorium has six
naturally ocgurring iéotopes. Thorium isotopes- commonly

1 3
found in nature are 232 230T

Th and h. Thorium metal is highly
electropesitive and can be prepared by reduction of thorium
oxide with calcium. Thorium metal has a high mélting point
*(1750°C) and is highly reactive in the molten stage. The
potential of the thorium-thorium(IV) codple has been estimated-
as +1.90 volts (17).
Thorium has generally been cohsidered to be a litho—
"philic element of low geochemical mobility. Like U4+, 'I‘h4+

is relatively immobile since it is adsorbed tenaciously on
cation exchange resins and it is one of the last elements to
' be eluted when cation exchange columns are leached with acid
(18). Thorium occurs in nature exclusively as the tetrava-
lent ion (19). Reduction to Th(III) and Th(II) is much too
,difficult for it to occur in nature. Sincé thorium exists

in solution as a comparatively small, highly charged cation,
it undergces extensive interaction with water and has a strong

tendency to form complex ions with anions which may be pre-—

sent in solution.
N\

Applications of Rare Earths and Thorium f\\\

The diverse uses of the rare earths fall into four
categories. (a) Early uses depended‘primarily on the che-

mical similarity of the various lanthanides. (b) The second
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major dategory depends upon the characteristics imparted by
a given configuration in the 4f sheil. (c) The third is
based simply on the variable oxidation state of certain lan-
thanides. (d) The last is based upon nuclear properties.

(a) Applications based on similarity in chemical behavior:

Rare earths afeﬁoften used as mixtures, thus the cost
per unit weight is small which allows industry to employ the
rare earths in a large number of appllcatlons. They flnd use
as catalysts, primarily in zeolite molecular sieve catalysts
for cracking petroleum. The exact catalytic réole played by
the rare earths is not known but the addition of 1 to 5%
mixed rare earths to- the Na 0. A1203-nSiOZ-H20 zeolite does
increase the catalytic efficiency by a factor of three, per-
mitting a significant reduction in capital investment. The
addition of rare earths into steel contrdls the sulphur and
thus improves workability and 2ertain mecha;ical properties.
The largest metallurgical application is the addition of rare
earths to ductile iron to spheroidize the graphite. The use
of mischmetal in lighter flints and artillerylshell liners
is based on the pyrophoric nature of the rare earths and
cerium in particular (20). The mixed rare earth oxides are
used in glass polishing. Another important application is

the use of mixed rare earth fluoride in carbon arc cores.

(b) Applications based on the 4f electrons:

In this category individual rare earths of highest

purity are employed. Isolation is achieved by ion exchange
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or liquid-liquid extraction. Transitions between energy
levels within the 4f shell leads to the utilization of lan-
thanides as activators in phosphors, lasers and carbon arcs.
The largest uif of the rare earths in the optical field is
that of Eu3+ acFivators as the primary red colour in color
teleyision (21) . Cerium, sémarium and terbium are also im-
portant activators% Yttrium and lanthanum oxides are used as
hot materials fér fhe various rare earth phosphors. One of
the newer appliéatiqns is in medical x-ray intensifying
screens (22). Yttfium and neodymium are used on one of the
most important types of lasers.

The magnetic properties due to the 4f electrons and

their interaction with the magnetic electrons of the first
transition metal group elements in ferrites, garnets and the
5éobalt (iron-rich) intermetallic compoundé accounts for the
use of rare earths in microwave and bubble devices. The
gadolinium/gallium garne% used as bubble devices for doﬁain
memory storage is a fairly recent industrial application (23).
Another important application included in this group is the
utilization of La, Ce and Y. Additions of about 0.1 to 0.2%
to cobalt,  nickel and chromium based superalloys improves
their corrosion and oxidation resistance in various environ-
ments, including high temperature and salt water. A high
.strength magnetic alloy of Nd, Fe and B is being introduced

into the automobile industry for starting motors. The newest

growth market for Y203 involves the stabilization of the high
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temperature cubic. form of Zr0 so-called Y, 0, stabilized

27 273

ZrO2 (YSZ). YSZ has been used for many years as a ceramic
material for thermal insulation (24). Itlhas also been
known for many years that because of the oxygen defects in
this material the electrical resistivity varies linearly over
several orderé of oxygen pressure. It is planned to put this
property to use in many applications. .YSZ may be used to
make ceramic auto engines and also to measure the oxygen

partial pressure in automobile exhaust emissions. ¢

(c) Applications based on unusual oxidation states:

The use of rare earths which exhibit variable oxida-
tion states would be included in this category, i.e. Ce, Eu,
Yb, and perhaps Pr, Sm and Th. Cerium dioxide is used to
decolourize flint glass in the manufacture of bottles and
jars. This application is based on the oxidation-reduction

reaction of Ce to keep the iron impurities in the Fe3+ State,

sinc;Fe2+ imparts a bluish colour to the glass. The addi-
tion of 1.5% cerium hydrate to glass produces the pink tint
which is pOpular in today's fashion glasses. A Pr-Ce oxide
combin§tion is used in welders' goggles to filter out the

blue, violet and ultraviolet radiation (26). 'Cerium can be
used as an oxidizing agent in certain analytical titrimetric

determinations.

(d) Appications based on nuclear properties: (27)

Several of the rare earths have high neutron capture

Cross sections and thus are used as control rod materials and
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burnable pgisons. The most likely éandidates aré Sm, Eu,
Gd, Dy and Er. Gadolinium and samarium because of their
large capture cross section are gquite attractivg in reactox
shutaown and safety devices - other rare earths which have
very low cross sections such as cerium and yttrium may be

used as diluents in nuclear fuels (28).

Miscellaneous

There are many miscellaneous applications but only a
few will be mentioned here. Cerium hydrate is added to si-~
licone rubber gaskets which are used in aircraft windows and
laboratory environmental chambers. The cerium improves the
heat stability and helps maintain the colour and elastic
properties of the silicone rubber under extreme temperature
variations. Lanthanum chloride is used as an interference
suppressor due to Poi_(ZS) in the determination of Cé in
the blood samples by atomic adsorpticn. The affinity of the
lanthanides for phosphate ié being investigated aS'a‘pos—
sible solution to fresh water lake eutrcphication. A fairly
recent application is the use of the intermetallic compound
LaNi5as a hydrogen storage material. REE hydrides are also
used‘és hydrogenation catalyéts, for hydrogen purification,
thermal compression, waste heat engines, heat pumps and re-

frigeration (29).

Applications of Thorium

The world consumption of thorium rose with the develop-
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ment of the incandescent gas‘mantle by Auer Von Welsbach in
1885. The gas mantle was widely used and represented the
largest single use of thorium. The consumption of'thorium
in 1970 was estimated to be about 270 tonnes. Of this 50%
was still used for the preparation of gas man;les, 40% was
used in metallurgical industry Qnd the remaining 10% was
used for refractories, catalysts and nuclear reactors.
Earthly thorium stores more energy than all uranium, éoal,
0il, natural gas and other fuels combined which are non-
renewable. In the future, the utilization of thorium in nu-
clear reactor systems could be very high. The potential for
utilization of thorium in nuclear reactors depends on the

fact that 232Th, the major isotope found in nature, can ab-

233U, allowing it to be

sorb neutrons to produce fissile
used asba fertile material in a breedor reactor (30). Linus
Pauling has stated that thorium will save the world from the
energy crisis in the future (31).

The U.S. Bureau of Mines estimates that the demand for
thorium in'the year 2000 will be'50—620 tonnes for non nu-
clear uses and 700-6500 tonnes for nuclear energy purposes
depending on the need for and the successful exploitation of
thorium-burning systems. It is expected that even if the
demand for thorium were to reach the higher values, no sup-
ply problems would be encountered for a considerable periocd

of time, because thorium would be obtained as a byproduct of

the rare earths and uranium processing industries.

B
|
\____ . (/
- e o .
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CHAPTER II

REVIEW OF THE ANALYSIS OF ROCKS FOR REE AND THORIUM

Analytical geochemists are engaged in elucidating pro-
cesses governing the distwxibution of the chemical elements
in various geochemical phases of the earth. One of the;main
purposes of analytical chemistry is to gain information about
the composition of the great variety of rocks and minerals
of which the earth is composed. For many of the eminent'
chemists of the eighteenth and nineteenth centuries uncharac-
terized minerals provided the challenge that led to the iden-
tifica£ion and subsequent isclation of the elements. In the
nineteenth century, Berzelius, Fresenius, Lawrence Smith and
others laid the foundations of the classical analytical scheme
for the determination of all the major elements. . Mineralo—
gists and geologists have to be thankful for their pain;ta—
king care and accuracy.

By the year 1920 two notable text books had been pub-
lished on rock analysis, "Manual of the chemical analysis of
rocks" by Washington (33) and "The analysis of‘silicate and
carbonate rocks" by Hillebrand (34). The methods described
have been found to be too time consuming for today's require-
ments and from about 1950, various "rapid" analytical schemes
began to be proposed as alternatives {35—40). Interest in
the minor components of silicate rocks has continuéd almost
uninterrupted to the present day,lwith current work emphasi-
z2ing determination of‘elements at below parts per million

{PPM} levels.
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Rock analysis is one of the most difficult and compli-
cated analytical tasks, especially at trace levels due to the
fact that a rock might contain very many of the niﬁety na-
turally occurring chemical elements. The elements which are
frequehtly encountered in rock analysis are shown in Figure
1. Geochemically, these elements can be differentiated on
~the basis of the reduction potential of the process M+
ne=='M'relative to the half reaction Fe2+ + 2es=Fe. Ele-
ments whose reduction potentials.are more positivé than iron
are called siderophiles.. The majority of remaining elements
whose reauction potentials are more negative than iron are
classified according to their bonding potentials with oxXygen
and sulphur. Those which are associated in nature primarily
with oxygen are lithophiles, while those associated with sul-~
phur are chalcophiles. Lithophilic ions occur with rare gas
Structures and consequently are not readily polarized. Chal-~
cophiles are more readily polarizable and therefore associate
with the easily polarizable sulphide and arsenide ions. Se-
condary differentiation is influenced by the relative size
of the cations, the bonding tendencies of the elements, frac-
tional crystallization from the magma and densities of the
compounds. formed.

The analytical chemistry of the lithophilic f-series
elements will be treated as a closely related group in this
thesis. This has been deémed desirable in the context of the

geochemical nature of association of the naturally occurfing
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Fig. 1. Geochemical Classification of the Elements® (32).
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4f-series and of thorium, a representative of the 5f-series.
The REE and thorium in most rock systems are present a£ the
ppm or subppm levels and behéve as trace elements, thus
posing certain difficulties té the analyst'in his determina-
tion. 1In this connection, trace élements are defined hefe as
those elements whose presence in‘a rock does not significant-
ly alter the stability fielas bf its major minerals. Analy-
tical separation and determination of thorium will be dealt
with in this thesislin view of the importance of thorium in
industry and the environment.

Knowledge of the fundamental laws governing the dis-
tribution and the redistribution of elements, during meta-
morphic processes, etc., enables geochemists to predict the
probability of the occufrence of economicaliy intereéting
@inerals in a particular geological environment. In the
study of ore deposits, aé well as in petrology, the distribu-
tion of trace elements casts light on the genesis of ore
bodies. Knowledge of the genesis:of mineral occurrences
léads to a reliable forecast of the chemical ana mineralogi-
cal_composition as well as some structural aspects of poten-
tial deposits. The ﬁEE, because of their peculiar similari-
ties, serve as a particularly éuitable group of indicator
elements; Also the presence of trace impurities of REE in
materials such as high purity metals, semiconductors and

glasses have an important influence on electrical, magnetic,

“ -

¥
mechanical, nuclear and optical properties. Quantitation of



REE in these materials helps to understand the above proper-
ties.

The geochemist is' interested in the conditions that
prevailed duriné formation of the constituent minerals. . Par-
ticular interest attaches to the mineralizatibn proéesses oc-
rcurring during alteration of tﬁé rock by hydrothermal actioﬂ.
The mechanism of lanthanide leaching and migration is well
established in the geochemicél literature (41-45). Intérpre—
tation of the migratory procesées is based primarily upon a
recognition of the role of the lanthanide contraction. The
early lanthanide ions are materially larger than those later
in the series and the larger ions tend to be excluded from
common rock forming minerals du?ing the processes of crystal-
lization; rather, they tend to remain in liquid solution in
equilibrium with the crystals. It follows that the hydro-
thermal alteration df a rock may result in a change in the
ratio of lighter to heavier langhanides.

The equilibria between solid and fluid phases.will be
affected by the presence of complexing species such as ClL ,

F , and C032_ ions, for example. The movement of the fluid
phase within the geclogical structure will cause a displace-
ment not only of the lanthanides but of all dissolved species,
many of which may be metallic eléments of commercial signifi-
cance, e.g. Cu, Pb, Au, Mo, etc. The re-deposition of acces-
sory minerals, can be expected to occur in proximity to de-—

pleted wall rock and therefore the geologist may infer the
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presence cf a pegmaﬁite dike or other likely structure without

the necessity'of removiné overburden at random. It is evident

that rationalized strategies of prospecting for micas, molyb-

denife, zircon, niobium-tantalum and lithium minerals, beryl,

- spineis, to name but a few possibilities, may depend in future

uéon the technique of lanthanide analyses.

N In order to find solutions to the general aspects dis-
cussed above, mainly trace element distribution, multi-element
analytical tools are required. Thus, Goldschmidt.introduced'

_optical eﬁissién séectroséopy‘in the twenties and a decade
later x-ray fluorgscénce specffoscépy was made available. 1In
the nineteen-fifties, neutron acsivation analysis was iptr0m
duced into geochemistry. The newest development is an induced
or:directly éoupled plasma burner for the optical emission
spectroscopy_and mass spectrometry. In general, all these
methods permit the detection of less than ppm "levels with ever
increasing reproducibility of results. Classical spectro-
photometers and atdmic absorpfion‘instruments have been much

. used for single element determinations. ﬁnfortunately,all
these instrumental methods suffer from more or less matrix
or interelement’interference effects, which restrict their
applicabilit} in some cases, thus calling for glegant separa-
tion techniques. The need and tmportance of separation tech-
niques will be made evident in the‘next section where the

.

matrix effects involved in. neutron activation, emission spec-

troscopy and spectrophotometric methods will be discussed

‘j'briefly.
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Neutron ActivationlAnalysis {NAA)

Neutron activatioﬂ is one of the highly sensitive
techniques for the quantitative determination of the ra:e
earths. In this method, the sample is irradiated in a flux.
of thermal neutrons, generally in a nuclear ré;ctof. 'The
constituent elements absorb neutrons forming artificial radio-
nuclides, the activity.speéﬁrum of wﬁich is measured and in-
terpreted in terms of the amounts of the various elements
present. An advantage of this nuclear technique is fhe fact
that sensitivity limits can be fixed by the analyst via neu-
tron f£lux and ifradiation time. Furthermore,mgltielement.de—
terminations can be performed on a single aliquot of sample
without chemical separations. This is termed non destructive
instrumental neﬁtron activation analysis. PFor multielement’
Y —ray measurements a high resolution detectof‘of Ge(Li) type
is used in connection with sophisticatedrﬁultichannel analy-
zer.

Geochemists were involved in the development 6f NAA
at an early period (46, ﬁ?) and they applied it to the rare
earth determination (48, 49, 50). De Soete et‘al (51} have
'provided a detailed discussion of all aspects on neutron
activétion. | - . -

The multicompara}or method is used for precise work.
In this méthod, standards containing known amounts of the
element of interest are irradiatéd with the samples and the

induced .activity is measured under the same conditions as the
~ .

%

=y
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samples.‘ Errors arise in determination by neutron activatﬁéi
1f the épecific dbtivity in the sample is not identical to
that in the étandard. There are certain interferences that
yield activities, which are not strietly proportional to the
amount of .element present. c
(a) If the ﬁétrix elements have high absorpticn
cfoss se?tions, errors may arise due to shielding effects.
This type of error can be avoided by irradiating a sufficient-
ly dilute sample; or separating Ehe elements having high ab-
sorption cross section prior to the irradiation. Gadolinium,
for example, has the largest neutron absorption cross sec—
tion (49,000 barns) thus causing the average neutron attenua-
tion of 1% in a sphere of Gd3O3 which has.O.l%Lmlradiﬁs and
a mass of only 5 x 10_149. Massart and Hoste anéiyzed Lu in
a2 50 mg sample of gadolinite by dissolving the sample and i;—
radiating an aliquot of a chemically separated rare earth so-
lution (52). Turkstra and Van Droogenbréeck reduced the ef-
fect of self shielding in'rare earth rich carbonatites by di-
luting the Qowdered sample with pure quartz (53). |
(b) In certain cases the sample became highly radio-
active upon irradiation. In such cases the post irradiétion
treatment has to be performed with great care behind prépef
-shiélding. For example, the )Y-ray spectra of irradiated rock
samples may be dominated at various times by the isotopes of
Mn, Na, Sc¢, Fe, Co etc. from the matrix material, thus swamp-

ing the y-ray spectra of lanthanides (54).
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v

(c} The nuclide of interest may be formed by compe-
éing nuclear reactions such as (n,p}; (n,Q@) and‘(n, £).
The Y -ray 5pectr6meter cannot, of course, distinguish betw
decaying nuclei from the intended parent and those from intefr-
fering elements.

Some of the importapt interferences in instrumental
neutron activation (NAA) are given in Table 3. Boynten (57)
and Bereznai discussed other types of interferences.  Amongst:
the light rare earth group, the nuclides that are usable for
neutron activation determination may alsoc be formed as uranium
fission products, even when La, Ce, Nd, Sm are totally absent
in a given sample. Tﬂe presence of uranium iﬁ a sample en-
hances the.true values of La, Ce, Nd, Sm détermined by INAA
if appropriate corrections are not made for the interference. -
.Recently'Ila et al (59) reported that in a 5 hour irradiation,
1l mg of uranium is found to be equal to 0.28 ég of Ce gq@ 0.23
mg of Nd. Therefore uranium must be separated while deter-.
mining rare earths in uranium rich minerals or ores.

Another type of interfering nuclear reaction is the

second order interference, forlexample of the type
o &

ax(n'),)a+lX ﬁg— a+lY(n,7’)a+2Y

Interferences of this kind have been calculated by
OpdeBeeck (60, 55). In cases where the nuclide 2®X has a
large activation cross section, appreciable difficulties are

encountered if trace amounts of the element Y are to be

-~
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a+2

rdetermined via the radioisotope Y in a sample of element

X. If, for example, a dysprosium sample is irradiated for

22 h at a flux of 5 x 1012 n-Cm_z-S’llfor the determination of

holmium, the 166Ho activity produced by second order interfer-
encé corr§3ponds to 120 ppm Ho.. Consequentlf this fype of in-
Iterference can be serious in cases where an element is to be
determined in a matrix of an adjacent eleﬁent.

The point which needs to be emphasized is that the
purely instrumental neutron activation analysis is very muéh
dependent ‘on the composition of the.sample and is useful in,
only a limited number of cases. ‘Although improvements in)’—.
ray Ge(Li) detectors have considerably improved rare earth_

ffaeterminations; the nondestructive ﬁechnique has lower sensi-
tivities and greater chance of interferences. Therefore grotip
séparation whether based on classiqal or oh modern methods is
very desirable in order to improve tﬂe sensitivity, acCuraéy
and confidence in the results. It may be desirablé to ana-

#

lyze 5 to 10 g of sample. A chemical concentrating process
{

would then be required.

Separation Methods

It is evident that'economical and - gquantitative separa-
tion procedures are required. The procedures used for the
separation of the REE as a group from the interfering ele-
ments haﬁe in most cases béen based on classical hydroxide-
fluoride or hydroxide—okalate precipitation cycles using car-

riers. These procedures can be applied either before or after
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’
irradiation of the sample. Several methods for the determina-
tion of the REE in silicate rocks based on radiochemical group
separation and subsequent.Ge(Li))’hspectrometry have been pub-

lished (61-65). By this means all fourteen elements can be

determined with a precision and accuracy of *5% or better (62).

AAcommonly used radiochemical separation procedure for the REE

includes the following steps.

(i} Fusion of an irradiated sample in a Ni‘or Zr
crucible with Na202 and NaOH in thé presence of REE carriers.

(ii) Dissolution of the fusion cake with.water or
dilute‘ZCid.

{iii) Addition of NaOH or NH,OH to precipitate REE
hydroxides.

(iv) Se?aratién of iron by extracﬁing with isopropyl
ether. v
(v) Sepération of Sc is an important part of the
scheme, because Sc isthPes have strong Y —ray peaks in the
spectra of rock samplés and may interfere with REE peaks.

Scandium can be removed either by diethyl ether extraction in

the‘presence of ammonium thiocyanate or by precipitation of

"REE fluorides using NH,HF., and HF. The precipitate of REE
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fluorides is separated by centrifugation, dissolved in a mix-
ture of HBO3—HNO3 and the lantﬁanides reprecipitated és hyd—'
roxides with NH4OH. AThis procedure may be repeated 2-3 times
since about 50-80% of Sc is separated each time.

(vi) The final hydroxide preéipitate is dissolved in
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dilute hydrochloric acid and used for )Y -ray measurement.

Yttrium is usually not determined along with the sépara-
ted lanthanides, because it iacks suitablé)’—rays. However,
Steinnes (66) reported that ¥ may be determined byﬁ?—Counting
of the isolated lanﬂuuddes;ﬂus yvttrium fraction, but correc-
tions for lanthanide interferences are required.

Before the advent of Ge(Li) detectors, methods based
on group separation and subsequent chromatcgraphic separations
had Eo be used in order to obtain reliable dag?_for many REE
simultaneoﬁsly. Separations based on eluticn from a cation
exchange column with a suitable complexing agent ﬁave been
most popular (67-68). Aiso, other types of separations such
as -anion exchange in presence of EDTA {70) and anion exchange
in ,mixed solvents (7lﬁ 72) have been used.

There are separation: steps described in the' litera-
ture, which separate the REE from the matrix before irradia—
tion, a techniQue thch is not so.common in activation analy-
sis, but wﬁich is gaining popularity with the introduction of
reversed phase chromatograpby in inorganic analysis. The ad-
vantages of preconcentration of the sample before irfad;ation
will be deseribed later in the discussion section in Chapter V.

In a paper concerning the determination of rare earth
impurities in metéllic uranium, the interference due to bulk
uranium was suppressed by passing the sample solution through
a cation exchange column before irradiation. (73).

The method developed by Klein (74) is based on

+
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digestion of the sample by HF/C104, double precipitation of
the REE as oxalates with Ca as a carrier and decontamination
of the combined oxalates from traces ‘of Mg, Mn, Fe and Co

as well as Sc and Th and the carrier by simple ion exchange

-

operatidns. The scheme is shown in Fig. 2.

Fig. 2

Flow-sheet of the preirradiation separation of REE

from silicate matrix by Klein (74)

-

Sample 1st Oxalate 2nd Oxalate
‘ 1 Fusion 0.LN HC1
| HE/HC10 PH = 2 !
4 . ' precipitation
Canbustion
Dissolution 'HN O,
Evaporation Elution with 10N HNO3 Medium: 90%
to dryness - glacial acid
10% 5N I—INO3
Medium: 10% SN HNO3
90% Propanol - (1) C 1x8
100 - 200 mesh
Dowex 1x8 - Th adsorbed
100 - 200 mesh
o i
i T__’ Elution with 0.5 N HNO g

3

Traces Co, Sc. . ' (Mg, Mn, Fe, Co)
Ca, Sc
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In this type of chemical separation before activation,
a blénk should always be carried through the procedure. A
blank problem does not exist with post irradiation procedure.
Finélly, it should be mentionéd that the neutron activation
technique is highly sensitive for the REE. It can be success-
fully employed for the determination of extremely low con-
centrations of REE in various natural.samples, with a com-
bination of chemical separations that increases the sensiti-

vity and reduce interferences.

Spectrochemical Analysis

Optical emission spectroscopy is the oldest instru-
mental method known for analysis of terrestrial matter. 1In
principle a minute quantity of sample is vaporized and ex-—
cited to the point of light emission. The intensity of emit-
ted radiation is measured and related to the elemental con-
centration. Excitation is achieved by means of DC or AC arc
and spark discharges or flames (75, 76). This method is
widely used in industrial laboratories but electrically
generated plasmas for spectrochemical analysis are current-
ly thé subject of vigorous invesfigation and the plasma
sources are being appliéﬁ‘to thedgsterminatiog of‘éeolpgical
materials at trace uantities. Thé\fbllowing discussion will
be limited to the pj;;B&xemission methods.

A plasma is any Luﬁinous volume of gaseous mixtﬁre'in

which a significant fraction of the atomic or molecular

species are present as ions. There are three types of inert
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gas electrical plasma sources now availéble, differing in the
lnumber of electrbdes which are necessary té sustain the
plasma.

1. DC Argon plasma jet (2 or 3 electrodes) (83)

2. microwave induced plasma (single electrode)
(80, 81, 83) (not widely used).

3. Inductively cﬁupled torches (eléctrodeless) (82-84)
These piasma spectroscopic methods provide several of the
most useful and specific means for the determination of the”
rare earth elements at trace levels. Even though the chemi~
cal properties of the vérioﬁs lanthahiéés are very similar,
the energy states of each atomic system are just as unmiguely:
differént for individual rare earth elements as they are for
other elements. As a consequence, spectra produced by energy
transitioﬂs between these states are also highly specific.
Direct excitation of the sample with ICP or DCP provide suf-
ficient detectability, precision and accuracy, . if the sample
is sufficiently pure.. Because the physical properties of
these plasmas offer excellent performance and operational
advantages over arc and spark emission sources, most geoche-
mical laboratories aﬁd many others appear to favour either
ICP or _ DCP.

In general, environmental and geochemical samples_pro—
vide diverse.matrices that are exceptionally complex, both
chemically and physically (85). The complexity of those

samples raiseé the possibility that interelement effects of
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various types or spectral interferences may introduce errors
in the analytical determinations of rare earths. Some pos-—

sible interferences are presented in Table 4.(102).

Types of interferencesnﬁgh.umyerauHe pPlasma is an efficient
excitation source. As a cohsequence, all types of plésma
atomic emission can be encumbered by many interference prob-
lems. The most significant of these are spectral interfer-
ences resulting fram\aEEfy or scattered light, broadband con-
tinuum emission, broadehed matrix element lines and direct
spectral overlap. It is possible to eliminate or to mini-
mize these interferences in several ways. One of these in-
volves the use of a high dispersion, high reéblution mono-
chromator (86, 87). The echellé monochromator is particular-
ly useful for this purpose. This monochromator has greater
resolution than is necessary to provide reliable AES deter-
minations when there are cases of suspected interference(86).
The resolution and disgersion available allow a high degree
of line-isolation and the effect of broadband background ra-
diation is minimized. However, high resalution alone cannot
alleviate every kind of spectral interference. Broadening

of spectral lines'in electrical plasmas can occur to such an
extent that some close lines no longer are inhérently re-
solvable. In some cases, alkali alkaline earth, Al, Ti, Si;
W,‘Mn, Fe, and other matrix concentrations can be so high

that they cause significant background signals and in some

instances cause direct spectral overlap. In the case of
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direct overlap, the operator must select a line different
from the usual one for the element of interest.

Enhancemenﬁ of spectral lihes by matrix constituents
has been reported to occur in DC plaéma jets. This effect is
most likely to occur in cases in which easily ionizable ele-
ments are present in large concentration. In such situations,
it is advisable to use some form of matrix matching or matrix
buffering - e.g. through addition of lithivm to all solutions.
The most satisfactory method is to isolate the analytes of
interest from_the matrix bf employing some kind of effective
separation technique. Recent extensive exgminations of DCP
jet enhancement interferences have not determined conclusive-
ly either the true nature of the interferences or the extent
of the elements affected (88). A cursory examination of the
literature shows that DC plasma jets have not been studied as
thoroughly as other types of emission sources. Nevertheless,
DC plasma jets are being used in ﬁany laboratories to provide
reliable atomic emission analyses for a wide variety of con-
stituent sample determinations.

Separation techniques: Since the REE are present in certain

rock samples at PPM or sub PPM levels, separation of these
elements as a group ordinarily'should precede the analysis.
This separation not onlg allows for preconcentration of the
REE so that lower detection limits are possible, but alsol
signifies the analytical problem of matrix effects, when geo- -

logical samples of widely varying composition are encountered.



As described in the section on NAA, nearly every type
of separation of the REE from a.matrix can be found in the
litérature. In most cases ion exchange, extraction proce-
dures and precipitation ;teps ;re suggested (91-94). One of
the most interesting refinements is to conbentrate the REE
witﬁ the aid of a carrier; Yttrium has been used by Hettel
and Fassel (89) as a éarrier because its ionic radius is
about the samé as for Tb3+ and Dy3+, so that in chemical pro-
pérties yttr;um is right in the middle Q% the rare earth
series and closely resembles the whole group. - Its emission
spectrum is relatively simple, so that detection limits are
not hampered bi interfering matrix lines. Furthermore, any
separation scheme devised can easily be monitored by a radio-
acfive ﬁracer, 90Y, thch is a.[?—emitter and easily obtained
from 90Sr. Non rare earths, such as Ca and Al (90) have also
been used as carriers, particularly with precipitation
separations.

ICP or DCP tgghniqges tbgether with creative sample
‘pFeparations and‘elemeﬁtal separations-have lent thémselves
to a varie£y of geochemical applicEtions,thﬁs allowing for
greater geochemical interprétation. ‘Anqihteresting sepaia~
tion and preconditioning scﬁeme for the;aﬁalysié-of rare earth
elements is described by Crock and Lichtexggéi*; Thézﬁéﬁﬁod |
involves a low temperature multiacid digestionnuéihgﬁﬁgéidi
fluoric, nitric and perchloric acids. This is applicable

when the REE are not present as resistant minerals (9%). If

( - a
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resistanﬁ minerals such as zircqﬁ are presént a lithium meta-
borate fusion is used. After di;solution the sample is taken
up in 50 ml of IN HNOB. The solutioﬂgis loadgd on to a
AG50W-X8 cation exchange fesin that is pre equilibrated with
IN nitric acid. The sample is then eluted with 130 ml of

2N nitric acid which is discarded.’ The REE éontent of tﬁg

sample is eluted with 50 ml of 6N HNO, and 50 ml of 8N HNO

3 3
and the elutes are ‘evaporated to dryﬁess and the residue Fhkén
up ‘in 10 ml of 8N HCl and loaded on to a pre-equilibrated
AG1-X8 anion resin. The samg}é is eluted with 30 ml of 8N
HCl, evaporated to dryness and taken up in 30% HC1l for REE
determination. |

A gradient elytion with nitric acid firsyremoves most
of the metal cations such as Al, Be, Ca, ﬁn, Th, Ti, U, V,
and Zr from sample solutions. Iron is removed as a chloro—-
complex on an anioﬁ exchange column. The final solution con-
tains predominantly REE and Y with minor émoEFts of, other ele-
ments. One gram of sample can easily be takéﬁ ﬁp in 5 ml of
30% HCl. The authors"éiaim that the procedure minimizes in-
terelement corrections if it doeé not'totally‘eiiminate them.
The authors have not mentioned scandium . separation from
the lanthanides. They demgfstrated the applicability of this
procedure for trace analysis of certifiéﬁ“gg;ndard geological
.samples for the lanthanides and yttrium. In the case of silicie

samples one is in the favourable position of being able to

evaporate silicon completely from‘the matrix ; therefore some-

»

/
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what larger sample amounts would lead to higher concentration
of the traces under investigation.

‘_The analysis of inérganic materials by the ICP tech-
nique exhibits a wide range of apblications. A ;eview of trace
element determination in steels by Koch {(97) discusses the use
of ICP. The literature on emission techniques with respect to
aﬁaiysis of geological materials has béen reviewed by Dinnin
(98), Boyko et al (lOd) and Moore leli. Kiesl reviewed ana-
lysis of terrestrial and extraterrestrial materials dealing
with the various steps of analytical chemistry required to reach
Satisfactory re§ﬁlts, such as sampling, sample preparation,
étc. (39). Emission spectroscopy is certainly one of the
.most useful analytical meéhods available for FEE and will un-

doubtedly continue to be the method of choicer

Spectrophotometric Analysis

The absorption of radiatid® in the ultraviolet and .
visible range of the spectrum has geen employed in analysis
since the propoégl of a general law for absorption of radia-
tion by Beer in 1852, Beer's law (sometimes refe&réd to as
the Beer-Lambert or Borguer-Beer law) states that when a co-
'herent monochromatic beam of light passes Ehrough a homoge—
néous absorbing medium, the radiant power will'diminish in
proportion to the number Qf'absorbing moiecules or ions in

the light path. Mathematically this may be stated. as

log§—9-=log = A =€ bc

e



where

P, = incident radiant power'

P = tranémittgd radiant'powe:‘ -
T = transmittance

A = absorbance

€ = molar absorptivity

¢ = concentratioh in moles per litre

b = thickness of cell in cm.

Adherence to Beer's law is one, of the desiderata of a good
analytical.procedure. |
AbaQEPtiometric analyses in the visible and ultra—
violet region can be.éafrigd out directly on the aquocom-
lexes of some of the lanthanides without the use of a secon-
dary color forming agent. -Aithough lanphanide absorption
bands are sharp, theiriﬁolér absorptivities are not as large
as those of the colored complexes normally used in spectro-~
photometrlc analyses Therefore, in the quant;tatrve.deter—
mination of the r;re earths and thorium, the method normally
involves the complexing of the analyte with'an organic dye
and the resulting change in the optical properties of the
dye is measired. The colored solution differentially absorbs
light of different wave lengths, the amount of metal- specific
-absorption belng related to concentration of the analvyte.
Ease and simplicity are often compelling reasons for the se-

lection of a spectrophotometric method of analysis of geo-

logical materials. In fact, color comparison can be applied
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in the field without the aid of instruments (103). The con-

tinual increase in thé.number‘of ap@lications has 5een docu-~

mented in excellent review afticles by Hargié and Howell

(104). Comprehensive discussions of individual mefhods and .

experimental procedures for dealing with a vériety_of-mate;—

ials, including water, ores, rocks, and soils are given in

standard texts such as those of Sandell (105) and Snell and

Snell (106). The book by Jeffrey (40) is a‘valﬁable source

of procedures dealing particularly with silicate rock analysis.
The molar absorption coefficients of most species used

3 5 -1

in trace analysis range from approximately 10~ to 10~ cm

-1 dm3

mol at the wave length designated )\max,.' where € has
its greatest value. Thié enables many elements to be deter-
mined in geological materials at concentrations above about
O.llig‘g_l, provided adequate separations can be achieved

from the matrix.

o
Errors of_Ehotométric methods

As with'othef methods, spectrophotometric methods afe
subject to ;nterferencés. Apait from the obvious errors that
arise from*éaulty procedure and from the instrument, serious
interferences odcurdue1x)thepresence of foreign'substances.

‘Very few coler reactions are absolutely specific. Specifi-
city and selectivity are relative terms, a matter of the dé~
gree of freedom‘frﬁm‘{ﬁterference. Foreign substances may
cause masking effects or render the desireq édlqr reaction

unstable. The major constituent in which the trace impurities
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are to be determined may be considered as a foreign substance
which can cause errors simply because of its large quantity.
More extensive discussion of absorpticmetric errors can be found in the

~

literature (107, 108) and in standard analytical texts.

Methods of determination of the rare earths and thorium with
" .

chromogenic reagents

Rare Earths:

The majority of m _hods for the determination of rare
- earths and thorium infolve reaction with a chromogenic reagent
to form a product Wwith a high molar absorption coefficient.
The choice.of the reagent is governed bf many-factors Such as
simplicity and rapidity of the chemical proceduréé-chgmical
stability of the absorbing speécies, sensitivity and specificity.
Because the reagents are seldom specific, chemical treatment
is often essentiai, apart from the initial process of bringiﬁg

the sample into solution. Several chromogenic reagents used

for the determination of trivalent rare earths are shown below.

Element Reagent’ cﬁﬁiﬁgﬁs m%a_aﬁnsifﬁgngi'ty Selectivity
Lanthanides| Arsenazo-IIT pH 1-4 -S.5—6.5X104. low
Arsenazo-1 _ pH 1-4 : 1)(104 low
Antipyrine S pH 2.5 1X10° low
Alizarin red 8 , “1x10
Carboxynitrozo (Ce)| pH 2-4 l.GX;OS high
Thorium | Thoron (I) pHO.?—l;Z 1.2x10% high
Arsenazo-III pH 1-2 '1.2x105 ' high
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None of these reagents is specific for rare earths except
Arsenazo—~IXI which has beén reported by Savvin (109) to be
moré selective. Cations which have radius of less than
0.7-0.8 °a show no color reactions with Arsenazo-III. These ih-
clude elements commonly found in geoldgical samples such as
Al, Be, Ge, Ti, Sn etc. This reagent also forms complexes
with & arge number of other elements including thorium, uré—
nium ;;E\kirconium at iow pH and iron, yttrium, scandium and
other elements at higher pH. Also interfering are oxyanions
such as phosphate and sulfate which inhibit color formation.

Goryushina et al (110) developedla procedure to deter-
mine rare earth elements. To apply this photometric procedure
it is necessary to separate the rare earth elements from all
other elements that react with Arsenazo-IIX. This is accom-
p;ished by precipitation as hydroxides with ammonia, followed
by precipitation as o%@lates with calcium added as carriers.

Other methods used-inclué; precipitation with sodium
hydrcoxide to remove aluminium and the alkaline earth elements,
‘precipitation with hydrofluoric acid to remove iro%, titanium,
éirconium and other elements forming soluble fluorides, and
chlorination to remove elements that form volatile chlorides
includlng iron, titanium, aluéinium and zirconium. A variety
of procedures for dgtermining total rare earths have been
based upon Eombiﬁg%ions of theée separation procedures. In
most of these procedures there is a significant loss of rare

earths amounting to 3-25%. Aladjem (1l1l) has summarized much

-
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of the information prior to 1966 on the sp?ctﬁpphotometric de-
termination of the rare earths. Cerium is thé 6nly lanthanide
tha£ can be determined selectively in the presence of thé
other rare earths. This is possible by the oxidation of Ce
(III) to Ce (IV).. The latter quantitatively reacts with many
colored reagents and organic dyes e.g. Tris-{(1, 10 phenanthro-

line) iron (II), (Ferroin).

Thorium:

Among the reagents proposed for thorium, Arsenazo;III
is appreciably more sensitive and in addition can be used in
fairly strong acid solution (112, .113). This gives increased
selectivity to thorium and o?lyléirconium, hafnium and U (IV)
interfere. Within limits zirconium and hafnium can be masked
:by oxalic acid, whilst uranium can be okidizéd to U(VI).

IIon exchange, column chromatography, solvent extrac-
tion and precipitation méthods have all been advocated fof the
separation of thorium. None of these_methods gives a complete
separation in a single operation, and a number of authors have
suggested combinations of two.or more procedures. Anion ex-
change resins have been used to remove those elements that form
anionic complexes in chloride solution from thorium and other
elements that do not (ll4). Since rare earths interfere in the
determination of thorium with Arsenazo-II1I, Korkisch and Dimi;
triadis (115) used an anion excﬁange resin in the nitrate form,
eluting rare earths and other elements with nitric acid before

':recovery of thorium with 6M hydrochloric acid. A procedure for
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determining zirconium, thorium and uranium in silicate rocks,
all with Arsenazo-III following anion exchange chromatography
in sulphate media has been described by Kiriyama and Kuroda
(116). Culkin and Riley (117) used a solvent extraction pro;
cedure with tributyl phosphate to recover thorium, zirconium,
hafnium and cerium from silicate rocks and to separate these
elements on a column of cation exchange resin. Oxalic acid
solutions were used to elute zirconium, hafnium and thorium
and hydrochloric acid to elute cerium. The procedure developed
by May and Jenkins (118) involves the decomposition of the
sample by hydrochloric and nitric acids. Thorium and the rare
earths are precipitated together as fluorides with calcium as
carrier, anjpitation with potassium hydroxide and potassium
iodate are used to complete the separation of thorium from
other elements before photometric determination of thorium™
with Arsenazé—III.

A systematic separation of zirconium, uranium, thor-
ium, and rare earths and subsequent photometric determination
with Arsenazo-III was developed by Onishi and Sekine (150 ).
Each métal is back extracted from the organic phase before de-
termination. The outline of the procedure is shown in
Figure 3.

Although.some separations are inevitable in certain
cases the need forrseparations can be avoided by the use of
masking agents. The use of such,agénts in spectrophotometry

and other analytical procedures has been well covered by the
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“Figure 3. Outline of Procedure: (ref. 150)

Sample (20 mL, 4M Hel)

TTA
OJg ' Agh
1
0.2M HF 0.2 M HNO3 TNOA
_—] T —
| Org Ag
+ Ag . - _ |
‘ 0.3M HC1 pH 1.5
9M HC1
665 nm : . TTA
Zr AT
pH 1.5-2.0
650 nm
v,
Org Aq
J pH 4.7
3M HC1 TTA .
Ag Org
BMIHCl - |1M HCL
665 nm S
" Th Af
. pH 3.0-3.5
. 660 nm
REE

"TTA - thenoyl trifluoroacetone

TNCA - tri-n-octylamine
Org - Organic phase -

Ag - Agqueous phase
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book by Perrin (119). For ekample, Savvin et al (109) des-
cribed a spectrophotometric method for the determination of
La, Ce, Pr and Nd in the presence of a 650 fold exceés of
Te(III) based on the color reaction of the rare earths$ with
carboxynitrozo. Interference by Fe(II]) and the heavy rare
earths was suppressed by the addition of EDTA.

In conclusion photometric methods,,espec;ally for
elements such as cerium and thorium, continue to be of.in-
terest, in spite of recent developments in the areas of AAS
and ES,which make these methods superior for the determination of
trace amounts of individual rare earths. New, more sensitive
and selective reaéents hqve been synthesized. In addition, technicues
such aé extraction photometric methods and the userof compe-—
ting ligands to imp;gﬁe the selectivity of chemical methods
continue toc make spectrophotometric methods attractive. More-
over, although strong claims are made for the specificity of
NAATEnd ICP spectroscopy, a certain amount of interelement

interference still occurs (95).
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OBJECTIVES OF THE INVESTIGATION

-Inyestigations of certain problehs in the chemical.
analysis of lanthanoﬁs and thorium at trace levels in rock
samples forms the general suﬁject of this thesis. The ana-
lyst in setting about the determination of the rare earths
is presented with a difficult task, in view‘;f the increa-
singly rigorous requirements of versatility, specificity,
sensitivity and accuracy. At present, many trace elements
can bhe determined at ng-g“l and pg-c_:;_l levels - with satisfac-
tory accuracy and precision ‘-by using proper analftical tech-
niques, that howevér involQe a qgmber of difficult problems.
Thqse difficulties mainly arise from ldw concentration of
trace elements in various matrices. During the past two de-
cades rapid development of electronic instrumentatidn has
created powerful tools for trace element research. Howéver,
with geological, environmental, and biological samples, these
tools can give erroneous results because of matrix effects
when the limitations of the devices go unheeded.

This thesis is "sample-oriented"; that is, techniques.
for opening up, separations, and isolation of the analyte
will occupy our attention ahead of the instrumentation used
for the finish. We shall be at pains to emphasize the prob-
lems of handling real field samples. This has not been the

case in some of the recently published work on the rare

earths. Since one technique alone can seldom solﬁe all the
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problems presented in trace analysis of complex samples, an
integrated approach.was hecessary. Multi;step procedures
have been devised for thorium and lanthanides respectively.
The reader is urged to believe that the costs in time of a
‘multi~step procedure are amcrtized by the savings effected
in avoiding.errors.

In this thesis an attempt is made to answer the
guestions listed below.

(i) What are the special problems in trace analysis of
f-series elements in rock samples?

(ii) Is there a pewerful suitable flux, whose salt
can easily be separated from the analyte species after
fusion? | |

(iii)How does thorium behave in a strongly acidic cation
exchange column in the presence of anions such as carbonate
and phosphate?

(iv) How well can reversed phase partition chromatography
be utilized in the separation of rare earths from rock |
samples?

(v} Is it possible to make separations of lanthanides
into groups by employing the simple reversed phase chromato-

i

graphic made at microgram levelé?‘
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CHAPTER III

POTASSIUM SUPEROXIDE AS A FLUX IN ORE AND ROCK ANALYSIS

The first step in a wet method of analysis is to put
the sample into a suitable solution. An accurate analysis
depends on the choice of reagents for decomposftion, disso-
lution and subsequent separation of individual components of
the sample. The development of such methods began with the
alchemists. The earliest method utilized was thermal decom-
position which served to liberate noble metals and mercury.
The use of nitric and sulfuric acids was described in a 13th
century Byzantine manuscript. Wet digestion with acids such
as HNO3, H2804, HF, HCl and HCld4 are best suited for large
sample throughputs and sample weights. Attention must be
given to problems of contamination, losses of elements by
volatilization and incomplete digestion of some'refractéry
samples.

The conversion Sf rocks, minerals and ores to a so-
luble form often requires decomposition by fusion with a
flux. M. H. Klaproth's {(1743-1817) technique of fusing geo-

logical samples with potassium or-sodium carbonate in a sil-

ver or platinum crucible greatly facilitﬁ\sd the analysis of |

minerals, especially silicates. Numerous other fluxes, aci-
dic and basic, oxidizing énd nonox idizing, have been investi-
gated since the time of Klaproth for use in decomposi;ion of
organic as well as inorganic materials (120, 121). Decom-

position methods have to be reasonably rapid, should not

ALY
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result in loss of analyte sought or contamination by int%r—
fering subksfamces from vessels or added reagents. Fluxeé
should not introduce excessive amounts of salts and the flux
sal¥"must easily be removable from the analyte of interest.
The chosen method must liberate or convert ‘the analyte com-
pletely into a readily measurable form and ideally it should
not require'unusuq; or elaborate egquipment. No universal de-
composition method exists, so the analyst must often display
patience and }ngenuity in order to achieve the best compro-
mise for each sample type met with.

In a prbgram of rock analysis for earths at sub-p.p.m.
levels; we have found it necessary to work with large samples
and to effect a considerable reduction in the volume of
éample solutions in order to achieve the desired concentra—;
tions of analyte. This presents no unusual problems when
the rock is completely soluble in acids, but if it is neces-
sary to resort to a fusion, the large qguantity of added salt
introduces the need for additional steps with their atten-

dant uncertainties. If the analyte species are to be Sepaﬁf—

ted from the bulk of the salts, there is a problem of ensuring-

quantitative behaviour on the\part of these species. This
generally requires.the addition of carriers which is effec-
tive when one employs neutron activation analysis followed
by radiochemical séparations. We have sought to avoid’radio-
chemical techniques and haﬁe therefore chosen to rémove the

bulk cf the Sample salts that derive from the flux while
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leaving the trace analytes in solution. While this is normali;
difficult, it is not impossible, in trace analysis.

It 1s.in the nature of certain rare‘earth—containing
rocks that a strongly alkaline and oxidizing fusion musr be -,
employed, Sodlum peroxide is most commonly recoﬁuended as
the “flux. ThlS substance is partlcularly effectlve for the
decomposition of ferrosilicon, chroulte, iron ores,
platiniferous minerals, etc. Occasionally, procedures entailing
the use of other peroxides, i.e. Mgo,, (12?) andlgaoz (124)
have been reg@mmendeéj#;ut these peroxides do not-long‘eurvive
at élevated lemﬁeratures unless thsy are used in conjunction
with alﬁali. | ?

The separation of sodium ;:%t is not straight-forward'
as it has been shown that in severalvsuggeeted ﬁrocedﬁres
selectivity was.low and applicabﬁ?&ty was limited to a few
particular cases (125, 126, 127)}. Girardi et al (128) have
succeeded in selectively removing sodium by passing a strongly
acidic'samﬁle selution through arEOlumn of hydrated‘antimony (Vf
oxide. Hewever, the proeedgpawis notfpromising for the
separation of large quantities ef sodium on a repetitive
'ﬂ basis because the column cannot be regenerated. | B

e In certain respects, the past can indeed revéil the -
future, at least‘w1th regard to further progress i sample

treatment prlor to analy51s In 1966, Suhr and Ingamells

© (129) suggested lithium metaborate {LiBOz) as a fusion medium

0 ' %
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for most siliceous rocks. This salt can be used to prepare
samples for x-ray fluorescence. fThe authors also showed that
the L1802 melt can easily be converted to a stable acid solu-

tion by quenching and dissolving the melt in 3% HNO (129).

3
Silica does not precipitate. An excellent diséhssion of the
use of lithium borate fusion in rock analysis is included in
a review by Abbey, Aslin and Lachance (130).

Although this appears to be an attractive technique
for the determination of lanthanides in rock samples, there
are certain difficulties. Experzments performed on 200-500
mg samples of a variety of rocks and ores showed turbid solu-
tions on quénching wi;h 3% HNO3 (131).‘ In other cases, mogt
of the guenched meltrdi5501yed but a residue remained or a
precipitate formed. These residues are usually small enough
‘to ‘be ignored if oné is analyzing for ﬁajor coméonénts. In
trace determination of ldnthanides, however, these residues
or precipitatés might well contain most or all of the trace
lanthanides. Isolation and dissolution of such residues is
difficult and the desired advantage of speed is sacrificed.

The residues might be produced in one or more of the

following ways.

(i) Incompleté Attack: Trace elements often exist

in rocks in the form of a few small discrete grains of a par-
ticular mineral. These grains might not be completely dis-

o
7
‘éolved by the fusion procedure.

—

{(ii) Conversion to Carbides: Several elements such.
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as Cr, Ti, W, Nb, Ta, Hf, Zr, Th, lanthanides may react with
the walls of graphite crucible to form very stable carbides

at high temperature. These carbides might not be dissolved

-

by the acid solution usea to dissolve the melt.

4

v"% (iii) Hydrolysis: 1In the 3%‘HNQ3 solution suggested
by Suhr and Ingamells for dissolving the melt;-severai ele-

ments (e.g. Sn, Ti, W, Nb, Ta) can produce insoluble hydroly-
sis products which in turn might a&sofb the trace lanthanides.

(iv} Intercomponent Reactions: Phosphate and sul-

phate present in many rocks, can react with many of the above
mentioned elements arid others, to produce 'insocluble metal
sulphates and phosphates in 3% HNOB.'

(v} Suspension of Graphite Particles: After disso-

lution of the melt; the solution sometimes contains graphite
particles. However, it is never possible to be sure that all .

of the black particles seen in a particular sclution are gra-
; n _ ‘

phite.
Since quantities of lanthanides in natural rock

éampies are often in the order of micrograms, the types of
5
behavior mentioned above would be difficult to identify ex-
perimentally, especially if the éample weight taken for ana-
lysis is small. We have therefore chosen rathér to aveid the
use of the abéve'fluxes altogether and have employed potassium
superoxide, KOZ’ as a new strongly basic, ogidizing flux.

| KO, is available commercially and it Qés found to be

as effective as Nazoz_for decomposing various rock samples.



We normally use the potassium superoxide in admixture with KOH

’

the latter being added in order to reduce the cost of a

sample analysis. We can now report a sucéessful procedure.

Decomposi;ion éfocedure: .The éowéréd rock ore is mixed with
flux in the ratio of 1 part sample to 3 Earts flux by weight.
The flux is prepared by grinding a mixture of K02‘(Alpha Ven-—
tron; Inc.) and KOH in a 1:3 ratio by weight. The sample-flux
mixture is cooled and dissolved in dilute hydrochloric acid:

a nickel crucible.suffe;ed attack as expected but the
zirconium crucible showed very little corrosion.  Three staﬂ-
dard reference maﬁerials* were tested énd each one was fully
> ~KOH differed

from Na202 in ability to decompose silicate materials. The

decémposed. We were unable to judge whether KO

choice of the KOZ;KOH mixture would be govérnedlby tﬁe need
.to remove the excess alka11 salt from the sample solution.
"In some 1£stang§s, one may w15h to determine sodium and the
KOZ—KOH flux, if sufficiehtly free of sodium, cpuld be used
to open up the sample. |
Experiments wefe conducted to determine the efficiéhcy
of separation of the potaSSLum from a selectlon of analytes

at trace.levels. We chose as analytes ions W1th charges from

The materials were the following: . United States eologlcal
Survey No. BCR-1l, a basalt certified for rare eartths; Ener-
gy Mines and Resocurces, Ottawa, Canadian Certified Reference
Materials Project Nos. SY-2 and DL-la. The former was a
lanthanide-containing syenite and the latter-was an arkose

sandstone certlfled for uranium and thorium. P
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+1 to +4. Theée were namely Ag+, Ca2+,'Eu3+, and Th4+.
' \

Experimental

45 152Eu

Materials: Carrier-free tracer quantities of Ca and

were supplied by‘Amersham Co., Arlington Heights, IL. 234

Th
was isolated from uranyl nitrate by extraction with cupferron
(132); Experiments with milligram quantities of the four ana-
lytes weré carried out with aliquots of standard solutions of

nitrate or perchlorate salts.

Determinations: A Beckman model 3133P scintillation ecounter
45 234

was used for radio~chemical determination of Ca and

- Aquasol-2 and Sentiverse were used as"cocktails" for 45Ca and

234

Th.

Th, respectively. A gamma~ray spectrometer with a. NaI (Tl)

detector was used.to dount l52Eu.

Thorium was also determined by a specfrophotometric
procedure which made use of the complex with Arsenazo-—III
(133). The reagent was supplied by Aldrich Chemical Co. and
was used as an.aqueous solution with a concentration of 0.5
mg mL L. )

Silver wés determined turbidimetrically'as AgCl (134).

-

Turbidimetry )

*

Turbidimetry is an important amalytical method which
is based on the scattering of radiation by particulate matter
(136). The suspension{ is placed in a spectrophotometer cuvette

and ‘the transmittance is measured with an ordinary spectrophoto-

L
-

meter.



When light passes through a transparent medium in
which solid particles are dispersed part of the radiation is
scattered in all directions, giving a turbid appearance to the
mixture. The diminution in power of a collimated beam as a
result of scattering by particles is the basis of turbidime-
tric methods.

The attenuation of a parallel beam of radiation by
scattering in a)diiute suspension is given by the relationship
-Th

P =P & v
o]

Where P_ and P are the power of the beam before and after
passing .through the length b of the turbid medium. The quanti-
ty °Y is called thexturbidity coefficient, or the turbidity;

its value is often found to be linearly related to the con-
centration C of the scattering particles. As a consequence,

a relationship analogous to Beer's law results; that is

f-.

r
log,, 59 = Kb¢ —— . (1)

where K = 2.5 7/C.
equation (1)} is employed in turbidimetric analysis in exact-
ly the same way as Beer's law is used in bhbtometric analysis.
The relationship between log10 ;9 and C is established with
standard samples, the solvent being used as a reference to

determine PO. The resulting calibration curve is then used to

determine the concentration of samples.

Liquid Scintillation Counting as an Analytical Tool

Liquid Scintillation Counting (LSC) is the most sensi-
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tive and versatile technique for the detection and méasuremént
of radioactivity. The basic organic scintillator consists of
q_solution of one or more fluorescent aroﬁﬁtic solutes dis-
solved in an aromatic solvent (usually toluene or dioxan).
The-energy of the primary particle emitted by a radiocactive
sample is converted into light and a photdmultiplier responds
to this light energg'by producing a charge pulse which can be
amplifie& and counted by a scaling circuit. The technique is
commonly used for counting a wide rangé of. Q. and B emitting
isotopes in many chemical forms.

In any method for radiation detection, the counting
efficiency (the ratio of the obsérved counting rate to the
rate of radiocactive disintegrations in the sample) is
greatest when the maximum number of emitted particles reaches
the detector and interacfs witﬁlit in the desired way. Losses
in efficiency result when the particles -escape in directions
away from the detector or are stopped in it by some mechanism
which does not result in a count. Beta fays lose their energy
in paésing through matter much more guickly than do X-rays
or 7Y -rays of comparable energy, and thus have much shorter
ranges. Absorption within the sample and between the sample
and detector is most severe for low energy [}—particles. In
order to avoid such losées and to count with high efficiéncy,
the disfances to be travelled must be reduced as much as pos-—
sible. This is the great advantage achieved in liguid scin-

tillation counting.
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In contrast to'other nuclear detection methods such
as Geiger-Muller or proportional counting or detection with
NaI(Tl) crystals or semiconductor detectors, counting by LSC
is unique in that the size and shape of the detector is flex-—
ible and usually is defined by the container. Most commercial
counting systems consist of two phototubes and screw cap vial
as in the arrangement in Figure 4. 1In general the radiocactive
substance is put iﬁto intimate contact with the scintillation
solution by dissolving it, suspending it, or immersing it in
the liquid solution of fluors. The whole "counting sample"
then consists of the radicactive material, or solvent system,
and scintillation solutes. Solvents are designéted as pri-
mary or secondary acc&rding to their relative_abundance and
comprise the bulk of the counting sample. The scintillatidn
solutes are desighated as primary or secondary accordisg ko r
their function in the scinﬁillation process, which Yy be out-
lined as follows (137). 1. The energy of the primary particle
is transferred to the solvent. It may appear as energy of
ionization, or excitation of the solvent mélecule. It is the
electronic excitation energy of the solvent which contributes
most to the eventual formation of light quanta (138). Only
about_S%-of the total energy absorbed from a beta ray gppears
eventuaily as light. The remainder is degraded~to guanta of
lower energy (heat), or is consumed in chemical chanqes.

2. The excitation energy of the solvent is transferred to the

molecules of the primary solute which is a fluor. This is
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bélieved to occur within approximately 10_9‘seconds. 3. The
excited molecules of the fluorescent solute return to the
ground state by emitting quanta of-iight in the visible.or
near ultraviolet region. 4., If a seconda;; solute'is present,
it may éPsorb this light and re-emit it at a longer wave
lengtﬁ. 'The purposé of introducing this solute is the achieve-—
ment of a better match between'the emission gbectrum of the
coﬁnting sample and the spectral response of the photocathode
which detects the light.

The composition of individual scintillation systems
varies and is designed for a particular use or type of sample.
Commercial scintillation "cocktails" are available for sample
preparaéion. A serious limitation of this technique is the
variable efficiency caused by a reduction in the liéﬁt quanta
(quenching) due to the presence of certain chemical iﬁpurities
or color formation. Therefore sample preparation for final
detection is extremely important.

For many years workers have been incorporating inor-
ganic isotopes ¥nto liquid scintillators (139). In a review
on this subjep Coursey and Moghissi (140) repor@gd that 76
radionuclideé*of 57 different elements have been assayed using
LSC techniques. McDowell et al used this technique for the
determination of @ -emitting actinides in phosphatic mater-
ials (141). - ' | |

In our studies we have employed this technique for

counting 234Th and 45Ca which possesses very favorable

3y

1

€



characteristics, and décay through ﬁ?—emission with half lives
of 24.1 days and 164 days respectively. 'The E, ‘values for

‘ ax
234Th and 45

Ca are favorable, being 0.263 and 0.254 MeV, res-
pectively, and this provides good detection efficiency. There

is a minimum of chemical preparation.

General procedure for potassium separation

An aliguot that contained between 1 and 10 mg of one
of the selected analytes, Ag+, Ca2+, Eu3+, or Th®t was added to
50 mL of a solution that céntained 225 mg of potassium as ni-
trate. The solution, contained in a 50 mlL beaker, was cooled
in ice and excess cold perchloric acid (20%) added. The pre-
cipitate was separated by filtration and washed with more of
the acid. _

l52Eu_in KClO4 precipitates was determined by coun-~
ting the solid on a Metricel membrane filter.disc. Counting
was done at 0.24 Mev. 1In thé case of the other ions, the pre-
cipitates ware dissolved in hot water and the deﬁerminations
carried oﬁt by one of the proéedures specified earlier. De-
terminations were carried out similarlf on the filtrates.

The reéult% are shown iﬁ Table 5 . In the case of the
radioactive ions, experiments similar to thﬁse described above
were aiso carried out'with carrier—f;ee tracer quéntities. The
resﬁlts of these separétions were in general similér to those

shown in the table except that the reproducibility was not as

good.



63

TABLE 5

Percentage of Selected Cations Distributed Between

KClO4 Precipitate and Filtrate

- No. of Percent found
Caticn determinations precipitate filtrate
agt 4 10.9 1.4 89.2 * 1.4
456a2% 4, c 5 3.6 2 0.4 | 96.5 % 0.7
Scat p,c | 3. 0.8 \
152p,3% ¢ 5 0.3
2344+ o 3 0.3 )
thit, 4 - 5 99.9 + 0.4

a - Found in first precipitate and filtrate

b - Found afte; reprecipitation -

¢ - Radiochemical determination. 2-10 mg of non-

radicactive ion was present as well In“each case

d - Determined spectrophotometrically with Arsenazo-III

Y

T
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DISCUSSION

With Eu and Th, the separations were efficient and
guantitative afte; a single precipitation: Calcium .required a
reprecipitation of the KClO4. Silve;acaused significant con-
tamination of the precipitate. The behaviour of the four ions
_follows Goldschmidt's Rules which dictate that the contamina-
ticn of a crystal should be minimal if the radius and/or charge
of the foreign ion is dissimilar to that of the ions of the
host substance. The crystals of KClO, are dense ana‘qery well
formed and this leads us to feel that the behaviour‘of other
ions also will be found to conform to Goldschmidt's rules.
0f course it is iﬁportant.to add the perchloric acid to the
sample rather than add the sample to the acid if co-precipi-
tation of cations is to be minimized. Some divalent ions which

2+, Ba2+, Snth and'Pb2+.

have radii close to that of K@ are Sr
A decisign as to whether or noct these can be recovered'quan—
ti;atively‘after a double precipitation'must await further in--
vestigatiocn.

The validity of our claim that KO,-KOH is a useful
flux has been tested by carrying out thorium determinations
on the standard ore DL—ia (sge foo£note earl}er). This work
is reported elsewhere (133). ‘In this coniiption we may point
out that the small amount of unprecipitateéd potassium doeé nct
interfere with the determination of thorium with Arsenazo-III.
This would not have been tq? case had Na.O, been used as flux,

272

for sodium interferes seriously wiEP this reagent.

e
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‘use of Na202 as a flux.

, ~
N

In our work, in which neutron activation fol}ows the
initial sqqple Ereatment, it is essential to achieve.a
quantitative retention of the trace analyté species with a
minimum of interferénce from reagent material. Fortunately,
the reagents that we use lead to acceptébly small blank values.

Potassium has a lower thermal neutron cross section than does -
oK ' :

sodium and the 42K isotope produced upon irradiation has a

shorter half life (l%Qé h} than the sodium isotopes

24Na(lS.O h) and 22Na(2.60 y). Thus the interference by

these latter two isotopes in Y-ray spectra may preclude the

- i

It is interesting to put KO, as flux into an historical

2
context. Some excellent publications (120, 121,'122) deal

with decomposition procedures and it appears from these that
salts used for promoting fusion are limited to those that

) + - -— ! —
contain one of the following six anion types: CO32 , 82072 ’
A2_ — —_ '

O2 -, F , OH , BO33~ and polyborate. In addition, it was
recognized in the time of Agricela, that fusion . of certain
oif&es was facilitated by adding silica as well as alkali

(135). .This is a practice which seems to have fallen into

’

. LI . ,
disuse. -Thus superoxide, after some centuries of analytical

Cx —~
o e

\ - » >
science, Jjoins a very short list.

Oy
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CHAFTER IV
PROCEDURES FQE ISOLATION AND DETERMINATION OF THORIUM

»‘l. y

The generatlon of nuclear flss:Lon energy has led to
the production of large quantities of acti.nides. The reprocessing,
transi\’rt and storage of spent fuel and the permanent dlSposal
of' high level "waste etc., carry # risk of acc:Ldental releases

)

of actinides to the environment. Substantial,amounts have

already been spread as fallout from weapons testing and fram ,p-rocessing

facilities. The presence of actinides at significant concen-

.trations in e'cdsystems would present a major health hazard.

Therefore, it is of prime importance to characterize .and modei
the chemical behaviour of. the actinides in terrestrial and
aqua'tic_: envirormmts,‘particularly for the transuranic elements which

do not normally exist in‘nature. The sources of these elements

are both thorium and uranium which are relatively common

elements in the earth's crust. Thus there is considerable

interest in the behavicur of trace levels of the actinides in the .

1

; ’ ’
Environment, in particular of tRorium and uranium. It is
2 f

expected that thorium will be u As a nuclear fuel and this.

- o
makes it important to determine it in the pregnant liquor and
. f .

raffinate of uranium process streams if it is to be stock-"

piled now. Natural thorium is predomlnantly 232

Th which is
an —-emitter of such\lﬁ specific activity that the direct
radiochemical determination of this element is not ' a sensitive
method of analysis. Therefore a more sensitive chemical
method of determination should be develo"p.ed'. Methods for
thorium determination must jnr;*oq')or,ate a separation fram the-

> -

rare earths and other interfering elements such as U, V, Mo, Fe etc.

)
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i ‘Separation of thorium from solutions that dontain
signifiéant amounts of phospﬂate can be incomplete (142}).
Carbonate also coTplexes thorium strongly. As carbonate gnd
phosphate are important cpnstituents of ground waﬁer and -
qther natural water systems, these two énions may play an
important role in the complexation, adsorption, and other
separations of thorium in natural samples. Phosphate is pre-
sent in uranium process streams also. f

Cation excﬁénge is freqguently uéed té isolate thorium .
from inferfering elements, but published data do not lead to'

unambiguous predictions of the behaviour of thorium in the

cation exchange process when carbonate and phosphate are

wpresent (143, 1l44). We have therefore investigated the ab-

sorptibn and recovery of ;horium at microgram and tracer
quantities as a function of pH. As the ion-exchange procedure
is time-consuming owiné to the nécessity of evapofating a
considérablefvolume of sulphufic acid {the eluate), an
alternative method of separating.phosphate was developeé.

This was incorporated into a complete method for thorium
determination whicﬁ was tested in the presence of uranium,

molybdenum, and vanadiu

Preparations~and General Experimental Procedures

Two methods, photometric determination with Arsenazo
IIT and radiochemical counting, were used for determining

thorium. Photometric readings were made with a Unicam Model
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234

Sp 1800 spectrophotometer and Th. counting was done with

a Beckman Model 3133P scintifllation counter. *'f

. n . ) .
Standard thorium solution. Th(NO3)4-4H20 (Baker, A.R.) was

used as supplied. A stock solution containing 100 ppm Th was

prepared by dissolving the salt in double distilled water and —

adding HNO3 to give a final acid concentration of 1 M. The
solqtion was standardized graVimetricall&f%y evaporatipg
aliquots. to dryness in a crucible and igniting. Working
solutions were prepared freshly_by diluting the stock

solution with 1 M HNO3 to 5 ppm Th. ‘

Arsenazo-II1 solution. A 50 mg quantity of the reagent was
dissolved in 90 mL of water and the solution diluted to‘

100 mL.

Alamine 336 solution. 35 mL of this mixed tertiary amine,
° ‘

obtained from General Mills, Ltd., were diluted with

petroleum ether and o-xylene (3:1 mixture, by volume) to
. A .

500 mL.., Alamine 336 is described by its manufacturer as a

watert insoluble,‘sxpmetrical, straight chain, saturated amine.

" The alkyl groups are a C8 - ClO mixture with C8 carbon chains

predominating. Its‘compositiqn is reported as follows:
tertiary amine content, 95%; secondary amine content, 1%:

Primary amine content, 0.2%; water 0.0% (145).

+

2340y tracér (132). A 2 g quantity of

Carrier—free
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2 ‘
UOZ(NO3)2-6H20 (Baker, A.R.) in lé*mL water was converted to

soluble carbonate complex by addition Qf saturated (N}!4)2CO3

solution until the initial precipitate of carbonate dissolved

234T

and 2 mL of 6% aqueous cupferron solution was added. h

was extracted into 10 mL of chloroform at pH 8-8.5. The ex-

traction was repeated once and the extracts. were combined. K

.
The 234Th was back-extracted with 10mL of 3M HNO3 con£ainihg

2-3 mL of saturated bromine water. The agueous phase was

washed twice with CHCl3 and boiled for 2 min. to eliminate

traces of CHCl3. The volume was adjusted finally to 25 mL.
' &
Preparation of cation exchange columns. Dowex 50-X8 (20-50

227

mesh, Baker) in the H+~form was pre-washed with dilute sto4 [\
followed by water. The height of the resin bed was 10.cm

and the diameter was 1.5 cm. A similar column was converted

Cl. See Figure 5. -

4

to the NH' form by conditioning with 2 M NH .

LY

< Procedure 1 - Photometric determination. The sample solution

was evaporated tb dryness, 5 mL of 70% perchloric acid was
s L T e

§6§ption again taken to dryness after which®
" "?;‘;

l.hL of conc. HC1 was added and the solution again evaporated
: ¢

to dryness. One mL of conc. HCl apd 5 mL of water were

adéed.and“thei

$dded and the solution was transfer ed to a 25 mL volumetric

flask. A 5 mL portion of 8% W/W oxalic¢ acid solution was

l' \"*'»-vf -

addég followed bf 1 mL of Arsenazo-III1 solution. The soluticn
was brought to volume with water. Absorbance was measured at

660 nm in a 1 cm cell. A calibration curve was prepared as



Fig.5. Cation Exchange Column.

i
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described by Abbey (146) for the concentration range 0-1.2

g mL;l. The standard curve passes through the origin and is
valid up to 0.6 ppm. The slope of the curve was 0.58 absor-
cance units per ppm. Ammonium salts, when present, were des-
troyed with conc. HNO, and HCl.(l47).

234

Procedure 2 - Scintillation counting. Th was used as a

carrier-free tracer. Sample solutions were evaporated to
dryness, 1 mL of conc. HC1 was added and the solution trans-
ferred with H,0 washings to a 20 mL scintillation vial (Fisher).
The volume was 12 * 1 mL at this point. A 3 mL portion of
_Sentiverse (Fisher) was added and the solution was‘miggd

and counted in an open channel of the counter with the gain

set at 280. The efficiency of the counter for 14C (Emax =
234

0.156 Mev) was 95%. Since Emax for Th is 0.263 Mev, we

assume the efficiency for this isotope was in excess of 95%.

d
Cation Exchange Behaviour of Thorium

Microgram quantities and tracer levels of thorium in
1M HNO3 yere absorbed by Dowex 50-X8 and recovered by eluting
with 0.5 L of 1.8 M H,50,. Procedures 1 and 2 were used in

the determinations.

Effect of carbonate. -~ Solutions that contained 770 ppm of

C032_ caused cation'd&change beds in the H' form to break-up

owing to CO2 evolutior. * In the NH4-+ form the cation exchanger

behaved well. . . ' ) ' ’
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The absorption of thorium from solutions of 1 ppm
concentration was oompietely inhibited by  the presence of
C032— at a concentration of a mg mL ' at pH 10. The relation
between percent absorption and C032- concentration is shown
in Pigure 6 . This behaviour is similar to that of uranium
and is attributed to the formation of anionic carbonato éom—
plex(es), e.q. Th(CO3)g_(l43). At higher concentrations of
CO3 ~ carbonato complexes of the type Th(Cogjg_ are formed.
This anion is very stable in alkaline solutions and the struc-
ture is presumably as shown:

i.e. Th—°>c =0

~~0o-"
- The thorium is larger in siée than most transition metal ions
and in fact it occupies about the same space' as two s%aller
metal ions. The chelate may be regarded thereforepas a psuedo

five-membered ring and és such it is much more stable than

most four-membered rings.

- Efféct of phosphate. - A study was made of the absorption_.of
thorium on Dowex 50—X8.(H+ form) as a function of pH and at

a phosphate conéentration of 520 ppm. Thorium was lqét to

the effluent in the pH range 2-4.5; the maximum loss (-30%)
occurred at pH 3.8 as shows in Figure 7. Outside this pH
range, thorium adsorétion wa§ quantitative and Fhe element’ was
quantitatively recovered Ly-elution_with 500 mL of 1.8 M

H,S0

27747

The work of Langmuir et al. leads us to suggest that
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Fig.6. Relation between sorption of thorjum

on Dowex 50-X8 and carbonate concentration.
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the following equilibria are responsible for the observed

behaviour (148). A.... I

4+

. ~ +
; —
Th + 2H3PO4‘..F Th(HPO4)2 + 4H

Th (HPO,) , _OH Th(Th(OH)B)(4+m)+

e ————

“ m + 2PO4

The species Th(HzPqu?T and Th(HPO4)2+ are doubtless formed

as well at pH values £2 and possibly higher.

At low pH values, cations are favored in the equilibria

hY

so that there is absorption by the resin. The neutral species
;fh(HPO4)2 is important at iniermediate valueé of pH and this
causes losses to occur. At higher pH values; hydroxo poly-
rcations form and these too ?&e absérbed aﬂdxtightly boun&.

Thé condengation polymerization is seen also with plutonium.:

Toth et al. report that polyﬁerization occurs very rapidly With

/

this element in aguecus HNO. (149)..

3

Phosphate also interferes with the formation of the

coloured Th-arsenazo III complex - {150). We found that PO43—
. e o~

at a concentration of 0.76 mg mL_l prevented the appearance

.-

of the complex for a period of 7 h. After this, the absorbance
\ : :

increased to a maximum at about 30 h after which it decreased
again. This is shown in Figure 8. The absorbance never

reached the value that was observed when phosphate was absent.

We are unable to account for the initial delay.

Separation of Phosphate

We have undertaken the development of an alternative
‘ , B

Y
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{} | | 71,
mephod.of ion exchange for the isclation of thorium from

samples that contain phosphate, uranium, etec. . In this apprdacﬁ,

- the lengthy evaporations of sulphuric acid solutions are

- avoided.

One step in the procedure that was developed consists
of precipitation of phosphate by the addition of bismuth

nitrate. The solubility product of B:LPO4 is reported to be
1 '

1.3 X 10_?3‘at 20°C (151). Not unexpectedly, the precipitate

- carries down much, if not all, of the thorium; however, we

. were able to leach the thorium from the precipitate witﬁ_

warm, saturatgd (NH4)2CO3 solution. The added carbonate
caused precipitation of the excess bismuth.
. R I

N

Procedure 3. A sample of thorium that contains phosphate is

treated as follows. If the quantity of phosphate is insuf-

ficient to ensure good nucleation of BiPO additional phos-#

4!
phate is added to bring its concentration to at least 0.5

1

mg mL ~. A 0.1 M solution of Bi(NO,), is added slowly until

the preéipitation of BiPO4 is complete. An egual volumelof
saturated (NH4)2CO3 solution is added and the mixture kept
on the steam bath for 40 min. The precipitates are removed

on a medium frit filter and washed with saturateg (NH4)2CO3

solution. The (NH4)2CO3 is eliminated by addinj concentrated

HC1 and HNO, and boiling (147).

3

The efficiency of the separation was examined by

treating solutions that .contained 0.5 mg mL™ L of phosphate
' ' 234

Th was also
[] _ V . .
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presgknt. The ﬁ'activity of both precipitate and solution was

determined>\ The results shown in Figure9 show that the

incorporation\of thorium into the precipitate increased With
time if the BiPO4 precipitate was glloWed-to~sband up' to 60 min

in céntact with the mother liquor. The effect of leaching

"I is shown in Figure 10. It is seen that 98 ¥ 2% of the thorium

was recovered in the leachate in 40 min.

Another step was included in the procedure. This
consists oﬁ a soivent extraction with tertiary amine, namely
Alamine 335?/ This is necessary in the analysis of ores, con-
centrates ang mill liquors. Uranium mill raffinate normally

contains phosphate, molybdate, vanadate, and residual uranium.

The following procedure is recommended <

Procedure 4. The sample sélution should have a volume of ca.
25 mL. .The pH of a sample solution iskadjusted to l.Olto 2.5
(ne greater!} by adding dilute nitric acid. The sample is
placed in a separatory funne; and shaken with an equal volume

of Alamine 336 solution. The extraction is repeated once

aftg; readjusting the pH of the agueous phase with the addi-

~

tion of a further 2 mL of 6.M nitric acid. The aqueous phase

is subsequently boiled to expel traces of organic solvent.

After cooling, Procedures 3 and 1 are applied.

2+,

Effect of UO» In the absence of phosphate, neither U nor

Th was extracted into a petroluem ether solution of Alamine

336. When various amounts of UOZ(NO3)2 and phosphate were
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_‘added to allquote of standard thorium solutien, uranium
_entered the organic phase. It is recommended that the concen-
tration of uranium be no greater thah~0.l mg_mL—l.,

‘ The mechaﬂiem or extraction is discussed below. The
* ammonium salts of aminee are formed upoe.protonation with

- strong agueous acids:

+

-
(R3N)org + H +'x -r—-(R3NHx)Org_

The ammonium salts mainly exist as ion pairs i.e. R3NH+....X_
where the radlcal R3NH can operate freely as an extractant
for anionic metal complexes formed ig\the agueous solution.
The uranyl ioh readily forms extractable anionic complexes in
most aeueous acld systems (152, 153). Coleman-and coworkers

(153) found that the amlne extractions of U(VI) from phosphate

solution was qualitatively similar toc the extraction from

sulphate solution. 'A‘relatively low concentration of phosphate"

is sufficient to give an extractable uranyl complex at pH~1
while thorium does not form an anionic complex under similar

conditions.

‘

Effect of molybdate. This element behaved in much the same

mahner as uranium. When both U and Mo were added tc scluticns
containing Th as well as 3 mg of phosphate per mL at a pH of
1.0 - 2.5, both U and Mo were quantitatively removyged by
Procedure 4 and Th was quantitatively recovered in the agueous
phase (Procedures 3 and 1). it is well known that molybdate

condenses with phosphate in acid medium and the heteropoly

¥y
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species is extractable.
The molybdate ion tends to condense in acid
medium (154, 155} according to reactions such as

7Mo0Q -2 + 8H+#Mo 0 6

4 7024 7 4H0

condensation is favoured by certain foreign ions. The most
efficient ion in this respect is phosphate. So this was

added when extractiohs were carried ocut.
2- .2 37 4 126.0.

+__~
+ 230 — PM012040 2

. HPO,

+ 12 McO
The resulting complex is callea phospho-12-molybdate ion. In
the extraction process, three molecules of amine are associated
with one phospho—lZ—molybdaté ion:
+ 2- 2—__ o + 3-
3R3NH + HPO4 + 12MDO4 ‘——-(RaNH )(PM012040 ) + 12H20

The ion quadruplet is soluble in the organic phase.

Effect of vanadate. Both U and Th were quantitatively -

extracted in the presence of vanadate at an initial pH.£ 2.
At pH=z 2, only partial extraction of each element was observed.

We believe that Th and U form extractable heteropoly species

with vanadium at low pH. At pH 2-8, it has been reported (156}

. -
that the major species in vanadate solutions are V 3

309 !
v,0..%" wuv.o 3= mv 0..°". and H.V., 0..%" Scme of these
4-12 7 6-17 10728 - 210728 -

4+ 2+

anions'miéht combine with Th and UO to form neutral

2
heteropoly groups.
However, when phosphate was present also, V and U,.

but not Th, were extracted into the organic phase at pH 1-2.5.

In this situation, uranium may form a complex similar to
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phosphomolybdovanadate (151) which extracts in the protonated
form. Thorium in the aqueous phase was isolated and determined
by applying Procedures 3 and 1, respectively. |
The results of fhe extraction experiments are showu
in Table 6. The thorium recoveries were guantitative except
when la;ge;quantitieg of interfering elements resulted in the

formation of precipitates.
s

Analysis - of -a Certified Reference Material

The validity of the developed procedures was verified
by analyzing a certified ore. The reference material chosen
was an arkose sandstone suppliea by. the Department of. Energy,
Mines and Resources, Ottawa (CANMET) and bore the catalogue
numbér DL-la. The certifiéd mean value for thorium in this
material was 0.0076% and the 95% confideénce iimits were
0.0072-0.0079%. The material was reported to conpain
uraninite, brannerite and possibly monazite and uranothorite.

As sodium interfe;es in the determination of thorium

-

with Arsenazo-III, we opened up the sample by fusion with a

mixture of KO2 and KOH.

Procedure 5. A 0.5 g portion of the finely powdered ore was

mixed ﬁith l g of KO2 (Alpha, Ventron) and 0;5 g of KOH in a
zirconium crucible (158). The migture was fused and heated
to rédneés over an open flame for 3-5 min. Tﬁe cooled
crucible was élaced in a 250 mL beaker and the melt dissolved

with 50 ML of 2 M HNO3. The solution was evaporated to
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TABLE 6 -~ . ¢
Recowery of thorium in the presence of phosphate,* uranium

molybdenum and vanadium

Th taken, Other elements present, mg Th recovered
Mg u Mo v Hg )
25.0(3)P 0.25 — — 25.0£0.2
250.0(3) S 2.5 — | —_ 248.9+0.7
25.0(3) 3.0 —_ — 24,31,
25.0(1) — —_ — X !
600.0(1) 2.5 _ — X
25.0(4) 0.25. 37.0 - 24.8:0.4
250.0(3) 0.25 42.0 | — 247.9%2.3
250.0(1) - 0.25 76.0 - X
25.0(3) 0.25 — 20.0 25.0x0.5
250J0i3) 0.25 — 30.0 249.,1+1.6
250.0(1) 0.25 —_ 40.0 X
“In all cases [E(P_J = 3 mg/ml. Initial volume 25 ml.

The number of replicate samples appears in brackets. )
Precipitation occurred; solvent extraction was not possible.
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TABLE 7

Recovery of thorium in the . precipitation of KC1lO

4
Quantity of xt . ‘Thorium Thorium
precipitated added ) recovered

(mg) ‘ (/.Lg) (g) S

0 25.0 * 25.0
50.7 © . 25,0 " 24.9
72.5 25.0 ° 25.0
145.1 _ 15.0 15.2
217.7 15.0 15.0
290.2 . 25.0 ' 24.9
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dryness on the steam bath. The residue was heated to dehy-
drate silicic acid and after adding 1 M HNO, the silica was
separated on a Whatman No. 41 paper. The filtrate was again
evaporated to dryness in order to render inscluble a further
small amount of silicic acid. The residue was treated with
acid as before and separated by filtration through a fresh
filter. The two washed precipitates wer combined and ignited
at 700°C in a plqtinum dish.

expelled with H.,SO,-HF

2774
in the usual manner. The platinum dish was washed with 1 M

~

HNO, and the washings added to the combined filtrates. The
solution was made up to 100 mL volume and a 50 mL aligquot
taken. This was evéporated to 30 mL volume and coocled in ice.
Pdtassium was precipitatéd by adding cold 20% perchloric acid.
The precipitaﬁe was separated on a medium frit filter and
washed with more cold perchloric acid. The solution was
evaporated to dryness and taken up in 30 mL of 1 M HNO3.
Proéedures 4, 3, and 1 were then applied in that order. . .

The thorium>values obtained with four samples of the
ore were: 0.0074, 0.0072, 0.0075 and 0.0075%. The mean of
these resglts is well. within the 95% ﬁonfidence limits pro-
vided for the ore. Thereé were no rejectéd results.

The removal cof popassium by precipitation as KClO

4
presented no difficulties. We tested the recoveryvof thorium
for a range of potassium concentrations and found the thorium
quantitatively in the filtrate in all cases. The results of

these procedures are given in Table 7.
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The procedure developed in the present work for

solution samples is somewhat more rapid than that involving

fi 1l

the ion-exchange procedure. The effects of possible dissolu-
tion of a small quantity of the ion exchanger are also )
avoided. The procedures are useful when a chemical method of
détermination is to be used. This applies also when it is

necessary to obtain a chemical yield in a radiochemical assay.
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-CHAPTER V

MICRO SEPARATION AND DETERMINATION OF LANTHANIDES

BY REVERSED PHASE CHROMATOGRAPHY’FOLLOWED BY

DCP EMISSION SPECTROSCOPY

bespite significant advances in instrumentation, it

is evident from the review section ﬁhat in a majority of
cases, direct analysis method$ do not enable one to determine
all the lanthanides which may be present over-a wide range
of concentrations, without inﬁerferehce from matrix consti-
tuents. In many reql sample analyséé, preliminary
separations and préconcentration‘of lanthanides are essential
for eliminating interferences from minor or major matrix

"~ components. This results in greater sensitivity by'loweriﬂg
backg;ouhd effects. The closer thatf sample ‘and reference
materials are to being idehtical the more accurate is
calibration. On th? other—hand, the aéﬁantage of an easier
and seemingly more accurate calibration might be cutweighed
by the disadvantage .of pgﬁsible losses of trace lanthanides
during the concentration procedure. - Precipitation methods
when applied to traces are inclined to iééd to losses: or,
when carriers are used, there may be coprecipitation or
occlusion. Moreover, precipitation methods lack selectivity.
One rarely encounters seleqtivity equal to that of dipicry-
lamine toward potassium or dimethylglyoxine toward nickel.
'In general, oxalate shows modest group selectivity for

lithophiles and dithiocarbomates show fairly good group
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1
selectivity for cﬂalcophiles.
Among the fast, effective separation and concentration

methods, ion exchange and solvent extraction hold a very ’

.

prominent place.

3+

Ion exchange: In the ion exéhange process a metal ion Ln
in solution excﬁanges witﬂ-protons oh a solid ion exchanger,
a natural zeolite or a‘synthetic resin. Fhe tenacity with
which the cation is held by the resin depends largely upon
the size of the ion and its charge. Selectivity of an ion
exchanger towards elements as similar as lanthanides and
actinides is not sufficient to ensufe the desired separations.
Various complex formation agents may be added to the aqueous

phase to obtain larger differences in separation factors.

Solvent extraction: This technique is rapid, simple, and can

L
sometimes be used to concentrate small amounts of substances.

I

In a quantitative separation, it is an "all or nothing"/situation.

This mearns that one constituent is essertially all extracted "

from cne phase, while the extraction of another constituent
. s

is practically nil. The main drawbacks of solvent extraction
are troublesome emulsion formation, .and the considerable -
hanipulation that may be involved in making multiple extrac-
tions, each time carefully separating the layers, washing
and finally back extracting. In these processes one is

s

likely to lose sample.

Extraction Chromatogréphy: This is a modification of the
-

solvent extraction technique. A column is packed with a .

.
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solid‘support that wolds_stationary organii<phaée. }n the
sorption stép an aqueous sample issadded to the column and
the vérious solutés are distributed between the organic* and
aqueous,phaseé. The column ﬂg subsequently eluted with an
aqqeoﬁs solution whereupon the inorganic solutes ﬁg;e down
- the column at different rates and are thereby sepafated. Some
authors term this technique "Reversed phase extraction . "
Chromatograghy" (RPC). Extraction chromatography is actually
. a multistagé separation process and it afforxds much more |
;subtle separafions tHan are possible with simple solvent
exzraction. Manipulation is minimal and the scope of
Mmossible separations is large.
The theoretiqﬂl and technical aspects of extraction

L

‘techniques including chromatography as applied to inorganic
analysis hav; been treated in the ﬁonoéraph of Markl (159)
and the moncgraph on "Extraction-Chroﬁatography" edited by
Braun and Ghersini (160}. In Q?dition there are large
numbers of comprehénsive books on solvent extraction (161,
162, 163, 164, 165} and chromatography (166-170). It may
suffice here to recall the following points.

(i) All chromategraphic- separations are based on the
differenttal migration of solutes through a system of
two phases, one of which is mobile.

(1i) Thg ability of any chromatographic system to perform

separations depends upon both the selectivity and

efficiency of the chromatographic system. J

»
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(iii) The selectivity is expressed in terms of the relative
retention volume of the~pair of components to be
separated, while the efficiency is measured by the

) -number of theoretical plates (or plate height) generate@d.

N in the chromatographic column. -

(iv) The plate height depends on operating conditions such

as eluent flow rate, paftiq}e size and shape of the

- support material, stationary phase loading, temperature
etc.
(v) The relative retention is a gquasi-equilibrium property

‘of a specific system that depends on the complexing

ability of the extractant.

Extractants: The task of developing new extractants is
lusually directed at incggg;;ng seleétivity. The principles
of seléctivity are still to be developed. In the chromato-
gfaphic analysis, selection of the pfoper extractant is of
‘paramount importance. The extractant should be such that
the distribution éoefficient of the analyte of interes£
d;ffers from that of the unQanted matrix constituents by a
factor of at least 10 to 100. The extraction system should
conform to-a number of other requirements also. The
components to be separated should be readily extracted into
the stationary phase. Both phasgs should be mutually
saturated,’sb ds not to change the composition or amount

during the chromatographic process. There should be no

interaction between the liquid phase and the support

Y
-
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material.

General .principles for the selection of extfactants
are discussed by :Zolotov and Petrukhin (171, 172). One JE
the principles is based on the concept of hard and soft
bases and acids. According to this idea hard baseé”reacé.
preferably with hard acids aﬁd soft bases with soft acids.’
Extractants usually play the role of bases; oxygen-containing
extractants being hard and sulfur-containing extractants
being soft. Extractants with a basic nitrogen atom'haye an
intermediate character. It is reasonapble to use oxygen-
containing extractants for hard cationgﬁhicp are usually
lithophilic and sulfur-containing extractants for
chalcophiles;

With the use of most selective eﬁtractanté and simple
new methods of multiple extraction, extraction éhromatdgraphy
has proved a viable alternative to ion exchange for the
separation of adjacent lanthanides and actinides and also
.isolation of these elements as a group. The raising of this
techniéue to a positicn competitivé with ion‘exchange for such

separations is mainly due to three importaAt advances that
began 25 years ago. These were (a) studies by Peppard (173)
who developed acidic phosphorus-based extractants, .(b} the
development by Moore of long chain tertiary and quaternary
~ amines as anion extractants (174), and (c} the development of

new techniques‘of extraction chromatography, first success-

fully applied by Siekierski et al (175, 176, 177).
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?hese‘developments constitute the foundation for the -
rmost effective separations of tripositive actinides and
lanthanides. It is probably‘the main objective of this
thesis to demonstrate the usefulness of extraction chromato-
graphy in rare earth analysis and to apply the findings to
silicate rock analysis. The author has sought to maintain a
simplicity in the opératiéns of sample treatment. Industrial
analysts have expreésed some dissatisfaction toward high
performance liquid chromatography instrumentation in the
routine laboratory. The chromatography described herein
consequently avoidslinstrumentation.

Table 8 lists some extractants £hatih§§éﬁbeen uséd,
for inorganic ions. Several of those listed ﬁave only .
recently been investigated. Extraction chromatography was
first applied to fractionate the lanthanides {178). From a

|

selection of potential extractants, chromatographers early
centered upon HDEHP as the extractant of choice and ité use
con;inues even though HEH#P is known to be more selective
with a mean separation factor of 3.0 formlanthanides (176).
In our studies we have selected HEH@P to evaluate the possi-
bilities and limitations ih fractionaﬁing lanthanides among
themselves, and isolating them as a group from other matrix

elements. HEHPAP meets all the requirements for the chroma-
tographic study of lanthanides. Thé synthesis of HEH@Pis

_ described in the experimental section.

" Support material: Together with that of a suitable




94

- TABLE 8

Extractants for Cations

Alkyl Sulphonic and Carboxylic Acids

HDEHP bis(2-ethyl hexyl) phosphoric acid

HEH@P 2-ethyl hexyl hydrogen phenylbhosPhonic acid
‘OPPA bis(2-ethyl hexylj pyrophosphoric acid

HDOP bis(n-octyl) phosphoric acid-

DDCP dibutyl—N} N-dietheyl carbamayl phosphonate

Extractants for Anions

TLMAN03 ~ tridodecyl methyl ammonium nitrate

Alamine 336 trioctyl and tridecylamines

Aliquot 336-S-X trioctyl and tridecyl methyl ammonium salt. '

1
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extractant, the selection of the proper support material is

very important in Qgi?matographic analysis as it has the

task to retain the extractant and maintain its stationary

without adversely affegting the desired separation. An

ideal support has to meet the following reguirements.

1.

To display good wettability by the stationary phase and
to retain it in sufficient amounts. The fixed phase must
—_—

not tear off the support with the flow of the mobile

phase.

2. .4To be chemically inert, it must not dissolve or swell or

react with stationary and mobile phases. It must not
adsorb the components of the sample to be separated.

To consist of particles as identical as possible (spheri-
cal ones are'the'bgst), which allow the most un;form and
reproduciblé column packing. "7

It should have a large enough surface to retain the
stationary phase as a thin uniform film. Porous supports'
generally meet this requirement; but the pore distribution
has to be within a narrow range of sizes, since the

effect of different pore sizes is equivalent to that of
different particle diameters. Pores must not be too
narrow, as the e€quilibrium with the liquid retained in
narrow and deep pores may be very slgw leading to én
additional broadening of the chrom&tographic peaks.

When applied for routine analyses or preparation purposés,

it must be relatively cheap or permit regeneration.
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There is no ideal support for reversed phase partition
chromatography, so one must choose within a wide range of'
substances which partially meet the above—mentiqped regquire-
ments. S;iicg particles or Kieselguhr are the support
materials most often used in the reversed phase mode’ of high
‘performance liquid chromatography (HPLC) (179, 180, 176).
Kieselguhr 1s a diatomaceous eéfth consisting of about
S0 Qt 2 SiOz, the rest is composed of Al, Fe, Na, Mg, Ca, Ti,
traces of Cu'andrMn. It is made organophilic-by silanization.
These materials have shown to be highly efficient and
versatile f&r a large variety of separations. However,
routine use of silica-based HfLC packings with either low oxr_
high pH mobile phases is difficult. At pH values less than
2, hydrolysis of siloxane bonds can occur, while above pH 7
dissolution of silica is possible (181). 1In particular these
limitations imposed by the ﬁobile phase restricts the utility
of the silica-based ﬁackings. Also, the presence of
unprotected oxygenated reactive sites such as hydroxyl group§
diminish the nonpolar character of the ‘support, thereby
causing bleeding of the extractant. These sites may also
adsorb various inorganic cations, ahd_might lead to non
repro ible chromatograms. In our spectrochemical deter-
mingtion of some lanthanides by DCP, the presence of a few
ppm ®f silica caused erroneous results which_are shown in

Table 9 . The cause of the effect of silica on the deter-

mination of lanthanides is mt apparent. v
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" TABLE 9

Interference with Si0, Matrix

97.

2
Element| A, nm Concentration S5i added Percent Error
ppm ,bpm
La 408.6W/ 1.30 40 +22
120 +22
240 +22
2.28 40 +23
80 +19
Ce 418.66 0.56 83 +6
- 166 +19 s
Dy |353.17" 1.48 83 ~47
: 166 -32
Yb 328.94 0.96 83 +22
166 +25
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We have avoided the ﬁse of silica Based material as
inert support and have used phenylated Kel-F powder instead.
The derivatization of Kel-F (Polychlorotrifluoroethylene)

particles by organolithium reagents for use as HPLC packings

was investigated recently by Siergeij.and Dpnaldson.(182,
183). - They have apgﬁied this support for the separatioh of'
brganic mixtures. >W¢ have chosen to use phenylated Kel-F
powder as the suppert material as it .meets almost all the
requirements of a support material for reversed phase extrac-
tion chromatography. Preparation and charaéterizqtioh of

phenylated Kel-F is described in the experimental section.
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EXPERIMENTAL METHODS AND PREPARATIONS

Preparation of the lanthanide standard stock solutions

Accurately weighed quantities of rare earth oxides
(specpure, 99.99% Johnson Mathey Chemicals Ltd.) were

dissolved in 100 mL of 2% HNO3 to give sclutions with

concentration of 1 mg-ml_1 of the element. Working standard

solutions were prepared by diluting the stock solutions with

doubly distilled water.

p

In the case of cerium, the stock solution was prepared

>
i

as follows: A 0.3832 g. quantity of CeO2 was digested with
15 mL of 70% perchloric: acid, 10 mL of water and 2 mL of

30% hydrogen peroxide. The resulting solution was evaporated
to dryness and 15 mL 1l:1 sulphuric acid and 1 mL of hydrogen
peroxide were added. The solution was evaporated to white‘
fumes, codled, and diluted to 100 mL with water in a

volumetric flask.

Aluminum Standard Solution: An atomic:absorption standard

or

reference solution, containing 1000 ppmit 1% Al, was obtained
from Fisher Scientific Co.
Calcium: 0.675 g of CaCO, (Baker) was dissolved in a 500 mL
volumeﬁric flask. Sufficient hydrochloric acid was added
to give 0.1 M acid concentration. \

1

Scandium: An Atomic Absorption standard refergnce solution,

containing 993}Lg ml_l, Sc in 2% HNO3 was supplied by
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+Aldrich Chemical Co. -
Silicon: -An Atomic Absorptidn standard reference solution

containing lOOOpu;ml_l, Si in doubly distilled water

supplied by Aldrich Chemical Co.

Alamine 336: A'25% V/V solution of alamine was prepared with

a 1l:1 mixture of petroleum ether (6.p40 - 50°C) and o-xylene.

Synthesis of Extractant

2-ethyl hexylhydrogenphenylphosphonic acid (HEHZP) was
synthesiied by alcoholysis of phenyl phosphonic dichloride
(Aldrich) with 2-ethyl-l-hexanol (Aldrich).

0 0 0

i N t
— p-Cl _pressure bottle . 1 s
o P~\Cl + 2ROH stirring, 48h 7 ﬁ ? OR*-¢ +?2K§R

' OH  OR
The reactants were mixed in a 1l:2 molar ratio jh benzene and
put into a pressure bottle. The reaction mixture was sti;red
for 48 h at room temperature. After completion of the reac-
tion, the pressuré was released carefully and the mixture was
washed several times with watér. The react;on mixture was
taken up in ether and shaken with 15% NaOH in a separatory
funnel. The aqueous solution wasrscrubbed with benzeﬁe to
remove alcohol and unhydrolyzed diester and theq acidified
with concéntrateé hydrochloric acid to liberaté HEHﬁP. This
was taken up in anhydrous ether, dried with anhydrous magne-
sium sulfate and filtered. The solvent and other volatile
materials were removed under reduced pressure. The structure

and purity of the extractant was confirmed by proton and l3C
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'NMR and mass spectrometry. The specFra are shown in Figs.
11, 12, 13, respectively.

The results of elemental analysis were C, 62.07%; H,.
8.63%; calculated values for C, 62.21%; H, 8.57; O, 17.75%;
P, 11.46%.

The 'H NMR spectrum wag obtained for a solution in
CDCl3 with a varian EM 360 Spectrometer, operating, at GOﬂHZ.
Shifts are relative to TMS. Resonances appear at 7.2 - 8.%*
gpm (multiplet arcmatic H); 4.0 ppm {doublet of doublets

.
P — OCHZ)} and 0.3-2.0 (multiplet corresponding to -fifteen

aliphatic H atoms).

The 13

C NMR spectrﬁ'was cbtained in CDCl,; with a
varian FT80 instrument operating at 20.2 MHZ' Shifts are in

: S - 3
ppm and are relative to TMS_péﬁk and these are as follows:

132.0 (para CH, J = 2.2), 131.3 (meta CH, J "= 9.8):
c-p c-p

128.3 (ortho CH, Jé—p = 15.5); 124.2 (quaternary C); 67.8

(CCHZ"%rp = 6.2); 40.1 (4, Jc—p = 7.2); 29.9 (CH,);

28.8 (CHZ); 23.2 (CHZ); 23.0 (CH2); 140 (CH3); 10.4 1CH3).

The mass spectrum was- obatined with a VG 7070 E
instrument. The electron energy was 70eV. The temperdture
of the ion source was approximately 200°C. Although a

molecular ion peak is not seen, there are characteristic

mass such as 77 for C6H5+.

Phenylation of Kel-F powder

Kel-F 6061 (100% poly(chlorotrifluoroethylene) was



Fig.11. The'H NMR spectrum of HEHBP in €Dl 5.
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13

Fig.12. The '°C NMR spectrum of HEH@P in cocly .
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'.obtained as a white 80 - 100 mesh powder from Afton plastics
mouldiné company, Lakeland, Minnesota. It was reduced to
250 - 325 mesh in a shatter box that contained some dry ice.
Sizing screens were used to select the desired fraction. The
powder was further sized by stirring in a 15 cm high beaker
filled with 2-propanol. The fraction which settled within
30 minutes was collected and sucked dry. Twentf—one grams
of the dried Kel-F was mixed with 250 mL of dry THF (Aldrich
Chemical Co.f and heated to 50°C. The mixture was purged
with argon for 30 min. A ninety-five milliliter volume of
1.8 M phenyllithium was added drdpwisé and a green colour
appeared in the reaction vessel. The mixture was heated
~under reflux for 3 h. Excess reagent was hydrolyzed by
dropwise addition of 5 - 7 mL of distille@ water. The
product was separated by filtration apd washed with hexane,

acetone, 2 propanol, water and methanocl. The dried product

was brown.

Characterization of phenyl modified Kel-F

The phenyl modified Kel-F was identified as such by

1

infrared spectrometry. Absorption bands at 3060>cm_ and

3028 cm +

and the overtones in the 2000—1660,c~:m—l range
clearly indicated the presence of substituted aromatic groups.
Two characteristic bands at 758 cm_'l and 697 cm ¥ confirmed

the presence of monosubstituted benzene. The primary '

reaction occurring is the following:
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Fig.14. Scanning electron micrograph of Kel-F 6061
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Fig.15. Scanning electron micrograph of phenyl Kel-F.






Fig.16. Scanning electron micrograph of phenyl Kel-F

impregnated with extractant HEHgP .
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Cl ' CeHg
'(CFZEIF)n + CHgLi—» —(CF,CF)  + LiCl.
An electron micrograph of underivatized, derivatized Kel-F,
and impregnated with the extractant, HEH@P is shown in Figs.
14, 15, 16 respeétively. It appears that the organolithium

reaction increases the number of small particles which leads

to a higher surface area. -

Cclumn Preparationq’

A weighedquantity- of pheﬁylated Kel-F powder was‘
stirred with a known amount of complexing agent (HEHBP)
dissolved.in o-xylene. The solvent was evgporated under a
heat lamp while stirring with a glass rod. The coated
polymer has acidified and hydrated by étirring in 0.1 M
HClO4 or 0.1 M HCl for one hour. The wet material was
transferred in small portions to a glass column and pressed
gently into place with a flat ended stirring rod in order to
remove voids. A plug of glass wool was placed at the bottom
and on the top of the resin bed to prevent dislodging of the
particles when solution was added. It also helped to
prevent the top of resin bed from drying out if the liquid
on top of the column was depleted. The column was washed
with several column volumes of an aqueous solution of the
same type as that to be used to transfer the sample. The

aqueous solutions were equilibrated in all cases with HEHﬁP

in order to.prevent depletion of the‘extractant'phaSe when
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Fig.17. The schematic diagram of a chromatographic

column,
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the column was in use. All the acid molarities were deter-
nined by titration with standard base NaOH and phenopthalein
as indicator. Empty glass columns were sometimes made
hydroghobic by exposure to dimethyldichlorosilane vapour
(in an oven). All columns were provided with a reservior
for an eluent of an appropriate volume as shown in Fig. 17.
The dead wvolume below the coluﬁn bed was kept as low as
possible. The reservoir was fitted on top with-a ball joint
to provide a'means for the aéplication of overpressure; if

needed.

DCP Spectrometry

-______,/_"}

The atomic emission system utilized in this investiga-
tion was the Beckman-Spectrospan V combined with a high
energy dc plasma excitation source with a high résolution
Echelle grating. The instrument converts liquid samples into
aeroscl form and this is introduced into the eécitation
region. An Echelle grating and prism in the optics module
separate the emitted light into its component wave lengths
and creates a 2-dimensional spectral pattern 4" by 5"

(10.2 X 12.7 cm) in area. This compact spectrum permits
choice of wave lengths from 190 nm to 800 nm. The intensity
of the emitted light at predetermined characteristic wave
lengths is proportional to the concentration of the element.
The signal was integrated for 5 seconds and the integration

repeated twice under computer control.
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Fig.18. The schematic diagram of the DC ‘plasma jet.
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The computer uses a calibration to convert the
measured voltage {for each channel) to a value representing
the actual conceptration of that element. The calibration
was done- by measuring two known concentrations of that
element (a low and a' high standard) pri;r to the test, and
assuming a linear re;étionship between measured voltage ana
eiement qoncentration. Concentrations were provided as a
printed‘output. The schematic diagram of the piasma.jet is
given in Figqg. 18; This is a high energy dc argon plasma
formed by a tungsten cathode and two carbon anodes in an
inverted "Y" configuration.

The operating parameters were as follows; Argon
(commercial grade 99.5%) was introduced at a flow rate of.

7 litres min_l. The‘sample uptake‘ratg was appré%imately
2 mL-min~T. The temperature iﬁ-the excitation region
according to the manufacturer was 6000° - 7000° K.

Table 10 lists the analytical aneilengths used in this

study. The wave length chosen were not necessarily thermost

sensitive, but they offer adequate sensitivity with minimal

interferences.
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TABLE 10 -

The Lanthanide Wave Lengths

Element ‘ ' ! Wave length, nm
La ‘ 408.67
Ce _ - 418.66
. Pr - ' _ 440.88
Ng ‘ ‘ 430.35 S+
Sm T 443.43
Eu . 420.50
Gd | ' . 310.05
Thb o " 350.91
Dy : : 353,17 ‘
Ho \ ' T 345.60°
Er }369.26
Tm \ | 31312
Yb | , : .7328.94 -
Lu o : ¥  261.542
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RESULTS AND DISCUSSION

v

Extraction mechanism , ¢

The extraction of tripositive ions by mono-acidic
derivates of phosphoric and phosphonic acids may be repre-
sented by the following equation (184)

M3tag + 3(HA, ), g M(HA

+
orgd 2)30rg + 30 aq.

1

In this reaction, hydrogen ion is replaced in the weakly
acidic extractant by a metal ion followed by-solvation of the
metal complex in the organic phase. It should be noﬁed that
HEH#P exists as a dimer ;n most diluents (185). The strength
of the metal complex is dependent mainly on the size and
charge of the ﬁetal icn. This of course, implieé that in a
reqular series of elements such as tpe lanthanides and*:T
actinides, the order of extraction is dependéﬁt ﬁpon the
contraction of. the ionic radii with increasing atomic number.
The -smaller ion is bound tightef to the extractant, and is

_ favourably distributed in the organic phase and is difficult

to strip back with lower acid concentration.

3

Back extraction

We have prepared various synthetic samples consisting
of lanthanides in 0.1 M HClOdf An aliquot of 25 mL was

taken in the separating funnel and an equal volume of 10% V/V

-

S——_
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HEHZP was added and shaken for five minutes. ' After carefully

separating the two phases, 7,5M HNO,was used to strip back

3
all the lanthanides by shaking twice. The % of back extrac-
.tion of some of the lanthanides is shown in Table 11. The
aqueous phase was tested qualitatively with Arsenazo-III and

* by DCP emission spectroscopy which gave a blank cqlaﬁr and
reading respectively. The results show thét the back
extraction is not more than 86% for lighter lanthanides and
the percentage recovery graaually dEEreases with heavier

ones. These results demonstrated the need for extraction

chromatographic technique.

Chromatographié separation of lanthanides

e

Some preliminary experimentS were carried out on th%
lanthanides, namely La, Pr, Nd, Sm and Eu. Weé adopted the

following chromatographic procéduré}.

Chrématographic procedure

i
4

A few micrograms- each of several 1anthani@e elements
were mixed together in a 100 mL volumeﬁric flask with 0.1 M
Hél. The column length and internal diameter were 11.5 cm
and. 0.6 cm respectively. fhe percent extractant was 17.4
(W/W). By means of an Eppendorf pipette,-a 0.05 mL sample
was placed on the top of the colﬁmn. Chromatographic
development and e}ution of a first fraction was ;ar:ied out

with 0.7 M HCLl equilibrated with HEH¢P.. The flow rate was




TABLE 11

Percent Recovery from.HEﬁibP by Double

Back Extraction with 7.5 M HNOj3

Analyte % Recovered
La - 86
Ce B85
Pr 86
Sm 80
Eu 84
cd 82
Dy 57
Yb 19

117
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ga 3. drops rn:'Ln_l aﬁa was normally induced by gravity only.
Forty drop portions of the eluate were co;lected in glaés
vials with the aid of a microfractionator. The samples were
evaporated to drynesé under a heat lamp and taken up in

5.0 mL of 0.1 M HNOB. Each element was determined by DCP
emission spectrometry. A Blank-was carried along with the

samples. A second fraction was eluted with 1.2 M equilibrated

HCI.

Quantitative recovery of lighter lanthanides

r

The glass columns used in this experiment were
0.6 cm I.D. X 11.5 cm long with a reservoi; 2cm I.D. X 13 cm
long at the top and a drip tip plugged with a glags wool at‘
the bottom: The extractant percentage was 17.4 (W/W).
Individual lanthanides' were introduced on the column separately
and they were eluted with specific Volumesjof acidslof
appropriate concéntration and determined; Both spectrophoto;
metric determination with Arsenazo-III and DCP spectrbscopy
were used for the ‘determinations. In the DCP determinatiocns
the eluate was evaporated to dryness under a heat lamp and the
residue was taken up in a specific volume of 0.1 M HNOB. For
colorimetry, the eluate was evaporated to dryness and the
residue dissolved in 10 mL of 0.4 M HCl. The sample was
gquantitatively transferred to a 25 mL volumetric flask. One

mL each of 50% ammonium acetate and of Arsenazo—-III solution

were added and the sample was diluted to volume with water.
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Fig.19. Chromatographic separation of La, Pr, Nd

from Eu .
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Fig.20. Chromatographic separafion of Nd from Sm ..
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The absorbance was measured at 660 nm in a 1 cm cell with the
reagent blank serving as the reference.

Conditions for the separaﬁion of lighter lanthanides
into two groups were established. Figs., 19 and 20 show
examples of such separations. Although separation between
adjacent pairs is not quantitative, there is a remarkable gap
between neodymium and samarium. Moreover, it was not possible
to elute Sm and Eu with 0.7 M HCl. Therefore, we adopted a
step—-gradient elution technidue. In the second step, we
increased the acid concentration to 1.2 M.

The break in the elution curve between Nd and Sm is
attributable to the "tetrad effect" described by Peppard et al
(186, 187). Their plot of the logarithm of distribution
coefficients or separation factors against atomic number
displays a segmented curve with four sections. Théy tentatively
generalized the "tetrad effect" hypothesis as follows:

In systems involwving all 15 lanthanides

(III), the points on a plot of the logarithms

of a suitable numerical measure of a given

property of these elements VS Z may be grouped

through the use of four smooth curves without

inflections, into four tetrads with Gd being

common to the second and third tetrads and the

“extending smooth curves intersecting additionally

in the 60-61 and 67-68 Z regions. In a similar

plot for actinides (III) an analogous tetrad

effect is apparent with the curium point being

common to the second and the third tetrads.

In their studies on the separation of the lanthanides

'by extraction chromatography with HEH¢P, Fidelis and

Siekierski (188) observed this effect and presented it as

"Regularities in Stability Constants". The effect of
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regularities consists in a definite sequence of four minima
and four maxima in a separation factor along®the series of
lanthanides. The essence éf the effect consists in some
stabilization of the two pairs of electron configurations

£3 — % ana £1° - £11, in addition to the stabilization of

the fo, f7 and f14 configqurations. These stabilizations
result in the main division of the whole group of f-electron

elements (f0 - fl4) into two subhgroups, f0 - f7 and f7 - f14

r

and in the further internal division of each of the two

subgroups by the f3 v'f4 and f10 - fll

pair respéctively.
Therefore the name "double-double effect" was introduced (189).
The stabilization of certain electron configurations has an
influence on complex formation along the lanthanide series.
We have noticed this stabilization between Nd and Sm.
" Samarium, being strongly complexed with.HEHQP, needed a higher
acid concentratioﬁ for elution. Since the "tetrad effect" is
well known in extraction chromatography, we have not proceeded
further to confirm this effect in other subgroups in the.
in the series. We therefore studied the quantitative loading and
recovery of individual iighter lanthanides and obtained
excellent recoveries. The results are shown in Table 12.

The behaviour of the principal rock-forming elarénts was also
studied. A l7.95FLg of aliquot of Al in 0.06 N HCl was loaded on to
the column and the drops collected in 5 fractions. Aluminum
was determined by Atomic Absorption Spectroscopy and the

results are shown in Table 13. Similarly 27.0 /g of calcium was



TABLE 12

Quantitative Recovery of Lighter Lanthanides
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Column length ='11.5 cm;
I.D. = 6 mm; ‘
% extractant = 17.4 (W/W)
d(a)

Analyte JIx:g. taken flg, Recovere

(a)

La
Pr

Sm
Eu

20.2 20.2 + 0.82 Eluted with
26.2 25.8 & 0.77 0.7N HCl.
13.0 12.7 % 0.51 Eluted with
11.0 10.9 £ 0.23 1.2N HCL.

Triplicaté samples, determined by both
spectrophotometric method with Arsenazo-III
and directly coupled plasma emission.
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TABLE 13

Aluminum Recovery

3
Column length = 11.5 cm
I.D. = 6 mm
% extractant = 17.4 W/W
Eluent = 0.1 M HC1
Total Aluminum loaded an the colum = 17.95 g
Fraction Number . No. of drops Al, found,;Lg
1 100 | 4.38
2 © 105 © . 5.82
3 100 | 4.30
4 100 5.00
5 100 : 0.00
Tdtal 19.50
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loaded on to the column, eluted with 0.1 M HCl, collecting
thg drops into several fractions. The fractions were analyzed
qualitatively by flame emission spectroscopy. All the
calciuﬁ was elutea But by about 200 drops. The extractant
HEH#P has exceptionally strong extractive capacify for
lanthanides, when the agueous phase is acidic and it has
Hiéh discrimination against extraction of the common elements
particularly Ca, and Al.

In order to ensure against éolumn saturation when
working with higher concentrations of lanthanides and when
doing rock analyses, lérger columns than those described

above were used.

.
Quantitative recovery of all the lanthanides

\
\ |
The length and the internal diameter of the column
were 5 cm and 1 cm re5pect1vely in . this experiment. The
column material in this case waség%% (W/W) of HEHPP.
/
Aliquots of all }he"lanthanides except promethium were mixed
together in 0.1 M HC104. The volume of the sample introduced

on the column was 25 mL. The column, charged with lanthanides,

was initially washed with 50 mL 0.1 M HC104. 'Stepwgradient
" ) {

elution with nitric acid was used, the final step being

carried out with pre-equilibrated 7.5 M HNO,.

The eluate was collected in two successive 100 mL

fractions. These were individually evaporated to dryness

‘and wet ashed with nitric and perchldric acids. The residue
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was taken up in 0.1 M HNO3 and determinations'carried out by
DCP emission spectroscopy. N

We have also added to the synthetic sample, 200.0 pfé,
541.0 g and 7.9 jug of Al, C:'a., and Sc, respectively. The
sample was contained in 25 mL of 0.1 M.HClO4. It was loaded
on fo the column and eluted wi?h 100 mL of 0.1 M HClO4. The
final elution was cé?ried out with 7.5 M HNO,. Calcium, was
monitored in the effluent by flame emission spectroscopy.
Scandium was tested for by Ars?nazo—III. The sensitivity of

the violet blue colour test was 0.2 ppm, Sc. The results are

shown in @gbles 14, 15 and 1l6.

Dissolution and separation procedure

After having established the conditions for guanti-
tative recovery for alinthé lanthanidesl wé employed this
method flor the aﬂalysis of certified rock standard SY;ZI
I'g of'powde;ed rock wés weighed accurately into al?r crucible
and the diss&lution of the sample was accomplished by fﬁsion
with KO2 - KOH flux as described by Wegtland and Kantipuly
(158). After fusion, the melt was dissolved in 50 mL of
5 M HCl. The solution was evaporated to.dryness on a water
bath to dehydrate silica. The precipitate was taken up in a
small volume of 5 M HCl and filtéréd through Whatman paper.
<% The filtrate was again evaporated to dryness in order to

render insoluble a further small amount of silicic acid. The

precipitate was treated with acid as before and silica



o, ' o . TABLE 14

Recovery of Lanthanides (5 - 40 gg samples)

-

Column: 5°X 1 cm
35% (W/W) extractant
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Eluent: 75 M HNO3:
[
Percent Reéovered
Element -
Effluent Eluate 7.5 M HNO,
lst 100 mL- 2nd 100 mL
La . 0.0 . > 100.6 0.0
Ce 0.0 - ' 101.2 0.0
Eu 0.0 97.5 0.0
Sm | 0.0 o ‘ 95.0 0.0
Dy 0.0 100.4 0.0
Er &, 0.0 . : 102.0 0.0
Tm 0.0 98.6 1.5
Yo 0.0 K 58.3 44.8
ILu 0.0 - & © 0.0 99.2




TABLE 15

Recovery of Lanthanides and Other Elements’
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N Column: 5 X 1 cm
' 35% W/W. extractant
v Percent Recoverea
Element ,i:g]'(en Effluent] Eluate Eluate 7.5 MHNO
0.1 MHCl |Tst 100 mj 2nd 100 nL | 3rd 100 mL

La 50.0 0.0 0.0° 99.6 0.0 0.0
Ce 30.0 0.0 0.0 102.0 0.0 0.0
Eu 20.3 0.0 0.0 103.0 0.0 0.0
G4, 27.1 0.0 0.0 100.0 0.0 0.0
Dy 22.3 0.0 0.0 100.5 0.0 0.0
Er 11.5 0.0 0.0 102.0 0.0 0.0
Tm 23.2 0.0 0.0 93.1 4.0 0.0
Yb 36.2 0.0 0.0 55.5 43.9 0.0
Lu 24.8 0.0 0.0 0.0 99.6 0.0
Al 200.0 94.1 7.7 — - —
Ca 540.6 93.1 | 11.0 - — -
Sc 7.9 39.2 { 60.5 ~ — -
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TABLE 1lg

Recovery cof Lanthanides and Other Elements
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Column: 5 X 1 cm
35% W/W extractant
Percent Recovered
lenent Hé&en ﬁffluent Eluate Eluate 7.5 MHNO3
*\ | 0.1 MHCL | 15t 100 mL | 2nd 100 nL | 3rd 100 nL
\)
la 15.2 0.0 0.0 101.0 0.00 0.0
Ce 17.7 0.0 0.0 99.8 0.0 0.0
Eu 6.2 0.0 0.0 98.5 0.0 0.0
Gd 12.5 0.0 0.0 98.7 0.0 0.0
Dy 36.1 0.0 0.0 101.2 0.0 0.0
Er 10.0 0.0 0.0 105.0 0.0 0.0
Tm 49.7 0.0 0.0 98.1 1.7 0.0
" Yb 10.7 0.0 0.0 60.5 41.2 0.0
Iu 15.5 0.0 0.0.s 0.0 99.7 0.0
Al_ 200.0 95.2 6.3 - - -
ca | 540.6 94.3 0.5 . - . -
Sc 7.9 36.9 63.2 — - -
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collectéd on a fresh f£ilter. The two washed precipitates
. were combined and ignited at 850°C in a pt. crucible. The
silica was volatalized by heating with a mixtu€§:of HF and
Hélo4 in a platinpm dish. We did not use HF -~ H,50, mixture
for this purpose because ‘it gives difficultlysoluble anhydrous
sulfates with a numberof metalssuch as Ba, Ca, Pb which are
present in rocks. The platinum dish was washed with 5 M-HCl
and the washings added to the combined filtrate. At this
point the volume of the sample was ~ 100 mL.

Alamine extraction was carried out to remove the major
elements which form anionic chlorocomplexes including iron
and uranium. The aqueous phase which contains REE, Al, S5c,
alkali and alkaline earths 1as.evaporated down to about 50
mL,and potassium from the flux was removed by precipitating
as KClO4. Finally, the sample was taken up in 25 mL of 0.1 M
HClO4.ﬂ This solution was loaded on to a 5 X 1 cm column
consisting of phenylated Kel-F impregnated gith HEH¢P,.
extractant and conditioned with 0.1 M HC104, ~The sample was
eluted with 100 mL of 0.1 M HCl. This eluate contained
alkali, alkaline earth, Al, Sc etq., and was discarded. The
lanthanides were held quantitatively on the resin and were
eluted with 250 mL of 7.5 M HNO3. This solution cogtains
predominantly all the lanthanides and yttrium. The solution
was evaporated to near dryness, wet ashed and taken ﬁp in
25 mL of 0.1N HNO3 fér DCP emission spectroscopic determiné—

tion. The lanthanide values obtained by applying this
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procedure on standard Canadian Sy-2 rock are shown in Table

17.

Quaiitative tests for Ti4+ and-Ce3+

In the course of the separation procedure the following
tests were applied while analyzing the Sy-2 rock sample to
monitor the path of Ti4+ and Ce3+ at various steps.

In acid solution Ti4+ gives yellow colouration which
can be attributed to HOO - Ti(OH)3, peroxotitanic acid,
whereas when Ce (III) is tregted with NH3 solution and excess

H202, a yellowish brown colouration appears. Upon boiling

the mixture, a yellow precipitation of Ce(OH)4 separates.

General Discussion and Conclusions

New methods of determination of earths in geological
materials have been described in the foregoing pages. The
flowsheet for the separation of lanthanides is shown in Figure
21. It is designed to be applicable when either a spectro-
photometric method or neutron activation analysis is to be
employed at the finish. A potassium fluxing agent was
developed for neutron activation work. The moré conventional
Nazoz:fusion'could be substituted whenever atomic emission
spectrometry is used or whenever it can be established that
the eraration of alkali in the chromatogfaphié step is
efficient enough for NAA to be used. It would probably

be-safe to use Na,0,, especially if cadmium or boron shielding
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_ Analyt;éal Results of Canadian Sy-2 (Syenite)
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Element g;;era%g;g). Found, ppm . ’
Replicate 1 | Replicate 2| Replicate 3

La 88 89.2 88.7 86.9
Ce 2107 205.2 203.1 206.2
Pr
Nd ‘ 717?
Sm 1572 13.3 14.7 13.9
Eu 2.47? 1.0 2.2 2.5
Gd
Tb 2?
Dy 207 20.7 19.6 18.9
Ho
Br 122 10.2 S o111 10.5
Tm 22 2.7 1.5 1.8
Yb 17 18.1 17.7 17.2
Lu 32 2.6 2.2 2.7
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Fig. 21

"FLOWSHEET FOR DETERMINATION OF IANTHANIDES IN ROCK SAMPLES
USING R P d FOLIOWED BY DC P (OR) NAA

ROCK SAMPLE i

FUSION
KOz—KOH
5M-HCL
Dehydrate Silica
FILTER
PRECIPITATE p — » FILTRATE
VOLATILIZATION ‘
HEF -+ HClO4 ' ‘
[ : i Combine -
EXTRACTION
Alamine—-336 [ l
Aq—phasé] ORG.-phase
I U, Fe, Mo, V, etc
_+
K , SEPARATION
as KC1l0
4
Final Solutiocn
"1 0.1 M HC1O
o 4
' |
Column
HEH®P
Elution
7.5 M HNoal' ' l 0.1 M HC1O,

REE,Ti, Zr,.etc. ' Alkali, Alkaline Earths, Sc, Al,
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is used- in the ir:adiation.

The separation of the lanthanide group into sﬁbgroppé
is a means of reducing inter-element interferences. Crock
and Lichte {(95) corrected for such interferences by a data
processing procedure. Our analysis of the certified rock,
eﬁplOying fractionation of the lanthanides into sub-groups,
gave very satisfactory agreement with the certified and
literature values for that material. Analyst; will therefore
have an opportunity to choose between these alternative
methods. We expect that our method of fractionation of the
lanthanides will be found to be preferable when very low
lanthanide values are encountered. |

The separation scheme has'Been designed so that it
can beAused in NAA for the pre—irradiation sepafation of the
lanthanides from a silicate matrix. This avoids the need for
post-irradiation handling and this should make the procedure
attractive to a wider number of geochemistry laboratorieé.
The advantage of isotope dilution methods is logt and so it
has been necessary to prove that each step in the procedure
is guantitative. By largely avoiding precipitations, it has
been possible to do thisr Moreover, NAA blank analyses were
carried out on most of the reagents involved and either nil-
.or negligible blank valﬁes were encountered. The reagents,
including the acids, solvents etc., were standard ACS
.1aboratory grade only. There is therefore nc extraordinary

cost factor entailed in using the procedure.
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The procedure described here is probably more rapid
than post—irradiation separatipn schemes. This is for‘two
reasons: {i) The e#treme precautions of "hot" chemistrf are
avoided and (ii) there is no need to determine the so-called
chemical yield, an added step.

It should be pointed out that there could be some
further flexibili£§ in decbmposing the sample. For analyses
at the sub-ppm level, it would be desirable, probably neces-
séry, to work with.samples weighing several grams. The author
.hés in fact done this. The decsmpésition then consisted of
treatment of the material with hydrbflouric acid in a
platinum dish. Silica was fumed off in the preseﬂbe of
perchloric acid in addition to the HF and the small residue
was subjected to the fusion technique. Tﬁe reméining matrix
elements in 5 g samples did not cause any problems in "the
iater extraction and chromatographic steps. Experiments to
examine the applicaﬁion of the method to .samples contaiﬁing
less than ;/Ug-g_l have been begun: A neutron activatibn
finish is £o be used.

The author recognizes that further work is required.
In particular, the method ghould be examined thoroughly at
very low lanthanide levels and studies should beudone comparing
it with methods that do not fracticnate the lanthanides. The
author has not established the ultimate fate of thorium and
zirconium in the pfocedure but it is believed that these

elements remain permanently on the chromatographic column.
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The fate of certain other elements, e.g. Nb, Ta, W, is not
exactly known. Fortunately, these are rare in most cases and
the specificity of modern instrumental methods of finish

-

makes this question less important.
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;-'éLAIMé TO ORIGINAL RESEARCH

New procedures were'developed to determine thorium at
microgram levels. The procedufe describes separations

of thorium from phosphatic materials and other

- interfering elements such as uranium, molybdenum,
vanadium, andiiion,etc. The vaiidity of the procedure
was verified by application to a certified core, an arkose
éandstone.l

The cation exchange behaviour of thorium at microgram
quantities and trace levels was studied and the results
interpreted. =

A new flux K02 - KOH, was intreéduced intc analytical
science to fuse the rock sémples.' It was found that

this flux has an added advantage over other fluxes, as
potassium can easily be femqved after fusion by precipi-
tation as RC104. The co-precipitation of various cations

such as Ag+,'Ca2+, Eu3+ and Th4+ were studied while

removing bulk potassium salt. &
2-ethyl-hexyl-hydrogen phenyl.pﬁoéphonic acid (HEHPP)
wés found to.be'fairly_seléctive for larger cations, such
as lanthanides énd-actinide§ with hiéh separation factors.
It shows high discrimination against extraction of common
elements like aikali, alkaline earths and aluminum, etc.

Therefore .the extractant was further studied to isolate ,

and” fractionate the lanthanides in rock analysis.
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5. Extraction chromatcgraphy was used to study the'sepanation

of the lanthanide group into subgroups. The "tetrad

{"_3

effect”™ was exploited in order to achieve good separations.

6. Phenylated Kel-F was fonhd to be an excellent support
materlal with regard to its hydrophoblc and hyarophlllc
'“characterlstlcs and its ability to retaln the extractant.
7. . Separation scheme was developed to determine lanthanldes
in rocks, using a,reversed phase extraction chromato-
graphic technique, followed by DCP spectrometry. The
procedure was vef{fzea by employing the‘separetion-scheme

LYo

» .
dn a certified standard, Canadian syenite rock.
0 .

. Scme of the work described jﬁ the thesis has 5een

_published, and the remainder is in E'e process of publication;

~A

’h' . -~ /.
. . .
E of lanthanides by Reverse Phase Chromatography”,
_paper presented at 67th Annual CIC. Conference,
. | Montreal Juhe 3 to 6, 1984.
&

1. A.D. Westland and C.J. Kantlpuly,“ProceduEes fd/

isolation and determlnapLegpéf thorlum Talanta,

vel. 30, 10, 751-754, 1983.

2. A.D. Westland and C.J. Kantipuly, "Potassium super-
, : WE*E ' : .
oxide as a flux in Ore &nd Rock Analysis". Analyt.

Chim. Acta, 154, 355-358, 1983.

3. A.D. Westland and C.J. Kantipuly,. "Micro ‘separation
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