International Series of Monographs on
Analytical Chemistry Volume 3

~ ANALYTICAL
CHEMISTRY
OF THE
RARE EARTHS
|

R. C. VICKERY



ANALYTICAL CHEMISTRY
OF THE
RARE EA THS

R. C. VICKERY, D.Sc., Ph.D.

MALIBU, CALIFORNIA

PERGAMON PRESS
OXFORD - LONDON - NEW YORK - PARIS

1961



PREFACE

THE custom once was for a modest author to preface his work with
an apologia for weighting his readers down with another intel-
lectual tome aimed at filling a ‘felt want’. The present author would
present a slight variant on this theme. Having worked in the rare
earth field for many years, and having done his fair share of testing
and rejecting methods of analysis, he was aware of the need for a
monograph attempting to rationalize and stabilize analytical tech-
niques as applied to the rare earths. The apology, therefore, is not
for the work presented, but for the author’s temerity in undertaking
such a presentation when several other workers could undoubtedly
have done a better job.

Generally, information on techniques of rare earth analysis is
widespread —like the rare earths. But again, likc the rare earths,
this information occurs only sporadically in useful quantities.
Schoeller and Powell, Meyer and Hauser, Hildebrand and Lundell,
Scott, and the writer's Chemistry of the Lanthanons (now grossly
archaic) all provide guideposts to procedures. The more definitive
work is, however, too often tucked away like old theatre programmes,
and requires overmuch effort and too much perusal and study of the
literature before the bench bound analyst can undertake the task of
analysing a sample sent in three weeks ago for ‘determination and
specification of rare earth content’. 1 have tried to collect and con-
strue these data in one modest volume. -

I have no doubt that the many laboratories now working with the
rare earths will have developed specific techniques for specific
analyses and may decry the absence of these techniques from this
monograph. At this moment, however, I feel the requirement to be
for a work covering the general field of rare earth analysis. Never-
theless, the hope resides that readers who have developed specific
techniques will communicate them for possible inclusion in"any
subsequent editions.

My appreciation goes to Prof. Louis Gordon who suggested and
convinced me that I should prepare this monograph — I would have
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viii : PREFACE

preferred it to emanate from his more able pen. I have been greatly
aided moreover by encouragement, suggestions and recommenda-
tions from many of my past and present co-workers in this field,
and most notably by my mentor, Dr J. K. Marsh of Oxford. To
these and other chemists whose work, published and unpublished,
has been a source of information — my deep appreciation. To my
wife who typed the manuscript, and Pergamon Press who published
it, my gratitude for havirg rendered legible my iilegible scrawl.

But a final word of concern. Terminology has developed from an
awkward word in a speliing bee to an International Conference on
Nomenclature and, to avoid overmuch criticism from the pedantic
semanticists, we must define our terms. Those used in this mono-
graph, apart from the marginal comments, asterisks and calculations
which undoubtzdly and subsequently will appear, are those I
suggested in Chemistry and Industry (London), June 26th, 1954,
These may be convenicatly summarized:

La+-Ce-+Pr-+Nd-+Pra+Sm+Eu4-Gd - To+Dy+ He+Er+-Twm
4-Yb+4Li == lanthanons,
lanthanons-+Y--3¢ == Rare Earths.

R. C. ViCKERY
Malibu, California,
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CHAPTER [

HISTORICAL INTRODUCTION

THE FIRST rare earth to be discovered — yttrium — was isolated from

#gadolinite in 1794®. One hundred and fifty years had tc pass, how-
ever, before all members of the rare earth series had been separated
and identified as entities. In retrospect, and knowing 2 little more
about these elements, we may well be astonished that the early
workers — Gadolin, Ekeberg, Mosander, Brauner, Urbain, von
Welsback, etc. —made such progress. Separation by prolonged and
tedious processes of fractional crystallization, precipitation, etc.,
could be supplemented only by the crudest methods of detection and
determination of individual rare earths. Confusion of description,
terminology and even of individuality readily occurred because of
this lack of analytic technique and instrumentation.

The carliest rare earth determinations involved, of course, identi-
fication via oxide or solution colour and equivalent weight. It was
early realized that the rare earths could be precipitated almost in toro
by oxalic acid from ditute mineral acid solution and that the in-
solubility of rare earth hydroxides would cause them to be found to-
gether with aluminium and iron in the third snalyiical group. Be-
yond this, the gravimetric techniques were essentiaily refinements of
grosser scale separations, the usual analysis simpiy eTecting separa-
tion of ‘cerium’ earths from ‘yttrium’ earths by precipitatic of the
double alkali sulphaics®, under more or less standardized condiiions,

‘Redox’ titrations of cerium were soon discovered and applied®
but this was apparently the early limit of individuai determination.
Curie’s magnetic balance aided somewhat in following separation of
elements, but so also did the simple equivalent, or average atomic,
weight determination.

" The difficulties of identifying individual rare earths were somewhat
lessened when Gladstone first observed their absorption spectra in
solution®, but, paradoxically, this new application of spectroscopy
was more of a hindrance than a help in rare earth chemistry. The
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2 HISTORICAL INTRODUCTION

multiplicity of, for example, the neodymium and prasecodymium
absorption spectra led to many arguments about the individuality of
the elements, there arising, rather tranmsitorily, the school which
claimed ‘one absorption band — one eclement®)’,

Apart from the early polynomial characterization of the rare
earths, discrepancies and confusion arose because the early analysts
too frequently were unaware of the valence state in which the element
determined existed in the original material. Analyses for cerium,
praseodymium and terbium, such as they were, were reported as the
sesquioxides instead of the CeQ,, PryO,,, Tb,0;, which had actually
been determined. Despite the spectroscope and the magnetic balance,
methods of purity determination were poor. A reasonably white
preduct, resulting from fractional ammonia precipitation of a light
lanthanon fraction, was iotally considered to be lanthanum oxide
with complete disregard for the 0-5-1 per cent of ceria which it prob-
ably contained. Even with cerium itself, auihoritative statementis of
the colour of the oxide varied from ‘pure white’ through ‘salmon
pink’ to ‘tan’. It is now appreciated that the oxide colour is some-
what dependent upon its mode of preparation and particle size®.
In gravimetry, colour of the oxide was the prime criterion and, in
volumetric work the purity, or rather impurity, level of the standard
was determinative.

In many instances, of course, errors canceiled out and it becomes
a source of continued surprise, not that the carlier workers obtained
any results at all, but that all too frequentiy the results of carlier
mineral analyses are within one or two per cent of figures which we
now smugly assume to have been rectified and developed to the nth
degree of modern techniques. Apart from determinations of the
purity of the separated products, much of the early analytical en-
deavour in rare earth studies emanated from attempts to understand
the geochemistry of their mineral occurrences. Many of the previously
believed correlations of rare earth contents with associated elements
we now know to be immature and grossly incorrect. Since, in general,
mineral association is largely dependent upon similarities in cation
size, co-ordination number and ionization potential® the most
interesting and general associations of the rare earths are those
involving titanium, the earth acids, uranium, and thorium. But it is
separation from just these elements which produces the greatest
inaccuracies in analyses as practised by the earlier chemists. An
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interesting, if somewhat patronizing, exercise lies in the comparison
of correlations given by Spencer(”), Meyer and Hauser® and Mellor®
with the more recent studies of Vainshtein et al.09, Ringwood @V,
Murata et al.®», Wylie®® and Masuda®¥. But this is hardly germane
to the present work and would serve essentially further to confirm the
deductions of Goldschmidt and his co-workers® and of Rankama
and Sahama®®. Appendix I summarizes what may be considered
authenticated geochemical associations of the rare earths.

In many instances errors crept into older analyses because of the
lack of appreciation of the naturalistic chemistry of the rare earths.
We understand now, how Bergman!?, d’Eihuyar®® and Scheele®
missed the honour of the first discovery of the rare earths in Crond-
stedt’s and Hisinger’s minerals by mistaking them for lime. It is
similarly easy to understand even those modern analyses which have
failed to account adequately for scandium through non-appreciation
of its amphoteric nature®?,

As the uniqueness of rare earth absorption spectra became more
appreciated and instrumentation improved, spectrophotometry was
increasingly employed but errors were still encountered. The effects
of anions and cations upon optical densities, extinction coefficients,
and positions of the absorption bands were barely appreciated ; some
of the photographic techniques employed were only slightly more
accurate than visual comparison of band intensities and of course the
standards employed were frequently of dubious purity.

Analyses have not been consistently questionable, however. Be-
tween the two (so far) World Wars, our knowledge of the rare earths,
«and techniques for their analysis was exteusively developed through
the work of McCoy, James, Prandtl, Rolla, Marsh, Rodden, eic. But
whenever gravimetric results were required (and this was frequently
the case) or difference figures were inadmissible, recourse had to be
made to the tedious fractional precipitation or crystallization proce-
dures. Fraction checks of magnetic susceptibility, average atomic
weight, or spectral absorption all played their part i determipation
of such elements as lanthanum, yttrium, gadolmlum €1C., before
results even slightly worthy of consideration could be obtained.

During this period analysis by emission spectrography underwent
a major metamorphosis but only in the more recent years did stan-
dard rare earth materials of sufficient purity become available from
which their emission specira could be defined and tabulated correctly.
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Even with this knowledge, the multifaricus interferenices occurring
in the arc and spark still require much study and interpretation before
satisfactorv procedures can be established. The iimitations and
accuracy of thesc procedures will be dealt with subxequently

The advent of the icn exchange era, propagated in England by

Adams and Holmes® and nurtured through gestation, infancy and
adolescence by workers on the Manhattan project® abruptly
changed the conditions under which workers in the rare earth field
exisied. Although now applied on industrial scales, the earliest ion
exchange processes and techniques could have been considered
almost exclusively analytical tools. Many modifications and improve-
ments have been developed over the past fifteen years and, in a later
chapter, we shall consider only the most refined applications of ion
exchange to the analytical chemistry of rare earths.

In Iarge scale separational processes, solvent extraction techniques
are competing with ion exchange on a widening basis; analytically
however, solvent extraction has been employed for many years in
many ways. Nevertheless, in rare earth analysis our present know-
ledge somewhat seems to limit the application of this procedure.

Probably the most recently developed instrumental technique
applicable to rare earth analysis has been that of X-ray spectrometry.
Whilst emission spectrography still appears to present the final
criterion for detection and determination of small amounts (p.p.m.)
of rare earths, X-ray studies appear to be becoming increasingly
applicable and applied to analysis for larger quantities by reason of
their rapidity, versatility and accuracy in comparison with spectro-
photometry.
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CHAPTER 1II

SAMPLE DECOMPOSITICN

IN GENERAIL, modes of atiack of rare earth minerals and materials
follow, on a more refined scale, those employed for decomposition of
the mineral or ore before inass separation of the elements®. Many
coarse proceduies which are, however, applied on a massive scale —
such as chlorination —- have not thus far been adapied, and do not
seem easily adaptable, to analytical techniques.

Early studies of rarc carth chemistry rapidly showed that no one
method of sample decomyposition could be employed satisfactorily
upon all types of rare earth materials. In this respect the analyst
uitimately will haye to exercise his own judgment as to the most
sultavie acid or reagent according to the nature of the determination
required. Since metathesis of rare earth compounds to hydroxide is
readily accomplished by coucentrated sodium hydroxide solution,
and the hydroxides are readily soluble in acids, only very infrequently
will it be found that the ra+e earths cannot be obtained in solutions of
acid most apprepriate to subsequent determinations. As will be
slicaied later, however, the use of strongly alkaline solutiens must
be underiaken with particular care when scandium is, ot is believed
to be, present,

Fine comminution of samples is, of course, a prerequisiie, and v
analyst should consider decomposition of a sample until it has been
redeced in an agate mortar to a particle size of at least 200 mesh.
Even when thus finely divided some material will resist attack;
particularly is this so with some samarskites and other materials con-
taining the earth acids. These should therefore preferably be ground
> —325 mesh before cautiously attacking with hydrofiuoric acid.

Table 2-1 indicates reagents most appropriate for decomposition
of the commoner minerals and compounds of the rare earths, and,
for ease of reference, consideraticn and application of the major
decomposing reactants are now treated seriatim.

6




SAMPLE DECOMPOSITION

TABLE 2-1. REAGENTS FOR ORE DECOMPOSITION

H,SO, and/or KHSO, '[HCI (with or without H,0,){ HF (or, H,SO,+NaF)
Monazite Allanite Samarskite
Cerite Gadolinite Euxenite
Xenotime Thorite Fergusonite
Yttrotitanite Wiikite Yttrotantalite
Thorianite Cerite Thortveitite
Wiikite Orthite Polycrase
Yttrocerite Bastnaesite Davidite
Davidite Lanthanite Bazzite
Bastnaesite Carbonates Pyrochlore
Bazzite Oxalates Aeschynite
Carbonates All oxides except Ce. Yttrocrasite
Fluorides Hydroxides Risorite
Oxalates Heliandite
Orxides Yttrotitanite
Hydroxides Kielhauite
Samarskite Yttrocerite
Plumboniobite
Risorite

SULPHURIC ACID

The use of sulphuric acid for the ‘cracking’ of minerals has come
down to us through the ages, and indecd some separational processes
have been based upon its use. Because of the negative heats of solution
and relatively low solubilities exhibited by the rare earth sulphates®: #
however, it would seem preferable to retain the rare earths in associa-
tion with some anion other than sulphate. This is usually effected by
following the initial acid attack by a hydroxide metathesis and then
redissolving the obtained hydroxides in e.g. hygdrochloric or niiric
acids.

Sulphuric acid (or aikali bisulphate —see below) is generally
employed in working up cerite, monazite, Xenotime, etc., the finely
ground ore being heated to decomposition with twice its weight of
acid. Actually only about a quarter of this weight of acid is really
necessary, but the excess maintains the mass fluid enough io
allow reaction to proceed as the sulphates crystailize from the
heated mass. On aitack of monazite or other ceriferous ores by
sulphuric acid, the mass gradually develops an orange-red colour
owing to the formation of ceric sulphate Ce(SG,), or the acid
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sulphate CeH(SO,). Overheating causes reduction and dehydration
to the white tervalent sulphate Ceg(SO)s; it should be avoided unless
subseuent metathesis is intended. Solubilities of some octahydrated
rare earth sulphates are shown in Table 2-2. Scasdium solutions

TABLE 2-2. SOLUBILITIES OF OCTAHYDRATED SULPHATES (g/100 g H,0)

20°C 40°C
La 3-80 1-50
Ce 23-80 10-30
Pr 1274 7-64
Nd 7-00 451
Sm 267 1-99
Eu 2:56 193
Gd 2:89 219
b 3-56 2:51
Dy 507 334
Ho 818 452
Er 1600 653
Vb 3478 22:90
tu 4727 1693
Y 976 490
Se 28-50 33-60

excepted, aquecus solutions of these sulphates, made in ice cold
water, deposit crystals of one or more hydrates RE4(SO,)s nH,O
with increase in temperature. The normal solubility of scandium
sulphate in compaiison with the inverse solubility of the other rare
earths with temperature is an interesting phenomenon®, From the
lata given, the rocommendations of earlier workers that ice cold
waier be employsd for sulphate dissolution can be well appreciated.
This lack of solubility of tie sulphates is a great disadvantage in the
nse of sulphuric acid fo1 mineral decomposition — that is, unless very
high s.cia’.ities oi dilution be employed. In detcrmining cerium by
redox titration it is necessary that high acidities and concenirations
te maintained, else by 'drrslysi.s of the Ce*+ ion occurs, with con-
seguent ’»remp*tatmn of ceric bvdroxide and basic sulphate.

After attack by sulphuric acid, concomitant lead, barium, calcium,
silica, etc., remain a5 residue, and the analyst must be careful to
casure that ne rare earta sulphate is occluded or entrained with them.,
A5 a matier of goneral precaution it is probably advisable to consider

\"A @



SAMPLE DECOMPOSITION 9

sulphuric acid (or alkali bisulphate for that matter) as merely a
primary means of decomposition. Once mineral breakdown is effec-
ted, the sulphate, dissolved or not, should be converted to hydroxide.
Sodium hydroxide pellets or concentrated solution may be added
directly but cautiously to the diluted sulphate slurry. If solid caustic
alkali be used, heats of hydration and reaction are usually quite
sufficient to raise the temperature of the mass to boiling point, and -
metathesis is accomplished almost instantaneously. The resultant
hydroxides of the rare earths, iron, caicium, etc., are thus cbtained
in a heavy, readily filterable condition. The characteristic colour
changes which occur during this treatment are due to the formaticn
first of cerous, then ceroso-ceric, and finally ceric hydroxides. After -
washing twice by decantation, with hot distilled water, filtration and
further washing, the hydroxides can be redissolved in nitric, hydro-
chloric or perchloric acids, reprecipitated by ammonium hydroxide,
and filtered free frora all but the last traces of phosphate, sulphate,
etc.

Titanium, tantalum, niohium, hafnium and zirconium divide be-
tween the mineral acid solution of the hydroxides and the various fii-
trates but are removed from the dilute acid solution of the hydroxides
by boiling. There is rareiy need to adjust the pH of the acid solution
of the hydroxides, since the amount of acid required for redissclution
is very nearly theoretical and the pH of the solution seldom drops
below 3-5-4-0. At this acidity level titanium, tantalum, niobium, efc.,

_ readily hydrolyse. In the finest work, however, the hydrolysed precipi-
tate shouid be reworked for any rare earths which possibly may have
been oecluded. The precipitate should be filiered through 2 pad of
paper puip, the filier and precipitate digested with hydrochlo:is s
and the solution tiius obtained diluted to atout 5 per centacidily. After
boiling io ensure repracipitation of (he eartb acids, etc., the soluticn
is again filtered, whorn any occluded rare earths wili pass tbrough into
the filtrate.

if the initial aitack by sulphuric acid be taken to dehydration of the
sulphaies formed, silica present will also be dehiydrated and reraain

unaffected upon causiic meiathesis, thus appearing finally with the

rase earth hydroxides. Hydrolysis of the final acid solution for

elimination of titanium, 2ic., will remove some silica, but wheie no

hydrolysable elements are present the final acid solution should be

evaporated to dryness, baked, redtissclved in a dilute acid, and fitered
B
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free from the silica. Any silica entering the caustic solution and
required for complete analysis may be recovered therefrom by
normal means.

Procedure: Weigh 2 g of finely powdered monazite, xenotine, etc.,
into a 500 ml Phllhpb beaker. Moisten slightly with a few drops of water
to avoid adherence of the ore to the beaker. Add 10 mi concentrated
sulphuric acid, cover, and heat to SOz fumes untii decomposition is com-
plete (2-3 hr). Cool, first in air, then in an ice bath, and cautiously dilute
with 100 m] distilied water. Stir gently to suzpend the basic suiphate
crystals and add cautiously 20 per cent sodium hydroxide solution or
small sodinm hydroxide pellets until the solution is zlkaline (pH ca. 10).
Boii for 10 min, then dilute to 400 mi with hot water. Allow te stand and
wash the pneupltatec. hydroxides three times by decantation with hot
water, ¥inay, filter through 2 Whatman 541 paper and agein wash twice
with hot water. Return the precipitate te the criginal beaker and dissoive
in the minimuin of nitric acid, dilute to 30 mi, warm, and filter from
unatiacked zircon, rutile, etc.

BISULPHATE FUSION

Potassium bisulphate is usually recommended instead of the
sodivm salt for decomposition of rare earth minerais by bisulphate
fusion. Not only are the minerals decomposed by this treatment, but
double alkaii sulphates are also formed and the sodium rare earth
sulphates are, in general, less soluble than those of the potassium
salt@, In prictice, however, since sutseguent hydroxide metathesis
is again the preferred procedure, it would seem immaterial which
alkali bisulphste be employed for the initial decomposition. Use of
the potassium salt requires, however, a smaller excess ol reagent than
dogs the sodium salt, and far less reagent is generaily vequired for
bisuiphate decomposition than in the sulphuric acid aitack. An
additional advantage of the fusion approach is, of course, the mnini-
mat amount of acid present in ihe final agueous solution. The soiid
hisu phc_te cake obtained afler mineral decomaposition should be
ihoroughly disintegrated by boiling in water and aided by occasional
ight pressure from a glass stirring vod; the slurry obtained should be
coied somewhat before addition »f solid sodinm hydlomde As has
been indicated above, the colour ciiange tpon metathesis is mtereslmé
and clearly discernible when veasonable amounts of cerium are

»m the white-yellow sulphatic material the mass passes
, then purple phases indicating partial oxidation of the

through grey
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cerium hydroxide produced. Under some circumstances, and par-
ticularly if the slurry be continuously boiled or allowed to stand and
dry out over a night or weekend, further oxidation will occur,
yielding the yellow ceric hydroxide.

Throughout any caustic melathesis, however, it must be remem-
bered that, of the rare earths, any scandium present will largely pass
into solution®. As will be cinphasized subsequently, determination
of scandium remains one of the most difficult problems in rare earth
analysis, Scandium, it must be remembered, is amphoteric in nature
and chameleon by intent. The pessitiility also exists that yttrium may
exhibit some amphoteric characteristics®, and thus traces of this
element must be sought for careiully in the alkali filtrate. Similar care
must be observed in those instances in which high lanthanum con-
tents are to be expected. -

Aluminium, tin, and pentavalent chromium will also appear in
the alkali filtrate and again must bhe sought for therein, or their
presence at least noted as possible contaminants of any scandium
in solution.

Precedure: Weigh 2 g of finely comminuted mineral, ore, etc., into a
50 ml platinum disii. Add about 5 g of potassium or sodium bisulphate
and fuse gently over a Meker flame. As the initial frothing diminishes,
increase the heating rate and swirl the melt gently to detach any crusts
from the side of the crucible. Continue heating until decomposition is
complete (10-15 min). Allow the crucible and contents to cool and solidify
in a slanting position in order to render the solid cake more easily de-
tachable from the crucible. When cool, add a few drops of water to the
crucible and warm gently to detach the cake. Place the crucible and its
contents in a 400 ml beaker, cover with 150 ml of 5 per cent sulphuric
acid, and boil to disintegrate the cake. Aid the break-up of the mass by
gentle attrition from the end of a glass rod and, when the mass is com-
pletely disintegrated, remove and wash the crucible in a stream of hot
water. Pour the hot suspension of the melt (and washings) into an excess
of hot 10 per cent sodium hydroxide solution. Allow the suspension of
hydroxides to stand, then decant and treat as for the sulphuric acid
treatment (above).

HYDROCHLORIC ACID

Allanite, gadolinite, bastnaesite, ctc., are easily decomposed by
hydrochloric acid; the acid may also be employed for the dissolution
of carbonates, hydroxides, and oxide materials obtained as process
products. The basic exception and rule on the use of hydrochloric
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acid as a solvent of oxides lies with the cerium content. That oxides
of high cerium content are resistant to hydrochloric acid attack has
long been known, and Brauer and Hagg® showed that the resistance
to solubilization is essentially a function of the crystal structure of
the oxide. Ceric oxide has an acid-resistant structure of the fluorite
type, whereas the sesquioxides of the other rare earths adopt one or
the other of the variations of the body centred cubic habit. Until
40 per cent cerium be present in the oxide mixture it is unable to
impose its fluorite structure upon the cubic habit of the other rare
earth oxides and is itself required to adopt the acid soluble cubic
form. With cerium oxide contents above 40 per cent, however, the
fluorite laitice predominates and the mixed oxides become increasing-
ly resistant to attack by hydrochloric acid. When, therefore, more
than-35 per cent of cerium is known, or expected, to be present in an
oxide or mineral sample, hydrochloric acid should preferably not be
employed. This criterion does not, of course, apply when carbonates,
hydroxides, etc., are being considered.

Al this point it may be remembered that boiling hydrochloric
acid will decompose and dissolve the rare earth oxalates with the
initial formation of oxalochlorides. Upon further digestion these
decompose to the simple chlorides.

Because ceric chloride — CeCl, — is unknown and the hypothetical
acid H,CcClg is very unstable, cerium in chloride solution may be
considered to exist only in the tervalenit state. Autoreduction similar-
ty oeenTs whea Priv and To* oxides are dissolved in hydrochloric
i in th be ase of these two elements, no valence states higher than
zen found thus far in soiution, regardless of the associated

ral attack by nydtocilorxﬂ acid will leave silica behind as a
stinous residue, and dehy ydratior: by baking is then necessary to
engure itc adequate removal from 9o‘uf10n In this process, de-
hydration: of the rare earth chlorides will also occur together with the
formaticn of the less soluble basic or oxychlorides. This can be
avoided if dehydration be effected in a stream of hydrogen chloride,
but under normal conditions a white. reluctantly soluble mass is
obtained which has to be strongly treated to gain redissolution with
dilute acid. Perseverance is here the keyword, and care should be
taken to ensure that no rare earth chlorides remain with the in-
solubilized silica.




