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Trace Determination of Lanthanides in
Metallurgical, Environmental, and Geological

Samples

T. Prasada Rao" and V. M. Biju

Regional Research Laboratory (CSIR), Trivandrum -695 019, India

ABBREVIATIONS:. REE, rare earth elements, MAS, molecular absorption spectrometry; AAS, atomic
absorption spectrometry; GFAAS, graphite furnace atomic absorption spectrometry; ETAAS, eectrothermal
AAS; EDXRF, energy-dispersive X-ray fluorescence spectrometry; TRXRF, Tota reflectance XRF NAA,
Neutron activation analysis; |CP-AES, inductively coupled plasma atomic emission spectrometry; ICPMS;
inductively coupled plasma mass spectrometry; HPL C, high-performance liquid chromatography; I1C, ion chro-
matography; SSMS, spark source mass spectrometry; PIXE, particle-induced X-ray emission; FES, flame
emission spectrometry; DCPAES, direct current plasmaatomic emission spectrometry; SIM S, secondary ion mass
spectrometry; IDM S, isotope dilution mass spectrometry; SEM, scanning electron microscopy; EPMA electron

probe microanalysis.

[. INTRODUCTION

The presence of the alloying elementsin alu-
minium brings down its electrical conductivity
sharply. Rare earth elements (REE) havelow solid
solubility and similar electronic structure to that of
aluminium. In addition, REE forms intermetallics
with some of the alloying lements present in Al
matrix. Thisresultsin strengthening of Al matrix
without affecting ductility and little decrease in
conductivity.*? Similarly, REE additions to sted!
have a strong influence on sulfur and or sulfides.:®
Thisresultsin cleaner steels with the ateration of
the shape and distribution of sulfides and oxysul-
fides.* High-purity individual lanthanides are used
increasingly as major components in lasers, phos-
phors, magnetic bubble memory films, refractive
index lenses, fiber optics, and superconductors.>6
Recent innovations in the area of phosphors are
trichromatic and superdeluxe lamps. Both of them
employ RE ions such as Eu?t, Eud*, Ce3*, amd Th3*
as activators in an oxide, aluminate, or borate lat-
tice. Although RE-based superconductorsarewell
known, their importance became greatly enhanced
after the discovery of the high-temperature super-
conductors with rare earth and cupric oxide as
major constituents.”

The role of trace REE in environment is not
clear, as there are conflicting reports such as (1)
reports from China indicating that RE is used as
nutrients for getting higher yields;® (2) toxicity of
Nd salts in mice increased in the order: chloride
< propionate < acetate < 3-sulfonicotinate < sul-
fate < nitrate;® and (3) terbium group elements
have lesser toxicity other than REE above or be-
low them in the periodic table.©

The abundance of REE in geological objects
like rocks and minerals for elucidating petrogen-
esis and in the evaluation of the coefficients of
partitioning of REE between various mineralsand
melts received major impetus with the availabil-
ity of various powerful analytical techniques.112

Quantitative analytical techniquesarerequired
to determine REE accurately and rapidly with
sufficient sensitivity for the determination in
metallurgical, environmental, and geological
samples. Thisrequirement has led to major tech-
nological advancesin the development of analyti-
cal instrumentation. On the other hand, the rapid
studies made in analytical techniques resulted in
the increased sensitivity and quick analysis of
individual REE than ever before. Only one re-
view article on metallurgical applications!® and a
few on geological applications'*1° are available
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so far. Hence, the review of various procedures
devel oped for the determination of REE in metal-
lurgical, environmental, and geological samples
since 1980 isvery appropriate. These procedures
have been summarized in Tables 1 to 5.

II. ANALYTICAL TECHNIQUES
A. MAS

All lanthanides have similar absorption spec-
tra when they are reacted with a chromegenic
agent. Hence, it is difficult to determine the lan-
thanides when they are present together. How-
ever, the presence of lanthanides in combination
with non-rare earth elementsin aloys, electronic
materials, and environmental samples could be
estimated accurately. Thus, aparticular lanthanide
at tracelevel can bedeterminedin Al alloys,33465>
5773 Mg alloys,*247%05! glver aloy,® nickel al-
loys,?+3255 Ti alloys*, Cu based alloys,*°% zirco-
nium alloys,%? and in steels and castiron.?”3%87
Yttrium in YBa,Cu,O,1 and garnet crystals,®
neodymium in Nd:Y AG, europium in phosphors,
neodymium and erbium in laser glasses''’ and
silicate glasses,*** and few lanthanides in ZrO,
refractory materials,*?t magnesium chromite,'%®
and rare earth mixturest07.125127.129.163,170 coyld be
determined by using MAS. Only two procedures
for the determination of lanthanum and
Gadolineum in waste water's® and urine% re-
spectively, were described among applications to
the environmental samples. MAS procedures are
developed, despite its limitations mentioned in
the beginning for the determination of geological
Samples,241*243'247'255 minerals1231,235,264,294 and
ores. 21

B. Fluorimetry

Fluorimetry has similar limitations as that of
MAS with regard to determination of individua
lanthanidesin mixtures. Still afew proceduresare
described for the determination of cerium in low
alloy stedls,® europium in semiconductor germa-
nium,?8 and in high purity rare earth oxides'** and
afew lanthanides in environmental samples such

180

asnatural waters®-207 and feces.'* Sensitivefluo-
rimetric procedures are described for the determi-
nation of one or two particular lanthanides in
geological samples, 25286304 rocks,253258.260 mine-
als, 2% and ores. >

C. AAS

Flame atomic absorption, however, provides
successive determination of lanthanides but is not
sensitive and has been used only scarcely. Traces
of yttrium in alloys,*8%3 steels,558 neodymium in
YAG,*® and Y in YBa,Cu,0,'%51% and few lan-
thanides in rocks,3% and in ores®? have been de-
termined using nitrous oxide-acetylene flame in
flame AAS.

D. GFAAS

GFAAS such as flame AAS is useful for
singular element determination of REE butismore
sensitive. However, unlike flame AAS, the inter-
ference due to matrix is pronounced and is not
that popular for the determination of lanthanides
in metallurgical and geological samples. Yttrium,
sammarium, and dysprosium in misch metal,
europium in RE metals,**and Y in YB&,Cu,0x
superconductors'™> were determined by GFAAS.
GFAAS procedures were described for the deter-
mination of lanthanum in food and water'8 and
ytterbium in seawater samples.197.19% | an-
thanides present in geological samples,330378
rocks,237:246.254.314 mjineral s,245:363 g0il 5,242 and blast
furnace slags® were determined by GFAAS.
Sengupta*® described a unique simultaneous
multielement GFAAS of individual lanthanides
in six geological reference materials.

E. Spectrography

Both DC and AC spectrographic techniques
were used for the simultaneous determination of
few lanthanides in chromium alloys,*® RE-rich
alloys,®! cobalt-based alloys,”® Mg alloys,*
steels,%6.7 el ectroni c material s,1%6.116128.136 gnd high-
purity RE oxides.'*177 |n addition, trace amounts
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of RE in bauxite,*¢ allanite,3!6 graphite powder,
guartz and high silica glasses, 2% ores,3* and geo-
logical samples®?? were determined by spectrog-
raphy.

F. EDXRF

EDXRF is a multielement technigue capable
of determining individual lanthanides but is not
that popular dueto itslow sensitivity. Two proce-
dures are described for the determination of Smin
Sm-Co aloy'? and RE metals in cast iron.”
EDXREF is used for the determination of terbium
and dysprosiumin Th-Dy-Fefilms!*3 and Y ttrium
in'Y Ba,Cu,0, superconductors.138144.149,150151 The
applications of EDXRF to geological samplesare
few, and these include determination of REE in
rocks,267.269.278 | gteritic materials,28* xenotime,3%
and monazite®* and in britholite ores.3+

G. WDXRF

WDXRF alows the determination of indi-
vidual REE with reasonable sensitivity and still
not that popular like NAA, ICP-AES, and ICP-
MS techniques for real sample analysis, presum-
ably due to the cumbersome sample preparation.
Few WDXRF procedures reported in the litera-
turefor metallurgical samplesinclude application
to aloys,%06884 steels 5792 cast iron,’® supercon-
ductors,141.143.162167 cergmics,191157 magnetic ma-
terials, 123160 Y A G, 114119 glectronic materi-
als 10513217 and river sand samples.1%2% Traces
of REE are determined in geological samples,372447
rOCkS, 256,262,265,266,313,353,355,368,420,442 SOl IS, 263,268,480
coals,2™ |ateritic materials,27227 mineral s,282.283,295
and ores®>44 by using WDXRF.

H. NAA

NAA is a multilement analysis technique
and has been used extensively for the analysis of
geological samples. However, this technique has
also been used for the determination of Cein Al
alloys®®# and REE in cerium-based magnetic al-
loys®2and steels.829397 |t also finds use in determi-

210

nation of Y in Y Ba,Cu,0, superconductors,4148
neodymium in YAG crystals,!10 |anthanum in
semiconductors,'® and REE in high-purity ura
nium.*s> In environmenta analysis REE was de-
termlned by NAA |n Waters,206,209,212,214,216,219,223
sea water,'84193205 girborne particul ates,?04220
and coal dust particulates.’®> NAA finds wide-
spread application in the determination of

individual REE in geological reference
Samples 249,288,290,300,329,342,345,351,399

rocks,233,236,250,252,275,280,292,293,305,312,325,327,331,340,356,358,

1

360,369,376,385,393,395,40415,424,448 mineral s,274:330.359,373,
)

382,405,431,433,443,455,465 0reS,277’296 sedi mentS,319’320'338’452

meteorites,*2 and in coa and fly ash.+”®

I. ICPAES

ICPAES is the most popular and widely used
multielement technique, either with or without
preconcentration, for the determination of indi-
vidual REE in metallurgical, environmental, and
geological samples. ICPAES procedures were
described for the determination of afew REE in
Al aloys,857189%8 cobalt based aloys,®% nickel
based alloys,*98 Cu aloys,% titanium alloys,
Mg aIonS,63 Steel3,69‘72’74’77’81'86’88'94‘95 and perma_
nent magnet alloys.*6467.70 | anthanides present
in eleCtroniC materia|S,102’109'111’112’135'161’165‘173’182
superconductors,137:140.153.164 high purity rare earth
OXides,'58174.178.180 high purity uranium,6811 high
purity zinc,8 and high purity titanium’® were
determined by ICPAES. Sensitive | CPAES meth-
ods in combination with preconcentration proce-
dures were described for the trace determination
of individual lanthanides in natural
WaterS,187'195'203'221'227 Wastevvater’ZOS Seavvater’ZlO
and chemical plant reprocessing solutions.1%
Individual REE either with or without a pre-
concentration procedures coupled to ICPAES was

used for their determination in geological sam-
pl es 257,323,328,336,344,350,361,366,377,386,388,398,401,419,421,425,

437,438,446,449,456,463,467,472 rOCkS 273,309,315,357,374,375,384,
406,407,408,414,439 SilicaIe matérials,333'367’380 min_
a-a| S,244,270,337,379,381,397,418,451,461 OreS,307’410'426’434’457'469
sediments,®21412 and soil samples.371.3%430  Fyr-
ther, ICPAES was employed for the determina-
tion of individua REE in nuclear fuels*4475476
and coal and other energy-related materials.4™®
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J. ICPMS

ICPMS is a multielement technique and is
widely used for the determination of individua
REE in environmental and geological samples.
ICPMS procedures were described for the deter-
mination of 14 individua REE in natural wa-
terS,217‘224‘229 Seal\/vater,218-222-225'230 environmentd
samples,?? and fly ash.?'® Individual REE present
in geOIOgicaI materialS,248’335’348’349’383’392‘460
rOCkS,297’298‘387’394'403’413’441’450‘459’466 m| neral S, 289
411,432,445,454,471 30”81468,470 and gIaSS materi_
al 87317423436 were determined by ICPMS. ICPMS
also finds use in determining individua REE
present in nuclear materials,*”347" lubricating oil
brines,*3 meteorites,*2 and Greek and Roman
marble statues.3

K. Miscellaneous Techniques

HPL C procedureswith post column detection
by arsenazo |11 were described for the determina-
tion in rocks®¥422 and minerals.®*428 |C proce-
dures were described for the determination of
lanthanides in Mg alloys,® superconductors,1%*
seawater,?? and geological samples.*t FES pro-
cedures were developed for the determination of
lanthanum in RE concentrates'® and geological
samples and ores.%1:301.306 Neodymium in Nd-Fe-
B alloys,*® Laand Y in geological samples,?® and
REE in rocks,352 soils,3° and ores’ were deter-
mined by DCPAES. SSMS procedures were de-
scribed for the determination of REE in rocks,310:324
minerals,3323%5 and glass matrix.*” SIMS is used
for the analysis of La in Fe-Cr-Al alloys?® and
REE in minerals.334364427 Fyrther, IDMS tech-
nigue is used for the determination of individual
REE in natura waters?*! and USGS rock stan-
dards.*® Among the el ectroanal ytical techniques,
the following methds were described in the litera-
ture. These include:

1. Polarography to determine Eu in Eu-Co-
B aloys® and Y in YBa,Cu,0,.14

2. Square wave polarography to determine
Eu and Yb in RE materias

3. Amperometric titrimetry to determine
yttrium and lanthanum in Y -Ba-Cu-O,163

4. Ac oscillopolarographic titration to deter-
mine LainLaNi,Cualoy,®?! LaNi,sSn,s
alloy,? and yttrium in air.2? The PIXE
technique allows the determination of
yttrium in YBa,Cu,0,**° and REE in
ores™8 and minerals.#* TRXRF and SEM
and EPMA techniques find applications
in determination of individual REE in
rocks'® and Greek bauxites.#® Atomic
fluorescence analysis procedure was
described for the determination of Y in
Y Ba,Cu,0, superconductors. Quantitative
Auger-electron spectroscopy and photo-
nactivation analysis were used to analyze
Co-Sm dloy*® and codl fly ash?® for REE.

[ll. CONCLUSIONS

The determination of individual rare earthsis
achallenging task for analytical chemistsin view
of the similar properties of rare earths arising
from the lanthanide contraction. MAS and
spectrofluorimetric procedures essentially relates
to the determination of one particular lanthanide
in presence of non-rare earth elements present in
alloys and electronic materials. Very few appli-
cations are noticed for the determination of REE
in environmental and geological samples. Flame
AAS is not that sensitive for REE and is essen-
tially employed for the determination of REE in
metallurgical samples and electronic materials.

Spectrography and GFAAS techniques were
widely used in 1970s and early 1980sfor determi-
nation of REE in variousreal samples. Theformer
technique requires elaborate and cumbersome
sample preparation, and the latter technique is
handicapped by the interference due to matrix.
Hence, these techniques are not found to be that
popular in 1990s. Onthe other hand, multielement
techniques like NAA, XRF, ICPAES, and ICP-
MS were widely used and are being used either
directly or with asuitable preconcentration proce-
dure. Thefutureliesinthe devel opment of coupled
chromatography-atomic spectrometric techniques

211
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for the determination of ultratrace amounts of
lanthanides and their application to metallurgical,
environmental, and geological samples.
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