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CHAPTER 1
INTRODUCTION AND THEORY

1.1) INTRODUCTION

According &0 IUPAC convention! the group of elements from
atomic number 57 to 71 (lanthanum to lutetium) are defined as the
lanthanoids or lanthanoid elements. If the elements scandium and
yttrium are included with this group then they sre knoun as the rare
earth elements. In this dissertation the term lanthanoids (or
lanthancid elements) will be used for the group of elements from
lanthanum to lutetium and rare earth slements for the group including
the lanthanoids and scandium and ytirium.

The lanthanoid elements are gaining importarmce in many fields of
application?, One of the major applications is the addition of
these elements to various steels to increase oxidation resistance or
malleability. Gadalinium, samarium, europium and dysprosium are used
in the nuclear industry. The lanthanoids are impartant in the glass
industry as pulishing compounds and as colowring agents. Other uses
of the lanthanoids include carbon are lighting, TV tubes, garnets,
hydrocarbon catalysts, and i{n the manufacture of very small magnets
for the semiconductar industry.

Their relative abundances in the lithosphere are quite high {see
Table 1) and they can te separated frem each other using such
techniques as fractional crysaliisation, liguid-liguid extraction or
by ion exchange chromatogrephy3. .

Several analyticel techniques are available for the messurement
of the lantheroid elements including inductively coupled plasma
atomic emission spectrometry {ICP AES), X-ray fluorescence
spectrometry (XHF3), mass spectroscopy (MS), ion chromatography (IC)
and atomic absorption specroscopy (AAS) using flame atomization or
electrothermal atomization (ETA).

Atomic absorption spectroscopy (AAS) has been used for nearly
thirty years as an analytical tool., The introduction of
electroliermal atomization (ETA) improved the dstection limits for

L &




Table 1 ¢ Comparisan in Crustal Ab.ndabces between the Rare farth

Elenents and some other ElementsS.

7
Element Abumdance Element Abundance
w/a paly
Lanthanum 18.3 Nitrogen 46.3 K
Cerium 481 Tin 40.0
Praseodynium 5.53 Niobium 24,0 B
Neodynium 23.9 Cobalt 23.0 i
Promethiun 4.5x10-20 Lead 16.0
Samarium B.47 Gallium 15.0 o
Europiun 1.06 Molybdenum 2.5-15 &
Gadolinium 6.3 BeryLiium & )
Terbium 0.9 Arsenic 5 &
Dysprosium 4.47 Uranium 4
Holmium 1.15 Baron 3 q
Erbium 2.47 Tantalum 2.1
Thullium 0.20 Bramine 1.82
Ytterbium 2.66 Antimony 1
Lutetium 0.75 Iodine 0.3
Cadmium 0.18
Searwtium 5 Belenium 0.09
Yttrium 8.1 Gold a.00s
o
2
m . L 3
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Table 2 ¢ Comparison of Detection Limits in the Graphite ‘
{f Furnace and Flame Atomic Absorption Spectroscopy. °
W Element Oetection Limits Oetection Limits ¢
)D graphite furnace flame “
. ( pa/1) ( ua/l) |
i : (sample size 100 pl)
Lo Aluniniam 0.02 20
. Arsenic 0.1 150
; Bardun 0.5 10
R Blemuth G 3
’ Catcium 0.01 5
7 Cdgicm 0.00% 2
* Chromium 0.1 3
Cobalt 0.08 1a !
] Gallium 0.1 100 .
Indium G.1 20
. Malybdenum 0.03 20
- - Lead 0.02 10
e Tin 0.1 20
1 Titanium 20 50
. Vanadium 1 50
= Zin 0.0005 1
3
¢
3
s




most elements by up to three orders of magnitude. In Table 2,a
comparison 1s made between flame and furpace atomization for several
elements. A similar increase im sensitivity can be expected for the
measurement of the lanthenoids using furnace stomization. This
increased sensitivity should allow measurement of the lanthanolds at
lower concentrations than normally attained by other techniques.

1.2) AIMS OF INVESTIGATION,

The aims of this investigation are defined and detailed below.

1) To determine the applicability of electrothermal atomization to
the measurement of the lanthancid elements and ta determine optimum
atomization conditions for these elements.

2) To investigate a selected group of the lanthanoids in more
detail with respect to the atomization processes in tiw graphite
furnnce,

3) To investigate interelement interference effects on this group
of lanthanolds and pastulate interference mechanisms and hance
determine methods of overcoming these interference effects,

4) To develop an analytical method for the determination of
individual lanthanoids in a mixed lenthanoid matrix.

1.3) CHEMISTRY OF THE LANTHANDIDS,

1.3.1) Dcourrence and Distribution5:6:7:8,

The rare marth elements are widely distributed in low
concentrations throughout the earth's crust. They oeccur in many
massive rock formations e.g. basalts, granites, gneisses, shales and
silicate rocks in the 10 to 300 y,g/g concentration range. There are
also 130 discreet rare earth containing minerals most of which are
rare but some have high rare sarth contents in the per cent range.

The term "Rare Esrths! originated from the occurrence of these
elements in oxide (originally called sarth) mixtures. They are mot
rare elements since their absolute abundances in the lithosphers are
relatively high. The crustal abundancies of the rare earth elements
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are getailed in Table W,u::hs abundancies of some more common elements
are included for comparison. Examination of this data shows that a
number of elements normally considered to be common are actually less
abundant than some of the rare earth slements.

Many rare earth containing minerals have been destribed but only
a limited number are both sufficiently concentrated in workable
deposits and have significantly high enough rare earth concentration
to be of economic interest. The major rare sarth containing minerals
are bastnaesite ((Ce)CO3F), monazite ((Ce)POs), xenotime
((¥)PO4), gadelinite ((YMM38iz01q where M= Fe or 8e)
and samarskite (R3'Rz?(Nb,Ta)g0y1 where RY = Fe, Ca
ste, and R? = rare earth elements). The rare earth elements are also
present in minerals such as caleite {CaClz}, fluorite (Cafpl,
the apatites ((CaF)CA4P301; and
(CaC1)CayP3012) and scheelite (CaWily). The latter
group of minerals do not contain the rare earth elements in
sufficlently high quantities for them to be commercially viable.
However the lerge scale conversion of same of thess minerals to
fertilizers and other products makes the potential supply of the rare
garth slements, as a by product of this process, exceptionally lazge.
Europium because of its divalent oxidation state is often present in
minerals such as certain strontianites (Srf0z), titanites
(Ca¥i8i05), potassium feldspars (KALSizOg) and lead
apatites.

Monazite and bastnaesite ate the two most important minerals
commercially. Monazite is essentially a lanthaneid orthophosphate but
ean contaln significant amounts of thorium (up to 20-30 per cent by
weight Thtlz). Since monazite has a large density, 'the mineral is
released by weathering of pagmatites to concentrate in alluvial
sands, Momazite cccurrences have been reported throughout the world,
but minable depesits are limited to India, Brazil, South Africa,
Australia and the United States. Bastnaesite is widely distributed in
nature but not in significant quantities. It gained importance alter
a substantial deposit wes discoversd in a worked out guldmine a*
Mountain Pass, California. The mineral was originally identified in
Bastnas, Sweden, It is essentially a lanthanum-cerium fluorocarbonate
containing small guantities of the other rare earth elsments and




virtually no thorium.
1.3.2) Properties of the Lanthanoids and their Compounds®»5:8,8,

The metals ere preparad either by metallothermic reduction, or
alectralytic reduction of melts. For metallothemic reduction
anhydrous lanthanocid fluorides are preferred because of their
stability in moist air. Reduction is usually carried out using
elemental calcium, lithium or a lithium-magnesium alloy as the
reductants. It is essential that both the lanthanaid fluorides and
reductancts are pure partisularly with regard to oxygen ang carbon
since these elements invariably end up in the lanthanoid billet if
present at the outset, The electralytic methed suffers from the same
problems as the metallothermic process. It is difficult to find cell
materials which are not attacked by molten lanthanoids and thereby
introduce impuritiss into the ingot. It is also difficult to design
cells that completely exclude atmospheric elememts. This methed works
hest for the lanthanoids with low melting points.

Dxygen attacks the metals very slowly at roe *“empgrature but at

alevated tsmpetatureé they may ignite and burn : tly. Dilute
agueous mineral acids rapidly cenvert the meta: tions of the
terpositive ions, Reactivity with water decreasen + increasing

atomic number. ALl other non-metallic elements, except the noble
gases, react with the lanthanoids, particulerly at elevated
temperatures,

The lanthanoids all have high melting and boiling points. Vapour
pressures have been established using a variety of technigues®
and from this data it is apparent that samarium, ytterbium, thullium
and europium are significantly the most volatile. Melting
paints3, boiling points?, vepour prassuresiD ang heats of
sublimationd of these elements are detailed in Table 3,

The chemistry of these elements is essentially fonic and is
determined primarily by the size of the M3+ jon, Certain
lanthanoids show +2 or +4 astates but these are less stable than the
+3 state. The most stable non-tripositive states are namely
cerium(IV}, suropium(II), terbium{IV} and ytterbium(II).

Progressive contraction of the atomic radius of the lanthanoids

{
i
{
i




Table 3 & Melting points, boiling points, vapour pressures and ‘
heats of sublimation for the lanthsnoids.
b lo
K Rare Melting Boiling Vapour Heat of
o Earth point point P issure sublimation
§, Element  °C °c atm, k1/mol y
La 918 3266 1.9x10-68 431.0
L e 758 33 2210768 422.6
I Pr 9 380 5.5x10757 355.6
. Nd- 102 0% 5.0x10752 327.8
Sm 1074 179 5.2x10-31 208.7 o
. Eu 822 1528 B.4x10-28 148.7
s 6d 33 3273 9.xio-B4 397.5 &
: T 1365 3230 4.8x10-62 388.7
- Dy 1412 2567  2.8x10-45 290.4
Ho 1474 2700 3.9x10-47 300.8
23 1529 2868 5.8x10-50 371 i
Tm 1545 1980 2.4x10-38 232.2
! Y5 818 1198 1.9x10-21 152.1
’ Lu 1683 3602 1.2x10-68 427.8
5, O
i J
|
|
: |
I
!
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with increasing atomic nur' 3z hes a significant effect on the
properties of this group of elements. The cause of this contraction
is due to imperfect shielding of one electron by another in the same s
subshell, Proceeding from lanthenum to lutetium, the ruclear charge

and the number of 4f electrons increase. The shielding of one 4f

electron by another is very imperfect owing to the shapes of the s 4
arbitals so that at each increase the effective nuclear charge

is experienced by each 4F wlectron increases thus causing a reduction in
the size of the entire 4" shell. The accumulation of these
successive contractions is the toial lanthanoid contraction. It

e should be noted that the decrease although steady ls not quite
regular, the biggest decreases occuring with the first f electrons

R added 3 there alsg appesrs to be a larger decrease after 77, that

Ve is between terbium and gadolinium,

Anhydrous halides are best abtained by direct combinations of
the elements. Dehydratian of hydrated compounds is complicated by
hydraolysis to the axyhalide species (LnOX) particularly as the
temperature incresses, The fluorides are very insoluble in water and
are less susceptible than the other halides to hydralytic
decomposition, The other halides are so soluble that their hydrates
L. ;@” are not sasy to obtain by crysallisation and in the anhydrous form
o they are both hygroscopic end deliguescent. Agueous solutions of the
chlorides, bromides and iodides are readily obtained by dissoluticn
of the oxides, hycroxides or carbonates in a sclution of the
appropriate hydrohelic acid in water or by direct dissolution of the
o anhydrous compounds in waber.

Nitrates are prepared by reaction of a smell excess of the oxide
B with nitric acid. The salts crysallise as the hexshydrates ang are
very suiuble in water and often scluble in alchohols, esters and
ketones. When heated to 850°C,the nitvates relsose oxygen and

axides af nitrogen and leave the lanthanoid oxide.

’ Anhydrous sulphates result when the oxides are heated with a
small excess of concentrated sulphuric acld and the temperature ls
raiged to 400-5009C to decompose the acid sulphates. They 're

hygroscopic solids which dissolve in water with the svolution of
. heat, Dotahydretes crystallise from agueous solution, Sulphates
’ pyrolyse above 1000CC to leave the sorresponoing oxide.
1
KE
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The lanthanoid oxide: are of the type LnyD3 and ere well
characterized. The oxides zre obtained by the ignition of the
hydroxides and mast salts containing oxo-anians or by direct reaction
of elemental oxygen with the metals. These compounds are sparingly
saluble in water and alkaline medium but dissolve readily in dilute
mineral acids, They bave meliing points of approximately 20000C
and their boiling points are around 35009C. The pracess of
vaporization of the lanthanoid oxides follows ong of two mechenisms,
depending on whether the oxide is that of a light {lanthanum ta
gadolinium) or hesvy (terbium to lutetium) lanthanoid!l. The
former group dissociate to the monoxide and the latter group to the
metal and oxygen,

Lnglz — 2Ln0 + O Light lanthanoid oxide.
Lmplz — 2ln  + 30 Heavy lanthanoid oxide.

Other authors!? have determined two disscciation processes
for the lanthanoids.

tngOa(s) — 2ndlg) + 30(g)
toolg) = Lalg) + olg)

They postulated that for the hsavier lanthanoids the second
equation is the more dominant pracess. The use of monatomic oxygen in
the sbovs equstions is in accordance with thermodynamic
literaturel»12,

Hydration of the oxides to hydroxides is a characteristic
property of the lanthanoids. They absorb carbon dioxide from the air
to form basic carborates. In fact,ignition in air does not yield
carbonate free oxidas unlegs the temperature exceeds 800°C.

The hydroxides (of the type Ln(OH)3) are precipitated in the
hydrous form by aquecus ammonia, various amines and soluble alkalies.
Hydrothermal crystallization from sodium hydroxide yields the
erystalline hydroxides.

Several typas of tarbide are known, the three most common being
LnzCy LnpCy and LnCy. Cerbides of the LngC type
are known for yttrium and the samerium to lutetium yroup of

" g - ?ﬁ n
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lanthanoids. LrpCy type carbides ave known for the lanthanum
to helmium group and the dicarbide is knoun for all the lanthanoids.
High temperature behaviour of the lanthanoid dicarbides
indicates tun modes of vaporization'3. Those elements which
normally exhibit the +3 or +4 oxidation state vaporize to both the
gaseous metal and gasecus dicarbide under equilibrium conditions.
Lanthanoids which exhibit the +2 oxidation state yield, within
datection limits, only the gaseous metal. An examination of the
elements in question indicates a marked difference in their vepour
pressure {Table 3). The metal dicarbides which vapourize at low
temperatures principally to the elements are formed from metals with
high vapour pressures, while those which vapourize to both species
are formed from metals with low vapour pressures.

1.4) ANALYTICAL CHEMISTRY OF THE LANTHANGIDS,

Several analytical techanigues sre availatile for the
determination of the lanthanoids. Traditionally wet chemical methods
such as gravimetry, titrimetry and colorimetry were used.

The introduction of instrumenzal methods to analytical chemistry
increased the scope of analysis of the lanthanoids, Currently,they
are measured using such techniques as instrumental neutron activation
analysis {INAR), inductively coupled plasma atomic emission
spectrometry (ICP-AES), X-ray fluorsscence spectrametry (XRFS), mass
spectrometry (MS), ion chromatography (IC) and atomic absarption

t y (ARS) using electrothermal atomization (ETA) or flame
atomization, However,most of these techniques require a relatively
large mass of sample, ETA-AAS has the advantage that multielement
analysis can be performed on relatively small sample masses which
would have significant application in the field of lanthanoid
determination and was therefore used in the prasent investigation.

1.5) ATOMIC ASSORPTLON SPECTROSCOPY.
1.5.1) 8asin Principles
The technigue of atomic absorption spactroscopy relies entirely

10




Incident _, t — Transmitted i
radiation =% = radiation '
. {1} @ ground state (Ig)

Ig = Isl-kpl)

atoms per cubic centimeter and hence absorbance is linearly

an the absorption of enerqy by valencs electrons of ground stete
atoms. When the @' « are irradiated with light of the correct
wavelength (i.e. th.  .urrezsponding to the emergy difference betwsen
the excited state any the ground state) some of the emergy will be
absorbed ta reise the atoms to an excited state. *
Cansider the system & 1

O excited stzfe .

The relationship between the transmitted and incident radiation

is as follous

where lsabsortion path lepgth
k,,:absurptiun coefficient at freguency v .

but in spectroscopy absorbance is defined by @

A = log(la/I¢)

N Substituting s

A = kyl loge
= 0,433,

In practical spectroscopy, ky is proportional te the number of

proportional to analyte concentration, this corrslation is knoun as { .
the Beer-Lambert Law,

1.5.2) Basic Instrumentation,

Since the introduction of atomic absorption instruments, by
Uaish in 195514, the analytical scope of the technigue has been

;
11 )
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doas.

extended to cuver 67 elements.

Essentially en atomic ebsorption system consists of a light
source, an atomization device, a monochromator, a dstector and some
farm of read out!S (see Figure 1).

LIGHT ATOM CELL/ MONGCHROMATOR DETECTOR READ
SDURCE RESERVOIR out

Figure 1 & Typical Atomic Absorption System.

Each of thess individual components of the the atomic absorption
system are discussed in detail in the following sections.

1.5.3) Light Sources,4»15,16

Since the energy from the light source is used to excite the
valence slectraons and hence give a measure of the concentration of
the element under consideration, the source has several important
requirements. It should produce narrow line spectia with the minimum
of spectral overlup. The emission intemsity of the source must be
stable aver long periods and ensure & low level aof "noise" durimg
analysis, The avoidance of high temperatures, pressures and current
densities within the source is also an imporkant aid to obtaining the
sharpest possible spectral line. Hollew cathade lamps (HCL's) and
electrodeiess discharge lamps (EDL's) satisfy these conditions and
are the two main types of light sources used in mudern atomic
absorption instumentation,

1.5.3,1) Hollow Cathode Lamps.

The hollow cathode lamp is the most widely used light source in
modarn atomic ebsorption instrumente. A diggram of a hollow cathade
lamp is shoun in Figure 2.
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Figure 2 ¢ Hollow Cathoda Lamp"E'.

The main components of this type of source are a hollow
cylindrical cathode made af, or lined with the metal of interest,jan
anade enclosed in a glass tube whish is filled with &n inert gas
{usually neon or argon) at a pressure of 1 to § torr. When an
electrical potential of approximately 500V is spplied between the
electrodes, a discharge of the carrier gas strikes and appears as a
glowing positive column, because of the pressures used this tends to
concentrate in the hellow cathode. The bombardment of these ions in
the inner surface of the hollow cathude causes the metal atems to
sputter out of the cathode cug. Further collisions excite these metal
atoms and a simple, intense, characteristic spectrum of the metal is
obvained. Insulation helps to confine the discharge within the hollow
cathode lanp and reduce the pussibility of self-ahsorption and the
appearance of ion lines, " either of wWivan can
reduce the slope of the calibration curve,

Normally a different Jamp is used for each slement. Although
multielement lamps are available, they ere less satisfactory due to
differing valatilities of the metals. Hollow cathode lamps have shert
warm-up times and a leng shelf lifs. However for some elements, the
emission intensity of the hollow cathode lamp is low and
slectrodeless dischage lamps are preferred.

1.5.3.2) Electrodeless Discharge Lamps.

These were first developed for use in atomic fluorescence
spectroscopy.? Elsctrodeless discharge lamps (EDL's) may be
operated at radiofrequencies (100kHz to 100MHz) and microwave
frequencies (>100MHz). Microwave excited EOL's produce & more imtense
signal than hollow cathode lamps houever they are much less stable.
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Radiofrequency excited EDL's are less intense than microwave excited
EDL's, although they are $-100 times more intense than hollow cathode
lamps. Radiofrequency excited EDL’~ are operated from s simple power
supply at 27MHz, pretuned and enclosed to stabilize the signal. They
usually have a built in starter which provides a high voltage spark
to ionize some of the filler gas for initistion of the discharge. An
example of a radiofrequency excited €Dl is shown in Figure 3.

RF coll {4 turns, the
rthad to

Quartz window

Lamp fbulb contains element or sait
of slement of mterast in Ar at very
Ceramic Tow pratsure)

hoider

Earthed brass tube

Figure 3 : Cutaway diagrem of a r.f, excited EOLE,

It is unlikely that these lamps will ever replace haollow cathode
lamps in AAS since high intensity is not of paramount importence.
However they have found use in replacing hollow cathode lamps with
low emission intensities in which the signal-to-rioise ratio (bscause
of the low intensity of the signal) may adversely affect the
detection limits?8,

1.8.4) Monoehromator and Read Out Systems.4:15,16

Dispersion of the incident radiation so that the observer tan
isclate light of any particular wavelength within the range of the
instrument 1s the classical method of wavelength separation. In
modern atomic absorption instruments, gratings rather than prisms are
used for dispersion. A grating is basically a transparent plate with
lines ruled on it. In abtomic absorption instrumentaticn gratings with
rulings of 800 to 3000 lines per millimeter are commonly used. The
grating can be mowibed in the monochromator in several ways, the most
commonly used ere the Czerny-Turner, Ebert and Littrou systems.
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Atemic absorption and atomic emission teke place at the same
wavelengths therefore it is necessary to discrimate betwsen the tuwo
in order to obtain the maximum absorption signal. This wes acheived
in Walsh's original design where the light from ihe lamp was focused
at the ceatrs of the menochromator by the use of tuo lenses (see

Figure 4).

Figure 4 : Walsh type optical arrangement for AAS.'S

The light from the lamp is focused at the centre of the
manochromator by the use of two lenses. The flame is placed at the
focus of the second lens so that the atomic emission signal is
defocussed at the monochromator. Therefore the atomic abscrption
signal is maximized and the atomic emission signal minimized at the
monochromator.

The next devalopment involved placing a rotating sector {called
a chopper) in the beam of light between the light source and the
flame. The beam strikes a solid portion of the chopper and is
interrupted, it strikes a gap in the chopper and passes through. This
results in modulation of the incident radiation and the atomic
absorption signal is said to be modulated but the atomic emission
signal is not. An AC amplifier is then tuned to the atomic absorption
signal and this selectively amplifiass only the atomic absorption
signal.

Howsver this system is mechanical and can be unreliable.
Consequently most modern instruments now modulate the power supply to
the light source and this may also be used to trigger the amplifier.

A photawultiplier is used as the detector in all cases. A
photomultiplier tube consists of a photosensitive cathode and a
series of dynodes at successively more positive potentials
culminating in an anode. When photons strike the cathode,electrons
are ejected and accelerated down the dynode chain. Eatch electron
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impacting an the first dynode causes a number of secandary electrans
to be ejected which are focussed on the next dynode and the process
Tepeats itself. After suitable amplification,the signal is passed to
the read out system.

The read out system can canéist of an analogue or a digital
meter. Many modern instruments use microprocessors to simplify
interpretation of the signal and these often incorporate programs for
curve correction and direct concentration read out.

1.5.5) Atom Cell or Reservoir.4»15,16

This is the most important component of the instrument since it
is necessary to have a population of the neutral atoms of interest in
order to give rise to atomic absorption.

Several forms of atom cell have been used but flames are still
the most popular. Since the atom cell is required to produce atoms in
the ground state, an air acetylene flame ‘s uswally sufficient to do
this. However should the element under invastigation form refractory
compounds then the hotter nitrous oxide-acetylene flame is preferred.
Preumatic nebulization is used to introduce the sample,as an aerosol,
into the flame.

Other types of atom cell include the quartz cell used for the
analysis of mercury by the cold vapour technigue and the analysis of
hydride forming elsments and the optically clear cell associated with
electrothermel atomization.

1.6) ELECTROTHERMAL ATOMIZATION

1.6.1) Historical Development!?

A.8.Klng is 1czognised as being the first scientist to
investigate elec 1 atomization In 180518 and
190819 he reported on Fundamental spectral studies using an
slectrically heated tubular furmace. It was 1959 before L!vov20
began to publish his classical work on the application of
electrothermal furnace atomizers for quantitative atomic abserptien
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analysis, Here the sample was applied to the tip of a carben
electrode which was introduged into a cylindrical heated furnace
through a transverse aperturs at the centre of the tube. At first,the
sample was heated using a powerful DC are, later this was changed to
simpler resistive hsa\iitng of the electrode. The tube did not act as
the atomizing surface,merely as an atom cell, the sample was atemized
from the electrode, The atomizer was pleced within a chamber filled
with nitrogen or argon and the light passed down the tube for atomic
absorption measurement. This apparatus, although it gave good
sensitivity, was critisised for being too cumbersome.

In 1967, Massman?2:23 described his heated graphite furnace.
The graphite furnace consisted of a graphite tube with a hole drilled
in it for the introduction of liquid samples. The graphite tube was
supported between two water cooled steel cones which were
electrically imsulated from each other. The furnace was operated in
an atmosphere of argon. Because of its simpler design,this device was
adopted by most instrument manufacturers.

1.6.2) Graphite Furnaces.

Graphite was chosen as the standard furnace material because it
has several important charactaristics necessary for a goad furnace
matarial. These are :

1) Good thermel and electrical conductivity.
2) Relative chemical inertness.

3} Very low levels of metallic impurities.
4} Good machineability.

5) Low thermal expansion and high rigidity.
6) High melting point.

However grephite has two important disadvantages in that its
porasity is quite high and there is a tendancy for som2 elsments to
form refractory carbides. These may be partially overcome sy coating
the tube with pyrolytic graphite which, because of its structure, is
less poreous and therefore reduces diffusion losses.

Pyrolytic ceatings on graphite furnaces, usually 10um thick, are
formed on the surface of the original furmaces in a large production
oven, In the manufacturing process, pyrolytic graphite is deposited on
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the substrate graphite from the vapour phase after thermal
decomposition of a simple hydrocarbon such as methane under low
pressure. As this deposition proceeds, a demse, hard layer of
pyrolytic graphite is built up over the substrate graphite. The
crystals of the pyralytic graphite lie virtually parallel to the
surface and it is anisotropic, both electrically and thermally,

An alternmative method of producing a pyrolytic coating on
furnaces is to coat "in-situ"23, A 10% methane/90% argon mixture
is passed through the furnacs which is heated to 20000C. The
soating is formed on an electrie. 1ly heated substrate rather than in
an isothermal environment and this method although usefyl in
carefully controlled circumstances, in gemeral, gives inferior
results to the commercially menufactured item,

Some workers have also used cther linings?4 (e.g. tungstan
or tantalum) or even metal atomizers?S in order to reduce carbide
formation. Such linings or atomizers although very useful far certain
types of analysis, have several disadvantages. Their mechanical
resistance may decrease after prolenged heating, their chemical
resistance is lowsr than graphite and inter-metallic compgunds .can .

ueing e rechion
geg“gity’ﬁ%ctﬁs surface and the analyte. Another methodjis to
deposit a carbide lining on the inner wall of the furnace26 (e.g.
by using tungsten, tantalum, zirconium or lanthanum salts). Several
workers have reported superior sensitivitims and longer furnace
lifetimes for these tubes.

Recently glassy carbon has beem used as an alternative to
graphite. This material has the advantages of being considerably less
porous than graphite and the glassy surface is resistant to chemical
attack. Using standard ETA power supplies,the maximum attainable
temperature of a glassy carton furpace is 2500K but recently it has
been reported?? that with only minor modifications to the power
supply, temperatures of up to 3200K can be acheived.

1.8,3) Sheath Gas,
Metal atomizers become brittle with oxidation wheress graphite

abomizers become porous due to loss of carbon as carbon monoxide or
carbon dioxide. Conseguently electrothermal atomizers have to be
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purged with an imert gas, usually nitrogen or argon, in order to
reduce oxidation of the atomizer surface. Nitrogen, although cheaper
than argon, can cause reduceq sensitivity for some elements probably
as a result of nitride formation. Therefore argon is the most often
used sheath gas. The gas flows around the outside, as well as through
the inside, of the graphite furnace and exits through the sample
injection hole. The gas flow rate, im most modern instrumentation, Is
adjustable,

1.8,4) Graphite Tube Dimensions.

Initially it was thought that maximum sensitivity would be
obtained from larger tubes, as these would retain the atomic vapour
for a lenger period., Howsver if the furnace is too large, it attains
its operating temperature too slowly and causes relative backgraund
atsorption effects. Small furnaces tend to have better absorption
efficiencies because focus of the radiation beam occupies a larger
proportion of their measuring volume. 8ecause of this and their
shorter temperature rise times, they usually have better absoliute
sensitivities. Very small semple ve.umes, however, give rise to werse
relative sensitivity and analytical accuracy. Most manufacturers
offer small furnaces typically 20-30mm long and 3-5mm in diameter.

The efficiency of heating the grephite furnace is also
important. The Taster the heating rate, the more atoms will be formed
in the atom cloud and hence the higher the sensitivity, In most
commercially available grephite furnace designs electrical contact is
made at the ends of the furnace by the use of metal or graphite
collars, These collars are water cooled and hence their temperature
never attains that of the furnace centre therefors there is a
temperature gradient along the length of the furnace, All
slectruthermal atomizers have a common problem of non-uniform
temperature distribution along the furnace length. This temperature
gradient is also tims dependent since it increases with increasing
temperature and can reach values in excess of 1000 Kem=! for the
HGA-2100 with & central temperature of 3000 K.

Temperature gradients can give rise to interference effects in
the graphlte furnace in two ways. Flrstly by vapour comdehsation on
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cauting
the caol furnace ends memory effects or more importantly by
recombination and condensation of the sample vapour. These are the
major contributers to spectral interferences due to molesular
ahsorption and light scattering.

Use of miniature graphite furnmaces (e.g. Varian CRA~B3 and
CRA~90) obviates the temperature gradient problem. It has been shown
that the maximum difference in temperature from the centre of the
furnce to the ends is only 240 K. In this design contact resistance
heaéing was used which ensured localised heating and high power
transfer.

1.6.5) Furnace Wall / Gas Temperature,

Critical control of tha temrcrature program is essential in
electrothermal atomization techniques. Drying and ash temperatures
affect the accuracy and reproducibility of the measurement whersas
atomization temperature influences the semsitivity of measurement and
condensed phase interferences. Up to this stage, the wall temperature
is the decisive guantity but the subsequent chemical and physical
processes in the gas phase are goverened by the temperature of the
vapour inside the furnace and hence spectral and vapour phase
interferences.

Measurements of the wall temperature are carried out quite
simply with a thermocouple but vepour temperatures have to be

i

spectr cally. Vapour res have been
determined for the CRA-63 and HGA-2000 and 2100 furnaces?8, These
can be summarised by stating that in smaller furnaces the average
vapour temperature may lag the wall temperature by 100 K and in
larger furnaces by 300 K.

1.6.8) Furnace Atomization Cycle.

In electrothermal stomization the processes of drying, pyrolysis
and atomization are seperated, this rendars the technique with a
degree of control unattainable with a flame. Most modern
electrothermal atomizers are equipped with programmable power
supplies which allow a wide selection of operating conditions.
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However far simplicity the furnace cycle can be divided into four
distinct phases :
1) Drying Stage.

This is a low temperature heating cycle required to svaporate
the solvent, A temperature slightly below the boiling point of the
solvent is used to prevent sputtering which would lead tn
irreproducible results. The drying time is established as being the
time required to allow complete evaporation of solvent before the
next phase ard is dependant on the volume and valatility of solvent
present.

2) Pyrolysis or Ashing Stage.

The objective of this stage is to remove as much of the sample
matrix present as possible without significant loss of the element
under investigation. This reduces interelement and background
interference effects. The pyrolysis or ashing time is again dependent
on the amount of sample but also on the camplexity of the matrix.

3) Atomization Stage.

As well as being element dependent this stage is also matrix
dependent, since the atomization process for a given element is
dependant on complexes present within the sample. The atomization
temperature 1s optimized as being the lowsst temperature required to
give the maximum analytical signal. The lower the temperature, the
longer the lifetime of the graphite furnace. The atomization time
should be the minimum required te completely vaporize the analyte
i.e. the analytical signal should return to the baselire,

4} Tube Clean Stage.

If, at the end of the atomization stage, there is any residual
analyte or matrix this may affect any subsequent measurements giving
rise to a "memory effect". Therefore e tube clean stage is
incorporated into the furnace cycle to remove as much of the residual
sample as possible prior to further analysis. During this stage the
temperature 1s increased to several hundred degrees above the initial
atomization temperatucs.

1.6.7) Atomization Processes,
Elsctrothermal atomization technigues glve greater sensitivity
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than canventional flame technigues because of their superior
atomization efficiency and the fact that the thermally produced atoms
are retained for a longer periad in the optical path., Thus, over this
perind the rate of formatien of free atoms must be greater than the
rate of their removal from the light path. The absorbance maximum is
reached when the two rates are in equilibrium.

The processes involved in the production of these atoms are
dependant upon the compounds present in the furnace, the material
from which the furnace is constructed, the atmosphere within the
furnace, the atomization temprrature and the rate of increase in
tamperature.

Thermodynamic and kinetic principles have been used to explain
atomization in el ermal atomizers. Several possible

reactions are involved :
1) Conversion of the metal salts to the oxide.

At high temperatures nitrates, sulphates and some chlorides are
usually converted to oxides.

2} Fvaporation of metal oxide or halide prior to atcmization.

Most metal halides are volatile and evaporate before
atomization. Some metal oxides have high vapour pressures at the
temperature at which atcmization is first cbserved to occur (i.e. the
appearance temperature).

3) Thermal dissociation of the metal oxide,

Dissbciation of the metal oxide is related to the temperature
and pressure in the system and to the other species present. The
degree of dissociation of the metzl oxide, of ,» can be calculated from
the following equations

-AG = RTInK,
and o= Kp/[Kp+,!PDJ
where AG is the free anergy, PDZ is the partial pressure of
oxygen and Kg is the equilibrium constant for the dissociation of

the metal oxide, M0 as shown in the fallowing squation :

Mo

1

M+%02
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Free energy values at various temperatures can be obtained for
many metal oxides from tables of thermodynamic data.

In graphite atomizers, the value of p”z is effectivaely
controlled by the equilibria i

€+ 0 w20
20 + O =

4) Reduction of the metal oxide.
For a graphite abomizsr, the reduction process can be described
by the following equation

mo(s/1) + C{s) = m(g) + cola)

In general terms, AG9gact, the free emergy of reaction
ean be calculated from the free energy of the products minus the
reactants. Calculation of the free energy of reacticn over a wide
range of temperatures, allows the estimation of the temperature at
which the formation of free gaseous metal becomes feasible i.e. when
AGS becomes negative.

Ellingham diagrams have been used faor these calculations. These
diagrams were originally used for studying metallurgical processes
and they require some modification to incorporate the added criterion
for the fi *~ation of gaseous metal atoms. In this case the
thermodynamic information is presented graphically. The essential
reactions to consider are :

mls/l) + B(s) = ma) + cola)
e(s) + 0y(a) caoy(g)
2¢(s) + Oz{a) 2c0{g)

11

Such a thermodynemic approach cen be extended to consider such

problens as carbide formation ¢
Mo o+ 2C # M + CO
The difficulty in using a purely thermodynamic approach is that
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it deals with equilibrium criteria whereas the situstion in a furnace
is highly dynamic. Therefore although thermodynamic considerations
are important in the determinatien of the feasibility of atomizatien
processes, it i{s apparent that these processes must also be
kinetically controlled in order to explain experimental results.
Ltuov2® propesed the follewing equation for the atomization
process taking place insids a graphite furnace, The rate of change of
the number of atoms N in the gassous state in the atomizer is the
difference between the number of atoms entering the system (m)
and the number of atoms leaving the system {ny).

aN/ot =t} - ng(y)

Torsi and Tesarid0 designed d. model for a carbon rod
atomizer, They assumed that the sample wes deposited on the surface
as a monatomic layer and that the space around the carbon rod acted
as an infinite sink for evaporated atoms. The rate of release of

atoms Is given by @

m{t) = -sqdf = keqf

where s = surface area in tmé

£

= the fraction of the surface covered
at time t(0<§<1)
q = the surface concentration when 6§ =1
k - rate constant for the evaporation process
ond k8 = %%9

For a normal Arrhenius temperature dependance of &
n(t: = Agsf ol~ AG/RT)

where A = frequency facter conmstant

B

= gas constant
= temperature in degrees Kelvin

-

This equation describes the typical pesk signal becauss as T
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increases with time, there is a correspending decrease in the value
of @ as atoms are lost from the surface.

Fullerd! developed a mndel for atomization under isothermal
conditions applicable to lass volatile elements in a tube type
atomizer, In this case :

m(t) = kylN(o) - N(t)]
where N(o) is the initial quantity of alement introduced
inte the atomizer
N(t) is the quantity of element atomized to time t
ard Ky is the rate constant for the atomization process

Bt N(t) = N(o)[1-e(-kyt)]

on substitution
n(t) = k1N(u)s("<1t)

The rate of atom loss is centrolled by diffusion and by the flow
of purge gas through the furmace. Therefore ¢

aplt) = koM
where ky is the rate constant for atom remeoval
Mence  dN/dt = kiN(o)el-k1t) - N
Bn integration
N o= [ke/(kgeke ) IN(o){e{-ket)-a(-kat)]

which represents the quantiey of atums at any time,

Kinetic principles have been used to postulate reactioh
mechanisms in elecirothermal atomization. The Arrhenius eguatien
gxpresses the variation of a rate constant with temperature.

k = A exp(-E/RT}
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A graph of 1n k vs, 1/T yields a straight line whose slaope is

equal to -E/R. Since E the energy required to praduce
metal atoms, its value may be related to the thermodynamic functions
described earlier.

1.7) INTERFERENCE

Interference is defined as an effect in which there is a
systematic deviation of the analyte signal in the presence of
concamitants, The interference may be due to a particular concomitant
or the combined effect of several concomitants. A concomitant which
causes an interference is called an interferent. Interference only
causes an error if not adeguately corrected for during an analysis,
Uncorrected interfersnce may glve rise to either enmbancement or
suppression of the analy*e signal.

Although flame atomic absorption is subject to interference

effects, usually these effects are less severe than those experienced

i . using electrothermal atomization techniques. The superior

,:’ R R sensitivities obtained uhen using electrothermal atomizers are due to
I . the generation of higher concentrations of neutral atoms. The
physical processes governing atom production cam, however, also give
} = rise to higher interferent soncentrations.

According to IUPAC romenclature approved in 187552

o interference in both flame and electrothermal technigues can be
divided into two groups @

1) Spectral interferences which can be due tu incomplete isclation of
i the analyte signal from that of the interferent.

i 2) Non-spectral interference caused by cha.,es in the atomic
cancentration belng weasursd and thevefore affecting directly the

{ Co analyte signal.

Non-spectral interferences can then be subdivided into two

distinct groups, namely condensed and vapour phase interferences.
g Condensed phase interfersnce is a change in the rate of analyte
supply and vapaur phase interfersnce is a change in the rate of
analyte removal.




1.7.1) Spectral Interference.

This type of interferemce is usually the result of molecular
absorption and/er light scattering by particles in the optical path.

1.7.1.1) Interference Mechanism.

Scattering of the light beam by & "fog" of molecular species at
the cooler furnace ends was first noted by Llvov39. Apert from
particles formed by condensation from the vapour ptase, particles can
also be formed during decomposition of ovganic materials or by
release of graphite from the furnace at high atomization
temperatures. Massman et al34 suggested that molecular abscrption
spectra in the ultra violet and visible region can be divided into
two groups, namely dissociation continua and electrenic band spectra,

The dissociation continua which show characteristic band maxima
are due to dissociation of molecules in the vapour phase following
absorption of light guanta (i.e. photodisscciation). Gucer and
Massman33 were able to follow vaporization and decomposition of
melecules containing larger numbers of atoms by identifying several
intermediate decomposition products. An example is the vaporization
and decomposition of various metal sulphates in the graphite furnace
and the ability tc confirm the following photodissociation processaes
taking place33,34 ;

$03 + hy — S0y + 0 ebsorption threshold wavelength 330rm
80z + hy — 50 + 0 absorption threshold wavelength 189nm
50+ b¥ — S+ 0 absorption threshold wavelength 245nm

The absorption electronic band spectrr cbserved in graphite
furnaces as with the corresponding emission spectra of molecules and
radicals display fine structure and high ~~zctral resclution
instrumentation is necessary tw obtain a true pieture of
electrothermal atomization, Prominent CN-bands have been observed in
nitrogen purged furnaces, these havs band heads close to 380nm and
show an exponential absorbance increase as the furnace agesdds34,
Strong Cp-bands with band heads betwssn 430 and! 5§70 nm have also
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been suggssted to contribute to furnace background,
When heated to temperatures in excess of 10009C, the

graphite furnace will emit light similar to that of a olack body
radiator. This emitted light is essentially dc in nature because of
the thermal mass of graphite. Since most atomic absorption
spectrometers modulate either the source or detector or both, this do
component is rejected even when impinging on the photomultiplier.
Howsver a level can be reaghed when this dec emitted component
"srgaks-~through the electronic system and the results will become
unreliable. Several factors increese the likelihood of such event at
a given furnace temperature, viz}

1) Wide monachromator bandpass.

2) tow hollow cathode lamp currents.

3) Incorrect furnace aligrments.

4} Use of wavelengths in the 300-6Q0nm regions.

5) Elements whose huilow cathode lamps are relatively weak in
output.

The emission profile of graphite at 27009C is shown in

Figure 5. The ratio of emission intensity from the furnace ta
intensity of the holiow cathode lamp at the recemmended operating
conditicns is greatest for the elements barium, calciam, dysprosium,
erbium, eurapium and terbium {using their recommended atomization
cangitions). Therefore problems with incandescence are most likely to

oorur with thess elements,

Emagntrienaty

- N

Wavelengih inot

Figure § 1 Emission Profile of Graphite at 27000C.54
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Consequently it is important that the atemizer is properly
aligned te reduce incandescence effects. Operation of the hollow
cathode lamp at a higher current will ensble a lower gain to be used
on the photomultiplier. The use of a reduced height slit or a
reduction in atomization tewperature will alse reduce emissian
intensity at the photomultiplier.

1.7.1.2) Interference Removal,

Interference can be removed or reduced by chemical or
non-chemical means.

a) Interference Removal by Chemical Means.

The analyte can be chemically separated from the matrix by the
use of ian exchange resins or by salvent ... zction technigues.
Howsver these methads are time consuming .iw! prone to contamination.

It is also possible to separate the analyte from the
interfarent, in the furnace itself, by sslective volatilization. If
the matrix is more velatile than the analyte,then,it may be possible
to remove the matrix by the use ¢. high ash temperatures or long
ashing times, Altermatively, it may be possible to atamize a
significent and reproducible portion of the analyte at a temperature
lower than the volatilization temperature of ths matrix.

Chemical pretreatment can be us d if the volatilities of the
analyte and interferent are similar. It can be used in combination
with or without ashing to control both spectral and non-spectral
interferences. An example of this is the addition of nickel to
stabllise elements like arsenic and selenium and hence allow a higher
ash temperature to be used ta remove the matrix. Conversely, addition
of such compaunds as ammonium nitrate to selutions whieh are high in
sodium chloride, allows conversion of the matrix itself to a less
volatils form,

Another special type of chemical pretreatment is thas addition of
reactive gases to the furnace. Hydrogen has beer used considerably in
the past35i3B, Both spectral and non-spectral interfsrences are
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reported to be considerably suppressed by the reducing enviranment
when a hydrogen diffusion flame was burning similtanecusly with
analyte vaporizetion from the furnace. The use of & halocarbon/argon
mixture has also been used to overcome refractory oxide or carbide
formation in electrothermel atomization3?.

Elsctrodeposition has also been used as a means of separation of
the analyte from the matrix, In this technigue an electrochemical
cell is set up and the analyte is separated by controlled potential
electrodeposition onto a carbon rod38, a hanging mercury
drop39s40 gnd high melting point wires of various typesd!s42
are used in this procedure. The analyte is then atomized in the
normal way.

The use of a constant temperature furnace may also overcome some
matrix interferences since the gas temperature into which the sample
is atomized is important. As dascribed in section (1.8.1), the
historical development of alectrothermal atamization centred around
two different types of atemizer - that of Massman (the pulse operated
furnace) and that of L'vov (the constant temperature furmace), Each
of these types effect the interference mechanism,

1) Pulse Operated Furnace.

Because of its simplicity,almost all commercially available
elastrothermal atomizers are based on the Massman design, The major
limitation of this design is temporal mon-isothermality which is
responsible for fractional atomization. The AA signal is recorded
ture of the el mal
atomizer is rapidly chenging, This situation affacts the interference
in two ways, Firstly, the atomization temperature for a given element

during a time period over which the

cannot be practically influencad by the selection of atomization
parameters and incomplete dissociation results sspecially for
volatile slements. Secondly under temporel non-isothermal conditions,
the integration method of measuring AR camnot be correctly applied.
2) Constant Temparature Furmace,

With the use of the L'vov constant temperature furnace however,
the furnace attains thermal equilibrium prior to atomization of the
analyte and hence much greater contrel of dissosiation equilibria can
be axercised. In practice,this system is in part affected by use of a
L'vov type platfarm, This consists of a plece of pyrnlytically coated
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graphite which is placed inside the graphite furnmace, The graphite
furnace is heated in the normel way but the sample is atomized from
the graphite platform which, because it is hested by convection, lags
the furnace temperature by several degrees. The system is therefore
in thermal equilibrium prior to atemization.

41} Interference Removal by Non-Chemical Means.

Background corrsction is essential for the removal or reduction of
spectral interferences. Without such correction,the background
absorbex is indistinguishable from the element being sought and
produces calculated values of elemental concentrations which are too
high, Background correction systems have been recently
reviewed43, Most modern AR instrumentation is equipped with
optical background correction and there are three typus of background
correction avasilable commercially.
1} Deuterium Arc System.

This system was introduced in 1865 by Koirtyahann and
Pickettds and is the most common system in modern
instrumentation,

The deuterium arc system has an emission spsctrum which is

intense up to 400nm but declines to almost zero in the visible
wavelength range (see figure 6).

Relative Intensity
»

o,
180 200 220 240 260 280 300 320 340 360 380 400 420
Wavelength {nm)

Figure 6 : Spectrum of Deuterium Lamp.

In this system,light from the deuterium arc and the analyte
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tollow cathode lamp are altermated rapidly through the sample space,
Light from the hollow cathode lamp is absorbed by both the element of
analytical interest and the background, whilst light from the
deuterium arc is mainly absorbed by the background. The instrument
displays the difference betwesen these two as the corrected
absorbance,

Deuterium arc systems produce very gaod background correction
for most instances but do have certain limitations. Deuterium
background correction cannot correct for structured nerrow band
spectral interferences,e.g., the measurement of selenium in the
presence of iron. Therz is a degradation of the signal to no:se ratie
dus ta the use of two light sources and this method of background
correction is not particularly useful in the visible regicn of the
spectzum, There are limitations in the necessity to match the
{ntensities of the source and deuterium ilamp and the need to have
very good alignment betwesn the opticel beams of the source and
deuterium lamps. Because of these limitations,other background
correction systems have besn introduced.

2) Zeeman Background Correction.

Regently the Zesman effect has been used for background
correction in atomic absorption?S and is particularily useful in
electrothermal atomization. In this technique,the spectral light
source or the atom cell is placed between the poles of a strong
magnet, The spectral line is split into at least three components
(see Figure 7). The = component stays at the original wavelength but
the ¢components, which constitute the background, are shifted away.
The T component is polarised in a plane parallel to the magnetic
field whilst thla ¢ component is polarized in a perpendicular plane,

FREQUENCY

Figure 7 : Normal Zeeman Spiitting Pattesn,43
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If the magnets are placed arcund the atom cell then a rotating
polarizer is placed betwsan the light source and the atom cell and
the passage of parallel and perpendicular polarized light is
alternated, The Zesman system tharfore overcomes many of the
wesknesses of the deuterium arc system.

3) Smith Hieftje System.

A new system of background correction has recently been
reportedS. It has been known for some time that if the hollow
cathode lamp is pulsed at an excessively high current, the emission
lines are broadened and relative atemic absorbance from the analyte
is greatly reduced. In the Smith Kieftje system use is made of this
phenomentn, called self-reversal, Initially the lamp is run at a low
current und its light is absorbed by the analyte element and the
background component, Then the lamp is pulsed briefly at a high
ourrent, causing self-reversal. As a consequence, absorbance measured
during the high current pulse consists primcipally of that produced
by the background component. Subtraction of absorbance values
measured during the two pulses then provides a background corrected
signal.

1.7.2) Non-spectral Interferances.
1.7.2.1) Condensed Phase Interferences.

This type of interference affects the analyte up to the stage
when it is being released from the atomization surface inte the gas
phase. The furnace procestes to be considered here are far more
complicated than for spectral interferences and a fundamental
knowledge of atom formation processes is reguired,

1.7.2.1.1) Interference Mechanism.

Analyte can ba lost during the ash phass due to volatils
compound formation. The most common exemple of this is loss of
analyte by volatilization of volatile halides. This can oocur during
stomization in hydrochloric acid but is particularily severe for the
analysis of sea water,
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Incomplete Telease of the analyte due to the formation of
refractory carbide can alsp account for condensed phase interference.
Pyrolytically coated graphite furnaces are reported to give better
sensitivity and lass "memory effect" for the determination of
molybdenum and vanadiumd7 both of which elemsnts form refractory
carbides, Houever carbide formation is mot the only type of
interference. The formation of intercallation or lamellar compounds
of alkali or alkaline earth metals with graphite may inhibit the
release of these elements from the atomizer wall. It has also been
suggested that atomization of copper can be inhibited in the presence
of alkali or alkaline earth halides by occlusion of the anmalyte in
microerystals or agglomerates of the matrix materiai4f.

Interference due to the rate of amalyte release is the basic
condensed phase interference., This van be caused by changes in the
surface of the graphite furnace with time leading to greater porasity
and hence reactivity of tne surface material, This effact is
obviously very difficult to predict and may sometimes be beneficial
rather than detrimental.

1,7.2,1.2} Interference Removal.

Removal of the type of Interference that is caused by ashing
losses is similer to that for spectral interferences. Selective
volatilization, classical separation or chemical pretreatment
technigues can be used. ’

For elements forming refractory carbides, the reduction of the
graphite surface reactivity by coating with pyrolytic graphite or
elimination of varbon from the electrothermal atomizer is desirable
to reduce or sliminate carbide formation, The latter may be ocheived
either by lining the inslde of the furmece with a high melting point
metal or by Forming a coating of a highly stable cerbide.

The best way to deel with interferences due to time-dependant
release and removal of atoms is by the use of a constant temperature
furnace, The use of metal atomizers may also reduce interferences due
to changes in the grephite furnace although it seems reasonable to
expect the surface of the metal etomizer tu changs oke .
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Incomplete release of the analyte due to the formation of
refractory carbide can alsu account for condensed phase interference.
Pyrolytically coated graphite furnaces are reparied to give better
sensitivity and less "memory effect! for the determimation of
molybdenum and vanadiun? both of which elements form refractory
carbides. However carbide formation is mot the only type of
interference. The formation of intercallation or lamellar compounds
of alkall or alkaline earth metals with graphite mey inhibit the
release of these elements from the atomizer wall. It has alsc been
suggested that atomizatien of copper can be inhibited in the presence
of alkali or alkaline earth halides by ooclusion of the analyte in
microcrystals or agglomerates of the matrix material®8,

Interference due to the rate of snalyte release is the basic
condensed phase interference. This can be caused by changes in the
surface of the graphite furnace with time leading ta greater porosity
and hence reactivity of the surface material. This effect is
obviously very difficult to predict and mey sometimes be bensficial
rather than detrimental.

1,7.2.1.2) Interference Removal.

Removal of the type of interference that is caused by ashing
losses is similar te that For spectral interferences. Selective
yolatilization, classical separation ar chemical pretreatment
technigues can be used. ’

For elsments forming refractory carbides, the reduction of the
graphite surface reactivity by coating with pyrolytic graphite or
siimingtion of carbon from the electrothermal atomizer is desirable
to reduce or eliminate carbide formation. The latter may be acheived
either by lining the inside of the furnace with e high melting point
metal or by forming a costing of a highly steble carbide,

The best uay to deal with {nterferences due to time-dependant
ralease and removal of atoms is by the use of a constant temperaturs
furnage. The use of metal atomizers may also reduce interferences due
to changes in the graphite furnace although it seems reasonable to
expect the surface of the metal stomizer ta change ake .
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1.7.2.2) Vapour Phase Interfarences.

This type of interfarence occurs in the gas phase and influences
any thermodynamic processes wbich may be taking place. It has been
shown2? thet the vapour inside a pulse heated eylindrical
atomizer is in thermal eguilibrium provided that the heating rate is
less than 10%s-1,

1.7.2.2.1) Interference Machanism.

Unlike flame spectroscopy where dissociation aquilibria meinly
involve flam: components, in electrothermal atomizers the sample
matrix is the main source of concomitants entering the dissociation
equilibria. Formation of volatile halides is a major cause of vapour
phase interference in electrothermal atomization. This type of
intarference is due to loss of these compounds at temperatures not
sufficiently high enough to cause their appreciable dissociation.

Ionization is not a major cause of interference in
electrothermal atomization, Recent results of Sturgeon and
Berman®® have confirmed that ionization of lithium, potassium,
rubldium and cesium in the graphite furnace at 2300_"5 is not
significant from the viewpuint of atomic absorption but ionization
interference should be taken into consideration for potassidm,
rubidium and cesium when atomic emission is measured.

Interference due to changes in the rate of analyte removal would
not be expected to be as important as changes in the rate of analyte
supply since in pulsad-type atomizers the removal function is
sufficiently rapld relakive to the supply funmction.

1.7.2.2.2) Interference Removal.

Similar to spectral Interfersnces, the major cause of vaepour
phase interferences is the formatlon of gaseous monchalides. As a
consequence interfersnce removel will alss involve classical
separations, selective volatilization, chemical pratreatmsnt,
glectrodeposition and the use of & L'vov type platform. {As dicussed
in 1.7.1.2)
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An investigation was therefore undertaken to determine the
feasibility of measuring some or all of the lanthanoids by
electrothermal atomization and to try ¢ determine atomization
mechanisms and possible interelement interference effects.
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EHABTER 2
SELECTION JF OPERATING CONDITIONS

2.1) DETERMINATION OF THE LANTHANQIDS BY ELECTROTHERMAL ATOMIZATION,

Elrctrotiermal atomization has been used in the measurement of
indiviaval or selected groups of the lanthanoids. Fuavae and
sneddanS® measured ytterbium and compared atomization from
furnace wall, *© ..°orm and a microboat. GrobenskiS! measured all
the lanthanoids ...ung both umpyrolytically and pyrolytically coated
graphite furnaces and posulated a possible astomizacion mechanism, Sen
Bupta determined the lanthanoids and yttrium in rocks32 and in
sixteen international reference materials of rock r.! cozl53,

Horsky and Fletcher3® used a combined ion exchange/graphite

furnace procedure to determine five of the lantharoids in geological
samples. L'vov and Pelievad8 limed the graphite furnace with
tantalum foil and found thet the sensitivity for .11 the lanthancics
tasted wes improved. Me-zucotslli et al investigated the
determination of dysprosium, europium, thullium, holmium and
ysterbium by graphite furnace AASSS and interference effects on

the determination of ytterbium, holmium, dysprosium, thulliumS7

and eurapiumse.

The aims of this investigation were to determine the
applicebility of electrothermal atomization for the determination of
the lanthanoids and to determine optimum conditions of measurement,
o i tigate atomization and interference effects and to
develop an analytical method for the measurement of lndividual
lenthanolds in a mixed lanthanoid matrix.

2.2) EQUIPMENT USED.

In this study a Varian AR1275 single beam stomic absorption
spectrophotometer was used in conjunction with a Varian GTA-95
electrothermal atomizer. The system is equipped with an autosampler
for injection of predetermined sample volumes to the graphite
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Figure # ; Cross Section of the Vavian GTA-85 Furnace SystemSd,
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furnace.

A cross section of the furnace is shown in Figure 8. Electrical
contact to the furnace is acheived by the use of water covcled
chamfered graphite collars which are spring loaded to ensure constant
contact and therefore reproducible temperatures. Voltage feedback
control is used to control temperature settings as there is no
thermocaupls or aptical pyrometer in the system. Voltage and
temperature settitgs are calibrated by the menufacturer.

furing the dry, ash and atomize cycle, inert gas can be passed
around the outside as wel. s through the the inmside of the furnace,
in the latter case exting  through the sampla intraduction hole. For
maximum sensitivity no gas should flow through the centre of the
furnace during alomization, howsver the GTA-8§ system allows the flow
rate to be varied between @ and 3 litres per mirute. Increasing the
flow rate of gas dgzcreases the analyte signal since the gas flawing
through the furnace effectively "sueeps out” the analyte atoms and
hence the reduces the residence time in the light path which reduces
the sensitivity.

The programming facility on the GTA-88 censists of a menu driven
systam consisting of “threa pages" of suitable operating parametars
which are displayed on the visual display unit. The first page
contains furnace conditions and has up to twenty programmable steps.
Temperature, time, gas flow rate, gas type and read command can all
be progremmed (Figure 98) There are two inlets for the sheath gas
labelled NORMAL and ALTERNATE. Therefore two types of sheabh pas can
be permanently connectad to the instrument. In this study argon was
connected ta the inlet labelled NORMAL. The read command when
switched on (i.e. marked * in the read compand column) is a trigger
to the spectrophotometer to read the integrated absorbance signal
(either peak height or peak area), this is usually over the entire
atomization cycle. There is no automatic ramp rate selection
therafare the rate of re in ire has to in as
@ separate step, In the example shown in Fig.8, steps 1 to 3 are the
dry phése, staps 4 to B are the ash phase, steps 7 ta 8 are the
atomize phase and steps 8 to 10 are the tube clesn phase,

The second page is a graphics display of page ore (i.e.
tonperature/time profilz ). This page is suteomatically displayed
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FURNACE OPERATING PARAMETERS.

1STEF | TENFERATURE! TIME | GAS 1 BAS | READ 1
ND. 1 Y.t BEC. | FLOW 1 TYPE 1COMMAND{

toat 7% 1 50 1 3,0 INORMALI t
bz 95 1 30 | 3,0 INDRMAL} P
1o 85 b 30 1 3.0 [NDRWALE 1
f 4% 2000t 30 | 3,0 INDRMAL1 '
PS4 3000 1 10 1 3,0 INDRMAL) |
a1 1060 1 2.0 & .0 INORWALY 1
V71 2700 f .9 © .0 {NCRMALI e §
t Bl 2700 1 5.0 | .0 (NDRMAL! o« |
oL 2800 3 .1 1 3,0 INORMALI ]
1161 2800 1 3.0 | 3.0 INORMAL| t

Figure § : Example of Furnace Program Rarameters.

Tr2B0R TR B SRlD
2000 B

o+
STEPS 1 1018 RES. SCALL «1.8 95.8 €.
SAPUENO. ] AN GRP 1 M ]

Figure 10 t Example of Temperature/Time, Absorbance/Time Profile.

BAMPLER Fpre/ T TERS NDRMAL CALIBRATION
| SAMPLES AND STANDARDS | BLANK IMDDIFIER}
1 TYPE  ILOCATION! VOLUME ¢ VOLUHE | VOLUHE |
PBLANE 3 =~ t == 1 @t '
(sPil ® & 5 3 20 | (
t BTRP21 m 1 10 b 35 ]
LoEWEd s 1 15§ g0 | H
t stbatl = | oz 15 1 t
| etpsl s | 25 | 1 1
| SAMPLES) ~~ 1 25 1 ¢ t

LAST SAMFLE Mo, = 4 MULTIFLE INJECTIDNS = 1
ND, DF REFLICATES= 2 LAST DRY PHASE STEF = 2
FEBLOFE RATE e INJECTIDN TEHF. Al
FIRET SAMFLE ND, 3

Figure 11 : Example of Autosempler Copditions.

40




while the furnace is operating and the analytical signal is
superimposed on the temperature/time profile. A hard copy of this can
be obtained if a printer is incorperated in the system. An example of
this cutput is shown in Figure 10.

The third page is devoted to autosampler conditions, Autosample,
single sample and standard additions can be used. VYarying volumes up
to 70pl can be transferred to the furnace and there is also a
facility for agding chemical modifiers to samples and standards.
Multiple injections cen be made and the injection temperature can be
varied from 40 to 1509C in which case the furnace maintains a
preset temperature during sample injection or the injection
temperature can be sst to ambient in which case the furmace cools to
roam temperature. An example is shown in Figure 1.

2.3) INSTRUMENT CONDITIONS.

The resonance wavelengths and lamp currents used are detailed in
Table 4. A spectral bandwidth of 0.2 nm was used for the
detarmination of all the lanthanoids in order to reduce the
comssioukdn  of incandescence. For the same resson, the alipnment of
the graphite furnace in the light path was optimized.

2,4) ESTABLISHFMENT OF OPERATING CONDITIONS,

Operating conditions were established foy welve of the
lanthannids (viz. Dysprosium, erbium, europium, gadolinium, holmium,
neadynium, prasesdynium, samarium, terbium, thullium, ytterbium and
lutetium) in two sets of synthetic standard sclutions, one containing
1 per cent v/v hydrochloric scid and one containing 1 per cent /v
nitric acid.

The results wers as follows @

i) Dry Stage, A dentist's mirror was used to observe the sample
drying in the furnace, A temperature of 950C allowsd uniform
drying with no sputtering. The drying time wes dependent on the
volume of solution injected into the furnace. A time of 5% seconds
was negsssary to dry 25 pl.

ii) Ash Stage, To determine the ash temperature the atomization
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Table 4 ¢ avelengths and Lamp Currents used for the Measurement of H
the Lanthanaeids.

Lanthanoid Lamp Current (mA) Wavelength (nm}
i
Praseodynium 15 495,14 !
Neodynium 15 483,42 !
Samarium 8 429,67
Europium 8 453.40 ‘
Gadolirium 10 407.87
Terbium 10 432,85
Dysprosium 10 421.17
Holmium 10 410.38
Erbium 1 400.80
Thullium 10 37.78
Ytterbium 15 398,60
Lutetium 10 335,96 Q
1 |
; :
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1
|
|
|
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temperature was set to 2800°C and the gry temparature to optimum.
The ash temperature was then varied and the atomizatlon peak height
recorded. A decrease in stomization peak height is usually an
indication of loss of amalyte due to volatilization, In the case of
the lanthancids, an inerease in ash temperature, at temperatures well
telow the volatilization temperature of these elements, caused a
dectease i peak height. This reduction was not caused by snalyte
logs but probably by the formation of refractery compounds. This
phenomenum is usually associated with carbide forming elements since
elevated temperatures allow greater probability of carbide formation.
Therefore in most instances the ash temperature chosen was not
necessarily the temperature which gave maximum sensitivity but was
that temperature for which the sensitivity loss was not due to
analyte volatilization. An example of a typical ash temperature curve
is shown in Fig. 12. The ash time for the simple hydrochloric or
nitric acid matrix was 10 seconds. The ash temperatures used for the
measurement of the twalve slements investigated are shawn in Table 5.
iii) Atomization Stage. To determine the optimum etemization
temperature, the dry and ash temperatures were maintained at the
optimum values established in the previous sections and the
atomization temperature varied. It was found that increasing
atomization temperatures caused incressing peak heights as would be
expected., However the lanthanolids are known to form refractory
compounds in the furnace and the effect of increasing atomization
tempsrature on the blank peak (i.e. an atomization of acid only,
after an analyte atomization) was also tested. Photo emission from
the furnace walls at high temperatures seversly affected measurements
of some of the lanthanoids {Figure 13} while lower atomization
temperat-ites resulted in incomplete analyte volatilization giving
rise to "memory effects®, Therefore the atomization temperatures used
were those uwlich gave ressomable sensitivity for the analyte but for
which the "memory affect" was not severe. Atomization temperaturs was
maintained for five seecands since longer timas did not effective.y
reduce the blank and only served to reduce the usesble life of the
graphite furnace, From this work,optimum atomization temperatures
were established and are detailed in Table S.
In all cases,there was no differsnce in conditions between
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Teble 5 ¢ Ontimized conditions for the measurement of the
lanthanoids in synthetic solutions.

Lanthanoid Ash Temp, Optimum Atomization Temp.
o¢ °c
Praseodynium 700 2500
Neodynium 900 2800
Samarium 800 2000
Europium 700 2700
Gadolinium a0 2700
Terbium 60D 2500
Dysprosium 700 2800
Holmium 700 2800
Erbium 800 2800
Thullium 700 2800
Yiterbium 800 2700
Lutetium 800 2800
45
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synthetic selutions in either hydrochloric or nitric asid.

2.5) SENSITIYITY AND PRECISION OF MEASUREMENT.

Calibration curves were obtained for each of the lanthanoids in
both hydrochloric and nitric acids {1%w/v), Results obtained in both
hydrochlaric and nitric acids for thullium, ytterbium and eurcpium
were comparable. However for the other lanthanoids the semsitivity,
at Néhar concentrations of analyte, was better in hydrochlaric acid
rather than nitric acid, This may be due to refractory compound
formation {n the nitric acid metrix which inhibits volatilization of
the lanthanoid from the graphite surface.

Frem this work, the guantity of each lanthanoid required to give
&n atomization peak height of 0.100 sbsorbance units {minus the blank
absorbance) was calculated. The values obtained for each of the
lanthancids were compared, relative sensitivies calculated, plotted
and comparad with the boiling peints of the lanthanoid metals and
their heats of sublimation {(Figure 14). These plats ere in agreement
with Grobensky's results4® and suggest that a change in
electronic structure is related to the boiling and sublimation ranges
of the verious lanthanoids and is diiectly linked to the number of
free atoms present i.e. the sensitivity.

An ingication of the relative variatien in optimum precision for
each element was estsblished in synthetic solutiras of each element
(Table 6). For mast elements relative standerd deviatisns (sp)
for solutions containing nitric acic were siightly inferior to thoss
containing hydrochloric acid which is probably due to the increased
quantity of oxygen in the system in the nitric acid matrix.

It was then decided fo investigete stomization processes and
interference effects on only three of the lanthanoid elements,
Zuropium -jas chosen becsuse its weasurement by slectrothermal
atemization wes velatively uncomplicated and it was ore of the more
sensitive elements. Terbium was chosen because its messurement by
electrothermal stomization was guite vomplicated end its semsitivity
was poor. Finally samerium was chosen because its sensitivity and
ease of measursment was somevhere between that of surepium and
terbium,
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Table § & Precision of Measurement for the Lanthanoids in
Synthetic Solutions,

Lanthanolid Acid Mediuym S
(1% v/v) |
. . (6
Praseodynium {Hn 0.085
HND3 0,430
Neadynium {HCJ- 0,044
HNO3 0.av8
Samariun {HCJ. 0.024
HNoy £.086
N HCL 0.028
Europiua
HNO3 0,028
Gadulinium {Hm 0-025
HiD3 2,150
: HCL 0.045
Tarbium {
HND 0.082
HCL 2.041
Oysprosium
HNO3 0.061
HCL 0.021
Hoimium {
HNO3 0,045
Erblun {HCl 0.020
H\O3 0,060
C. .03
Thullium {H - £.0:
HNO3 0.041
Ytterbium {HCI 0.022
HNO3 0.024
Lutetium {HE!. D.045
HND3 6,058
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CHAPTER 3
SAMARTUM, TERBIUM AND EURDPILM.
3.1) INTRODUCTION.

Samarium, terbium and europium wers investigated in ordsr to
determing the stomization processes in the furrace. Appearsnce
temperatures and atomizetion profiles From grapbite and tantalum were
determined and compacta for aach of the analytes, Arrhenius type
investigations were carried out v deteveine the afomization
processes for the amalytes. Finmally an stiempt uas mece to identify
the producks present in the furnace prior to atemissiins v the use
of X-ray diffraction techniques and to determine the efficiancy of
atomization by measuring the amount of residual analyte in the
furnace after atomization by imstrumental neutron activation

analysis.

3.2) ARPEARANCE TEMPERATURES.,

The app was determined exparimentally by the
method of Campbell and Dttawayso and compared £o the theoretical,

In a hydrochloric acid matrix,the chloride complex is usually
present prior to atomization, however in a nitric acid matrix the
nitrates usually thermally dissociate to the oxides. However the
lanthanoid chlorides all hydrolyse to the oxychlorides on evaporstion
and above 10009C these decompese to the oxide. Therefore in the
case of i+ :.thanoids, the oxide intermediate prior to atomization
can be exp.nie in both acid media.

m0z(s) + 3c(s) — 3c0lg) + 2Mg)

The overall free energy of this reaction is given by the sum of
the free energies of the products minus the sup of the free energies
of the reectants,
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AB peact = 3% ABe C(a) + 2x AGr M(g)
- ABe mp03(s) - 3x AGs C(s)

For the abave reaction to be thermodynamically feasible, the
free ensrgy of the reaction must be nagative. If the free energies of
the individusl components are known then the free emergy of reaction
can he seiculated,

The appearsmue temperatures, for the three lanthanoids, were
determined experimentally as follows. Using a constant dry and ash
temperatures, the atomization temperature wss varied in order to
detarmine the appearance temperature. A quantity of analyte was
atomizad to give full scale deflection at the optimum atomization
temperature for that amalyte., The stomization temperature was then
reduced to no analyte signal then increased in 20 degres increments
until about 3 to 5 percent of full scale deflection was obtained. A
tube clean phass was incorporated to remave any residual analyte.

The results are tabulated below, the analyte bpiling points are
included for comparison.

Table 7 3 Comparison of theoretical and experimental appearance
temperatures for thres lanthancids.

Element Melting Boiling Temperature for Appearance

Point Point rogative AG Temperature
°c o °c °c
Europium 822 1529 2027 1760-1840
Samarium 1074 1794 2377 1500~1950
Terbium 1365 3230 2727 2180-2200

It is tmportant %o noits thet all the elements appearance
temperatures are above the bolling point of the metal suggesting that
M(s) = M(g) is not a contributary process, The fact that the
appearance tempgrature s lower than predicted supgests that
carbothermal reduction of the oxide is also not a contributery
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process.
Several authors have criticised this approach. Sturgeon et

a167 claim that the appearance temperature should be determined

at the beginning of the analyte signal and that measurement of the

analytical peak at a predetermined temperature, as in the Campbell

and Ottoway method, will result in an appearsnce temperature which is

too high. Fullerd! states that thermodyramics alone cannot be

used to determine atomization processes and that kinetics must be

used to determine the resction Tates for the atomization processes.

3.3) ATOMIZATION PROFILES.

Tne atomization peak shape obtained for an element is indicative
of the type of processes by uhich the element valatilizes from the
graphite furnace. Ideally a Gaussian peak should be sbtained but this
is rarely the case. A double atomization peak can be indicative of
two atomization processes or of matrix interferemce. An atomization
peak which rises to & maximum but falls slowly to the baseline with a
1ot of tailing can be‘indicative of cefractory compound formation. Lo
is also very useful to compare atm;‘katim peaks from *ffarent types
of surface e.g. a graphite surface with a metal surfe The
atomization profiles for the three lanthanolds were investigated.

Using the page two facility of the GTA-85 it is pussible to
abtain a printed cepy of the absorLance/time curves and hence the
atomization proiiles.

Absorbance/time curves were ebtained for samerium, europium and
terbium, using the optimum conditions established, from a graphite
surface. As a comparison,these elements were also atomized from a
tantalum surface.

A tantalum insert wes made from pure tantalum foil of thickness
0.082 mm, These inserts were shaped to Fit clesely inside a graphite
surface and the enalyte was injected onto and atomlzed from this
surface, Operating conditions had to be changed since the melting
point of tantalum is 29989C. A maximum atomization temperature of
25009C was used since higher temperastures demaged the tantalum
surface causing it to become very britile, The dry temperature was

52




wF, e
2600 P sip . E‘gsgg me g swg -

2000

A

TREBOE TR @ selg

. TERSER e p swog
20’

™2EPE W p e g
300

|
H
|
|
|
|
]
Figure 15 : Atomization Profiles of (A) Tecbium from a Graphite }
Surface, (B) Terbium from a Tantalum Surface, |
(c) Semarium from a Graphite Surface, (0) Samarium i
from @ Tantalum Surface, (E) Europium from a j

Graphite Surface and {F) Europium from a Tantalum
Surface, i
i
(
|
!
1
[

53

woofe




ettt g g g

increased to facilitate more uniform drying.

Comparisen of the iwo stomization profiles for each of the
analytes is shown in Figure 15. The atemization orofileg for samarium
and europium from both tantalum and graphite are comparable
suggesting o similar atomizetion process in each case. Howsver in the
case of terbium, stomization from graphite produces a profile in
whichi the prak is nat very sharp and there is a lot of tailing at Lne
end af the atomization cycle (see Figure 158}, Atomization frem
tantalum produces a peak in uwhich the terbium appears to atomizs much
faster and there is very little tailing (see Figure 158). This
suggests that atomization from graphite and tartaluwm occur by tuo
different processes. In the case of graphite,terbium forms a highly
refractory compound which is nat completely atomized. This may be
rarbide formation since it is not present during atomization from
tantalum.

The tantalum ingert was found to be impractical since after only
one atomization the tantalum began to curl at the edges reducing the
contact surface and causing arcing and hence irregular heating of the
tantalum. After only five atomizations the tentalum becams very
brittle and cauld not be wsed. It was decided to use a longer piece
of tantalum fall. The foil used this time was 0.018 mm thick and was
cut and shaped ta fit inside the furnace and to extend cut of each
end of the furnace. When the graphite furnece was placed into the
furnace assembly system, the tantalum was then in contact with the
graphite callars which would facilitate more regular heating of the
tantalum, Results from this type of tantalum surface wers similar to
those of the other tantalum insert but more reproducible. Housver the
lifetims of the strip was not improved.

An attempt was made to produce & tantalum insert from pure
tantalum rod. This type of insert was made in the shape of a boat
which fitted inside the furnace and made good contact with the
furnace walls. A diagram the boat is shown in Figure 18,
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Figure 16 : Diagrem of a Tartallm Boat.

The tantalum boat was tested with respect to terbium since
atomization of samarium or suropium from a tanmtalum surface does nat
improve the peal'. Due to the shape of this boat a meximum volume of
10 pl could be piw tted onto it without spillage. A maximum
atomization temperature of 2300°C was used s\j,,"fi 5?»@'1\9;155%& O S
ti','?ﬂf&?ﬁew?f‘ffﬁ Ngt\s tantalum to "s»oke"juhich interfered with the
terbium measurement and prabably reducer the useable lifetime of the
hoat. Again the atomization pesk was improved. However there appears
to be a temperature lag between furnace and boat temperature since
the atomization peak is shifted to the right in e temperaturs/time,
absarhance/time profile. Ten atomizations of 10 1 of 10 ug/ml
terbium were made from which a relative standard deviation of 30 per
ezent was obtained. The positioning of the bost inside the furnace
apppars to be critical since its removel and replacement caused a
deterioration in peak shape. After approximately sixty atomizations,
the atomization peaks became irregular im shape (l.e. noisy peaks
with lots of spikes} although the tantalum boat did not appear to
have deteriorated.

Further tests werm then carried out using a tantalum platform.
This was made from pure tantalum rod to the same design of the
commercially available graphite platforms (see Figure 17).

Brom

12mm

Figure 17 ¢ Diagram of a Tantalum Platform,
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Since contact with the furnace wall only ocours st tuo peints
heating ot the platform will be mainly due tu corvection and the
temperature of the platform will leg that of the wall, This platform
was tested for terbium. Atomization temperatures sbove 23000C
caused the signal to be uusr;?nge aven when there was no terbium on
the platform. This effect is probably due to either tenatalum being
released in the light path or the fact that the tantalum platform
vibrates which may also intexfere with the light path, Howrver at
23008 ’the terbium is not totally released from the platform and
the atomization pesks obtained are broadened with s lot of tailing.
Therefore sensitivity is poor and this platform is not suitable for
the measuvement of terbium.

An sttempt was made to form a tantalum carbide coating on an
unpyrolytically cuated graphite furnace. The method of Fritzsche et
al?! uas used in uhich the graphite furmace is soaked overnight
in a selution of § per cent tantalum in hydrofluoric acid. The
furnace is then dried at 1200C for 2.%o 4 hours, Pricr to
atomization the furnace is heated to 1200C for 1 minute, then ta
4009C for 30 seconds and finally to 22000C within 90 seconds
and held at maximum temperature for 10 seconds. This procedure was
repeated twice, This furnace was tested for terbium but showed no
improvement in atomization peak, In fact the peak abtained from the
carbide coated furnace was worse than the atomization pwak from a
pyrolytically coated furnace. Atomizetlon of terbium from an
unpyrolytically coated graphite furnace resulted in s peak which uas
similar to the peak obtained fre the carbide coated surface.
Sensitivity was poor and the atomization peak was broadened with a
lot of tailing. It was thought that soaking the furnaces in the
tantalum solution under vacuum would improve the carbide coating.
Howsver when this was trisd there wes no improvement in results. This
type of carbide coating does not sppear to offer any improvement in
results. This could be due to some sort of chemical reaction between
tarbium and tantalum carbide but it is more likely that the coating
was not satisfactory.
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3.4) ARRHENIUS TYPE INVESTIGATIONS.

The use of either thermodynamic or kinstic principles to
uncerstand atomization processes can be an oversimplification. The
graphite furnace, during atomization, contains a highly dynamic
environment and if thermal equilibrium exists it will be very
traneisnt, Thz model proposed by Fullers! using kinetics has
disadvantages since in noomal graphite furmace emalyses accurate
vapour temperatures are not known. The model of Torsi and
Tessarii0 is only appliceble to open type atomizers. With normal
grephite furnaces recondensation has been shown to cccur (see Chapter
3 sectien 3.5)

Therefore it was decided to investigate the model of Sturgeon et
al81 in which both the kinetis and thermodynamic aspects of
atomization are taken into account.

3.4,1) Theory.

As discused previcusly (Chapter 1, Section 1.6.8.) there are

several atomization procssses which can occur in the graphite

furnace.

Medy(s/1) ~ mOy(g) — «M{g) + yolg) PPN ¢
Mmy0y(s/1) + yC(s) — xM(s/1) +yC0(g)
|
x/2 My} e am(g) .
MXp{s/L) -~ Min(a) - m{g) + . «{q)

cerenn(2)
aeena(3)

The oxygen ang halogen ha“e¢ been shown in monatomic form sirce
the partial pressures of these :ecies, in the gas phase, ars very
small, Very sma .l masses of sauple are atomized in the furnace and
therefore the partial pressures of any libersted oxygen or halogen
within the furnace is also very smell. Therefore the possibility of
recombination through collision of amalyte fragments is
insignificant,
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In the genaral atomization processes (1) to (3), if the finmal
step is characterized by a unimolecular rate constant kq, then
for resction (1) the rate of produstion of M{g) at any temperature is

given by ¢ ; ; ﬁ
. ! 1

dPy(g)/at = *1Pm,0, (g)
= KkiKpagx TN )]

i Where Ky = Fn,p, (g)/as
ag = activity of the condensed phase
on the surface of the carbon surface.
P = partial pressure of species denoted by
the subscript of 0,
The activity of the surface phase will be maintained as a
variable in this model since it is dependant on both analyte mass and

T

B temperature. H
i There is also a possu’ f loss of stomic vapour by i
i 4 diffysive and convectiv, iherafore it 1s necessity to i
| introduce & term Ry inta equation (4) to account for these i
1 losses. i
Pr(g)/dt = kikgasx - Fp PPN £

Th  astribution of atomic vapour along the length af the
furnace . roughly Gaussian and is governed by Fick's second law.
Assuming that the vapour density falls limsarly from its maximum in
the centre to zery where the vepour leaves the furnace by
condensation et either end, then thr rate of diffusional loss from
the furnace may be approximated by . =imple first order process.

Ry = kpPnig)

uhere kp is the rate constant "o loss of vapour.
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For a short period of time, the activity (ag) is nearly
constant and a steady state is acheived, under these conditions
equation {5) can ba written thus ¢

dPu(g)/dt = O = KkiKpagx - kpPi(g) cervennein(B)
which on rearrangement yields :
F(g) = KiKgasx/kp vevereenane(?)

In atomic sbsorption spectroscopy the measured absorbance A is
directly proportional to the concentration. Therefore :

AT = KpPm(g) = Kak1Kpssx/kp I 11

where Ay is the absorbance of & metal vepour st temperature T
and kp is the proportionelity constant.
According to transition state theory the rate constant kq
can be formulated in thermodynamic terms by the introduction of the
standard free energy change for the reaction,

ke = KT/n exp(- ABS% /RT}
= (kT/h)exp(~ AS% /R)exp(- AN /RT) PPPTSRO )]

where k is Boltzmann's constant, h is Planck's constant and AG%,
AS®, and AH®, are the free snergy, entropy and enthalpy of activation
respectively. It is possible to eguate the enthalpy of activation to
the activation snérgy to a first approximation. The equilibrium
constant for the gas-condensed phase equilibrium (K) is a
function of temperature and its rslationship is glven by the van't
Hof ¢ squation.

3an - AH°
a(1/T)

where AHO is the standard snthalpy thangs fur a phase

cevreenennn{10)

transition and R is tha gas constant.
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On integration, using common logarithms equetion () becomes :
Inkg = =AHO/2.3RT + C srennnnaenan{11)
where C 1s the integration constant, AHO is assumed to be
temperature independant since the product AT AEP is small

compared to AHO.

Substituting equations {(8) and {11) in (8) gives :

lnap = <Ea+ AHO 4 AS% 4 kpagkTxC'
Z.3RT 7.3 kg

+ Awo + A
2,387

If the lag of the absorbance is plotted agsinst the inverse of
the abisclute temperature then a straight line with slope of
~{Eq - AHP)2.3R and intercept Aq should be obtained.

The activation energy obtained from lnA versus 1/T glnt is an
excallent approximation to the bond dissaciation energies of gaseous
species and can be best correlated to one of the following waluss 2

1) The disscciation energy of the metal oxide. i.e, fre» atoms arise
from tharmal dissociation of the oxide.
2) The dissaciation enargy of the metal halide.
3) The heat of atomization of the metal. i.s. carbothermal reduction
of the metal oxide ylelding solid or liquid metal which volatilizes
to gaseous metal.
4} Yhe matal-metal bond dissociation emergy, i.0. formation of
dimeric species with stomization seguence as above,
§) The metal-carbon bond dissociation energy. i.e. formation of
carbides prier to atomization.

It is possible that atomization may occur by a different pracess
at different tempereturas. Teke for mxemple equation (1)

M0y (s/1) (’-)mxny(g) @ xM(a) + yOla)
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At loy temperatures when little of the oxide has vapourized then
reaction (1) may be expected to be the major supplisr of M{g), At
higher temperatures reaction (2) may be the more likely process.

Therefore the £ plots obtained may be a composite of two
straight lines with different slopes.

3.4.2) Experimental.

The Eg plats for europium, samarium end terbium were
determined using the method of Sastry et alB2, The analyte is
atomized from the graphite furnace at a preset temperature, the peak
height abtained is taken as the sbsorbance and the tenperature
displayed by the instrument is taken as the atomization temperature.

They claim that this is possible because during atomization of com pow.us

of lon uolabbiey - there will not be much difference between gas
and well temperawures. In the GTA-95 system used for this study, the
furnace temperature is conirolled by voltage feedback which should
compensate for any change in resistance and therefore the temperature
programmed should te the temperature attained by the furnace.

Measurements were made in synthetic sclutions of the appropriate
analyte in 1 per cent hydrachlorie acid. Argon was wsed as the sheath
gas and the flow of gas was stopped during atomization. The peak
heights were recorded in absorbance units at varying atomization
temperatures from around 2000°C to 2900°C in one hundred
degree stages.

Results for each of the analytes are detailed below,
a} Europium

Tuo straight lines were vhtained which intersacted at
approximately 23500C (see Figure 1Ba). The activation erergy at
the higher temperature region was 163 kJ/mol which {s comparable to
144,7 kI/mal, the heat af sublimation of europium. The activation
ensrgy at the low temperature region was 259 kJI/mol, The heat of
dissoclation of europium monoxide is 478 kI/melB3 which is not
comparable te the activation energy for the low temperature region.
However the heat of dissociation of europium dicarbide is 218
kI/molB4 uhich is comparable to the activation erergy. This
suggests that thermal dissociation of the dicarbide is the most
likely process af. low tempuratures and at high temperatures
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Eu(s) —Eu(g) is the more likely process. The boiling point of
suropium metal is 15280C so it is possible that europium is in
the gaseous state above 23509C,

b) Samarium

Two straight lines were obtained which intersect at
approximately 24000C {see Figure 18b). The activation energy at
the higher temperature region was 201 kI/mol which is comparable to
208.7 k/mol, the heat of sublimation of samarium metal. The boiling
point of samarium is 17849C so samarium in the gaseous state is
feasible at this temperature. The activation ermergy at the low
temperaturs region was 410 kJ/mol. The dissociation emergy of
samarium monoxide is 567 ki/molS3 and the disscciation energy of
samarium dicarbide is 313.1 kI/mel83 neither of which are
comparable with the activation energy.
¢} Terbium

Two staight lines which intersect at approximately .3000C
(see Figure 18c). The activaticn energy at the higher temperature
region is 155 kI/mol. This does not compare well with the heat of
sublimation for terbium which is 388.7 kJ/mol, The boiling point of
terbium is 3230°C suggesting that terbium in the gaceous ' !~ is
unlikely at these temperatures. The activation emergy a th- low
temperature region is 520 kI/mol. This value is not comparai.c to
either the bond dissociation energy of terbium monoxide83 (704
kI/mal) or terbium dicarbideS® (628 ki/moi).

A summary of the results obtained for the three lanthanoids is
glven in Table 6.

It is possibla that thase results are guestiomable especially at
the lower temperatures where atomization may not be complete and the
rate of atomization may differ and hence affect the peak height.

" Sturgeon et al® suggested that the absorbance and
temperature were measursd during the rise of the amalytical peak.
They used a thermocouple to determine temperature and a storage
oscilloscope to eollect the peak. However in this investigation this
could not be carried out because measurement of the furnace
temperature in the GTA-85 system was impossible using the equipment
available.
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Table B8 ¢ Summary of Activation Emergies and Possible Atomization
Mechanisms for Europium, Samarium and Terbium.

£lament Eg tikely intermediate Energy
k3/mal (kJ/mal)
Europium 259 EuCp/Eu 218
183 Eu(s)/Eulg) 144,7
Samarium 19 No correlation
m sm(s}/Sm(g) 206.7
Terbium 520 No correlation
155 No correlation

3.5) NEUTRON ACTIVATION ANALYSES RESULTS.

The lanthanocids wauld be .0 form refractory compounds
in the furnace., These compuunds .t be completely atomizad from
the furrace and therefors it was decided to carry out
experiments to determine how much residual analyte was left in the
furnace after atomization.

A set of furnaces were supplied to the National Physics Resgarch
Unit (NPRU) of the University of the Wituatersrand far analysis,
These consisted of a blank furnace and for each of terbium, samarium
and eurcpium, one furnace with a known quedtity of analyte dried onto
it and ane furnace with the same amount of analyte atomized.
Therefore some measure of the efficisncy of atomization could be
made.

Synthetic solutions of sach lanthanoid in one per cent
hydrochioric acid wers used in each case. Optimum furnace conditions
were used but no tube clean stage wes included.

Each furnace tube was sealed in quartz and irrediated in the
teactor at Pelindaba far at least 14 hours, The samples were allowed
to depay for a cartain length of time before measurement. Ssmarium
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was measured first since it has the shortest decay period. Terbium
and europium have similar decay periods.

Messurement of the furnaces was carried out at NPRU using the
equipment available. The system used consisted of a coaxial
germanium(1ithium) detector coupled to a multichannel analyser. The
digital output was recorded on magretic tape and eventually processed
by the computer,

3.5.1) Results for Samarium,

The results obtained are tabulated in Table 9. Precision of
measurement was approxim Sely one per cent. Furnace numher 1 is the
blank furnace, furnace nuaber 2 contained 50 mg of samarium and
furnace number 3 is the one from which S0 ng of samarium had been
added and then atomized.

Tahle 9 : Results of Neutron Activation Analysis for Samarium.

Furnace Number Samarium Counts
1 (3.80% 0.78)x103
2 (7.54% 0,02)x105
3 (3.85% 0.02)x105

From these results,it appears that only 50 per cent of the
samacium on the furnace is atomized. However a temperatu : gradient
along the furnace length may ceuse recondensation at the furmace
ends, £ach furnace, except the blanrk, was cut inte three portions and
the centre of the furnace counted separately from both ends which
were counted together, These results (shown in Table 10) indicate
that 82 per cent of the samerium is atomized from the centre of the
furnace leaving 18 per cent residusl. However 3 per cent of the
samarium had recondansed on the furnace ends
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Table 10 ., Neutron Activation Analysis of Portions of bLraphite

Furrace for Samarium.

Furnace Number

Samarium Counts

2 (gentre portion)
2 (end portians)
3 (centrs portion)
3 (end portions)

(5.46 £ 0.03)x105
(2.80% 0.34)x103
(9,78 0,10)x10%
(1.73% 0,02)x108

3.5.2) Pesults for Terbium.

Results were chtained similasly for terbium. In this case 500 ng

of terbium was dried onto furnace number 4 and atomized from furnace

number 5. Preclsion of measurement was around 3 per cent. Results
from the analysis of the entire furrace indicated that only 41 per
cent of the terbium had been atomized. These furnaces wsre also cut

into three portiens and the centre portion measured separately from
both ends which were measured together. Examination of these results
(see Table 11) shows that approximately 80 per cent of the terbium
had bgen atomized leaving a residual 40 per cent on the furnace.

Table 11 ; Neutron Activation Analysis of Portioned Graphite

Furnaces for Terbium,

Furnace Number

Terbium Counts

4 {centre portion)
4 (snd portions)
5§ {centre portion)
§ (end portions)

(2.58 £D.08)x108
(1.96 2 0.78)x108
(4.46%0.06)x108
(2.51 % 0.28)x108

In this case,precision of measurement for the end portions of
furnace 4 and § was around 20 per cent because the guantity of
turbiun was reduced. Precision of measurement for the centre portion
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was 2 per cent,
3.5.3) Results for Europium.

These were again obtained similarly to both samarium and
terbium. In this case 5 ng of europium was dried onto furmace number
& and atomized from furnace number 7. Results for the amalysis of the
entire furnace indicated that only 38 percent of the europium had
been atamized from the furnace. Again the furnace was cut into three
portions and the amount aof europium present in the centre portion
determined separately from the end portions, These results are
presented in Table 12, These results indicate that aprnxima\:sly 8D
per cent of the suropium has been atomized.

Table 12 t Neutron Activation Analysis Results of the Portioned
Graphite Furnace for Europium.

Furnace Number Eurcpium counts
6 (centre portion) (2.78£0.14)x102
B (end portions) {8.5t £0.76)x10?
7 (centre portion) (6.00 % 0.48)x101
7 {end portions) (1.48£0,10)x102

The results obtained for the three lanthanaids indicate that the
efficiency of atomization for europium end samarium is good but that
there is quite a large amount of residual.tarhium in the furnace
after atemization. Howsver these experiments can only be used to
indicate the amount of dnalyte present in the furnace and other
techniques have to be used to determine the type of compounds in the
furnace.

3.6) COMPOUND IDENTIFICATION BY X-RAY POWDER DIFFRACTION.
Sevaral authars have used the Xray diffraction technrigque to

identify the compeunds present in the graphite furnace. Nickel67
identified the reaction produsts and their distribution on the
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graphite amode of a dc arc system. Suzuki and OhiaB® identified
sulphide in the residual material left in the furnace after heating
thiourea with various slements to 573K,

In this study, x-ray powder diffraction was used to identify the
compounds present in the graphite furnace prior to atomizatien. A
known amount of either europium, samarium or terbium, as the chloride
complex, wes added to the furnace. After drying, the temperature was
increased to 15009C and maintained at that temperature for up ta
30 seconds (the time used was cancentration dependent). The fuznace
was than cut in half along its length and a small portion of the
centre of the furmace, whers the analyte uas expected to be, was
removed, mounted and measured by x-ray diffraction, It was found
necessary to add large quantities of analyte to the furnace since
initial results showed anly graphite patterns. Phase analysis was
carried out by the Debye-Scherrer methodfd usimg Cukey radiation.

The major difficulty with these experiments was in obtaining a
sample of the residual material since, in most cases, no residual
material could be seen en the graphits surface even under

“magnification. The presence of carbides in the pyrolytically coated

furnaces was act -wved, The compounds present appeared to be the
oxides but the powder patterns were very weak and these results are
questionable. Initially, results for samarium in the unpyralytically
coated furnace indicated that samarium dicarbide was present however
subsaquent experiments indicated only the powder pattern of graphite.
In the case of terbium,the residual material could be seen and
collection of the sample wes relatively easy. However identification
of the pouwdar diffraction pattern was more difficult. The compound
present is either an unknown complex or a mixture of two compounds.
It was possible to account for all the lines present on the film by
taking a combination of some of the lines for terbium oxide amd
terbium carbicde. This could be possible since there was expected to
be 3.4 mg of terbium on the furnace, assuming no ashing laosses, and
at the graphite surface formation of terbium carbide is likely. The
surface layer of terbium above this carbide may conteln some of the
oxide.
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3.7) DISCUSSION.

“esults of the previous experiments indicate that the
ator  'tiua pronesses for the three lanthanoids investigated are

‘quite ~wmplicated, The results of the appearance temperature

experiments indicate that neither carbothermal reductiocr of the oxide
nor volatilization of solid metal to gaseous metal are contributary
processes to atom production. The accuracy of the method of
determining appearance temparature is open to question but the
impartant fact to emerge is that each of the three lanthanoids have
different appearance temperatures amd that these appearsnce
temperatures are related to the relative volatilities of the
individual lanthanoids.

The atomization profiles obtaeined are also indicative of the
differences betwssn the three lanthancide. The atomization profile
obtained for terbium using & tantalum surface is greatly improved in
terms of sensitivity and pesk shape. This may indicate carbide
formation when a graphite surface is used. Howsver cerbide farmation
on pyrolytically coated graphite is unlikely and it more probable
that the tantalum surface itself helps to promote the volatilization
of terbium.

The results obtained from the Arrhenius type investigations are
questionable especially in the low temperature regions. Houwever, the
differest behaviour of terbium is again emphasised. & correlation can
be made between the activation snergies obtained for samarium and
eurcpium and their hests of sublimation in the high temperature
region. A similar correlation was not found for terbium. The reason
for this lack of correlation in the case of terbium may be incomplete
atonlzation of the more refsactory terbium sven in the high
temperature reglon due to its refractory mature. This is supported by
the neutron activation results which indicate that approximately 40
per cent of the terblum remains on the furnace after atomlzation,
These experiments suggest that the predominant atomization process is
thermal dissoclation of the oxide.

Carbide formation can occur, prior to atomization, but is less
likely when using & pyrolytically coated furnace. However with
prolonged use, the surface of the pyrolytically coated furnace may
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deteriorate and carbides may then form. Therefore, it is important in
the measurement of these elements that the pyrolytic coating on. the
furnaces is maintained, : ’

7
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CHAPTER &

INTERFERENCES

Interference effects on samarium, europium and terbium were
investigated. e effect of increasing quantities of both
hydrochloric and nitric acid on the analyte response was tested.
Interelement intsrference from the other lanthanoids and yttrium was
also tested. The ratio of interferent to analyte was varied from 10
to 1 to 100 to 1 and interference was tasted across the entire
calibration range.

4.2) EFFECT OF INCREASING CONCENTRATIONS DF ACID,

The effect of increasing quantities af hydrochloric and nitric
acids on the analyte response was tested. In a hydrochlorie acid
matrix,the chleride camaplex is usually present pricr ta atomization,
however in a nitric acid matrix the nitrates usu-lly thermally
dissociate to ‘' oxides. However the lanthanoid chlorides all
hydralyse to the oxychlorides on asvaporation and above 1000°C
these decompose to the oxige. Therefare in the case of the
1 ds, the oxide ir prior to atomization can be
expected in both acid media.

Optimum atomization conditions established previously were used.

The hydrachloric and nitric acid soncentrations were varied from 0.0S
to 3.0M and 0.06 to 4.0M respectively.

For europium,increasing quentities of hydrechloric or nitrie
acid did not affect the atomization peak height. This sugyests that
the europium atomization process is not influenced by large
quantities of either oxygen or hydregen chloride gas.

Far samavium,increasing quaniities of hydrochleric acid did nat
influence the atomizstion peek height., Nitric acid in concentrations
greatsr than 0.4M caused a suppression of the samarium atomization
peak and at concentrations in excess of 2.0M caused a double
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atomization peak.

For terbium,increasing quantities of hydrochloric acid caused a
slight reduction in peak hs%aht from 0. DS tn U EIVI al:).d above mhlcz’“(’m‘ "
theﬂea:f ‘L;%Talned constant A Nitric acu? caused severe supprﬁsswn of
Lhe atomization pesk at concentrations grsater than 0.4M and at
concentrations in excess of 1.0M produced a double atomization peak.

At high )nitric acid to oxygen and
nitrogen oxides. At low concentrations of nitric 7zid,these species
may not affect the atomization process, howsver at high
concentrations the excess oxygen in the system may in some way
interfere with the atomization process. This interference could be
due to recambination of the elemental species to form oxides in the

vapour phase or the excess oxygen present may inhibit dissociation of
the oxioe prier to atomization. It would be expected that prior to
atomization the sesquioxides would be cenverted to the monoxide.
Although these are not stable for most of the lanthanoids, under
certain conditions of temperature and pressure they may be formed,
Thernodynamics would predict that terbium forms the most stable
monoxide (bond dissociation energy 704 kJ/mol) followed by samarium
(band dissociation energy 587 ki/mol) and eusopium (bond dissociation
energy 479 kI/mol). Therefore it seems likely that this effect would
be most prominent for terbium and least prominent for eurcpium.

4,3) INTERELEMENT INTERFERENGE.

Interference from the lanthanoids and yttrium on each of
europium, samarium and terbium was established. The extent of
interference wes tested across the widest possible analytical range
since Sen GuptaS2 mentinns thet interfermnce can be overcome by
dilution.( The dilution effest is commonly used to avercome
interference in flame systems. The principle of this involves
reduction of the total number of atoms in the light path, although
the ratio of interferent to analyte does not change.)

An interferent to analyte ratio of 100, 50 and 10 to 1 was used,
to establish the extent of inter-element interfersnce, for europium,
samarium and terbium, To simplify the oxperiments, each interferent
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was added individu:lly to the amalyte since it was thought that
mixtures of interferants would only serve to complicate and elongate
the investigation. It was found that in the presence of the other
lanthanoids it was necessary to increase the ash temperture to
10009C for terbium and europium and to 12009C for samarium.

This did not cause a significant decrease in sensitivity for these
elements in the absence of Interferent.

4.3.1) Interference Effects on Eurcpium,

Interference from lantharum, cerium, praseosynium, neodynium,
samarium, gadolinium, terbium, dysprosium, holmium, erbium, thullium,
ytterbium, lutetium and yttrium on the eur:pium rESp%QSEr:Eyg~muL
established at ratios of 100, 50 and 10 to 1.,0.5, 1.0, 1.5, 2.0 and
2.5 ng i in sach case. The effect of the
interference on the analytical peak height was determined as being a
percentage enhancement or suppression of the original peak {(i.e. that
in the absence of the interferent). A 10 per cent error margin was
allowed in the measurement of analytical peaks and pesks were
measured in at least duplicate.

. The europium peaks wers rot apprecishly erhanced or suppressed
for the elements tested. In the presence of 100 fold excess of
elements such as samarium and ytterbium,there was some peak
broadening but the peak height remained within the 10 per cent errox
margin, Howsver large amounts of the more refractory lanthamoids did
raduce the usable life of the graphite furnace and the tube had to be
replaced more frequently than usual under these conditions.

4,3.2) Lntarfersnce Effects on Samarium.

Interference from lanthanum, cerium, praseodynium, neodynium,
suropium, gadolinium, terbium, dyspresium, holmium, erbium, thullium,
ytterbium, 1utet1um.asr;d ytt:mm was established at ratics of 100, 50
and 10 to 1.42.5, 5.0, 7.5, 10.0 and 12.5 ng . toms

' in each case, The effect of the interferent was determined
in the same manner as that of europium.
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There was found to be no interference from lanthanum, cerium,
fraseodynium, neodynium, gadolinium, terbium, dysprosium, halmium,
erbium, lutetium and yttrium at the aforementioned ratics. However at
ratios of 50 and 100 to 1 suropium, thullium end yiterbium caused a
suppression of the analytical pesk height of less than 20 per cent.
The effect of the piesence of europium, thullium and ytterbium on the
samarium calibratico curve is shown in Figure 19. As can be seen,
interfarence can be overcome by dilution of the sample salution since
at low concentrations of samarium interference ls less severe, It is
interesting to note that the elements which interfers in the samarium
response are, like samarium, the more volatile lanthanoids. It is
possihle to postulate an interference mechanism based on this, If
atomization of these more volatile species generates more of the
element in the vapour phase then it possible that some typs of mixed
compound is being formed and hence less samarium exists as atoms in
the vapour phase and hence is available for measuremeat. If
atomization in all cases is due to thermal dissociation of the oxide
then, perhaps, the excess guantity of oxygen present, due to the
dissociation of the monoxides of thullium, ytterbium and eurcpium,
causes vapour phase recombination of samarium monoxide. Samarium
monoxide is mexe stable than the oxides of thullium, europium and
ybterbium but less stable than the oxides of the ather lanthanoids.

4.3.3) Interference Effects on Terbium

Interfarence from lanthanum, cerium, praseodynium, neodynium.
samarium, europium, gadolinium, dysprosium, holmium, erbium,
thullium, ytterbium, lutstium amd ytirium was established at ratics
of 100, 89 and 10 to 1. 25, 50, 75, 100 and 126 ng of terbium was
atomized in each cass. The sffect of the interferent was determined
in the seme manner as that of europium and samarium.

There was found to be gevere interference on the terbium
response from all the lenthanoids even at ratios of 10 to 1. The
interference could be divided into two distinct patterns. Samarium,
thullium, ytterbium and europium all caused a suppression (of lpss
than 50 per cent) of the terbium response, an effect which increased
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Figure 18B 3 Interference ffect of the other lanthanoids on the
terbium response, Interferent to analyte ratio, 10:1.
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with increasing terbium coneentration (i.s. the normal dilution
effect), The other lanthanoids caused an enhancement of the terbium
response which was worse at lowsr concentrations of terbium than at
nigher. In solutions containing 25 ng of terbium this effect exceeded
100 per cent enhancement in the presencs of 50 fold excess of
dysprosium, erbium and gadolinium. However at 125 ng terbium there
wes only & 50 per cent enharcement in the presence of the same
interferents at the same relative concentrations.

An attempt was made to determime the interference mechanism in
each of the above cases. For simplicity erbium was chosen as an
example of the ephancement effect and samarium as an example of the
suppressive effect.

4,3.3.1) Interference from Esbium.

In this experiment,the terbium concentration wes maintained
constant and the erbium concentration varied. In each case 100 ng of
terbium wes atomized and the amount of erbium varied from 2 to 10 000
ng. The corresponding ratios of erbium to terbium were 1 to SO, 1 to
20, 1 to 10, 1 to 1, 10 o 1, 20 to 1, 50 to 1 and 100 ta 1 (i.e.
from sxcess terbium to excess erbium). The peaks height obtained on
atomization of these mixtures were compared to an atomization peak
height obtained ior terbium alene, a larger ar smaller peak being an
indication of enhancement ar suppressicn respectively.
Reproducibility was good therefore each peak was only measured in
duplicate. The results of this experiment are diagrammatically
reprasented in Figure 20. Examination of this diagram shouws that
ratios of erbium to terbium frop 1 to 1 to 20 to 1 cause a dramatic
Increase in the terbium atomization peak height. Retlos of 50 to 1
and 100 to 1 {erhbium to herhium) cause @ decrease in the terbium
response, This effect is difficult to explain but a possible
explanation is that initially the asddition of these lamthanoids
release more terbium as the element during atomization bu“ - higher
concentrations this effect is nullified.
4.3.3.2) Interference from Semerlum.

Interference effects in the presence of samarium were tested in
the same manner as terbium interference. 100 ng of terbium was
atomized in the presence of 2, 5, 10, 100, 1000, 2000, 5000 and
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10 000 ng of samarium corresponding to ratios of 1 to 50, 1 to 20,

to 10, 1 to 1, 10 to 1, 20 to 1, 50 to 1 and 100 to 1 (samarium to
teroium). Again the atomization peak height obtained with and without
samarium present was compared. In this case,an increase in the amount
of samarium present caused a corresponding increase in the terbium
atemization peak as shown in Figure 21. It was thought that this
effect could be dus to some kind of backgrounmd molse or spectral
overlap. Therefore these mixtures were remeasured under the same
conditions except that deuterium background correction was emplayed.
Results this time ssemed to indicate that up to ratios of 1 to 1
{samarium to terbium) the terbium atomization peak height was nat
influenced by the samarium present. Higher guantities of samarium

gave large negative, sated peaks which suggests that the
deuterium system could not correct for the background present, It was
in fact found that varying quantities of samarium when atomized from
the furnace, at the terbium wavelength and using a terbium hollow
cathode lamp, exhibited calibration curve characteristics suggesting
that some sort of spectral overlap is the interference effect in this
case. This means that to overcome interference from samarium that the
terbium and samarium weuld have to separated from each other.

4.4) DISCUSSION,

Different interference effects were found for each of the
lanthanoids under investigation, Eurcpium was relatively the most
interference free and could easily be measured accurately in samples
in the presence of even 100 fold excess of the other lanthanoids.
Samarium did suffer Interference from the other volatile lanthanvids
at ratios of greater than 30 ta 1. Therefore it would be possible to
measura samarium in the presence of these other lanthanolds as long
they were not in great excess. Terbium, however, is subject to
severe interference from the other lanthanoids. This interference is,
in some cases, due to spectral effects and in other cases to chemical
effects, Thersfors it would be impossible to messure terbium in
samples in the presemce of the other lanthanoids and it would be
necagsary to separate the terbium, for example by ion exchange
chromatography, prior to messurement, Terbium is one of the mare
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refractory lanthanoids and also has a high monoxide bond dissociation
energyB3,

Using the information obtained from the detailed study of these
three lanthanoids it is possible to postulate some interference
effects for the other lanthanoids. Ytterbium, which has a similar
vapour pressure to europium (see Table 3) and monoxide band
dissociation energyB3, would also be expected to be relatively
interference free. Thullium is slightly less volatile than samarium
(see Table 3) but has a lower momoxivs "mnd dissociation
energy®3, Consequently this element may be sumset_ to  similar
interference effeste ot tnkeof * samarium, Lutetium, gadelinium,
lanthanum, cerium, praseodynium and neodynium are refractory
lanthanoids (see Table 3) and have high monoxide bond dissociation
energiesB3. These slements may therefore be subject ta
interference effects similar to those experienced by terbium. This
leaves the group of lanthancids dysprosium, hoimium and erbium, Their
vapour pressures and monoxide bond dissociation enmergies lie between
those of terbium and samarium thersfore the interference effects will
probably be less severe than those of terbium but mare severs than

those of samarium.
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CHAPTER §
ANALYSTS OF SAMPLES

Several samples wers anslysed in order to determine if an
analytical method for the determination of some of the lanthanoid
elements could be developed, At the beginning of this investigation,
optimun conditions were established for twelve of the lanthancids and
therefore an attempt was made to determine as meny of these tuelve as
possible in the samples, Unfortunately it was not possible to
determine either prassodynium or neodynium since the hollow cathode
lamps used at the beginning of this investigation were no longer
available. Therefore ten of the original twelve lanthanoids; viz.
samarium, europium, gadolinium, terbium, dysprosium, halmium, erbium,
thullium, ytterbium and lutetium, were investigated,

5.1} SAMPLE TYPE.

The sarples analysed were South African reference samples NIM
66/68 (a high grade monazite from the Rynsdorp area), NIM 39/70 (a
low grade monazite from the Richards Bay area}, NIM 53/70 (a medium
grade monazite made by mixing one part of NI 68/69 to two parts of
NIM 38/70), NIM 18/69 (a carbonatite from South West Africa) and NIM
35/71 end 36/71 (tuo sysnits rocks). Although recommended values are
not available for all the lanthanocids in these samples, a set of
preferred values for the lanthancids in NIM 66/69, NIM 39/70 and NIM
58/70 has previously been established?0, Furthermore these
samples are used as "in-houss" reference materials at the Coumedl for
Mineral Technology and the analytical results for the lanthanoid
alements, although mot in sufficiently large enough numbers for a
statistical svalustion, have besn recorded. Sen Gupta32:53 has
ustermined the lenthanoids in NIM 18/68, NIM 35/71 and NIM 38/71 by
several techniques including flame and graphite furnace atomic
absorption spectroscopy.

81




5.2) ANALYTICAL METHOD USED,

Several methads for the dissclution of lamthanoid cantaining
materials ars avalleble. Sen Gupta2)53 treated the sumple with
hydrofluc ic, nitrie and perchloric asids followed by fusion of any
residual material with potassium pyrosulphate. Horsky and
FletcherS4 used repeated treatment with hydrofluaric and
perchloric acids to dissolue the sample. Other methods used mainly
consist of fusion techniques using a variety of fluxes,

In this investigation;the sample was fused with potassium
biflueride and leached in 10 per cent, by volume, hydroflucric acid.
Since the lanthanoid fluorides are insoluble, they are precipitated,
alang with any other insoluble fluorides and after digestion of the
filtrate with perchlaric acid, dissclved in hydrachloric acid, The
accuracy of this method has besn investigated at the Council for
Mineral Technolngy71 by the sddition of a radioactive tracer
139¢e to an are prior to fusion and calculation of the amount of
139Ce present in the insoluble fluoride residue. The cerium
content in the precipitate was 99 per cent and since cerium fluoride
is the most soluble of the lanthanoid fluorides, it can be assumed
that the other lanthancid flourides are precipitated as well.

It has been recammended by several investigators52:54 that
the lanthanoids are separated from the matrix prior to measurement by
electrothermal atomization, Mazzucotelli and Frache investigated
interference from the major matrix constituents on dysprosium,
holmium, thullium and ytterbiumd? and recommended an ion exchange
procedure®. San GuptaS? separated shd concentrated the
lanthancids by co-precipitation of their oxalates with calcium and
separation of the caleium by co-precipitation of the lanthanoids with
a small amount of added iron.

In this investigation,separation was effected using a cation
exchange resin, Bio Rad AGSOW-X8 (200 to 400 mesh). This particular
resin hes been used by several workersS4:58 and has been
thoroughly investigated at the Council for Mineral Technology’!
for the separation of the lenthenolds from the matrix. The columns
used were made of borosilicate glass and were 30 cm im length and
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2 o in internal dismeter. A no.2 sintered gless disc was used as the
resin support. 45ml of AGSOW-X8 was placed in the column, tinsed with
water and allowed te drain, The sample selution, containing 6 per
cent hydrochloric acid, was added and allowed to flow through the
column. The matrix impuritiss were eluated first with 1,830
hydroghloric acid and discarded, then the lanthanoids were eluated
with 400ml of 4M hydrochloric aeid. This selution was reduced to low
volume on a hotplate and made up with 1 per cent hydrochleric acid
for measurement by elsctrothermal atomization.

§.3) MEASUREMENT PROCEDURE .

Instrument canditions used for each of the lanthanoid elements
were as described previously (Table 4), Furnace conditions were
optimized for terbium, semarium and suropium in the sample solution
i.e. in the presence of the other lanthanoids. An ash temperature of
10004 appeared to be optimum for these elements and was
ste wdardised for all the lanthanoids. The atomization temperature
used in sach case was 2700°C.

The concentration of lanthancid olement in each sample wes
determined by two methods., A calibration curve was obtained by
plotting the atomization peak height versus concentration for a
series of standerd solutions., The concentration of lanthanoid in the
sample was calculated from this graph. This method was called direct
valibration. The obher methoo used was that of analyte additions.
This was carried out in the furnace itself using the analyte
additions feature of the GTA-85. A constant volume of sample was
pipetted onto the furnace, in each case, and varying volumes of
standard solution addad, the total volume pipstted onto the furnace
was then adjusted to 2%l with blank solution. A graph is plotted and
the concentration of lanthanoid in the sample calculated by
extrapolation, This method is used when interference prewent in the
sample causes the slope of the ralibration curve to vary, however, ig
is not always successful in overcoming all types of interference.

Atomization peak helght was measured in at least duplicate for
each solution and since each sample had been prepared in duplicate
concentration should be calculated with reasoneble precision.
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§.4) BELULTS

The results of the anmalysis of these samples are tabulated in
- Tables 13 to 15, The "other results" used for comparison are very

4 variable but they are the best available arJ very few international
reference materials have recommended value. for al’ the lanthanoids. {
From this comparison it appesrs that the lanthanoids Ean be divided
into three distinct groups for analysis by electrothermal M
atomization, The first graup consiste of those lanthenoids which can
ba measured by direct calibration in most types of sample, these are
samarium, europium, thullium and ytterbium (Teble 13}, The next group
consists of those elements in uhich there is interference during the
measurement by direct calibration but this interference can be
overcome by using the analyte adoitions technique, these are &
dysprosium, holmium and erbium (Table 14). The last group consists of
those elements uhich cannot be measurad by electrothermal atomization i
with any real degree of precision or accuracy, these are terbium,
gadolinium and lutetium (Table 15). Terbium and lutetium are sach . 1
subject to severe interference in the presence of the other

) lanthenaids. Altheugh the results for gadolinium in sampiss NIN ;
’ 86/69, 38/70 and 50/71, using the standard additions technigue, were i
comparable to the Yother results", the results in NIM 18/83, 35/71 [
and 3%/71 were not very good. Furthermore the reproducibility in the
measurement of gadolinium in these samples was poor and therefare
gadolinium was inclutled in the latter group. i
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Table 13 : Results of Analysis of samples for Samarium, Europium,
Thullium and Ytterbium,

Elomont Nim 86/69 NiM  39/70 NIM - 80/T1 Nin  18/88 NIM 35/T1 Nim a8/7y
Al < ALl c Als] c Al < Al 3 Al <
wein | ea/e| weis  |safe [ owsis{ wis wa/s | mpla | wals vals |vals | vale va/e | vale sy we/e | vals | vefa

smartse | 120 12,5 [0 10.3] 100 | 0.0 160} 19,07 s0.0 [ 20 [ord s} s |m2 Juas vne, | a6 | m fus,us 0|02 | w2 [, e, e,

11} 12,7 22.0) 26,0 560, 43,8 7, 203, 50
14,07 19,6 224, 11,
w0, 20 190, 267,
5.0 250, 288,
vz, 03
v/ eln |vels w/s vl veiafwate | owwe foeelefwere| v s {vere | overs
+
Bropian | 225 251} 28, |5 [P TN Wat fu] e beael el o e m | | a0
w0, 201 o, 87 2, 227 a, 52, 4
527
wals |owis b wels vele | uals | vl vals | usig vafs | vale | owsls oals | vale | wele vals| valxl el
ot | 102 | w00 fosdioes | 20 [oa b askaef| sa | s st e f2e |one f2siaa ) oan | s (e 20, | se | e [, s,
422, 403 oo 264%, 210 2 12 32, 2.7 5.3, 48
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A is the result by the direct celibration method.
B ls the result by the standard additions method.
C are the other results (nat ¢ertified).
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Table

and Erbium.

14 : Results of Analysis of samples for Dysprosium, Holmium

Elomeat NIM 86/68 WM 39/70 M 80/71 N _18/60 NiM_ a8/ MM 38/1
) c [als A < ) < Al c
=iz | wele | we/s | vals /s /s /s LU 0 P Y
Po—— 28 ot 58] sm0 | i 160 12" % n b |0
e i a
30, 3.7 14, 12
wis] wale | uets | s valx wis wh wis  {wssafoain] uare
Holaim s | a9s 5wt | ves [ s 04 et v | e 6o sz | 1 |
1S, sn2 440, 30
wiel wis || s Wi vl s wis [ wets {onte | wate
Eevion 1a ) el s | o7 | oo |asTanl| @ | 8 s, 0,92 [ a3 | a0 [0, 22, 20
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CHARTER &

: CONCLUSIONS

The measurement of selected lanthanoid elements by
B electrothermal atomization atomic absorption spectroscopy has been
investigated.

Optimum ash and atomization temperatures have been established
for tuelve of the lanthanoids viz. neodynium, praseodynium, samarium,
eurcpium, gadolinium, terbium, dysprosium, holmium, erbium, thullium,
ytterbium and lutetium, Calibration curves and p:

islon of

measurement heve also been established.
Terbium, samarium and europium were investigated in more detail.

These elemants were chosen because initial investigation indicated

that during atomization frem the furmace they exhibited different

volatilization characteristics from each sther.
Attempts were made to determine the atomization processes using
a variety of technigues. Results of these tests indicated that

samarium and europium ware similar in atomization behaviour but that
terbium had quite different atomization characteristics. However it
is thought that in each case atomization is primarily the result of
thermal dissociation of a monoxide intermediate. Terbium would be

- expected to form the most stable momoxide and experimental
abservation confirms that atomization of terbium is more difficult
than the other study elements.

n ‘nterference effects on the three lanthanoids were tested.
Interfersnce from increasing concentrations of hydrochleric and 4

nitric acids was quentified. Interference uas most savers in the case !

of terbium but the samarium response was also suppressed by excess
concentrations of nitric acid. This is probably a dirsct result of
the increase in the amount of oxygen present in the furmace due to

thermal dissociation of the nitric scid. Interelement interferences
were also esteblished. Interferance effects were tested at selected
analyte concentrations, for imterferent to analyte ratios of 10, 50
and 100 to 1. There was no interfersnce on the europium response.
e There was a supression of the samarium respense from excess eurepium,
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ytterbium and thullium, This was thought to be a chemical
interference due to recombination in the vapour phase. However this
interference could be avercome by dilution since interference was
more severe a high concentrations of samarium. In the case of
tarbium, interference was severe and could not be overcome so sasily.
ALl the other lanthanoids either suppressed or enhanced the terbium
rTesponse to some deqree. For erbium this was found to be a chemical
affect and in small noncentrations erbium actually acted as a
releasing agent for terbium. In the case of samarium, interference
was found to be spectral. Interference on terbium therefore is nat
easily overcome and some sort of separation of the terbium from the
other lanthancids would be necessary prior to measurement,

An attempt was then made to measure the lanthanoids in selected
rock samples. Certified reference meterials with recommended values
for all the lanthanoids were not available therefore six "in-house"
reference materials, which have been extensively analysed at Mintek,
wvers used. These samples were fused with potassium biflucride then
the lanthamoids were separated from the matrix by ion exchange.
Results obtained indicated that the lanthanoids could be split into
thres groups, in terms of their anmalysis, in this type of material.
The first group consistsd of those elsments for which the analysis
was relatively uncomplicated - these wera samarium, europium,
ytterbium and thullium. The second group consisted of those slements
far which analysis using the method of anaelyte additions was
necessary - these wsre holmium, erbium and dysprosium. Finally, the
last group consisted of those elaments for which interference was too
sevare to allow measurement with any degree of accuracy - these were
terbiun, lutetium and gadolium.
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