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SUMMARY

The work described in this thesis consists of nine

chapters.

The first chapter is a general introduction, where
lanthanide elements and their application are presented.
Candoluminescence is defined as a type of solid state
luminescence excited by hydrogen-based flame, and its
relation to similar phenomena are clarified. A detailed
historical review of candoluminescence of the lanthanides
and its theoretical aspects are reported. Also a general

introduction on vidicon detectors is given.

In chapter two instrumental developments for monitoring
candoluminescence spectra and intensities and methods of
improving the reproducibility of candoluminescence
measurementsare reported. Automated matrix introducing and
matrix making devices are described, and methods for
wavelength calibration of the Optical Spectrum Analyzer are

reported.

Chapters three and four describe the candoluminescence
of terbium and europium respectively. Terbium gives a
characteristic green emission in MgQC and rare earth oxides
(Y,03 , La03 , Gd,03 and Lu,0; ) coated on CaO matrices, It
was possible to determine 0.1 - 50 ng of terbium in G4d,0,
coated matrices with a 0.01 ng detection limit and 2.5%

relative standard deviation (r.s.d.).

Europium was a new activator for the above rare earth

oxides coated on Ca0O matrices in which it gives a red



emission., It was possible to determine 0.1 - 15 ng of
europium in such a matrix with a detection limit of 0.05 ng

and 2.67 r.s.d.

In chapter five a general introduction for fluorescence
analysis and flow injection analysis (FIA), their principles,
instrumentation and apPlications for lanthanides determination
are given. Chapter six describes a flow injection spectro-
fluorimetric method for determination of cerium(11ll)

(1-100 ng nl ) based on its native fluorescence in an acidic
carrier stream. Cerium(lV) can similarly be determined by
incorporating a zinc reductor minicolumn into the system.
Splitting the injection sample so that only part passes
through the reductor, and the remainder by-passes it, allows
total cerium and cerium(l1ll) to be detected from the two

sequential fluorescence peaks obtained.

Chapter seven describes a very selective flow injection
method for determination of 0.5 - 4 ug ml™ europium, A zinc
reductor minicolumn is used for reduction of europium(lll)
to europium(ll), which is indirectly detected either
spectrofluorimetrically by reaction with cerium(1V), and
measurement of the cerium(lll) produced, or spectrophoto-
metrically by reaction with iron(111), and determination,
with 1,10-phenanthroline, of the iron(1ll) formed.

Chapter eight describes a sensitive and selective flow
injection spectrofluorimetric method for samarium, terbium
and europium determinations. The method utilizes the
formation of energy-transfer complexes between the lanthanide

ions and hexafluoracetylacetone.



Finally in chapter nine, some general conclusions are

drawn, and possible areas of future research are suggested.
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PART 1

CANDCLUNINZSCINCE

CF
LANTHANIDES




CHAPTER ONE




INTRODUCTION

1.1 The TLanthanides

The lanthanidé elements are the series of 15 elements
appearing between lanthanum (atomic number = 57) and
lutetium (atomic number = 71), in the extended sixth row
of the periodic table. It is customary to add scandium
and yttrium to the lanthanide series and then refer to
the whole group as the rare earth elements, as shown in
Fig. 1.1. The rare earths are the largest naturally
occurring group in the periodic table., The term rare is
a misnomer in the sense that all the elements of the
group are not rare in nature. If we except prometheum
(having only radicactive isotopes) the twe rarest

“Janthanides (thulium and lutetium) are more abundant than

familiar elements such as mercury, bismuth and silver.

. Rare Earths

21 |Sc

39|y

Lanthanides [ La|Ce|Pr {Nd |Pm{Sm|Eu|Gd|Tb|Dy|Ho|Er | Tm|Yb|Lu

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

Fig. 1.1 The rare earth metals, their atomic
numbers and chemical symbols (1).



But because of their strikingly similar characteristic
properties and their occurrence as a group in nature, it
is necessary to include all these elements as a single
group. Thus there is considerable difficulty in isolating,
detecting and determining a desired individual chemical

species in the group.

Table 1.1 shows some physical data of the lanthanides.
The lanthanides themselves are often also referred to as
the 4f metals because each new electron, added as one
proceeds from lanthanum to lutetium, enters the 4f-shell.
TFurthermore, since the 4f-shell is located inside the
shell of the 5d6s - conduction states the nature of the
latter changes little as a function of atomic number.
Thus there is a significant and steady decrease in the
size of the atoms and ions of the lanthanide elements
with increasing atomic number, that is lanthanum has the
greatest and lutetium the smallest radius, The imperfect
shielding of one electron by another in the same subshell
causes this contraction which is termed the lanthanide

contraction.

The properties of the lanthanide group show a certain
degree of gradual change in character with a sharp break
between europium and gadolinium, permitting a division of
the group into subgroups. The first is the cerium or |
light group that contains cerium as a major compdnent
along with lanthanum, praseodymiﬁm, neodymium, promethium,
samarium and europium, The second is the yttrium or heavy

group containing yttrium as a major component. The rest



Tonic

Element Symbol Atomic Electronic Atomic Radiys/nm
Number Configuration Radius/nm M+
Tanthanum Ia 57 4£95525p6531 652 C.187 0.115
Cerium Ce 58 4£?5525p653°6s2 0.183 0.111
Praseodymium Pr 59 4£35525p°543%s? 0.182 0.109
Neodymium Nd 60 4£45525p53 %652 0.181 0.108
Prometheum Pun 61 4£55525p%53 %652 0.106
Sararium Sm 62 4£%5525p%54 %52 0.179 0.104
Europium Eu 63 4£75525p653 %652 0.204 0.112
Gadolinium 6d 64 41 75525p65431 652 0.180 0.102
Terbium Tb 65 4£95525p653%6s2 0.178 C.1C0
Dysprosium Dy 66 4£'%s25p 53%6s2 0.177 €. 099
Holmium Ho 67 4£"5525p%543 %52 0.176 C.C97
Erbium Er 68 4£1%5525p°5d %652 C.175 0.096
Thulium  Tm 69 4£%5525p854%s 2 0.174 10,095
Ytterbium Yb 70 4£¥5525p853 %52 0.194 0.094
Lutetium Iu 71 4£M5525p653 1652 0.174 0.093

Table 1,1 The Ianthanide Elements (2)




of the associated elements are gadolinium, terbium,
dysprosium, holmium, erbium, thulium, ytterbium, scandium
and lutetium., The classification of rare earths into the
cerium and yttrium groups was first based on the occurrence
of the elements of these groups in different minerals,
According to the later classification of Goldschmidt, it

was supported by certain differences in chemical and
physical properties, solubility of salts, complex formation,
paramagnetism and today by the electronic structure of their

atoms.

During the past 25 years the lanthanides have been one
of the most studied group of elements. This study was
brought about primarily by the observation of lanthanide
elements as radioactive byproducts of nuclear reaction,
and their industrial uses, as shown in Table 1.2. These
applications have necessitated the development of sensitive,

selective and rapid analytical methods for lanthanides.

1.2 Definition of Candoluminescence

Luminescence is a term given to the emission of
electromagnetic radiation stimulated when a particular
material is exposed to an excitation source. The term was
first defined by Wiedman(7) in 1889. There is no generally
accepted classification of luminescence methods. As a rule,
luminescence is classgified according to the method or source
of excitation, and by the mechanism or kinetics of the
luminescence process.‘ Depending on the excitation source

used, luminescence techniques are divided as shown in



Glass,

Ceramics,

Movie Projection,

Lasers,

Colour Television,

'Solid State Microwave Devices,

Metals,

Petroleum,

as abrasives, decolourization,
manufacture of speciality
glass.

as glaze.,

in cored carbon arc for
lighting which resembles
sunlight.

as active constituent (4).

for improved colour. Rare
earth phosphor, usually
europium-activated yttrium (5).

Transmit shortwave energy with
low energy loss.

as a getter, desulphurization,
alloying additive, and as a
major constituent with cobalt
in permanent magnets (6).

as catalyst to produce higher
yield of a desired petroleum
fraction.

Table 1.2 Industrial uses of lanthanides (3)




Phenomenon

Excitation Sources

Photoluminescence (8)

Cathodoluminescence (9)
Electroluminescence
Radioluminescence
Ionoluminescence
Triboluminescence
Sonoluminescence

Crystoluminescence

Galvanoluminescence
Chemiluminescence
Candoluminescence
Bioluminescence

Thermoluminescence (10)

Low energy photons (visible light,
U.V. or I R.)

Cathode rays

Electrical current

Alpha particles

Ions

Mechanical disruption of crystals
Sound waves

Crystallisation of dissociation
energy

Electrolytic energy

Chemical reactions

Flame radicalsb(hydrogen flame)
Biochemical reactions

Chemical reaction between reactive
species trapped in a rigid matrix

and released by raising the
temperature

Table 1.3 Types of luminescence and their sources




Table 1.3. In another classification based on the
lurinescence process, the following types can be

distinguished:-

1.2.1 Resonance Luminescence

This is exhibited by atoms and certain simple
molecules in the gas phase, If sodium atoms excited by
light of wavelength 588 nm are promoted to an excited |
state, when they return to their ground state, they emit
luminescence quanta equal in energy to the absorbed quanta.
This emission of radiation, called resonance luminescence,

is rarely observed.

1.2.2 NMolecular Luminescence

This type of luminescence called molecular
luminescence because it is characteristic of molecular
systems (complex organic molecules, their complexes with
metal ions and certain inorganic molecular crystalline
lattices). It consists of a short-time emission of
radiation which occurs spontaneously at room temperature;
and a persistent fluorescence generally observed at low
temperature or in rigid media (polymer films, glassy media

and solid adsorbents).

1.2.3 Recombination Luminescence

. This type of luminescence is observed when radicals
or ions recombine to yield excited molecules e.g., the

emission of radiation from the radical recombination in a



hydrogen flame. It may also occur in different gases and
especially in phosphors in solid crystals. In all cases
of these types of luminescence the system is raised to an
unstable excited state by absorption of the energy from
the excitation source, and emission occurs during the

process of relaxation to the ground state.

Candoluminescence is a particular type of luminescence
that occurs when certain inorganic soiids (matrices)‘
containing trace amounts of activating ioné (activators)
are placed at the outer edge of a flame of hydrogen
burning in air. Second activators can be added to enhance
the intensity of emission, which are called co-activators.
The intensity of emission depends on the activator
concentration, and also on the matrix material,
Consequently it is possible to apply candoluminescence for
analytical purposes, the activator being the analyte. Thus
candoluminescence provides a very sensitive means of
quantﬁgive inorganic analysis, especially for lanthanide
elements. There are two similar phenomena which should be

differentiated from candoluminescence.

(a) Black Body Radiation

Every substance gives a thermal incandescence when
it is heated, and the intensity of candoluminescence should
be greater than the thermal radiation of a black body at
the same temperature. Candoluminescence is usually defined
as emission of non-black body radiation(ll-l3);

Candoluminescence produced above the temperature of red



heat has been a controversial phenomenon because of the
difficulty of accurate measurement of temperature of an

emitting surface.

(p) Radical Recombination Luminescence

This is a type of chemiluminescence and occurs when
free radicals recombine, and it should also be
differentiated from candoluminescence. In a hydrogen
flame there are two free radical recombination reactions
which cause the radical recombination luminescence,

These are:-—

B + H —m—> H, + bhYy (1)

H* + '0H ——— H,0 + hv (2)

However these two reactions have more chance to occur on
the surface of the matrix and this is a major source of

candoluminescence,

1.3 Candoluminescence of Tanthanides., Historical Review.

Candoluminescence has been known and studied for
many years. It was first reported by Balmain(l4) in
1842, He observed different emission colours from his
synthesized boron nitride due to different metals; added
as their cyanides to boric acid during the synthesis of
the matrix. The candoluminescence of materials containing
lanthanide elements was studied quite early; the mineral
gadolinite, which asually contains cerium as an impurity,

was observed to emit brightly in flames(lz’lE’lG). - Other



lanthanide elements such as pradeodymium, neodymium and
erbium were studied by various workers including Bunsen(l7)
and Bahr(lg). At the end of the last century
candoluminescence achieved technological importance for
gas lighting, and Velsback invented the gas mantle(lg).

A Telsback mantle of pure thorium (1v) oxide emits a

weak pink light, and more than a few percent of added
cerium provides a dull yellow.

Donau(20,21)

in 1913 first applied analytically the
phenomenon of candoluminescence. He showed that ng of
Eismuth and wanganese could be detected by adding the
test solution to a calcium carbonate bead on a platinum
wire and inserting the bead into the lower edge of a

hydrogen diffusion flame,

In the period 1918-1932 Nichols and his colleagues
(22-26) did a large amount of work on candoluminescence.
They studied various activators in various matrices at
fairly high temperatures ih the flame(zz). They compared
the erwission of unactivated matrices to those of activated
matrices under the same conditions. The results of their
work are shown in Table 1.4. Nichols and Wick(23)
reported that Al,05 ¢ Tb, La03 ¢ Eu, ThO, : Pr and
Ca0 : Pr responded to ultraviolet radiation from a spark
only after exposure to a hydrogen flame; the emission of
ThO2 : Dy excited by a spark or by cathode rays was also
enhanced by prior exposure to a flame. Nichols and .
fowes(24) reported that Gd,0, emits a "Nile green"

erxission in a flame., This emission peaked at about 120°

10



and disappeared above 400°c; followed by a new red emission
with a peak at 530°C which disappeared above 600°C. The
red emission presumably arose from traces of samarium or
europium and the green emission from some other impurity.
Nichols and Ewer(2>) heated ThQ, : Tb in a crucible to
dull red heat, and then applied a Bunsen flame to the

surface of the heated powder with the following result:

"The material, hitherto inert, immediately
assumed a ruddy candoluminescence due to
flame excitation. ZTater, as the temperature
rose, this was supplanted by a brilliant
pale yellow-green glow. When the latter had
become well established, the flame was
quickly removed or was Quenched by cutting
off the gas., The luminescence vanished at
once to be followed a fraction of a second
later by a sudden red (flash up)".

Similar resdlts were obtained with ThO, : Pr and

Ia,0; : Eu. UNo "flash up" was observed with unactivated
oxides of ThO, , TiC, , Al1,05 or MgO nor with any materials
(activated or not) heated from below the crucible only,

ie, not in contact with the flame,

Wick and Tgoop(27) studied ThO, activated by Pr, Tb
or Sm and excited by ultraviolet radiation, cathode rays
or a hydrogen flame. TFor flame excitation the optimium
concentration was 4.1% for Sm, 0.63% for Tb and 0.38% for
Pr,

In 1940 Smith(28) reviewed the experiments of Nichols-

and his colleagues(22_26)

s he carefully repeated some and
corrected several of their misconceptions. He studied the
candoluminescence from Ca0 activated with 1% of praseodymium

which gave a pink colour with a characteristic band

11



(540-650 nm).

Emission occured only at the edge of the

flame and disappeared as the surface approached red heat;

and the emission in a coal-gas flame was always less than

in a hydrogen flame.

This was because the energy

originating from recombination of hydrogen atoms was the

principal cause of luminescence and the activity of the

combination of radicals to produce energy was dependent on

the nature of the solid used.

Matriges

Activator|Al,05|Be0}Ca0}|Cel,| MgO [Si0,] ThO, | Ti0, 2r0,

Dy N DI N S D

Er N M M D

Eu S S| N Th N

Gd S M D S

La N S| N ) D

Nd M S| NI M D S Dh

Pr S S| M| N N | N S M

Sm N N DN N N N

Tb S sy | x D

S - strong,

N -

D - diminished,

no effect,

Dh - dehanced

M - medium,

Table 1.4 Candoluminescence of some lanthanides
in various matrices (22-26)

12



In 1951 Neunhoeffer(zg) extended Donau's(lg’zo)
analytical work to provide a qualitative test for a number
of lanthanide elements in a calcium carbonate matrix, as
shown in Table 1.5. Neunhoeffer prepared the matrix by
adding calcium nitrate to the test solution and
co-precipitating the carbonate with the activator. He was
able to detect as little as 1 ng of yttrium in O.lg of

calcium oxide by its visible luminescence.

Sokolov et al.(3o’3l) studied the radical recombination
luminescence of various phosphors, including gZnS activated
with Sm, Eu or Tm. Excitation was usually by atomic
hydrogen from a microwave discharge, but oxygen and nitrogen
were also used. The lurinescence efficiency was measured
with the following results for hydrogen excitations:

ZnS ¢ Eu, 0.6 x 10°7; 2nS : Sm, 1.4 x 107%;

znS : Tm, 1.1 x 107%,

The efficiency depended upon activator concentration.

Activator Colour
Ia brick red
Ce yellowish-green
Pr red
Nd orange-red
Sm yellowish-green
Dy pale green
Tm yellow—-green

Table 1.5 Various acfivators in
calcium carbonate (29)
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In 1967 Nason(32) studied the emission of lanthanide
elements on a copper strip, fire brick as pure oxide or
mixed with CaC. His results are summarized in Table 1.6,
In 1970, hite et al.(3335) stugied the candoluminescence
of some rare earth oxides (La,0; , Y,C3 , Gd,03 , Lu,05 )
and silicate glass activated with Tb or Eu by a hydrogen
flame, They identified the spectra and reported a
concentration dependence of the intensity between 27 and
11200 ng  terbium.

1. (36-38)

Jorgensen et a studied the candoluminescence
emission spectra emitted by sesquioxides and mixed oxides
of thorium (IV) or yttrium (III) activated by various
lanthanides. These oxides were studied in the form of
Aure mantles in the blue flame of natural gas or hydrogen.
They found that the obtained spectra were the same in
these gases. Also they reported that Aure mantles with

Ce (IV), Pr and Tb even as traces produce broad continuous
spectra, whereaé trivalent Nd, Ho, Er and Tm provide a

narrow band.

Belcher et al.(39'48)

established the possibility of
using candoluminescence erission for the Qquantitative
determination of elements at the trace level using
different matrices. Table 1.7 summarizes their work on
the lanthanide elements in different matrices investigated

at Birmingham University, 1970-8.

rassir et al, 42:50) 213 a1-Muaived(51) in Basran

University studied the candoluminescence of terbium in

14



6T

Metal Light Emission
Element Conc. in with H, with CH, Colour

Ca0 on on on on’
wt% Cu strip | Fire Brick | Cu strip Fire Brick

Y 0.0 w T T N Green and Orange
0.2 T w N N Violet
1.0 T T N N Violet

Ce 0.0 N T N N Pink

Ia 0.0 w T N N Green and Orange
0.2 T w N N Lavender
1.0 T w N N Lavender

" Pr 0.0 N T N N Red
0.2 T S T S Red
1.0 N T N N Red

Nd 0.0 N T N N Red
0.2 T T N N Violet
1.0 T W N N Lavender

Sm 0.0 N N N N -
0.2 T T T T Orange
1.0 T T N T Orange

/Continued




ot

Light Emission

Element Conc. in with H, with CH, Colour
, Ca0 on on on on
wt % Cu strip| Fire Brick| Cu strip| Fire Brick
Ga 0.0 S S T w Rea
0.2 T T N N Violet
1.0 T w N N Violet
Dy 0.0 N N N N -
0.2 T T N N Lavender
1.0 T W N N Blue
Ho C.0 N T N T Red
' 0.2 T T N N Blue
1.0 N T N T Red
Er 0.0 T T N N Red
0.2 T T N N Blue
1.0 w w N N White
Yb 0.0 N N N N -
0.2 T T N N Lavender
1.0 T T N N Red
T = Trace W= Weak N = Nil S = Strong

Table 1.6 Light emission of yttrium oxide and lanthanides (pure and in CaOQ)
in hydrogen and methane-air flames (32)




LT

Wavelength Calibration Detection Reproducibility
Activator Matrix Colour of main peak range limit (% Ref.
(ng) (ng
Ce (III) Ca0 - CasO,| Green 560 c.01 - 6,0 0.001 4.0 44, 47
Ca0 - S5i0a2 Blue 440 0.05 - 10 0.05 6.0 46
Pr (III) | CaF, Orange-Red 600 0.01 - 5.0 0.01 4,2 46
Ca0 -~ CaS0s4| Red 600 0.05 - 1.0 0.05 3.0 41, 44
Eu (III) | cawo, Red 610 0.6 - 60 0.2 8.0 45, 48
Ca0 - CaSO,| Orange 600 0.01 - 15 0.005 5.0 44, 42, 47
Sr0 - CaSO4]| Orange 570 0.2 -~ 10 0.2 13 48
Tb (III) | Ca0 - CaSO,| Green 550 0.1 - 25 0.1 6.5 41, 44
Mg(O0H), - Green 550 1.0 - 20 C.05 5.0 47
Sr(OH), Green 550 1.0 - 20 2.0 8.0 47
CaF, Green 545 1.0 - 60 1.0 7.0 47
Sm (III) CaHFQC,4 Yellow 590 1.0 - 60 0.5 12 45
Er (III) | CaWOs Green 525 1.0 - 60 0.2 5.0 45

Table 1.7 Candoluminescence of various activators in different matrices

investigated at Birmingham University




different matrices (Y,0, , G3,0; , ThO, , Ia,0, and
Cas5i0, ) coated on Ca0 - CaSOs rods. Candoluminescence '
spectra of terbium in these matrices were recorded, which
are the same in all matrices, and only two peaks were
noticed (490 and 550 nm). The peak at 550 nm was used for
the analytical measurement. The calibration graphs were
found to be linéar in different ranges up to 90 ng in the

Ia,0, matrix, with a 0.2 - 0.3 ng detection 1limit and

2.8 - 3.2% relative standard deviation.

1.4 A Concise Review of the Theoretical Approach in

Candecluminescence,

Several theoretical approaches have been suggested to
exrlain the luminescence emitted by an activated matrix at
the edge of a hydrogen diffusion flame, 1In 1918 Paneth and
Winternitz(sz) reported that the U.V. radiation from the
flare was the main excitaticn source for candoluminescence,
However the lurinescence could not be stimulated unless
the activator matrix contacted the flame, Tiede and
Buescher(53) found that ﬁhe luminescence from zinc sulphide
or zinc silicate matrices could be stirulated even when
quartz glass separated it from the flame. This means that
U.V. radiation is not involved as the excitation source for
the luminescence., Nichols et al.(23’26’54) reportéd that
since the luminescence occurred in a hydrogen environment
next to the oxygen, rapid reduction and oxidation should
be responsible for the luminescence. They suggested the

"redox theory" which can be explained as follows(46).
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", .. The production of an easily oxidizable
substance (ie. by reduction) and the
presence of free or easily available oxygen
or its equivalent are essential. These are
commonly the direct result of a simple
oxidation-reduction process and the
luminescence glow may follow immediately
from the recombination of the separated
components. ... The glow may be due to
subsequent reunion with oxygen thus set
free in active form or with oxygen derived
from another source".

Minchin(SS) in 1939, in his general review on
candoluminescence, was probably the first to mention that
the energy produced by radical recombination is responsibdble
for stimulating the blue-green luminescencé from the boron

nitride excited by town gas. He stated:

" .. in the flamre gases there are atoms and
atoric aggregates which possess an
exceptional amount of energy that they are
unable imrediately to liberate. The
conjunction of a flame with a crystal lattice
of suitable structure would then enable this
energy to be released in the flame as light
radiation and the process of combustion would
be accelerated"”.

In 1925 Bonhoeffer(56) suggested the luminescence was
caused by the recombination of hydrogen atoms at the solid
surface. In 194O‘Smith(28) explored the work done by

(22-26) (20,21)

and Donan suggested mény corrections -

Nichols
to their ideas. He reported that the energy produced by

recombination of hydrogen atoms,
H + He——— 3 H, + 100 Kcal.

was the principal cause of luminescence. Also he studied
the effect of the so0lid matrices' nature on the activity of

the recombination of the radicals. He used two thermometer
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bulbs for comparison past which flowed hydrogen atoms
produced by electrical discharge at low pressure. One of’
the two bulbs had an adsorbed film of water to discourage
the recorbination of atoms, and the other was coated with
platinum foil to allow atoms to recombine freely. The rise
in temperature at the latter thermometer because of the
exothermic reaction was direct evidence of the energy

released by the recombination of hydrogen atoms,

Townend(57) was irpressed with Smith's view on radical
recombination for candclurinescence. In his paper entitled

"The rechanism of flame propagation", he stated:

"... A good illustration is provided by the
work of Smith, cn the luminescence of
promoted calcium oxide surface in contact
with flames of hydrogen-containing
corbustibles, This luminescence gives rise
to an emission identical with the
fluorescence spectrur and has been shown to
depend upon recorbination on such surface
of hydrogen present in the flame gases".

Arthur(58) supported the fact that the hydrogen atcem
recorbination is the cause of the luminescence, He

cormented that:

"... A very convenient demonstration of the
presence of hydrogen atoms in a flame is

the luminescence observed when the flame is
brought into contact with certain activated
oxides; the luminescence has its origin in
the reaction H'+ H'—»H2 which occurs on the
oxide surface and is most marked with
hydrogen flames".

He investigated the suppression effect of gases and vapours
other than carbon monoxide which was studied previouély by
Smith, and the "eritical %" of the total gas needed

completely to extinguish the‘luminescence. The results

20



are given in Table 1.8, He concluded that the consumption
of hydrogen atoms in the flame by the additive caused this

depressive effect,

Additive CeHsC,Hg S0, CSHSCH3 CGH14 CeHe
% 1,8 2.3 2.4 2.7 2.9
Additive CH, co NH3 N,
% 6.6 15 19 37
Table 1.8

Critical % of various flame additives required
to suppress the candoluminescence of calcium
oxide activated by manganese,

In 1951 Neunhoeffer(zg)

put forward a different theory
to explain the mechanism of candoluminescence. He pointed
out that the positive and negative charge carriers je.
protons and electrons in the hydrogen flame were responsible
for the excitation of the activated matrix rather than the
U.V. radiation from the flame, He suggested that the
recombination of the charged particies on the surface of
the solid matrix stimulated the emission. The addition of
hydrocarbon gases to the hydrogen flame would increase the
charged particle concentration, so that the luminescence
intensity should increase ag well., However Arthur's

experiment(sg) shows that such addition of hydrocarbons

depresses the emission seriously. Consequently
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Neunhoeffer's theory involving electrons and protons seers

to be unacceptable,

Sancier and his co-workers(sg) studied the luminescence
produced by U.V. radiation and hetercgeneous recombination
of nitrogen atoms on bismuth-activated calcium oxide and
stated that although a considerable amount of recombinations
occur at the surface of the aétivated oxide, it does not
contribute to the luminescence., They found that the
luminescence intensity produced by the nitrogen atoms'!
excitation was equal to the oxygen atoms' excitation and
both of these atoms' excitation were much greater than by
photoexcitation, but the characteristic spéctrum of the
activator obtained by all these excitation processes was
the same. They concluded that the increased intensity in
the case of atom excitation arose from the variation of the
active surface sites on the luminescent solid or change of
solid structure or energy transfer between the recombination
sites and luminescence centres as the temperature increased.
Also they found that the longer the matrices were exposed
to the récombinafion of atoms, the more the luminescence
intensity decreased because of a decrease in the catalytic
effect of calcium oxide or decrease in efficiency of

transferring the energy gained to the luminescence centre.

Sancier et al.(59) were the first to point out that
crystal defects are responsible for a luminescence centre

when excited by atom recombination on matrix surface.

Sokolov s radical recorbination semiconductor theory

6
(60 4) introduced the bang model of semiconductors
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combined with recombination of radicals on the matrix.

The proposed model is illustrated in Fig. 1.2. The solid’

matrix is considered to have valence and conduction bands.

The stages that occur for the emission of light can be

surrarized as follows:-

1,

Cherisorption of a radical (C) from the flame onto the
lattice surface, This chemisorbed particle is
thermally ionized, raising a free electron into the
conduction band (transition 7) and leaving a hole at

the level of the adsorbed species.

A second radical arrives from the gas phase and combines
with the positively-charged adsorbed species. This
results in the movement of an electron from the valence

band (transition 6), thus leaving a hole here.

The activator atom (A) is ionized and an electron drops

into the valence band in one of two possible ways:

i) an electron at level A recombines with the hole in

the valence band. (transitions 4 and 5).

ji) an electron at level A is directly raised to the

conduction band (transition 1).
Both cases result in a hole at level A.

The free electron in the conduction band drops down to
the activator species (transition 3), and neutralizes
it. This transition is accompanied by the emission of
a quantum of light, as candoluminescence, Another
ﬁossibility of neutralizing the activator species is

transition 2, but it requires absorption of energy,
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not emission. The closed cycle process (transitions
3-8), can be repeated when another radical is adsorbed

from the gas phase onto the lattice surface.

Sokolov deduced an equation for the intensity obtained
in the above system by treating the problem thermodynamically.
He found that the Fermi level at the lattice surface affected
the luminescence intensity. MNost importantly, Sokolov et al.
recognised two types of luminescence below red heat, one’
involving an activator and ratrix system, excited by the
energy of the atoms' recombination, which is quenched at
higher temperatures, and the other involving free radical

recorbination luminescence,
Finally White et al.(3%) concluded that

",.,. It may be said that candoluminescence and
radical recombination luminescence are processes
like photo - and cathode -~ luminescence, The
rare earth ion activators behave in the same way
and produce the same spectra. The flame and
radical excitation process are also very similar
to each other, differing mainly in the details
of the recombining species with corresponding
differences in excitation energies".

They suggested a possible mechanism for candoluminescence
which is illustrated in Fig. 1.3. They supposed that some
active species, H, is adsorbed on the matrix surface and
remains there until a second active srecies, H, collides
with it. The adsorbed atoms combine forming a H, molecule
which may remain adsorbed on the surface for a time and is
then desorbed to the gas phase., The recombination energy
is transferred to an activator atom, A, near the surface,

Atom, A, then transfers the energy to other activators

within the bulk of the matrix or emits a luminescence

University
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photon. The energy is either lost through non-radicactive

decay or is emitted as luminescence.

It is of interest that the candoluminescence spectra
are very similar to the spectra obtained in photoluminescence
including wany details of the crystal field fine structure
in the rare earth activated system, which indicates that
the activator atoms emitting the luminescence are on sites
with a well defined crystal field. The crystal field of -
the surface atoms is distorted and varies from site to site
so that, A, in Fig. 1.3 cannot be a surface atom., The
recorbination energy rmust be transferred first to an
activator centre which lies at a depth less than the critical
interaction depth below the surface. It must be deep enocugh,
a few atoric lajegs, to have a uniform crystal field but
still be close enough to the surface to permit direct
coupling with recombining atoms. It is suggested that
Dexter-Forster dipole-dipole or resonance exchange is the
required mechanism of energy transfer from the recombination
site to activator sites in the bulk. This suggestion was
supported by the fact that the lifetimes of the rare earth-
activated oxide luminescences are more than the dipole-
dipole or resonance exchange time, which means that the
energy can be exchanged among many activators before it is

radiated or lost.

The effect of the temperature on the luminescence
intensity was explained as follows, At low temperature,
the surface of the matrix wili be covered with an adsorbed

layer of cold gas which effectively blocks the surface
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from the active srecies in the flame. As the temperature
rises, the cold gas layer is rermoved exposing more and
rore surface to active species and the intensity of
luminescence is increased. 3But at high temperatures the
adsorbed species will also.be reroved from‘the surface

before a second atcm can collide to produce a recombination.

Sokolov's radical recombination semiconductor theory
to explain the mechanism of candoluminescence thus far has
been accepted. THowever, it is not absolutely certain
whether it can be applied to every matrix-activator systenm.
In particular, it is suspected that with many lanthanide
activators the actual lurinescence. transition may differ
from that propcsed by Sokolov, even if the initial
energisation of the lattice follows the same mechanism,
Transitions within the inner 4f electron shell are responsible
for many types of luminescence encountered with the
lanthanide metals and candoluminescence is not an exception.

This is described in more detail in the following section.

1.5 TIuminescence of the Tanthanides

The chemical properties of the lanthanide elements
are strikingly similar. Mixtures of these elements have
often defied analysis by classical methods. These
characteristics of each of the individual lanthanides
depend on their optical properties. Spectroscopic methods
are‘the most irportant for lanthanide determinations.
Atomic emission spectroscopy is difficult to apply, since

the spectra of most of lanthanide elements are very complex,
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(65)

containing thousands of lines Even under high
dispersicn the probability of line interferences is verx '
high. Additionally such a method suffers from low
sensitivity. However under more sensitive recording
conditions these lines are readily detectable at

(66)

concentrations as low as 2 ppm

Considerable attention has been paid to the
luminescence properties of the lanthanides,which are
produced by electronic transitions within the 4f shell.
Table 1.9 shows the wavelengths of the principal peaks
obtained from various activators obtained by using different
excitation sources. It seems that the peaks for lanthanide-
activated candolurinescence emissions are very similar to
those obtained by other excitation processes. The
similarity of wavelengths indicate that the emissions for
given ions are due to the same specific electronic
transitions. This is not in agreement with Sokolov's
mechanism of candoluminescence, which suggests that the
luminescence transition takes place between the conduction

band of the solid and the activator,

1.5.1 Some Types of Luminescence

The luminescence of lanthanide elements can be

classified as following:

1.5.1.1 Pure Salts and Solutions

" Pure crystalline salts of lanthanide elements are

capable of emitting radiation when subjected to U.V.,
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X-rays, cathode rays or some other form of excitation. The
electronic transitions take place within the inner 4f shell
and the position of the narrow luminescence band is

inderendent of the means of excitation used.

Excitation Sources
Element Cagg;de X-ray | U.V.}Candoluminescence
Pr 641 [490,645| 499 610
Sm 6C6 595 606 598
o 554 542 543 550
Eu 612 590 614 6C0
Er 554 550 544 525

Table 1.9 Wavelengths (nm) obtained for
various activators by using
different excitation sources (44)

Some lanthanide ions (Ce, Pr, Sm, Eu, Tb and Dy)
together with those of uranium and thorium are the only
inorganic elements that can be detected in solution by
the luminescence of their simple ions. This type of

lanthanide luminescence will be discussed in detail later.

1.5.1.2 Organic Complexes

Most luminescence in inorganic analysis is achieved by
complexing the metal ion with a fluorescent or non-

fluorescent ligand, which then forms the basis of highly

30



sensitive and selective methods of lanthanide determinations.
The electron transition in the lanthanide metal bound to a
chelating agent occurs by intermolecular energy transfer(67).

This is discussed in more detail later.

1.5.1.3 Crystalline Phosphors

The optical luminescence exhibited by some of the
lanthanide ions incorporated in inorganic solids has been
utilized for the detection and determination of the
lanthanide elements at trace and ultratrace level for many

years(68).

The luminescences and lifetimes of these
phosphors are deterrined by the concentration of these

ions activated in the matrix,

The crystallophosphors are most often photoexcited by
U.V. light from a mercury or Xenon lamp; a spark, or,
recently a laser, and also by cathode and x-rays(68'7o).
The activator ion luminescences by absorbing energy either
directly from the source or from the energy trapped by the

crystal lattice of the main component of the phosphor.

The value of the detection limit in photoexcitation is
usually, 107%- 16'6% and in cathode or x-ray excitation,
1077~ 10'8%(69). It is well known that the luminescence
of these crystallophosphors is influenced by many factors;
the ionic radius of the activator, the way the activator is
inserted into the crystal structure of the host matrix; the
ratio of the activator ionic radius to that of the ions in
the crystal lattice; and finally by the nature of the host

ratrix.
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The dependence of lanthanide ions' absorption spectra
on the immediate environment of the ion has led to methods
for the deterrination of non~fluorescent ions such as Ia,

Gd and Lu by coprecipitating them with Er3+ and calcium
fluoride. This association of Er®* with the non-fluorescent
ion is excited with a dye laser. Detection lirits of

around 4 pg have been observed(70).

A technique known as selective excitation of probe .
ion luminescence has been used to determine various

(71'72). The method reqQuires the formation of

lanthanides
a crystalline host lattice containing a lanthanide ion
whese transitions are sharp and modified by the lattice,

A tanable dye laser is used to excite a specific ion at a
specific site. MNuch work has been done on the interference
effects of lanthanide ions which are together in the sarme
host matrix. The enhancing and Juenching effects which

occur have been attributed by most investigators to a

non-radiative energy exchange between impurity ions.

1.6 Vidicon Detectors

1.6,1 Introduction

To identify spectral lines, their wavelengths and
intensities are needed., The technique for the spatial
dispérsion of spectra is based on fhe diffraction grating.
For this, grating spectrographs, grating polychromators
and grating monochromators are used, whereby the waveléngth

depénds on the positional angle of the grating.
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The two main detection systems used to measure such
spectral intensities have been the photographic emulsion
(plate) and the photomultiplier (PM) tube. The photographic
plate, although capable of integrating and recording
thousands of lines in a single exposure as a permanent
record, has a non-linear response, limited dynamic range
and tedious readout. Thus, even though the Fl-tube is
limited to the measurement of one spectral resolution
elerent at a time, its wide linear dynamic range, sensitivity,
and the fact that it can transduce light intensity directly
into an electronic signal lead to its wide used in

spectrochemical measurements,

However, a very large number of spectrochemical
measurements would be greatly facilitated if an effective
detection system were available that combined the desirable
characteristics of the Tl-tube with the one major advantage
of the rhotographic rlate, that of simultaneous multichannel

detection.

Cne multichannel approach has been accomplished by
placihg an array of mini-IM-tubes in predeterwined positions
(corresponding to spectral regions of interest) across the
focal plane of a spectrograph, each with its associated

readout electronics(73).

Although excellent sensitivity,
wide dynamic range and rapid respohse are achieved, this
detector in practice provides a limited number of channels
aligned for a predetermined specific application and thus
lacks the capability and flexibility required of a real

multichannel detector.
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Gloersen(74) in 1958 described a new type of
multichannel detector, the vidicon tube; its potential in
analysis has been predicted by Margoshes(75) in 1970. This
device, used as spectrometric parallel detector:, has been
demonstrated and gradually gained acceptance among

spectroscopists.

The vidicon tube detector comprises three basic

components:

(a) A device for converting photon images into their

electrical analogs.
(v) A device for storing these electrical images,

(¢) A readout (video) mechanism to reconstruct the
stored images and transmit them (in real-time)
to a display monitor, converting image intensity
to vertical displacerment and spatial distribution
to horizontal displacement (Fig. 1.4).

Vidicen imagers and particularly the silicon vidicon with
its various image-intensified derivatives are more readily
available and their behaviour and performance better

controlled, than other television camera detectors(76).

A brief description of silicon vidicon (SV) and
silicon intensified target (SIT) and intensified silicon
intensified target vidicon (ISIT) ére presented in the

succeeding sections.
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Fig. 1.4 The vidicon display associated with the
spectrum ‘photograph’ on the left.




1.6.2 Silicon Vidicon (SV)

This is the most promising vidicon tube presently
available for spectroscopic work, first conceived at Bell

Laboratories(77).

The heart of the SV is a single
monolithic silicon crystal wafer With a microscopic array
of a few million diode junctions grown on it. It functions

as the target of the vidicon detector.

The active area of the target measures 12.5 x 10.0 &m
and each diode has an active area 8 ym in diameter,
separated by only 25 pm (centre to centre) as shown in
Fig. 1.5. Al]l diodes have a common cathode and isolated
anodes selectively addressed by a scanning (readout)
electron beam. The diodes function as photodiodes,
generating the production and storage of eléctron—hole

pairs upon incidence of UV to néar-IR rhotons.

The diodes are scanned continuously by a focused
electron beam which recharges all photodiodes to an equal
and preset reversed-bias potential, Exposure of the target
to photons or electrons causes production of electron-hole
pairs that combine to deplete the surface charge. When the
beam scans a partially depleted region, a recharging
current flows. This current is proport;onal to the depleted
charge and likewise to the density of the electron-hole
pairs. Therefore, it is proportional to the radiation
intensity incident on the diodes which are registered by
online combuter or microcomputer. Thus, an instantaneous

record of spectral intensity VS. wavelength is generated
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in the computer memory.

The iraging and spectral resolution of the SV is
limited by the diameter of the scanning electron beanm,
typically 25 pm. The spectral sensitivity of the SV
depends on the thickness of the target and the material
used for the entry window. A standard SV has a spectral
sensitivity in the range 300-1200 nm, A SV which is also
sensitive below 200 nm has a Quartz entry and a silicon
target only 4 pm thick. Naximum sensitivity lies at

450 nm with 2400 photons per channel.

1.6.3 8ilicon Intensified Target Vidicon (SIT)

The SIT vidicon, or Silicon Intensified Target Camera,
shown in Fig. 1.6 1is essentially the same as the SV with

the addition of an intensifier stage.

The intensifier stage consists of a fibre-optic
faceplate which is optically coupled to a photocathode.
This photocathode converts the photon image into a
correspohding photoelectron image. The generated electron
image is accelerated (7-9KV) and focused onto the silicon
target. Since the number of electron-hole charge pairs
produced on the target 1s proportional to the number of
incident electrons (approximately one charge pair per
3.6 eV) an internal gain of approximately 1500 is typically
achieved, ie., this is the number of electrons produced
from each photoelectron emitted from the photocathode |
(the electron energy is partially absorbed by the silicon

oxide overcoat)., With this gain, the signal is sufficiently
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enhanced, compared to readout noise, to allow the

detection of very weak signals, Unfortunately, electro-
statically focused intensifiers ﬁse a fibre-optics faceﬁlate
window which limits the short wavelength response to 340 nm.
At the same time, the response photocathode, which has

5-20 characteristics similar to those used in many photo-

multipliers, limits the long wavelength response to €50 nm,

1.6.4 Intensified Silicon Intensified Target Vidicon (ISIT)

The sensitivity can be improved further by adding
another stage of intensification, resulting in an ISIT
vidicon. Another rhotocathode of either extended red
response or ERMA (Extended Red Multi-Alkali Photocathode)
can be coupled to the front of an SIT vidicon and a more
sensitive detector is obtained. The sensitivity is such
that it is possible to detect single photo-electrons or

about 6 incident photens.

The vidicon tubes are highly reliable detectors for
qualitative and quantative applications. They have been
used for several different types of spectral measurements(78)
but greater emphasis has been placed on developing atomic

(79,80)

absorption and emission systems capable of

performing simultaneous multielement analysis.

They have also been used as mﬁlti-wavelength detectors
$n'1iquid chromatography and HPIC(81182) apg other
applications include the simultaneous measurement of

excitation and emission spectra in fluorescence studies(83‘85)'
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1.7 Research Cbiectives

This research is aimed at the use of various techniques
to achieve determination of lanthanide elements.
Candoluminescence provides the basis of a simple, low cost,
selective and highly sensitive technique. It is known to
give emission from several lanthanides, with high sensitivity.
Recently an automated device for molecular emission cavity
analysis (MECA) was introduced based on earlier
candoluminescence devices. This device was rebuilt and
modified and is used in the first part of this work of
studying for candoluminescence of the lanthanides. It was
anticipated that it would improve the precision of the

measurement.

In this work a silicon-intensified target (SIT) vidicon
camera is used as a detector in combination with an optical
spectrum analyser to control and steer all the functional
processes of the vidicon camera. This detector is expected
to provide a very sensitive and versatile detector for
rapid measurement of candoluminescence emission and spectra

of lanthanides.

It is difficult to predict new matrix-activator
combinations, but the use of matrices coated with rare earth
oxides should allow a range of matrices to be studied

rapidly and inexpensively.

Flow injection analysis (FIA) is that type of continuous
flow analysis that utilizes an analytical stream,

unsegmented by air bubbles, into which highly reproducible
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volumes of sample are injected. Application of this
principle to chemical analysis yields a fast, precise, .
accurate and extremely versatile system that is simple to

operate.

Spectrofluorimetry has long been known as a very
sensitive technique, but its application as a means of
detection for FIA is relatively new. The combination of
FIA with spectrofluorimetry has been applied for many types
of analysis. However very little investigation has bee;
done with respect to application to inorganic analysis and

specially to lanthanide elements.

The main aim of the second part of this project
therefore is to apply this combination of FIA with spectro-
fluorimetry to provide rapid, reproducible, sensitive and

selective analytical methods for lanthanides;
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CANDOLUMINESCENCE MEASUREMENTS

EXPERIMENTAL PARAMETERS




CANDOLUMINESCENCE NEASUREVMENTS EXPERINENTAL PARAMETERS

2.1 Apparatus

The spectrometer used for monitoring candoluminescence
spectra, shown in Fig. 2.1 incorporated a modified matrix-
introducing device and water-cooled matrix holder, a burner
and gas control unit, a monochromator, a silicon intensified
target (SIT) vidicon detector and associated electronic-and!
microprocesser equipment. The apparatus was placed in a
dark room in order to get rid of any external sources of

illumination.

2.1.1 MNatrix Introducing Device

For anyvquantitative purpose, the analyte responses
must be repeatable. To get reproducible results, there are
different parameters that have to be controlled. in
candoluminescence since the activated natrix should be
introduced reproducibly into a critical zone of the flame,

a special type of sample introducing device was needed.

In early work platinum wires were used to support the
matrix material. Sokolov's rotating brass cylinder is
(62) (e6)

quite unigue Bogdanski introduced the activated
ratrix to the hydrogen flame by different méthods. For
quantitative measurements, he found that the sample holder
shown in Pig. 2.2 was satisfactory. He found that
hexagonal cavity head of an Allen screw was suitable for
holaing the matrix. Difficulty in screwing in the Allen

screw reproducibly into the.holder each time was the main
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(B)
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(D)
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(F)
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Fig. 2.1

Matrix introducing device,

BM25 Monochromator,

SIT Vidicon Camera.

Optical Spectrum Analyser OSA 500.
Microprﬁcessor Controlled Timer.
Gas Control Unit.

Recorder.

Candoluminescence apparatus assembly
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Fig, 2.2 Earlier sample holder.

1—- Matrix holder.

2-Collimator, leading to detection
system.

3-Sample holder adjustment.
4L—=Burner head.



disadvantage of using this sample.

Ranjitkar(44)developed a different type of sample
holder shown in Fig. 2.3. By this device the activated
matrix can be introduced gQuickly into the flame. Also it
can be possible to adjust the matrix horizontally or
vertically with respeét to the flame, Matsuoka(48)used
Ranjitkar's device with a shorter Allen screw to let the
screw head rest on the bar of the socket, in order to
eliminate the effect of slight fluctuations in the length
of the Allen screw which could cause a variation of the

candoluminescence intensity.

Matsuoka also built a new device which mechanically’
roved the cavity to place the matrix reproducibly at the
wanted position in the flame. It was the first semi-
automated device that lets the matrix enter the critical
zone with the same velocity at each introduction. Fig. 2.4
;hows this device. It consists of a motor (a) with a
normal speed of 10 rpm which can be increased by the gear
box (b) to 35 rpm. A cam (c¢) is fixed at the middle of
the gear box. A rod of stainless steel (a), pushed by the
cam as it rotates, is allowed to slide within the hole in
the brass block (e). A piece of stainless steel guide rod (f)
is connected in parallel to the main rod (d) by brass
collars (g) in order to let rod (d) slide smoothly without
shaking ér rotation. The guide rod (f) is allowed to slide
through a rectangular slot cut out of the brass block (e).
A cam follower (h) is attached to one end of the rod (@) to

ensure a steady and smooth contact with cam. A spring
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mechanism (j) is used to pull back the cam, so that the

cam follower can follow the rotating edge of the cam.

The cavity assembly consists of a stainléss steel

rod (j) which is connected to brass block (k) by a piece
AS shewn in [F/9-25,

of pyrophyllite support (I) (pyrophylllte is a soft natural
stone which can be readily machined to any required shape).
This piece of pyrophyllite was used to cut off heat
transfer from the cavity assembly to the other parts of this
device. The other end of rod (j) is slit to form a socket
to accommodate a special cavity (i in Fig. 2.9). The rod (j)
is drilled inside for a water cooling system; (m) and (n)
are the water entrance and exit, respectivély. Witﬁout this
water cooling system, the cavity holder gets hotter during-
repeated introduction into the flame. This means that the
initial temperature for the cavities will not be the same
and this will lead to poor reproducibility of the
candolumihescence erission. Plate (o) is used as a base
for all the components of the device, which stands on
adjustable legs (p). The matrix cavity can be lined up
with thé slit of the monochromator by adjusting these legs,

The cam which is used in this device is kidney=-shaped.
This shape gives a uniform acceleration, but with one side
cut away to allow a quick withdrawal from the flame. The
difference between the longest and the shortest radii of the
cam is 4cm, which gives enough room to change the cavity when

outside the flame (see Fig. 2.5 and Fig. 2.6).

The main disadvantage of Matsuoka's device is that the

kidney-shaped cam offered only particular times inside and
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Fig. 2.6 The matrix outside the flame
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outside the flame. When the matrix is introduced to the
flame and left in tﬁe flame for 5 sec (for example) and-
removed from the flame to cool for 10 sec (for example),
and then reintroduced to the flame these 5 sec and 10 sec
periods are defined as preheating and cooling times,
respectively. These two parameters should be optimized to
give intense and reproducible‘candoluminescence emission.
"In order to change the preheating and cooling times it is

necessary to use a differently shaped cam,

El1-Hag(8Mdeveloped this device further in order to
automate molecular emission cavity analysis (MECA). 1In
order to overcome the disadvantages of Matsuoka's device,
he used a new egg-shaped cam with a mounted peg on it and
 four microswitches connected to a ﬁicroprocessof controlled
timer to provide precise and variable preheating and cooling
times., Fig. 2.7 shows the layout of'the microswitches around

the cam.

In thié developed device the NECA cavity tilts from the
vertical position to the horizontal position in four stages,
where the vertical stage was used for the injection of
solution into the cavity by an automatic sample dispenser,
The other two stages were controlled by the two microswitches
(M, and M3 in Fig. 2.7) which were added to control the
cooling time. The last stage is the horizontal one which is
the optimum position of the cavity inside the flame. The
backwards movement of the cavity is done in a similar

reverse fashion,

This device was modified to suit candoluminescence
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M, Peg M, M,

Pig, 2. The layout of the microswitches around
the cam.

M = microswitch
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measurements where the matrix holder is required to move
only horizontally into two positions, inside and outside
the flame, as shown in Fig. 2.5 and Fig. 2.6. Two micro-
switches only are fixed around the cam and are closed by
the action of the peg during cam rotation, The cavity
assembly was changed, and Matsuoka's cavity assembly was
used which is shown in Fig. 2.3. The cam is egg-shaped.
The longest radius is 7.5cm and the sheortest radii of the
cam is 4.5cm. This provides encugh room to change the

ratrix when it is out of the flare.

2.1.2 The Nicrovrocesscor Ccntrolled Timer

2.1.2.1 Description

The NMicroprocessor controlled timer (E in Fig. 2.1)
was used to automate the matrix introduction device, The
anit is housed in a steel instrurent case (43 x 20 x 9cm)
with an z2lurinium frent panel. All the contrcls are front
panel rounted., As Fig. 2.8 shows, the circuit diasgramr of
the basic cerpenents in the control unit include an
IKS 060N mcnolithic, @-bit, MN-channel ricroprocessor with
address capebility of 64k, It has direct rercry access (INA),
two sense inputs, multiprocesscr, bus logic and a serial
input/output port. Instfuctions are Capable of operating
rmulti-addressing modes of the immediate program counter.
The INS €060N clock drive is driven from a Quartz crystal

oscillzator.

The system operating program is stored in an N825131N
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non-volatile read-only memory (ROM). The times Ty , T,
which control the residence time of the cavity in the
flame (T, ) and the cooling time (T2 ) are stored in a
SYP211N volatile random access memory (RAM). Hence these
times require setting after a mains power interruption.
The timer has also an INS 8154N programmable input/output
.on-board RCM. The output of the microprocessor unit is
interfaced to the motor using a triac-based TTL/240v
optocouplé unit.

2.1.2.2 Principles of Operation

The principles of operation can be surmarized as

below:-

(a2) The a.c, power to the motor is supplied under

the control of the microprocessor.

(b) The motor rotates the cam, until it closes the
microswitch (e.g. My ) in Fig. 2.7 by the action
of the peg.

(¢) The motor stops and simultaneocusly the clock
starts and runs in the microprocessor unit for
the required tires (put into the microprocessor
by a special program). The motor starts to run

when the clock has reached the required time.

The programming of the unit is achieved by entering
the selected times. 1In this way the residence times of the.
matrix in the flame and outside the flame can be adjusted

and controlled, Verification of the set times is achieved
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by a front-panel rounted LED display which also indicates

the elarpsed reel tire during unit operation.

The precgrarring process is started by "start address
OBD8". The location address is shown in Table 2.1. To
change or set any reriod of time the fcllowing program

rust be carried out:

(1) Tress R (Rest);

(2) Enter lccation address (e.g. CEDA, from Table 2.1);
(3) Tress T (term);

(4) Enter digit rejuired;

(5) Tress I to rcve to next address;

(6) TFress R, C3D8-G (go)

The ccmplete program can be summarized as:
R-EDA -T - Periods = R - OBD8 - G

For correct operation ncne of the two time starts should

contain & zeros.

Time (s) T T,
0.1 OEDA OEEE
1 * CEDB OEEF
10 OEDC . OEFO
102 OEDD OEF1
10° oEpE | OEF2
104 OEDF OEF3
108 OEEO OEF4
h 10° OEE1 . CEF5

Table 2.1 Location addresses of the three periods
of time in the microprocessor controlled
tirer. , :
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The system operation can be explained by the following
hypothetical example. If Tc = real clock time, Ty = T,.
or T, . The cam of the moveable matrix introducing device
operates the two microswitches (M, and M, ), the outputs
of which are encoded and fed to the two sense inputs of the
INS 8060N microprocessor thus enabling self synchronization.
If:

(2) the times, Ty and T, , are set and ;

(b) the motor is running, the following sequence of

events will take place,

(1) After a time Tx a microswitch (M; or M; ) operates.

(2) The rotor stops and sirultaneously the clock starts
and runs until Tc = Ty.

(3) The motor starts and the clock resets to zero.

(4) After time (time travelled by the peg on the cam
between one microswitch and the other) the next

microswitch operates etc,

2.1.3 The Flame

A hydrogen-air flame is usually used for
candoluminescence, Nitrogen is sometimes added to make
‘the flame mwore rigid, cooler and to make the flame almost
colourless (very slightly blue) by removing any yellow
colour possibly produced by sodium from dust impurities.
Helium or argon can be used instead of nitrogen but
Ranjitkar(44)reported that there was only a little
difference in the emission inﬁensity produced when helium

or nitrogen was used. Nitrogen is preferred because it is
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more easily available and cheaper so that was used in the

present work.

The flow ratesof hydrogen, nitrogen and air were
metered by CPE series flow tubes from Glass Precision
Engineering Ltd., Mark Road, Hemel Hempstead, Herts, with
waximum flow rates 7 1 mirn] 12 1 min and 15 1 min for air,

hydrogen and nitrogen, respectively.

Hydrogen and nitrogen gases are supplied from
cylinders and the air is supplied from the air line in
the laboratory. These gases were premixed in a steel
cross union connected to a mixing chamber (340cm ), which

is connected to the burner.

The burner was a hollow steel tube 15.5cm long, 1.8cm
head diameter and containing thirteen small holes of about
lmm diameter arranged symmetrically. This burner was fixed
by two screws to a piece of steel which attached to a
horizontal adjustment and a vertical adjustment, This
allowed the vertical distance between the head of the
burner and the centre of the matrix, the vertical distance,
to be changed., The distance which the matrix surface is
inserted into the flame is called the horizontal distance, .
These parareters as well as the angle which the matrix
inserted in the flame should be optimized to obtain the

mrost intensifier and reproducible candoluminescence

emission.

5.1.4 The EM25 Monochromator

An Ebert-mounting monochromator (EDT Research,
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14 Trading Estzte Rcad, London) was used. The emission

produced frer the activated matrix in the hydrogen based
flare was focussed, by the adjustment of the adjustable

legs (p in Fig. 2.4), on the C.lmm slit of this mono-

chrorator.

The roncchrorator was bolted onto the silicon

intensified target (SIT) vidicon cemera at the exit slit.

2.1.5 The SIT Vidicon Camers

The SIT Vidicon Camera (B&M Spectronik GmbH Co. KG,
Boschstr., 8,8031 Puchheim, Federal Republic of Germany)

was used as a cdetector. The rain characteristics of the

SIT are:
Spectral range 340 - 850 mm
Sensitivity 15 photons per count per
channel and per scan
Dark current 2nA
Dynamic Range 1-65535
Target dizreter lémm

2,1.6 The Crtical Svectrum Analvser (GSA 500)

The CSA 5CO (B&N Spectronik GmbH Co, KG, Boschstr,
8,8031 Puchheim, Federal Republic of Germany) forrs the
central control and data processing units of the B&M

measuring device and is referred to as the console.

The console ccntrols and steers all functional

processes of the vidicon camera, processes the measurement

signals provided by the detector and generates the digital
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or analog signals required by external equipment

(xy recorder, printer, computer etc.). The console has

45 fixed programs, which can be called from the keyboard.
The accurulation and subtraction programs are the most
useful., Accumulation is always used in this study, over a
preselected number of scané; the Epectrum is automatically
displayed on the screen during and after accumulation., The
subtraction program is another useful program, which allows
subtraction of one spectrum from the another, e.g. sub-

traction of a blank spectrum.

2.2 The Natrix

The candoluminescence emission depeﬁds on the matrix
quality and quantity. Since the candoluminesceﬁce
technique is highly sensitive, great importance must be
attached to the purity of the matrix material. ©Pure oxides
(Ca0, Sr0), a pure hydroxide Ng(CH), , or mixed materials
such as Sr0 with CaSO4 and Ca0 with CaSO,. , were used as
matrix waterials, the mixed materials éaking the rmatrix more
rigid in the flame(47’4gl Also coated matrices were used(SCZ
which the pure rare earth oxides (Y, 0; , Gd, O , La,0,,

Lu, O, ) were coated on a Ca0/Cas0, rod.

latricesprepared by the former way was done by filling
the ratrix material into the head of the Allen screw. The
material was first mixed with double distilled water, until
it was sufficiently moist to make a suitable paste(472' The
matrix material was transferred by clean spatula into the

cavity (the head of an Allen screw, hexagonal-shaped; the
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hexagon had a side of about 2mm, and 5.2mm area, which
represents the matrix area), A fitting Allen screw was
used to press the ratrix raterial into the cavity. Excess
of raterial was added, and later shaved off flat by a razor

blade, when the matrix had dried.

This ranual method of matrix waking can be criticized

because:

(1) Cavities do not contain the same amount of matrix
material.

(2) The pressure which has been used is not the same for
all matrices,

(3) It is not easy to get a smooth and flat matrix surface.

(4) Some of the matrices have a gap between the matrix

material and the holder.

In order to overcome these difficulties, Matsuoka(48)
made a device based on a press for preparation of infra red
pellets. Fig. 2.9 shows this device which was used in this
work. Special cavities (2 in Fig, 2.9) were used. They are
hollow stainless steel tubes (12rm in length, 7mm o.d and
5mm i.d). Steel disc (b) is a support for the cavities,
which has six holes to accomrodate cavities. TFlate (c) is
of hardened stainless steel, which is placed at the bottom
and on to which the ratrix material is pressed dowvn,

Plate (d) is placed at the top, which has six holes to guide
the plungers (e). The plungers preés the matrix material,
which is contained in the cavities, down to the surface of

the plate (c). All the plates'are lined up and fixed by the

screws (f).
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Fig, 2.9 Matrix making device

Fig, 2.10 Backman Type P16 pressing machine
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A constant amount of the matrix material is taken by
the concave dent which was rade on the surface of the
sarpler (g), and is added to the cavity through a plastic
tube (h). The sare amount rust be added to each of the six
cavities. The matrix material is now on the surface of the

bottom plate (c) and inside the cavities.

Finally, six plungers are inserted through the guide
holes of plate (d) and pressed by the pressing machine for
a certain tirme (usually 5 min,). In this manner, six
ratrices are rade at the sare time (the finish is shown by 1),
which are rigid enough and have extremely uniform, flat and

smooth surfaces.

The pressing rwachine used is a Beckman Type-P16 (hand

operated) press whose rated maximum pressure is 16 tons

(Fig. 2.10).

2.3 Wavelength Calibration of the CSA Screen

The CSA screen shows a spectral range which is a
function of the grating. This range is not easy to predict

so three methods were used to measure the spectral range

and to calibrate the wavelength of the 0SA screen,

2.3,1 Neon and Mercury Discharge Tubes

2.3.,1A4 Neon Discharge Tube

The neon dispharge tube has a complex spectrum, which
is‘Well defined(ee) It contains many lines in the visible

region of interest to this project. The neon discharge
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tube was placed at the entrance of the monochromator slit.

Fig. 2.11 shows the neon spectrum obtained in the range

578-646 nm.

2.3.1B Nercury Discharge Tube

The spectrum of mercury has well-spaced lines in the
visible region, at 579.1, 577.0, 546.1, 435.8 and 404 nm,
The spectrum in the range 526-594 nm, was displayed on the'

OAS screen as for the neon. TFig. 2.12 shows this spectrum.

2.3.2 Helium-Neon Laser

A helium-neon laser (Scientifica-Cook Ltd.,) was used
to calibrate the QSA screen, This laser gives a resonance
line at 633 nm, This laser was also used to calibrate the
monochromator because it is easy to operate and gives only

the 633 nm line.

2.3.3 The Atomic Emission of The Alkali Metals

(Na and K}

The atomic emission'generated from sodium or potassium
solutions when injected onto a calcium oxide matrix surface
and introduced to the hydrogen flame can be used to
calibrate the wavelength of the CSA screen., Sodium gives a
doublet at 589.0 nm and potassium gives lines at 766.5 nm
and 769.9 nm, TFig. 2.13 shows a sodium spectrum in the
range 555-623 nm and Fig. 2.14 shows a potassium spectrum
in the range 732-800 nm, |

The spectral range, displayed on the OSA screen was
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found to be 67.6 nm, held in 499 channels so that each nm

corresyonded to 7.4 channels,
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Candoluminescence of Terbium in Different Natrices

3.1 Preliminary Study

Terbium was known for many years to emit a yellow~-green
emission in a calcium oxide matrix. The candoluminescence of
terbium was first used for analytical purposes as such in
1970 by Sweet et al.(33), who identified the spectra and
reported a concentration dependence of the intensity between

27 and 11 200 ng 1°' terbium in doped yttrium oxide and

lutetium oxide,

In 1974 Ranjitkar(44) used the deposition technique to
develop a method for the determination of 1-25 ng of terbium
at 550 nm in a Ca0 matrix, using the edge of a hydrogen flarme,
Karpel(45) briefly examined the stimulation of terbium
candoluminescence in calcium tungstate and found that terbium
gives a weak green emission in pre-heated calcium tungstate.
Nasser(47) studied the candoluminescence erission of terbium
in Ca(0H), , ¥g(0H), , Sr(CH), and CaF, matrices. The
calibration graphs were found to be linear over different
ranges, up to 60 ng in some cases, with 0.05-2 ng detection
limits and 5.0-8.0% relative standard deviations. He used

545 nm as the wavelength for analytical purposes,

(atsuoka(48), in his survey for activators for the
Sr0 : CasSO, matrix, found that terbium gives a weak green

emission at 540 nm.

~In Basrah University, Kassir et al.(so) and Al-Muaibed(Sl),
using a rod technique, studied the candoluminescence of

v

terbium in five different coated matrices, Y,0, , Gd,03 ,
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ThO, , La,0; and CaSiC,; coated on CaC-CaSO rods.
Candoluminescence spectra of terbium in these ratrices were
recorded which were the same in.all ratrices. There were
only two peaks, at 49C nm and 550 nm. The former was used
for analytical reasurerents. The calibration grarhs were
linear over different ranges up to 90 ng in the Ia,0, matrix,
with 0.2-C.3 ng detection limits and 2.8-3.2¢% relative

standard deviation,

In the present work, stirulation of candoluminescence of
terbium in a new matrix (MgO) will be described. 1In addition,
the determinaticn of terbium by its candcluminescence in
Y,0, , Gd,05 , 12,05 and Lu,C3 coated on Cal matrices, will
also be described. The work is also aimed at extending the
range of terbium determination and to improve the
reproducibility, by using the new matrix making device and

the autoratic matrix introducihg device,

3.2 Experimental

3.2.1 Reagents and Chemicals

A 1000 pg ml™ terbium solution was prepared by
dissolving C.1176 g of 99.9% terbium oxide (Tb,0, , Koch-
ILight Iaboratories) in the minimum (3.5 ml) of AnalaR
concentrated nitric acid by gentle warming and diluting to

exactly 1CO ml with water,

AnalaR MgO (BDH) was used as the matrix material., All

other reagents were of analytical reagent grade, except for:
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(2) Ta,Cs , G303 , IuCyand Y505 , 99.9% , 99.999% and
99,9999% were obtained from different companies (Koch-

Light, BDH, Sigma and Ventron Corporation);

(b) The 1000 pg ml" lanthanide ion solutions used in the
interference study were prepared by dissolving the
required amount of the hydrated lanthanide nitrate
(99.9%4), obtained from different companies (Koch-Light,
BDH, Sigma, Ventron Corporation) in 100 ml of the

deionised water which was used throughout.

3.3 Apparatus

The complete candoluminescence instrument is ‘shown in

Fig. 2.1. It consists of the following main components :-

(a) matrix introducing device,

(b) the gas control unit,

(¢) the BMN25 monochrorator,

(d) the SIT vidicon camera,

(e) the optical spectrum analyser 0SA500,
(f) the Tekman Iabwriter TE-200 recorder,

The apparatus was described in Chapter 2.

3.4 Experimental Parameters and Optimization

3.4,1 Matrix Preparation

A set of matrices of MgO and rare earths (Y,0, , La,04 ,
Gd,0; and Lu,0, ) coated on CalO was prepared., The procedure
described in section 2.5 was used for MgO. TFor the coated

matrices a constant amount of rare earth oxide was taken by
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a small sampler (g in Fig. 2.7) and added to the cavity
first in order that the final matrix surface is covered

_with rare earth oxides.

The amount of Ng0 and CalC and the pressure applied for
each matrix were 2 portions by the sampler and 2 tons per

(48) who

sq, in. (for'5 rin.) as recommended by Matsuoks
found no significant effect of pressure or amount of matrix

on the candoluminescence emission of ranganese in CaO.

3.4,2 Inijection Technigue

There are three techniques of introducing the activator
ion into the matrix, deposition, pre-mixing and coprecipitation,
In the last two techniques the activator ion is added to the
matrix material as a powder or solution during the matrix
preparation. These two technigues gave very irreproducible
results, e.g. pre-mixing gave 10-210% R.S.D.(47), for terbium
intensity measurement. In the deposition method 1 pl of
activator solution was injected onto the matrix surface. The
sensitivity and reproducibility of this simple method depends

on the pord sity of the matrix(44’47).

A direct deposition method was applied throughout the
present work, l-pl of terbium solutions being deposited onto
the centre of freshly prepared MgO or rare earth oxides
coated on Ca0 matrices. This volume was used because it has

(48)

been reporited to give good reproducibility , for manganese

intensity measurements in a Ca0 matrix.
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3.4.3 Initial Survey of Activators for MeO and Coated
Matrices '

A1l lanthanide ions (except promethium) were tested
in Mg0 to see whether or not they are useful activators in
these matrices; 1 ul of a 50 pg ml”! solution of each
lanthanide nitrate (including Tb,0, dissolved in nitric acid
was used) was injected onto the NgO matrix and introduced

into a hydrogen flame,

Cnly Tb gave a strong green emission. Ce, Pr, Sm, Eu
and Er, which were already known as activators in other
matrices (see Table 1.7) gave red emissions with various
intensities, as did the matrix itself when»introduced into
the flame for more than 30 sec, This red matrix emission
reaches a dull red glow after 60 sec. All other lanthanide
ions showed no candoluminescence characteristics before the

matrix itself gave a red emission.

The rare earth coated matrices, prepared from 99,9%
pure material, themselves gave emissions when introduced
inté the hydrogen flame, owing to the presence of impurities
of other lanthanide ions. ILa,0, and Gd,0; coatings gave an
orange-red emission and Y,0, and Lu,0,; gave a green emission,
When 99.999% or 99.9999% pure oxides were used, a srwall
background (1-8mV) was still obtained, which compared with
the 40mV signal from 20 ng of Tb in a Gd,0, - coated matrix.
The background should be subtracted electronically.

- As it had been reported that Tb and Eu give
candoluminescence in rare earth oxide matrices(33’50’5l),

whereas no other lanthanide activators appeared to emit in
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these matrices(34), these two elements were investigated in
detail, as described in this and the next chapter. Ng0 also
was studied as a matrix for candoluminescence emission of Tb,

as described in this chapter.

3.4.4 Spectra

The SIT camera was used for instant detection of a 68 nm
section of the spectrum of Tb luminescence, thus allowing
spectra to be measured rapidly under normal candoluminescence
conditions. The spectra are more accurate and realistic than
those obtained by tracing the Tb spectra point by point,

scanning using a photomultiplier detector(so'Bl)

(33,34)

or recording
on a photographic plate

Terbium gives a strong green emission in MgO and rare
earth oxide-coated matrices (Y,0, , La,03 , Gd,0; and Lu,0;3),
with spectra comprising two peaks, at 541 nm and 532 nm, as
shown in Fig. 3.1. The spectral range covered, 507- 575nm, -
was selected in order to exclude sodium atomic emission at

589 nm, which was always present when the flame was in

operation.

The band at 541 nm, also noted by others(33), was the

more intense and was used for analytical purposes.

The spectrum of the hydrogen flame should contain
besides the sodium D-line at 589 nm an CH emission band
around 300 nn(44-51) | e spectral range of the SIT camera,
nowever, is 340-850 nm so that the OH band could not be

recorded in the first order.
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3,4,5 The Characteristics of Terbium Candoluminescence
Imission

When 1 pl cof 5C pg £l” terbium solution was injected
onto the kgC ratrix and inserted in the edge of a hydrogen
flame, a very weak blue emission appeared. This was due to
‘the I'gC matrix itself and disappeared after 3 s« . A strong
gfeen erission from the terbium then appeered and reached
its mexirum after € s. . This erission largely disappeared

within 3C s: , as shown in Fig, 3.2.

75-
. 60-
=
£
2
G 454
2
€
5
o 30-
0
E
L
151
| L | ! U
0 12 24 | 40 80
Time (s ')

Fig. 3.2 Chenge in Tb (5C pg ml™' ) candoluminescence with
tire in a lgC ratrix after intrcduction ints a
hydrogen flace.
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The time characteristics of the emission from terbium-
activated ¥g0 and the rare earth oxides coated on Cal are
shown in Table 3.1. It shows that the tire to maximum
emission for terbium-activated Y,0, and Lu,03 coated matrices
and for NgO is achieved faster than the emission in La,0; and

Gd,04 coated matrices,

The flame composition and the matrix position in the

flame were fixed as follows:

.

flame composition ¢ H, = 2,0 , air = 2.0 and
N, = 8.01 rin™', matrix at the edge of the flame,

2.5cm above the burner head,

3,4.6 Pre-heating and Cooling Times

During the study of the pre-heating and cooling times,
the other parameters were fixed as given above, If the
emission intensity is enhanced by the pre-heating and cooling,

the times of these processes rust be optimized.

Figure 3.3 shows the results for all the ccmbinations of
pre-heating and cocoling tires investigated for 50 pg ol b
in NgC.

This figure shows that if the pre-heating time was less

than the time required for a maximum intensity (8 s ), the

emission could not be enhanced by the cooling (see curve for
P=5).
The matrix gives an emission each time it is inserted

into the flare and the emissioh intensity decreases with

number of the matrix introductions to the flame as shown in

19
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LL

Time to initiate Duration of Maximum
Natrix emission (s ) emission (s ) emission (s )
MgO 3 90 8
Y,0,4 2 140 6
Ta,0,3 6 {100 14
Gd, 0,4 8 120 15
Lu,0, 2 150 7
Table 3.1 Some characteristics of candoluminescence of terbium in

different matrices




P=10

Emission Intensity (mV)

20 1 1 1 [ | A [
0 10 20 30 4 S0 60

Cooling time (s' )
Fig, 3.3 Effect of pre-heating and cooling times on
the terbium emission (50 ng mI™" ) in MgO.

#*P = pre-heating tire (s' ),
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Fig. 3.4.

Prolonged heating (p = 20) caused a slight decrease in
emission intensity possibly due to loss of some activator
ions to the flare. The greatest intensity was obtained at
15 s. . pre-heating and after cooling for 40 s _ under
these conditions. The emission intensity is almost constant
as shown in Fig. 3.5 for several introductions into the flame,
This would seem to be because the activator ions are optimally
incorporated into the cation vacancies in the lattice of the
matrix, created by the heat, on the first introduction into

the flame.

Table 3.2 shows the optimum pre-heating and cooling times

for terbium-activated Mgl matrices and rare earth coated Cal

ratrices.
Matrix Pre-heating Cooling
time (s ) time (s )

MgO 15 40
Y203 8 30

Ia,03 15 o 40
Gd,04 20 50

IJU203 10 40

Table 3.2 The optimum pre-heating and cooling
times for terbium in different matrices.
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Pig, 3.4 Profiles of terbium emission by repeated
insertions at 5 st pre-heating and 10 s .

cooling times.

(¢——60mV —

A J Ji Ji

—y

- ——y
40 sec

'R LV

>
1Ssec

Fig. 3.5 Profiles of terbium emission by repeated
insertions at 15 s.: pre-heating and 40 s

cooling times,
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3.4,7 TFlame Composition and Natrix Position

The flame composition and the horizontal and vertiéal
positions of the activated matrix in the flame are also very
irportant parameters. They are mainly related to the
variation of concentration of the radicals ( H'and “OH) in

the flame,

Initially, the flow rates of the threc gases were set
at 2.0, 2,0 and 8.0 1 min~! for hydrogen, air and nitrogeﬁ
respectively, and the position of the matrix surface was
fixed at the’edge of the flame. The optimum flow rate for
each of these gases was established by keeping two of the
flow rates coenstant while the third was varied. This cycle
was repeated until the optimum flow rates for all three gases

were obtained.

Figure 3.6 shows the effect of flame composition on the
emission intensity for 50 pg ml™' Tb in MgO. It shows that
the optimum flow rates for both hydrogen and air were
2.0 1 min~'and these flow rates affected the emissioh
intensity to a considerable extent whereas the nitrogen flow
rate appeared not to be very critical, TLowering the flow |
rate of nitrogen below 5 1 min~' resulted in the flame becoming
unstable, flabby and increasing in sodium emission. |
Conversely, when the flow rate was. increased above the optirum
rate (8.0 1 min~! ) the flame would become narrow and the

temperature would be lowered too much, thus depressing the

emission.

The effect of the matrix position in the flame is shown
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H, effect, (air and N, fixed at 2.0 and 8.0 1 min

N, effect, (H, and air fixed at 2.0 and 2.0 1 min™

Operating conditions

“A= 541 nm

matrix used MgO

1 pl of 50 pg ml™

1 1 1 1
0 2 L 6 8 10

Flow rate I min-
Fig. 3.6 Effect of flame composition on 50 pg ml™' Tb emission.




in Fig. 3.7. The flawre composition used was the optimum
established above., The vertical distance between the burner
head and the centre of the matrix surface was examined only
at the edge of the flame. The vertical distance was found
not to be very critical within a range of l-3cm and the

optimum position was found to be 2.5cm above the burner head.

The horizontal position was very critical. This was
examined with the matrix placed 2.Ccm above the burner head.
Only three positions were examined, namely the edge, the
centre of the flare and the middle position between the two.

The results of these observations are shown in Fig. 3.7.

Table 3.3 summarizes the optimum flame ccnditions and
matrix positions for activated Vg0 and rare earth ccated
matrices., There is little difference in the conditions for

each matrix.

Flow rate (1 min™' )] Matrix Pesition
Matrix H, | Air N, Vertical | Horizontal
(cm)
¥g0 |2.0 2.0 | 8.0 | 2.5 edge of
’ flame

Y203 200 105 7.5 2.0 "
La203 la5 2.0 8.0 2.0 "
Gdzoa 2.0 105 705 205 n
Lu203 2.0 200- 800 2.0 "

Table 3,3 The optimum flame conditions and matrix
' positions for Tb in different matrices.
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'Flame Composition: of the flame_).

He : 2.0 1mid' , air: 2.0 Lmin® , N, : 8.0 1 mig™

Operating Conditions: _
’7\-_- 543 nm , matrix = MgO

‘Fig. 3.7 Effect of the matrix position in the flam

e on
Tb emission (50 pg ml” )
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3.5 Quantitative Neasurements

3.5.1 Calidbration

Candoluminescence was measured by injection (1 pl) of
terbium solution onto a smooth, uniform and flat matrix
surface., The change in candoluminescenqe intensity with
time after insertion of the matrix into the flame was
reasured and the maximum intensity noted. These measurements
were done under the cptirum conditions noted above. The
amount of terbium was plotted vs. peak emission intensity in
different ratrices as shown in Figs. 3.8, 3.9 and 3.10.

Table 3.4 sumrarizes the analytical characteristics for Tb in

all the matrices investigated, under these conditions.

3.5.2 Detectability and Reproducibility

Solutions containing various low concentrations of
terbium were injected onto the surface of the different
matrices in order to determine the detection limit, and the
stimulated erission was compared to that obtained from g
blank solution (containing no terbium), where the background

emissions in the different matrices were in range of 1-8mvV,

The detection limits (2 x noise) for terbium in
different matrices are shown in Table 3.4. The reproducibility
was calculated for 50 pg ml’' , 10 ng and 25 ng of terbium in
Vg0, Y03 , 12203 and Luz03 coated matrices and a Gdzos_coated
matrix, respectively, from 10 determinations each in a new
matrix. The relative standard deviation was found to be

2.5-3,2%, as shown in Table 3.4.
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Fig., 3.9 Calibration graph of Tb in Gd,0s coated matrix,
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Fig, 3.10 Calibration grarh of Tb in different coated

ratrices,

88




68

Linear. Sensitivity Detection R. S. D. %

latrix rangeA(ng) (mV ng-1) limit (ng) (n = 10)
MgO* 1-290 1.2 1 3.2
Y,0, O.l'— 25 2.0 0.05 2.5
La, 0,4 1 -20 2.2 0.1 2.9
Gd,03 0.1 - 50 2.7 0,01 2.5
Lu,0, 0.1 - 30 1.6 0.05 3.0
Table 3.4 Analytical characteristics for Tb in different matrices

# The linear range and detection limit are in pg m1™
and the sensitivity in (mV/pg ml™ )




The results show that the detection limits achieved

are lower than 0.2-3 ng repcrted previously(SO’Sl),

and -
the reproducibility achieved by the automated device is

better than the 3.1-7% r.s.d. obtained manually(47s50,51)

3.5.,3 Interference Study

A study of interferences from other lanthanides was
carried out on the respcnse from 1C ng of Tb in a Gd,0,
coated ratrix. A series of solutions containing a constant
concentration of terbium with a different concentration of
interfering ion up to 10 times by weight of the Tb
concentration was prepared. A l-pl portion of the mixture
was injected onto the surface of the coated matrix in each
instance and corpared with the average emission of five
determinations of 1C ng of Tb alone. This coated matrix

was chosen because it gives most sensitivity for Tb.

Figures 3.11 and 3.12 show that cerium interfered
seriously by depressing the Tb erission, and Nd, Eu and Sm
depressed the emission at 5 : 1 metal : terbium weight
ratios as did 1CO ng of the other lanthanides, except for

Ia, ILu and Yt which enhanced the luminescence,

3.6 Conclusions

Terbium was found to give a strong green emission in the
Mg0 matrix, This emission was used for the first time for
the analytical purpose of Tb determination. Also terbium
was found to be a sensitive activator in rare earth coated

matrices. Best sensitivity was achieved by using Gd,0,
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FPig, 3.12 Effect of other lanthanides on
Tb emission (10 ng).
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ceocated CaQ matrices.,

A corparison between the results obtained from this

(50,51)

work with reported results in the Gd,0, coated matrix,

are shown below:

Gd,0s* : T

o1d New
reproducibility : 3.1% 2.5%
detection limit : 0.3 ng 0.01 ng
linear range : up to 30 ng up to 50 ng

* Gd,0, coated on Cal in the new work and on a
rod of Ca0/CaSO in the old work.

It is clear from these results that the reproducibility
and detection limit have been improved and the linear range

of calibration is expanded.

These improvements in Tb reasurerents are attributed
to the use of the matrix making and introduction devices and
also to the SIT vidicon camera, which provided a very
sensitive and versatile detector for rapid measurement of

candoluminescence emission and spectra,
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CHAPTER FOUR




CANDCLUMINESCENCE CF EURCPIUM

IN

DIFFERENT MATRICES




Candoluminescence of Europium in Different Matrices

4,1 Preliminary Study

The orange-red emission of europium-activated CaO,
when placed at the edge of a hydrogen flame, has been known
for a long time. The candolurinescence of europium was first
used for analytical purposes in 1971 by Sweet and White(34),
who identified the spectra and reported 0.1% europium in-

doped Y,0, , Gd2C3 , 12203 and Lu,05; matrices,

Ranjitkar(44) found that europium produced a bright
orange-yellow emission in a Ca0 matrix when placed at the
edge of a hydrogen flame, the spectrum being a single peak
at 585 nm., A 1l to 10 ng calibration graph was reported with
a coefficient of variation of 9.5%. He subsequently found
that the emission was coactivated by sulrhuric acid which
enhanced the luminescence as well as shifted the spectral

peak from 585 nm to 6CO nm.

Further investigation by Nasser(47) showed that the
cptirum emission from Cal activated with europium can be
achieved when the matrix position is not right at the edge
of the flare but about half of the way in towards the centre,
The emission peaks were measured cn the first entry into the
flame and other acids (HC1l, HBr or HC1C4 ) besides H.S04 were
found to coactivate the europium emission, The coactivated
erission was found to be very sensitive at 60C nm, and a
calibration graph between O,Cl ng’and 15.0 ng using H,S50,

as coactivator and a 5 pg detection limit were reported,
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Karpel(45) found that europium gave a deep red
luminescence in a CaWl, ratrix at the edge of a hydrogen
flame, The spectrum consisted of a main peak at 616 nm and
a shoulder at 535 nm. A calibration graph between 0.6-6,C ng
with a detection limit C.2 ng a2nd 8.C% coefficient of

variation were reported.

(48) investigated the candoluminescence of

VNatsuocka
europium in a new matrix SrO : CaSCs (4 : 1 by weight). He
reported that europium gave an orange-red emission at the
edge of a hydrogen flame, the spectrum being a single peak
at 570 nm, The emission was reasured after 2C s’ and
35 s preheating and cooling times respectively. A

calibraticn graph between 0.2-1C ng with a detection limit

of 0.2 ng and 13% coefficient of variation were reported.

In this work rare earth oxides (Y,C, , La,03 , Gd,C,
and Lu,0, ) coated on a Ca0 matrix were used. The work was
aired to investigate the candoluminescence of europium in
detail for the first time in these coated matrices and to
improve the reproducibility and the sensitibity of europium

determination.

4,2 Experimental

4.,2.1 Reagents and Chericals

A 1CCO pg ml™! europium solution was prepared by
dissolving 0.3095 g of Eu(NO; ), .5H,0 (Koch-Light
Taboratories) in deionised water in a. 10C-ml volumetric flask

and diluting to volume with deionised water, which was used
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throughcut.

The other reagents and chericals were the same as

described in Chapter 3.

4.2,2 Avvaratus

The complete candoluminescence instrument is shown in

Fig. 2.1.

4,3 3Experimental Tarareter and Crtirization

4,3,1 Yatrix Preraration

A set of matrices of rare earth oxides (Y,0; , La,0j3 ,
Gd2C3 and Lu,0,) coated on CaC was prepared according to the

procedure described previously in Chapter 2 and Chapter 3,

4,3.2 Iniection Technique

Like the terbium'solution the europium solution was
injected as 1 pl of solution onto the surface of rare earth

coated on CalC matrices.

4,3,3 Svectra

Buropium givesla strong orange-red emission, maximum at
610 nm, in all the rare earths coated on Cal matrices (Y,0, ,
T2,03 , Gd,Cs and Iu203 ) as shown in Fig. 4.1. The spectral
range cocvered (629-697 nm), was selected in order to exclude
sodium atomic erission at 589 nm, which was always present

when the flare was in operation.
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Fig., 4.1 Europium spectrum in the range of 629 - 697 nm,



This band at 61C nm, which was also noted by others(45’48),

was used for analytical purposes.

4.3.4 The Characteristics of Europium Candoluminescence

Emission

The erission was stimulated in rare earth oxides
coated on CaC ratrices by injection of 1 ul of europium
solution (15 ng) cnto the matrix surface., Each ratrix was
exarined by heating at the edge of a hydrogen flame. The
rare earth coated matrices although 99.9% pure themselves
gave an erissicn when introduced into the flame owing to the
presence of irypurities of other lanthanide ions, as described
in Chapter 3. “hen 99.999% or 99.99997 pure oxides were used,
a srall backeround (1-8nV) was still obtained, which compared
with the 45 ©V signeal fror 15 ng of Eu in a Y,05 ccated

ratrix. The background should be subtracted electronically,

Pirure 4.2 shews the change in eurcorium candoluminescence
with tire in any Y2Cs coated matrix after introduction into a
hvdrogen flame. A very weak green emission apreared initially
when the ratrix wes intrqduced into the flare. This erission
was due to the Y,C,; coated matrix itself. It disappeared
within 5 sec., and a ruch stronger orange-red erission began
to glow. The crange-red erission reached its maximum intensity

after 25 s and disappeared within 160 s. .

The time charzcteristics of the emission from europium
activated rare earth oxides coated on Ca0 matrices are
shown in Table 4.1. It shows that the maximum emission from

europium-activated Gd,0; and La,Cs coated matrices is
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Fig, 4.2 Change in europium (10 ng) candoluminescence with time

in Y,0; coated matrix after introduction into a hydrogen
flame.




00T

Time of initial faximum Duration of
Natrix emission (s ) emission (s .) emission (s )
Y,0, 5 25 > 160
12,0, 3 15 >100
Gd,0, 3 15 110
Lu203 8 20 140
Table 4.1 Some characteristics of candoluminescence of europium

in diffefent matrices




achieved faster than the emission in Y,C; and Lu,Cjz coated

rratrices.

The flame composition and the matrix position in the

flame were fixed as follows:

flare composition ¢ H, = 2,0, air = 2.0 and
Np = 7.01 rmin , matrix at the edge of the flame

2.5cm abeve the burner head.

4,3.5 Tre-heating and Cooling Times

During a study of pre-heating and cooling times the
other parareters were fixed as given above., Vhen a europium-
activated Y2C3 ccated ratrix was reroved from the flame after
having reached the raximum intensity, and re-introduced to
the flare, ruch eanhanced erission was obtained. Conseguently
it was recessary to optinizé pre~heating and cooling tires to
cbtein the raxirur intensity reproducibility. Fig. 4.3 shows
the results Zcr &ll corbinations of rre-heating and cocling
tires investigated for 1C ng of eurcpium in a Y,C; coated
ratrix., This figure shows that if the rre-hezting tire was
less than the tire reQuired for a cmeximum intensity (25 s . ),
the erissicn could not be enhanced by cooling (see curves for
p =15 to p = 20). ©Prolonged heating (p = 35) caused a slight
decrease in the emission intensity possibly due to loss of
some activator ions to flame. The greatest intensity was
obtained at 3C s - pre-heating and after 30 st = cooling.
Under these conditions the emission intensity was almost
constant, as chown in Fig. 4.4 for several introductions into

the flame. This would seem to be because the activator ions
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are ortimally incorporated into the cation vacancies in the
lattice of the matrix, created by the heat, on the first

introduction into the flame,

Table 4.2 shows the optimum pre-heating and cooling

tires for europium-activated rare earths coated on Cal

matrices,
Vatrix Pre-heating Cooling
tire (s ) tire (s. )
Y,Cs 30 30
L1a,C, 20 40
Gd,C4 20 30
Lu,C,4 30 40

Table 4.2 The optimum pre-heating and cooling
tires for europium in different
ccated ratrices.

4.3.6 TFlare Condition and Natrix Pocsition

The flame used and the manner of investigation of
optirur flare composition and the optirum matrix positions
in the flare are as described in the previcus chapter. The
results are shown in Figs. 4.5 and 4.6; 2.C, 2.0 and 7.0
1 win™ fer hydrogen, air and nitrogen, respectively and 2.5cm
above the burner head at the edge of the flame were found to
be the optirum flame conditions and the Y,0; coated matrix

optirum positions in the flare, respectively.

Table 4.3 summarizes the optimum flame conditions and
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of the flame)
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f}\-_- 610 , ratrix = Y,04 coated Cal

Tie. 4.6 Effect of the rmatrix positicn in the flare on
R ——
suropiur erission (10ng).
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matrix positions in the flame. There is little difference in

the conditions for each matrix,

Flow rate (1 min™') Matrix Position
Matrix Hp Air N, Vertical Horizontal
(cm)
Y,0, | 2.C | 2.0 7 2.5 edge of
flame

Lazca 2.C 2.0 7 200 "
GAa205 2.0 2.0 T.5 2.0 "
Lu,Cy 2.0 1.5 7 2.0 n

Table 4.3 The optirum flame conditions and
matrix positions for europium in
different coated matrices.

4,4 Quantitative Neasurements

4,4,1 Calibration

Candoluminescence was reasured by injecticn of 1 a1l of
europiur solution onto a smooth, uniform and flat matrix
surface., The change in candoluminescence intensity with tire
after insertion of the matrix into the flame was measured and
the raximum intensity noted. The measurements were made under
the optimum conditions noted above., The amouﬁt of europium
was plotted vs. peak emission intensity for the different

matrices as shown in Fig. 4.7.

Table 4.4 summarizes the analytical characteristics for
europium in all the matrices investigated, under these

conditions.
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Pig, 4.7 Celibration graph of europium in
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601

Linear Detection Sensitivity R. S. D. %
Matrix range (ng) limit (ng) (mV/ng) (n = 10)
Y50, 0.1 - 15 0.05 4.5 2.6
La,0,4 l1-25 0.1 2.6 3.0
Gd, 0,4 1-20 0.1 2.1 2.9
Lu,0, l1-25 0.1 3.2 2.8
Table 4.4 Analytical characteristics for europium in different

rare earth oxides cocated on Ca0 matrices.




4,4,2 Detectabilitv and Rerrcducibility

Solutions containing vericus low concentration of
europium were injected onto the surface of the coated
ratrices and the stirulated emission was compared to that
cbtained fror the blank soluticn (containing no europium)
in order to determine the.detection limit, where the
background emissions in the different matrices were in
ranges of 1-8rV, The detection limits (2 x noise) for
europium in the different coated matrices are shown in

Table 4.4.

The reproducibility was calculated for 10 ng of europium -
for 10 determinations each in a new matrix. The relative
standard deviation was found to be 2.6-3.0% as shown in Table
4.4. The results show that the reproducibility achieved by
the automated device is better than the 8.0-13.0% r.s.d.

obtained manually(45’47’48).

4,4.3 Interference Study

A study of interferences from other lanthanides was
carried out on the respcnse from 10 ng of europium in é Y203
coated ratrix. A series of solutions containing a constant
concentration of eurcpium with a different concentration of
interfering ions up to 10 times by weight of the europium
concentration was prepared. A 1 ul portion of the mixture
was injected onto the surface of the coated matrix in each
instance and corcpared with the average emission of fiveA

deterrinations of 10 ng of europium alone. The Y,C3 coated
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on Cal matrix was chosen because it gives most sensitivity

for europium.

Figs. 4.8 and 4.9 show that cerium and Tb interfered
seriously by depressing the candoluminescence of europium,
All other lanthanide ions enhanced the emission at 5),1
metal : europiur ratios except for Dy which depressed the

emission,

4.5 Conclusicns

The candecluminescence of europium was investigated in
detail in the rare earth oxides coated on Cal ratrices (Y205 ,
Lz2,C3 , G220; and LuaCy ) for the first time. Better
sensitivity was achieved by using Y,03 coated matrix with
1-25 ng linear range than with the other coated matrices
(La,C; , Gd2C3 , Lu C3). The reproducibility achieved by the
autorated device is better than the 8,0-13¢ relative standard
deviaticn obtained manually(45’47’48). The use of a SIT
vidicen carera and the automated matrix introducing device
provides a very sensitive and versatile detecter for rapid

neasurerent ¢f candclurinescence emissions and spectra.
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PART II

FLOW INJECTICN SPECTROFLUCRIMETRIC

STERNINATICN OF LANTHANIDES




CHAPTER FIVE




INTRODUCTION

5.1 Fluorescence Analvsis

5.1.1 Introduction

Luminescence is the emission of radiation from an
electronically excited substance. That excited substance
mey be atoric or mclecular, solid, 1i3uid or gaseous. The
energy tc sxcite the sanple can come from many sources and
serves to classify different types of luminescence &s

rentioned previously (see Table 1.3).

The following discussion will deal with the
fluorescence (a process of photoluminescence) of solute
molecules in solution. TFluorescence spetroscopy heas
received considerable attention and is now at the stage of

active instrurental developnent(eg)

s further investigation
of fluorescence prccesses and extensicn of its applications
as an analyticzl technizue., The reason behind
flucriretry's irportance and popularity is its great
sensitivity and gselectivity. This detecticn limit is often
less than 1 ppb., It is also possible to select particular
wavelengths with which to excite and monitor the

fluorescence of a specific compound in the presence of many
others.

Fluorescence analysis is extremely dependent upon
environmental conditions, however. 1In some cases

photodecorposition takes place, and self-absorption may

occur, especially at high concentration. Temperature and
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solvent viscosity affect the flucrescence intensity because
of collisicnal relaxation fror the excited state, 3Solution
conditions such as pH, solvent and ionic strength influence
the structural form of a comround and thus its potential to
fluorescence. <uenching by simple impurities is also a
frequent problem. An understanding of the fluorescence
process has served to reduce many of the negative effects of
these factors, making fluorescence analysis a very valuable

technidue.

5.1.2 Princirles and Theory

The interaction of electronegnetic radiation with
ratter occurs by the Qquantized absorption and emission of
energy by matter., TFig. 5.1 illustrates various energy transfer
processes. Absorption or excitation often occurs by the
absorption of ultra-viclet or visible light (lO-qssec),
raising the energy of the molecule from its ground state,
So, to an excited vibrational level of an excited singlet
state, S (Arrow A). The molecule may lose this acquired
energy through one of several alternate pathways. Initially,
scattering (Rayleigh and Raman) takes place (within 107"° sec),
The intensity, being proportional to the fourth power of the
wavelength, is usually low in comparison to the fluorescence.
Next, it is far more likely that the molecule will lose its
vibrational excitation energy through collisions and fall to
the lowest vibrational level of the S state. This process
is called vibrational relaxation (10°™ - 107" sec) (Arrow R).

In general, there will be excited vibrational levels of the
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Fig, 5.1 Schematic energy level diagram of singlet and triplet
states of a molecule showing luminescence phenomena.



next lowest singlet state (S; in this case) that have
enercies corparable to lowest S, state. A transition from
ljower vibrational levels of S, to near-by upper vibrational
levels of S, ray take place. This is called internal
conversion (1C, 1072 sec, Arrow C). The rolecule then
rapidly loses energy throuch additional collisions until it

reaches the lowest level of the lowest excited singlet state,

At this point, one of several things mway happen. The
molecule ray simply return to the ground state by further
collisions with other rolecules in solution (Quenching),
dissipating the energy as non-radiated heat (Arrow H).
Fluorescence (Arrow F, 10”° to 1C~’s) can occur, with the
release of a photon, when the molecule returns directly from

the 54 level to the ground state.

A third possibility is that a singlet-triplet (S, - T, )
transiticn can occur, a phenomenen called intersystem
crossing (Arrow X). The crossing involves unpagring of two
electrons and leaves the molecule in an excited vibraticnal
level of triplet state T, . Vibrational relaxation will
quickly bring it to the lowest T, level. From here
phosphorescence can occur (:710'5sec, Arrow P) but only a
few compounds exhibit phosphorescence, collisional
deactivation (Arrow H) being more probable because of the

long tirescale involved.
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5.1.3 Excitation and Emission Spectra

In practice, the fluorescence of a molecule is very
dependent on moleculer structure, solution conditions and
instrument design. Characteristically, two spectra
qualitatively and Juantitatively describe any fluorescent
molecule, The excitation spectrum (relative efficiency of
various wavelengths to excite the sample) should ideally be
identical to the absorption spectrum but instrumental
differences introduce differences., The emission spectrum
(relative fluorescence intensity at various wavelengths)
appears at longer wavelengths (Stoke's shift) because of the
non-radiative losses in the excited electronic state. Cften
a mirror-irage relationship is seen between the excitation
and erission spectra reflecting the similarity in vibrational

structure of the two singlet states.

5.1.4 Suantitative Asvects

Quantitatively, fluorescence intensity is expressed

I = Tp Khp (1-e7) 5.1
where:-

L and I, are the fluorescence and source

intensities, respectively,

K is a proportionality constant which incorporates
the optical system and detector efficiencies:-

K = (photons measured) / (photons eritted),

q?? is the quantum efficiency, defined as:-
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CP? = (photons eritted) / (photons absorbed).

a is the rolar absorptivity, which is a constant
depending rainly on the wavelength, the substance
and the solvent,
b is the abscorption path length and
¢ is the molar concentration.

Zguation (5.1) can be simplified to:

Iy = I, ITCP? (2.3 abe)
In dilute solutions, when concentration is low
(€ 10°° 1), the fluorescence intensity It is a linear

function of concentration.

5.1.5 Instrumentation

The instrumentation to measure fluorescence, a
fluorireter, is generally very straightforward involving
the fcllowing basic componsnts: an intense excitation
source, 2 holder of the sarple cell, fluorescence detector,
wevelength selection optics and the output system.

Fig. 5.2 shows line block diagram of a generalized fluorimeter.

Source e IL1ser.op =—=p Sanple

Nonochrorator
90°
= Detector
Filter or
Monochrorator Arplifier
Read Out

Fig, 5.2 Line block diagram of a generalized
fluorimeter,
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Radiation from the source is directed on the cell and the
fluorescence emission usually detected at 90°. Sources
range from continuous, moderately intense incandenscent
bulbs to more intense gas-discharge lamp of greater power,
But recently the coherent intense monochromatic laser
radiation is being utilized to great advantage. Different
types of Quartz sample cells are used such as rectangulér
and circular, mirrored and blackened, static and flowing,

large and micro-sized.

Photomultiplier tubes are the detectors most often
used, Less efficient phototubes occur in less expensive
systems while imaging detectors, having special multichannel
time advantages, are being used in new specialized
applications. For greater sensitivity it is necessary to
select a particular wavelength for excitation and for
detection. Either filters or monochromators can be used,
Filters are a convenient, relatively inexpensive means of
accomplishing this. Conbinations of interference, band-pass,
and cut-off filters generally serve the purpose. Grating
monochrorators provide enhanced selectivity of wavelengths,
as well as scanning of wavelengths for obtaining excitation

and emission spectra.

Output currents from photomultiplier tubes are often
simply transformed into recorder tracings. Computer-
assisted data processing, very prevalent today, is able

easily to correct and store spectra.
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5.1.6 Av»plications

Table 5.1 sumnarizes a wide range of general
fluorescence applications. Beside these, there are many
recent developments. Derivatization of compounds to
fluorescent forms is of growing inportance(go). Labelling
key compounds with fluorescent molecules allows the

(91)

investigation of many additicnal reactions and compounds(92)

(93)

The use of matrix isolation methods , the interesting
possibilities of fluorimetry in micellar solution(94’95) are
also interesting. It is apparent that, with the increasing
derand for highly sensitive and selective analysis in rany
areas of inorganic, organic and biological chemistry, the

fluorescence technique will continue to be an important and

fascinating field of research.

Area Analysis Compounds
1, Organic Direct Aromatics, Heterocyclics,

Nitrogen Compounds, Halogen
Compounds and Oxygen Compounds

Biochemical Clinical Cells, Steroids, Lipids,
Proteins, Amino Acids, Enzymes
Drugs, Netabolites, Antibodies
Antigens and Vitamins,

2. Inorganic Direct Lanthanides, Uranium and
Thorium.
Chelates Groups 1A, 1lA, 11B, 1114, and

LR, B ORY S T
SO, and Silicates.
Forensic Glasses

Table 5.1 Fluorescence Applications (85,96-98)
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5.2 Flow Injiection Analysis (F.I.A.)

5.2.1 Introduction

Continuous-flow analysis (CFA) techniques refer to
methods where samples and reagents are introduced into a
flowing stream (in tubing) for transport to a detector.
Systems based on this design have been used to autorate a
wide variety of wet-chemistry assays(99).

5(100) revolutionized CFA with introduction

Skeggs in 197
of air segmentation to prevent sample dispersion and sample
overlap. Air segmentation of samples was used almost
exclusively for continuous-flow system throughout the 1960s,
due in part to the introduction of the Technicon Autd_Analyzer
which gained wide acceptance as the standard system for
automated analyzer, which was capable of 40 simultaneous

(99’101). These types of

assays at 200 samples ver hour
analyzers have the disadvantages of high reagent consunption,
noise and drift problems associated with the introduction
and often necessary removal of air bubbles and limits on

flow rates(lcg’lc3).

By the mid 197Cs interest in non-segmented flow systems
began to grow due to the efforts of two research groups,
Ruzika and Hansen in Denmark (who coined the term
"flow injection analysis" (FIA) %104) and Stewart et al, in
the Usa{105),

FIA is the rapid, reproducible injection of a liguid
sample plug into a continuously laminar flowing reagent

stream (without air segmentation) where mixing occurs by
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diffusion. Response peaks appear proportional to analyte
concentration in a more rapid, reproducible and controlled

manner than with previous flow teChniques(loz’lO3).

The recent upsurge cf interest in FIA can be seen in
the nurber of articles published in the last ten years

dealing with developrents and application of FIA(lOG).

5.2.2 Theory and Principles of FIA

FIA is based on three rain principles:-

(a) introduction of sample plug into an unsegmented

continucusly flowing reagent (or carrier) stream;

(b) constant residence time of the sample in the manifold

(reproducible timing);
(¢) controlled dispersion of the sample zone.

A typicel diagranm of a simple FIA system is shown in
Fig. 5.3. It consists of carrier and reagents streams
propelled by a peristalic pump and an injection valve,
connected to a flow cell via a mixing coil. The product of
the cherical reaction between the injected sample and the
reagent stream is recorded as a peak as it passes through the

detector cell.

The reproducibility of FIA is an essential Juality
dependent upon the consistency of injecting a precise sample

volume and the flow rate.

The theory behind FIA dynamics with its practical

results rests on the concept of dispersion. The ability to
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Schematic diagram of a simple FIA system, .S, sample injection,



conirol sarvle dispersicn is a significant advantage of TFIA.
as the process of mixing

le and reagent strears. The dispersion
coefficient, D, is defined conveniently as the ratio of the
steady state signal (as with CFA analyzers) to the

rtical peak height.

Under the experirental ccnditicns norrally used for
flow analysis (flow rate between 1C and 0.5 ml/min) tubing
diareters (internal) of 1 mm or less, convection and radial
diffusion are the rain factcrs affecting dispersion(lc7’108).
Convection is characterized by a gradient of flow rates
across the diareter of the tube, where the centre of the
sarple is roving fastest while very slow or no flow is
observed at the tubing walls, RadiTal diffusion, diffusion of
rolecules at right angles to the direction of flow, becomes
significant when using tubing of less than 1 mm i.d. It has
been shown(lC7) that the dispersion of plugs injected in a
carrier stream (due prirarily to convection) can be controlled
through the selection of the length and internal diameter of
the tubing containing the carrier stream. Dispersion can
also be affected by the configuration of the tubing(lo8) as

tightly-coiled tubing reduces secondary radical flow,

The knowledge of how to control dispersiocn was the key
to the successful development of FIA., Wo longer was it
necessary to control dispersion with eir segmentation which
eliminated high dispersion of injected plugs(lo9), The
elimination of air segmentation a2llowed improved precision

in sample introduction via direct injection of fixed volumes
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rather then tired aspiration technidues used in eair

110
segmented syste:s(*‘c).

4

lesidence times of the injected
plugs were also more reproducible since surging of the
carrier strear ves elirinated when no bubbles were present,

: ]
thus flow rates cculd be controlled more pre01sely(l‘l).

purroses.

Tor lirited dispersion, where the original composition
is to be reasured as with electrochemical and atomic
absorption rethods, short, narrow tubes are used with slow
flow rates. 3apid sample rates are possible with limited

(1c3)

dispersion

Nediur dispersion is rost advantagecus when chemical
reactions are utilized as is the case with most systems.,
Here dispersion increases with increasing flow rate (up to
the point of turbulence) increasing tube length, increasing

sample volume and increasing tube radius(llz).

Colorimetric,
and fluoriretric reactions are the major examples for medium
dispersion. Such dispersion makes it possible to
incorporate various analytical techniques to modify the FIA
ranifold such as liguid-liguid extraction, iocn-exchange,

dialysis and a reactor coclumn in order to achieve sample

treatment.
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Large dispersion can provide some features that allow
the application of FIA to several unusual analytical
systens with a substantial degree of mixing. An elongated
and well-defined peak profile is established ccntaining a
concentration gradient useful for special measurements.
This is most easily achieved with a mixing chamber prior to
the detector, as for example in continuous flow titrations(ll3).
This technijue was subsequently automrated, in which a fixed
volure of sarple is injected and then roughly mixed with
titrant in a wechanically stirred chamber to form an

exponential concent gradient(ll4).

5.2.4 Instrumentation

VNost FIA apparatus is simple. TFig. 5.3 illustrated the

fundarental set up for FIA systems which are as follows:

(a) Zumps

As rmenticned previously, stable reagent flow is crucial
to the feasibility of FIA, Therefore pumps play an important
role, It is found that rany simpler pumps suprly
satisfactory perforrance. TPumps such as syringe, progressive
cavity, piston pressure head, peristalic, reciprocating and

proportional pumps work Well(lll).

Peristalic pumps serve the largest portion of FIA

systers. Exarples of the most popular peristalic pumps used
(115) (116)

are the Ismatec and Gilson Ninipuls

(b) Injection Fort

Injectors need to be rapid, smooth and reproducibdble,
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Increasing in sophistication and suality, injectors range
from syrinre septum and flap injectors to manual, sirple
rotary valves and loops, to autonatic rotary, solenoid and
slider valves and single and double proportional

injectors(lll’ll7-lzc),

(c) Detectors

Detectors are nurerous., Any measurement system that
can be equipped with a flow-through cell is applicable for
FIA purposes. They can be placed sequentially on-line where
non-destructive analyses are performed. Tach has particular
features of design to reduce detrirental effects on the flow

dynamics.

They include a wide range of detection principles in
combinztion with FIA, among which are spectrophotometry,
fluorimetry, ion-selective electrodes, chemiluminescence,
atcric absorption spectrometry, flame photometry, inductively
coupled plasma, nephelometry, refractometry, voltamwetry and

polarography(lc°’121’122).

(d) Nanifold Components in FIA

The ranifold is the central component altered to suit
specific cherical systems. It can be as simple as a single
straight tube to as complex a system as a multichannel

ranifold with many interconnections and reactor functions.

The manifold is usually made of teflon, polyethylene
or polypropylene, with an internal diameter (i.d.) of
0.3-1 mm depending on the dispersion pattern requisites.

In practice teflon tubing of C.5 or 0.8 mm i.d. is used in
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rmost FIA.

Cecils and packed reactor columns have significant
importance in recent TIA development, either for monitoring
a particular chemical phenomenon or for optimizing the
dispersion conditions in the manifold(123’124). Different
kinds of chemical phenomenen have been monitored by using a
small colurn in the FIA manifold filled with particles of

reactive compound.

Exarples of such reactors are ion-exchange resins(125-127),

(128), immobilized enzynes(129-132)

reducing materials(127’133’l34). A recent development is the

oxidizing agents and
introduction of a strongly reducing ¢olumn in the manifold
design(l35) in order to produce unstable lower oxidation
states of metal ions, which are réther difficult to produce

and handle by conventional analytical techniques.

(e) Rezdout Devices

The reading of the output in FIA can be obtained by
using a recorder or a microcomputer. Different FIA
automation scheres have been employed including control of
the various components of the system such as injection port
and sarplers which can be programred with microprocessor
interfacing. The evaluation of the results via peak height,
kinetic data, linear regression, background correction and
function monitoring are straightforward using a micro-

(105).

processor

A sensitive recorder can be used to register the readout

and the shape of the peak as well as enabling the analyst to

keep a record of the results,
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5.2.5 Applications

As mentioned previously, FIA has seen extensive
application to a variety of analytical methods, and has
nearly unlimited potential. These applications have been

(106)

reviewed recently by Ruzicka and Hansen A general

list of the reasurement systems used is as follows:

(a) Spectroretric Nethods (spectrophotometry, atomic
absorption spectrometry, fluoriretry, plasma emission
spectroretry, chemi- or bio-luminescence, turbidimetry

and nephelometry).

(b) Electrochemical Nethods (amperometry, conductometry,
potentionetry, including ion-selective electrodes,

voltamnetry).
(¢) Enzyratic Nethods and immunossay.
(d) Finetic Nethods (nonenzymatic),

(e) Gradient Technigues (gradient calibration dilution

or scanning).

(f) Separation Nethods (liquid chromatography, extraction,

ion-exchange and filtration).

(g) Cther Techniques (hydrodynamic injection, viscometry,

incorporated column reactors, etc.).

This broad acceptance of FIA is undoubtedly due to its
versatility, which allows the method to be used in
conjunction with a wide variety of detectors and analytical
techniques. It is also fast, reproducible and simple to

separate.
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5.2.6 F,I.A, for Lanthanides

Up to date, there are only two reports of the use of
FIA systers to determine terbium and europium(l36’l37),

(136) reported that terbium (1 x lO_2

Burguera et al.
to 1CO pg n1”' ) may be determined by measuring the
fluorescence of the terbium ternary complex (Tb (111) -
EDTA - sulphosalicylic acid) at 545 nm and an excitation
wavelength of about 320 nm. The FIA technique is used for
monitoring the fluorescent reaction. A sarple throughout
of 90 analysis per hour is possible, and the relative

standard deviation (r.s.d.) is less than 40% for ca. &C pg
1n 8 pl samples with a detection lirit of 1 pg.

Aihara et al.(l37) developed a flow injection spectro-
fluorimetric rethod for determination of europium(lll) as
its ternary corplex with thenoyltrifluoroactone and
triocytlphosphine oxide in a micellar solution of
nonaoxyethelenedodecyl ether. This procedure is satisfactory
for europium determination in the range 1.5-150 ng nl™' at
a samrpling rate of 55 per hour., The r.s.d. was less than
1.2% with no interference from 20-fold excesses of other

rare earth ion.

The main aim of the second part of this work is to
apply the combination of FIA with spectrofluorimetry in
order to provide rapid, reproducible, sensitive and selective

analytical methods for various lanthanides.
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FLOW INJECTICN FLUCRIMETRIC DETERVINATICN

OF
SRIUN(111), CERIUM(1V)

AND
SINULTANECUS DETERMINATION

OF
CERTUN (111), CERIUM(1V)




6.1 Introduction

6.1.1 TFrincirles of Netallic Reductors

A nunber of pure retals can be used as reducing agents
in different vhysical forrs, such as wire coil, shot and
rowder. Several metals, in particular zinc, silver,
cadmiur, alurinium, nickel, copper and rercury have been

(138’139). The value of

widely used in analytical procedures
these reductants is attributed to the selectivity of their
reducing action, which is a function of the electrode

potential of the retal-retal ion couple and to the ease of

reroving excess of the reducing agents by filtration,

washing or dissolution in acid(léc).

Very active retals, such as zinc, cadrium and aluminium
not only reduce the analyte but also dissolve in acidic
solutions with the evclution of hydrogen. This side reaction
is not desirable, since it can consume large amcunts of the
retzl and introcduce a considerable quantity of metal ion

into the sarple sclution. The reaction can be largely

prevented by aralgarating the metal with rercury.

Aralgarated zinc is commonly known as the Jones reductor,
and is generally prerared by treating granulated zinc with a
dilute sclution of mercury(ll) chloride; mercury is produced
as a coating of amalgam. The addition of mercury does not
affect the standard potential of the Zn(11)/Zn couple
( 0.76V) as long as solid zinc is present (141). The rate
of reduction, however, depends on the concentration of zinc

(142)

at the surface of the amalgam With relatively strong
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oxidants, such as Fe(lll) and Ce(1V), which are reduced by
mercury, a mercury content of 1 or even 5% may be used at
high acid concentration to cohtrol the rate of hydrogen
evolution. With weaker oxidants the mercury content should
be minirized so that the reduction reaction is not retarded.

Table 6.1 lists several commonly used rnetallic reductors

(e5)

end some elerents they will reduce The Jones reductor
is relatively non-selective as a reducing agent because of
its strongly negative potential. It can reduce many species
to lower oxidation states including the metal, as shown in

Table 6.1.

The silver reductor, originally developed by
Walden et al!l43), has found wider applications due to its
milder reducing character and hence more selective reducing

properties, The other reductors have been used for specific

-~

epplications, as illustrated in Table 6.1. However, the

-

Jones and cilver reductions are the rost widely u

24 in

m

analytical procedures.

6.1.2 Fluorescence of Ianthanides in Solution

Vany inorganic substances are capable of fluorescence
in the solid state; the conly salts which fluoresce in
solution are those of sore lanthanide elements (Ce, Pr, Sm,

Eu, Tb and Dy) uranium and thorium.

It is only this small group of compounds that can be

detected in agueous solution by the luminescence of their

simple ions.
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Reductor Element Reduced

PeT

Zn(Hg) Fe(11l1) —» Fe(11), Cr(Vl) —Cr(11),
(Jones reductor) Cr(11l) —Cr(11), Ti(1lV) —Ti(111),
v(V) — V(111), Mo(V1l) —» Mo(111),
Ce(lV) ——Ce(111), Cu(1ll) — Cu.

Ag(1M HC1) Fe(111) —» Fe(11), U(V1) — U(1V)
(Walden reductor) Mo (V1)—>Mo (V) @MHI) Mo (V1) — Mo (111)
: (4M HC1l), V(V) —sV(1V),

Cu(1l) —— Cu(1).

Al Ti(1V) —» Ti(111)
Pb Sn(1V) —» Sn(11) U(V1) — U(1V)
cd 15 00 QU ST, o

Table 6,1 Metallic reductors(85)




The fluorescence spectra emitted by ajueous solutions
of those lantharide ions when they are irradiated by UV

1ight have been known since the 1930s(144-147)

The analytical aspects of the fluorescence of lanthanides
in sclution were exploited by a number of groups to detect
Ce, Sm, Tb and Dy as irpurities in solutions of other
lanthanides(148-151) | zasge1 et 21, (149-151) po4e 4
detailed study of the fluorescence of lanthanides in solution.

They reported that Tb, Gd and Ce display the strongest

flvorescence,

They rerarded fluorescence as the nrost sensitive rethod
for the detection of these ions. The rethod is less sensitive
for Eu and is not sensitive enough to be applied to Dy and

Sr. They also reported that 107°% , 107°

and 107 g/vl as
detectable concentration for Ce, Tb and Eu, respectively.
The fluorescence spectra of sore lanthanide elements in

aqueous solution such as Ce(l52’153), Tb(154'156),

Sm(154’155), Eu, Gd, Pr and Dy(l57’158) have been published.

Cazotti and Abrao(lsg) studied the direct spectro-
fluoriretric deterrination of Ce, Tb, Zu, Gd and Dy in
inorganic acid (HCl, HC104 and H,SO, ) and thorium
solutions. The detection limits and the experirentel

conditions for those lanthanide elements are shcwn in

Table 6.2,

Of the lanthanide ions, Cerium(lll) is one that
presents the strongest fluorescence in agueous inorganic

al.(l6o)

solutions. Armstrong et observed the fluorescence

of Ce(l1ll) in inorganic acid solutions such as HCl, HC1OC,
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Element

Excitation Fluorescence Detection limit in
(nm) (nm) IIC}‘ ThCl,4
(peg ml " ) (pe/eth)
Ce 257 350 0.C01 0.Cl
Tb 226,352%*(372) 545 0.5 50
Eu 394 395 10 eo
Gd 275 312 10 200
Dy 352 420 100 does not
fluorescence

* Excitation peak completely absorbed by Th.

Table 6,2

Experimental conditions and detection limits for direct
spectrofluorimetric determination of lanthanides in
inorganic acids and thorium solutions(159).




and E,3C4 . They suggested the possibility of deterrination
of Ce(11l) by fluoriretry, and later Ce(lll) fluorescence
was studied in inorganic acid solutions(152’159’161).
Ce(lll) has a characteristic fluorescence which has its
excitation raximum at 26C nm and emission maximum at 350 nm.

The detection limit in some cases has been reported as less

than 4 ng m]."1 , With no interference from other lanthanides(lsg).

Burns and Qureshi(lez) developed a simple procedure to
determine Ce(111l), in carbon and low alloy steels, based on
the native fluorescence of Ce(11ll) ion. A 0.0C2% w/w
concentration was reported as the detection lirit with
4-6% r.s.d. The interference of iron(lll) and chromium(Vl)
was reroved by reduction with hydroxylarine or a Jcnes
reductor before fluorimetric deterrination of Ce(lll) at
260 nr and 35C nm as excitaticn and erission wavelengths,

respectively.

Analytically, cerium is usually differentiated from
other lanthenide family members on the basis of the strong
oxidizing power of Ce(lV) in acidic solution, Ce(lV) is not
fluorescent, but can eesily be reduced to Ce(lll) which
cffers a method for the indirect spectrofluoricetric
deterrination of Ce(lV) and several other species which
cannot be determined directly by spectrofluoriretry, dbut
which can reduce Ce(1lV) to Ce(lll).

(152) reported that a rapid and

Cuk¥or and Welberling
direct method for determination of cerium in yttrium oxide
cen be achieved by reduction of Ce(lV) with titanium(1lll)

and measured the fluorescence of Ce(lll) at 26C nn/355 nm.
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C.1 psCe / g ytirium oxide was reported as the detection
lirit, with 69 r.s.d., Tirkbright et 2l,‘"”°’ reported an
indirect spectroflucriretric method for As(11ll), Fe(ll),
oxalate, Cs(V1ll) and iodide by measurement of the Ce(11ll)
flucrescence rroduced by their reduction of Ce(lV) or

catalysed redox reaction of As(11ll) with Ce(1V) (e.g. osmium).

itrate, thiosulrhate and iodide can similarly be
deterrined after chroratographic separation by their reaction
with Ce(lV) in a posteclurn pacled reactcr(ls3). Application
of a sclid reductant in the form of minireductor columns
have teen found to be particularly effective in FIA. A
recent develcprent is the intrcduction of a strongly
reducing rinicclurn in the ranifold design(l36'164) in crder
to produce unstable lower oxidation states of metal ions which
are rather difficult tec produce and handle by conventional
anglytical technigues. As a reducing agent a Jones reductor
appecared to be very effective., Recently, Faizullah and
Townshend(l33) described an FIA procedure for the
sirultaneous spectrophotoretric determination of iron(ll)
and iron(lll). The injected sample was split into two,
pert reacted directly with 1,1C-phenanthrcline to give a
response for icrn(ll), the remainder was directed thrcugl
a zinc reductof rinicolumn before rejcining the original

stream for reaction with 1,1C-phenanthrcline, so as to give

a second peak corresponding to total iron.

This work describes a direct spectrofluorimetric
deterrination of Ce(lll) by FIA, based on the fluorescence
of Ce(lll) icn and describes the determination of Ce(1V)
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after reduction to the fluorescence species Ce(lll). It
also describes the sirultaneous spectrofluorimetric
detercination of Ce(1ll) and Ce(lV) based on the same
principle to that described above for iorn, in which part
of the sarple is directed through a zinc reductor

minicolumn to reduce Ce(1lV) to Ce(111).

6.2 ZIxperirental

6.2.1 Reagents and Chemicals

All chemicals were of analytical grade except for
cerium(1l1l) nitrate (Ce(XNCj3 )3+ 6H,0) which was 99.9% pure
(Koch-Light Laboratories) amronium cerium(lV) nitrate
((NHq ) ,Ce(NO3 ) g ) which was 99,9% pure (Sigma). The other

lanthanide interfering ions were as described in Chapter 3.

6.2.1.1 Cerium(111) and Cerium(lV) Solutions

A 1CC pg el Ce(111) solution was prepared by
dissolving C.2810g of Ce()C3)3.6F,0 in distilled water and
diluting to 1 1 with deionized water, which was used

throughout.

A 100 pg ol Ce(1V) solution was prepared by
dissolving 0.3912g of ((I\TH.; ) ,Ce(N0s )s) in 600wl of deionized
water containing 1Cml of concentrated sulphuric acid, 2g
of sodium peroxodisulphate and 2ml of C.l1 N silver nitrate.
The solution was boiled for 10 min and diluted to 1llwith

(165,166)

water Calibration sclutions were prepared by

serial dilution of the steck sclution with water.
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6.3 Apparatus

The detector used for all measurements was a Perkin-
Elmer model 3000 fluorescence spectrometer with a flow cell
comprising a silica tube, i.d. 2.5mm, 40mm long, held

vertically in the sample compartment in a rigid mount(l67).

6.3.1 Preparation of the Reductor

The Jones reductor was prepared as follows(127’l68),

Zinc shot (BDH, 20-30 mesh) was sieved through a 22-mesh
sieve, 4g was covered with 1 M hydrochloric acid and stirred
for 1 min. The liquid was decanted and 30ml of 0.25 N
mercury(ll) nitrate (or chloride) solution added. The
mixture was stirred thoroughly for 3 min. The liquid was
again decanted and the amalgam was washed three tires with
water. The amalgam was added slowly to a 25mm long glass
tube (2mm i.d.) until the reqQuired packing was achieved. A
thin layer of glass wool was put at both ends of the column
to prevent movement of the amalgam by the carrier stream.

A small piece of silicon rubber tubing (0.8mm i.d.) was
pushed into each end of the column so as to achieve a very
tight connection. An electronic vibrator (Pifco, 50HZ) was
used to settle the particles uniformly in the column. Water
was passed through the ceolumn and the reductor was stored in

this condition until required for use.,

6.3.2 Flow Manifold

The manifold used for the determination of Ce(lll) is

shown in Fig. 6.1. A peristaltic pump (Ismatec SA 8031,
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1.3 ml min-]

180ud
20cm

0-5M
ex/260 \nm

Fig. 6.1 Manifold for the determination of Ce(111).

Zurich) was used with 1 ml min™ pump tubing, and the sample was
introduced via a Rhecdyne RH5020 injection valve (Anachem)
with a sarple loop of 180 _ml. Teflon tubing (0.5mm i.d.)

was used for the rest of the manifold.

The fluorescence was measured at 260 nm (excitation)
and 350 nm (erission) and the spectrofluorimeter was set with
excitation and erission slits at 10. The spectrofluorimeter
was connected to a Teckman Labwriter TE200 recorder. The

corplete FIA system is shown in Fig. 6.2.

Ce(1V) can be determined by incorporating a zinc
reductor minicolumn into the system between the pump and the
20cm delay coil in Fig. 6.1. Simultaneous determination of
Ce(11l) and Ce(1lV) was achieved by modifying the manifold
shown in Fig. 6.1 by splitting the sample injected into two
streams and incorporating a zinc reductor minicolumn into

the system. The complete assembly is shown in Fig. 6.3.
6.4 Results and Discussion

6.4,1 Optimization of Variables
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Ae Perkin-Elmer Model 3000 fluorescence spectrometer

B. Peristaltic pump

C. Rheodyne RH5020 injection valve

D. Home-made flow cell

E. Zn amalgam mini-reductor column

Fig., 6.2 The complete FIA system used for the spectrofluorimetric
determination of cerium(lll) and total cerium.
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ml min-] 250 em
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Fig, 6.3 Manifold for the determination of Ce(1V) and total cerium.



6.4.1.1] Excitation and Emission Spectra of Cerium in
Inorganic Acids (HCl, HC10s and H,S0s )

The fluorescence of Ce(lll) was studied in various
inorganic acid solutions (HCl, HC10, and H,SOs ). The
fluorescence spectra were the same in the three acids,
Ce(11ll) has an excitation maximum at 260 nm and emission
maximum at 350 nm. Fig. 6.4 shows the excitation and
emission spectra of 40 ng Ce(1lll) ml in perchloric acid.
The concentration of inorganic acids was found not to
affect the fluorescence of Ce(lll) in the range 0.01 - 1 M,

so 0.5 M HC10, was chosen as the carrier stream.

6.4.1.2 Effect of Flow Rate

The influence of the flow rate on the peak height was
studied. The results are shown in Fig. 6.5, which indicated
that the peak height decreased with increasing flow rate.
This was thought to be due to increasing dispersion with
increasing flow rate as illustrated in Table 6.3. This
table shows that the dispersion and the length of the
solution in the tube increases with increasing flow rate.

A 1.3 rl min~' flow rate was chosen for subsequent work.

6.4.1.3 Effect of Sample Volume

The influence of the sample volume is shown in Fig. 6.6.
The maximum peak height was obtained when 205 ul was
injected but the peak shape was somewhat distorted, so 180/pl

was injected in subsequent experiments,
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Relative intensity

500 |-

250 —

200

wavelength (nm)

Fig., 6.4 TFluorescence spectra of cerium(lll) in

0.5 M
(=)

]

HC104 :

excitation spectrum, emission
measured at 350 nm ;
emission spectrum, excitation at 260 nm,
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Flow rate Peak height 2 Peak width | Length of solution Dispersion
(ml min™ ) (mm) (min) in detector (D)
(cm)

0.51 81.5 0.080 20,2 2.72
0.78 80 0.050 19.9 2.77
1.30 T4 0.040 23.9 3.00
2.46 1.5 0.023 29.2 3.10
3.43 70 0.020 33.9 3.17
4.92 69 0.015 37.6 3«21
6.02 64.5 0.012 38.3 3.44
7.14 60 0.011 40.3 3.70
Table 6.3 The effect of the flow rates on the peak height, peak width,

length of solution in detector and dispersion.
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6.4.1.4 The Effect of the Tube Length

Figure 6.7 shows the effect of tube length on the
40 ng ml™' Ce(111l) peak height., It is clear that as the
tube length increases the peak height decreases due to the
increase of the dispersion in the system. A 20cm coil was

used as optimum coil length.

90
. 80 +
E
E
f?, 70 -
[¢}]
% g
S
@ 60 1
50 1.
! ! 1 | 2 T - T
0 20 40 60

Tube lengthlcm)

Fig, 6.7 The effect of tube length on peak height.

6.4.1.5 Dispersion Coefficient (D)

The dispersion coefficient for this system was measured
by injecting 180 nl of 25 ng Ce(1ll) ml™ solution and by

aspirating it continuously through the system. It was found
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to be 3.0 as shown in Fig. 6.8.

The residence time was 23 s and the sample throughput

could be 150 h™ .

11T mm

37mm

JUUUUL LJi.;L

Fig. 6.8 The dispersion coefficient of the system.

6.,4.2 Calibration

Under the conditions established a calibration graph
for Ce(lll) was obtained. It was linear in the range
0 - 100 ng ml”' . Typical calibration results are shown in

Table 6.4 and Fig. 6.9.
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80 ng ml”

a) 60 ng ml”’
40 ng ml"
20 ng ml’

b)
160
120 +

80 I

L0

1 | 1

20 40 60 80 100
[Ce(lll)] (ng ml” )

Fig. 6.9 (a) Peaks obtained by injecting Ce(11l1)
standards in the concentration range

shown; (b) the corresponding calibration
graph.
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Ce(11l) Conc. Mean Peak r.s.d. %
ng ml” height (mm) for 6 replicates

20 29.8 .

40 66.3 1.82

80 128.8 1.3

100 165.6 0.70%

Mean r.s.d. = 1.21%
* r.,s.d. for 3 replicates

Table 6.4 Calibration results for the determination
of Ce(11ll).

The linear graph has a regression coefficient of
0.999 (5 points). The detection limit (2 x noise) was 1 ng
and the relative standard deviation for 10 replicate

analyses of 40 ng ml™ Ce(1lll) was O.6%.

6.4.3 Interferences

Kirkbright et al.(®3) showed that Co(1), Pb and Sn(11)
interfered with the fluorimetric measurement of Ce(lll) when
their concentration was :>500 mg 1" . Cukor and Weberling(lsz)
studied the interferences of various ions including some
lanthanides, copper, nitrate, nickel, lead and iron(1lll) and
found that the most serious interferences were from iron(1ll)
and nitrate when present at a concentration 50 times by
weight that of Ce(ll1l). Other workers also showed that

iron(111) and nitrate caused great quenching of Ce(lll)
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(159,162) 4.0 o their strong absorbance in

fluorescence
the ultraviolet region. Nitrate can be eliminated by
several evaporations with HCl or HC1l0, . The interference
of Fe(11ll) is easily minimized by its reduction to Fe(1ll)
with hydroxylamine or a Jones reductor(159’162), because
Fe(ll) does not interfere.

(159) studied the quenching effect of

Gazotti and Abrao
thorium on Ce(1lll) fluorescence. A concentration of
200g Th J."1 decreased the intensity to 20% of its value, but
even so it was possible to determine 4 ng Ce ml” in a
solution of 200g Th 1. It is reported(159’l62) that
Ce(1V) interferes by decreasing the fluorescence of Ce(11ll)
because Ce(1lV) absorbs radiation near to 260 nm and also
absorbs radiation from fluorescence of Ce(lll) at 350 nm.

For the determination of total cerium, Ce(lV) can be reduced

with hydroxylamine or a Jones Reductor.

In this work, only the effects of other lanthanide ions
were studied (Fig. 6.10). Most lanthanide ions (La, N4, Pr,
Gd, Er, Ho and Iu) had no effect, and terbium gave only a
slight depression of the fluorescence. Ce(lV) also did not

interfere at £ 100 times the Ce(1ll) concentration.

Sodium peroxodisulphate was added when preparing Ce(1V)
solution in order to oxidize any Ce(1ll) present, with silver

(166,167)

nitrate to catalyse the oxidation The excess of

peroxodisulphate was destroyed by boiling.
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Fig. 6.10 Effect of other lanthanides on the determination of Ce(111) 40 ng ml™’
in 0.5 M HC10, .



6.5 Determination of Cerium(1V)

Ce(1V) can be determined by incorporating a zinc
reductor minicolumn into the system between the pump and

the 20cm delay coil (Fig. 6.1).

6.6 Results and Discussion

6.6.1 Optimization of Variables

6.6.1.1 Effect of Flow Rate

Under the recommended conditions for Ce(l1ll)
determination the effect of the flow rate was studied,
Since the Ce(1lV) was prepared in H,S0O4 solution, 0.5 M
H,S04 was used as a carrier stream. The influence of the
flow rate on the peak height was studied. The results are
shown in Fig. 6.11, which indicates that slower flow rate
resulted in higher peak height, this would be expected
since the Ce(lV) solution was in contact with zinc reductor
for longer periods of time. The peak height decreases at
higher flow rate which is thought to be due to increasingly
incomplete reduction of Ce(lV). 1 ml min™® flow rate was

chosen for subsequent work to achieve rapid analysis.

6.6.1.2 Effect of Reductor Length

The effect of different lengths of reductor column
was investigated. Fig. 6.12 shows the effects of various
column length. 2.5mm column length gave the maximum peak

height. The internal diameter was kept constant at 2mm
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during this study, which is the minimum diameter that can
suitably be packed with the aralgam particles, and therefore
no attempt was made to use a wider column, to avoid a
further increase in dispersion. Hence a 2.5mm column

length and 2mm i.d. is recommended.

75 1
€ 65 -
E
=
o
‘©
=
X
o
ae-—-55 o

L5 T T - T T

Column length (cm)

Fig, 6.12 Effect of reductor length on reduction
of 50 ng mI" Cerium(1lV).

6.6.1.3 Reductor Capacity

Such a mini-reductor column exhibits a high reduction
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capacity, as concluded by repetitive 180 nl injections of
100 ng of Ce(lV)mJ."1 , as shown in Fig. 6.13. Reproducible
measurements are obtained for up to 66 injections (l.lBlpg).
After 66 injections the response has lost about 5% of its
peak height, up to 132 injections (2.38 ng) and replacement
or regeneration with 0.25% nitric acid may be necessary

after ca 130 injections.

6.6.2 Calibration Graph

Under the recommended conditions typical calibration
peaks and graph were obtained. The calibration was linear
in the range O - 150 ng ml" . Typical calibration results
are shown in Table 6.5 and Fig. 6.14. The linear graph has
a regression coefficient of 0.9964 (5 points) and the mean

r.s.d. was 1.8% for the peaks in Fig. 6.9.

Ce(1lV) Conc. Mean Peak r.s.d. %
ng ml” height (mm) | for 6 replicates
30 2.50 4.1
60 5.00 L
90 7.80 - 8
120 11.00 1335
150 14.20 0.40%
Mean r.s.d. = 1.8%
#r,s.d. for 3 replicates

Table 6.5 Calibration results for the determination
of Ce(1lV).
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Fig. 6.14 (a) Peaks obtained by injecting triplicate
Ce(1V) standard of the concentration shown;
(b) the corresponding calibration graph.
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6.7 Determination of Ce(1ll) in Ce(lV) Solution

Under the recommended conditions, the standard addition
method was used to determine Ce(lll) in Ce(lV) solution
prepared from 98% ceric ammonium nitrate (Fluka). A
40 ng ml” Ce(1V) was present with each concentration of
Ce(1ll) shown in Table 6.6. The calibration results are
shown in Fig. 6.15. The linear graph has a linear

correlation coefficient of 0.998 (5 points).

The figure shows that 0.47_ug ml” Ce(lll) is presént
in the 40 ng ml" Ce(1V) solution sample, which is 1,2%
Ce(11l) in Ce(1V).

Conc. of Ce(lll) Mean Peak r.s.d. %
g ml” height (mm) for 3 replicates
004 40.8 102
0.8 63.6 2.4
1.20 77.6 3.0
1.60 97.6 l.6
2.00 119 0.84
Mean r.s.d. = 1.8%

Table 6.6 Calibration results for the determination
of Ce(11l) in Ce(1V) solution.

6.8 Simultaneous Determination of Ce(111l) and Ce(1lV)

Simultaneous determination of Ce(11ll) and Ce(1lV) can be

achieved by incorporating a zinc reductor minicolumn into
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the system(l33) as shown in Fig. 6.2. The injected sample
is split into two streams, one of which bypasses the
reductor, and therefore gives a response only to the
original Ce(lll) in the sample. The remainder passes
through the detector and a 250cm delay coil, and then
passes to the detector to give a second peak completely
resolved from the first which represents the total cerium

content of the sample.

6.8.1 Division of the Injected Sample

This is the key aspect of the simultaneous determination.
The division is influenced by the geometric and flow

characteristics of the splitter, which are critical(169),

Faizullah and Townshend(l33) reported a new way to
split the injected sample by placing the pump after the
splitting point and injection port. The splitting ratio is
controlled by the use of pump tubes of various sizes and

the design of the splitter is not so important.

The same principles were used to achieve a reproducible
1 : 1 peak height splitting. A home-made perspex Y-piece
(i.d. 0.7mm) with 45° angle between the two out lines, with
O.5mm i.d. pump tube connected to the reductor and O.4mm i.d,
tube to other channel, were used to achieve a reproducible
splitting. This splitting ratio 1 : 1 was established by
injecting a standard solution of Ce(1lll) before analysing

Ce(111l) and Ce(1V) as shown in Fig. 6.16,

A coil of 25cm was used after the injection port as

shown in Fig. 6.3 in order to make the sample speed as
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constant as possible before splitting(127-170)  mpe £1ow
rate should be less than 1 ml min™ in order to reduce all

Ce(1V) to Ce(111) in the reductor column.

scan E*—————

Fig., 6.16 Splitting of 300 ng ml" of Ce(111)
solution.

6.8,2 Calibration Graph

Using the optimal conditions for the reduction of
Ce(1V) and splitting of the injected sample (to give a
1 : 1 peak height ratio), calibration for Ce(1lll) - Ce(1V)
mixtures was successfully achieved., Typical calibration
results for 180 pl injections of Ce(1ll)/Ce(1V) solutions
are shown in Fig. 6.17 for the concentrations shown in

Table 6.7. The sample throughput was 55 h™' with a mean
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Fig. 6.17 Typical calibration for simultaneous
determination of Ce(l1ll) and Ce(1lV)
for the concentration shown in Table 6.7.
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r.s.d. of 2.5% over all the calibration peaks shown in

Fig. 6.16.
Sample Ce(111) Conc. Ce(1V) Conc.
no. ng ml” ng ml™’
1 50 50
2 100 100
3 200 200
4 300 300
5 400 400

Table 6.7 Sample constituents Ce(1lll) and Ce(1lV)
used throughout simultaneous determination.

6.9 Conclusions

It was the first time spectrofluorimetry FIA method
was used to determine Ce(1lll). The intense fluorescence
emitted by simple Ce(1lll) ions enables its determination
directly in inorganic acids (HC1l, HC10, and H,S0, ) with
high and equal sensitivity with no interferences from other

lanthanide ions.

The combination of FIA technique with spectrofluorimetry
proved a rapid, reproducible, sensitive and selective means
of Ce(11l) determination. Incorporating a zinc reductor
minicolumn into the FIA system provided a simple means of
indirect fluorimetric determination of Ce(1lV). Table 6.8
summarizes the optimum conditions for spectrofluorimetric

determination of Ce(1lll).
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The method of splitting of the injected sample made
possible the simultaneous determination of Ce(1lll) and

Ce(lV) with a simple FIA manifold.

Parameter Value
Carrier stream 0.5 M HC10,4
Flow rate 1.3 ml min™
Sample volume 180/ul
Linear calibration range 0 - 100 ng mI™
Detection limit (2 x noise) 1l ng
P84 0.6%
Sample rate 150 ™
Excitation wavelength 260 nm
Emission wavelength 350 nm
Excitation and emission slits 10

Table 6.8 Optimum conditions for the determination
of Ce(1ll).
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CHAPTER SEVEN




FLOW _INJECTICN DETERNINATICN

OF
EUROPIUN
AFTER ON-LINE REDUCTION




7.1 Introduction

Three lanthanide elenents that are known to form
ajueous dipcsitive ions are Sm, Eu and Yb. Table 7.1
shows the colour and electronic configuration along with

the value of 2° (Tu(111l)/Lu(ll)) for these dipositive

ions.

Ion Colour Configuration EO(V)
Sm(11) red (Xe)4r® 1.50
Bu(1ll) colourless (Xe)4r? 0.35
Yb(11) green (Xe)4s™ 1.10

Table 7.1 Colour, electronic configuration and
£° value for known dipositive aQueous
lanthanide ions

Bu(lll) ions zre mcre easily reduced than Sr(111) and
Yb(11l1l) ions. Reduction may be carried out by several
methods(l7l), of which the more commonly used ones are

(172-174)

s, treatment with

)(175-177)

electrolytic reduction

aralgarated zinc (Jones reductor
(178,179)

, and reduction

with sodium aralgan

The method of reducing Eu(lll) to Eu(ll) quantitatively
with a Jones rzductor cffers a very selective method for
determination of Eu(lll) in the presence of all other
lanthanides because the only two other lanthanides (Yb and

Sm) which exist in the bivalent state, are not reduced by a
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zinc reductor (B° = ¢.76V). Zu(lll) mey be deterrined
titriretrically after reduction in a Jones reductor by an

(175,176,180), or by collecting the

iodiretric rethod
solution from the Jones reductor in an excess cf iron(11l)
chloride solution and titrating the iron reduced by the
Bu(ll) ions with standard sclution of potassium
permanganate(lgl), or potassium dichromate(l77). Bu(ll)

is a very strong reducing agent and its solution cobtained
frowr the Jones reducter is usually collected under an
atrosphere of carbon dicxide to prevent oxidation of Zu(11l)

ions by the oxygen in air.,

In the FIA technigue detection cccurs in a flow-through
cell, The great advantage of this nethod is that the
unstable oxidation state of the retal ion, produced after
on-line reduction or cxidatiocn, only needs to be sufficiently
stable during its residence tire in the flow system, which

(164). Since FiA is dcne in a closed

ray be less than 1 rin
system, there is no need to prevent oxidation of the
unstable oxidation state produced on-line by use of inert

Fases.

In this work, a zinc reductor mini-coclurn is used in
a flow injection system for reduction of Eu(1lll) to Eu(ll),
which is indirectly detected either spectrofluorimetrically
by reaction with Ce(1lV), and measurement of the Ce(1lll)
produced by the method established in chapter 6, or
spectrophototometrically by reaction of the Eu(ll) with
Fe(lll), and determination, with 1,10-phenanthroline, of

the Fe(1l1) forned(127).
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7.2 Txrerimental

7.2.1 Reagents and Chemicels

All chemicals were of analytical grade except for
earoriur (111) nitrate (Zu(NC,); «5H,0) which was 99,9¢

pure (Fech-Light Laboratories).

Buropium Sclution

. -1 ] .
A -CCC/ng rl " eurorium sclution was prepared as

. T T T T 4
descrihad n CeRaNTIY &,

-

Ceriur (1V) Soclution

-1 . .
A lCC)g;rl Ce(1V) solution wes nrepared as

described in chapter 6.

Iron(111) Sclution

A C.5N Fe(lll) solution was prepared by dissclving
13.515¢ of FeCl, (BDH) in C,1K HC1l. Cther sclutions were

prepared by arrropriate dilution with the C.1N HC1.

1,1C-Fhenanthroline Soluticn

A 1.5% (w/v) solution was prepared by dissolving
1.5¢ of 1,1C-phenanthreocline hydrochloride (BDH) in 100 ml
of C.O05K HCl, This solution was prepared every 4 days.

Buffer Solution

Citrate buffers of different DH values were prepared
by mixing appropriste volumes of C,1M citric acid and 0.1¥
sodium citrate to give the desired pH values between 3.0

and 6.2(182).
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T.2.2 Apparatus

For the indirect spectrofluorimetric determination,
the instrumentation described in chapter 6 was used,
except the home-made cell was changed for one that had a
smaller volume where the silica tube was, i.d. 0.8mm,

40mm long.

The absorbance was measured at 512 nm using a Cecil

CE 373 linear readout spectrophotometer.

The Jones reductor was prepared as described in chapter
6(127,168)

7.2.3 Flow Manifold

The manifold used for the indirect fluorimetric
determination of Eu(lll) is shown in Fig. 7.l. A peristaltic
pump (Ismatec 8031, Zurich) was used, and Eu(lll) solutions
were introduced via a Rheodyne RH__5020 injection valve
(Anachem) with a sample loop of 80 pl. The Jones reductor
was inserted in the system as shown in Fig. 7.1. Teflon

tubing (0.5mm i.d.) was used for the rest of the manifold.

The indirect spectrophotometric determination of Eu(1ll)
was achieved by the manifold shown in Fig. 7.2. The same

pump and injection valve described above were used.

7.3 Indirect Spectrofluorimetric Determination of EBu(lll)

7.3.1 Results and Discussions

7.3.1.1 Optimization of Variables
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Fig. 7.1 Manifold for indirect spectrofluorimetric determination of Eu(11l).
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7.3.1.1.1 Carrisr Stream

Since Ce(lll) shows an egual sensitivity of fluorescence
in several inorganic acids (HCl, HClO4 and H,S04 ) in the
range C.C5-1 1" acid, the Ce(1V) solution was prepared in
sulphuric acid., It is also necessary to use the acidic
solution as carrier stream to pass through the zinc reductor
in order tc prevent formation of hydrogen peroxide when
water is used as carrier stream. So C.5 M sulphuric acid

was used as carrier stream throughout this work.

The fluorescence of Ce(lll) was measured at 350 nm with

260 nm excitation, as shown in section 6.4.1.1.

7.3.1.1.2 The Zffect of Ce(lV) Concentration

The influence of Ce(lV) concentration is shown in
Fig. 7.3. The figure shows that initially increasing the
concentration of Ce(lV) was accompanied by increasing peak
height. This was thought dué to the increase of the rate of
the reaction between the Zu(ll) produced and Ce(1V), which
gave a rnaximur peak height at 10 ng r1”" Ce(1V), Above
10_ng rrl"1 Ce(1V) the peak height was nearly constant. Thus

10 _pg ol Ce(1V) was used in subseQuent experiments. -

7.3.1.1.3 Effect of Flow Rate

Fig. 7.4 shows the effect of the flow rate on the peak
height. The peak height increases as the flow rate increases
through the reductor minicolumn up to 1.2 ml minf‘. This was

thought to be attributed to the decrease of the dispersion.
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Fig. 7.4 Effect of flow rate on peak height of 2 pg wl
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At flow rate higher than 1.2 ml min™ the peak height
decreased gradually due to increasingly incomplete reductio
of Eu(lll). Therefore as the maximum peak height was
required, a flow rate of 1.2 ml min through the reductor

is recommended.

7.3.1.1.4 Effect of Sample Volume

The influence of sample volume is shown in Fig. 7.5.
The maximum peak height was obtained when lOO,ul was
injected but the peak shape was somewhat distorted. So,

80}»1 was injected in subseQuent experiments.

100 ~
801
E
E
5
2 60-
i o
=
o
@
a.
404
(
20 T Al || il
20 L0 60 80 100

Sample volume (uld)

Fig., 7.5 Effect of the sample volume on the peak
height of 2 pg m1” Bu(11l),
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7.3.1.1.5 Effect of Tube Length

Fig. 7.6 shows the effect of tube length on the 2 ng wl”
Eu(lll) peak height. It is clear that as the tube length
increases the peak height decreases due to the increase in

the dispersion in the system. A 30cm coil was used as

optimum,

70 1

60
E
E
=
o 50+
m X
=
X
o
<v
o 404

] | I T
0 30 60 90 120

Tube length (cm)

Fig, 7.6 The effec?ﬁof tube length on the response
of 2 pg ml Eu(lll).
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7.3.1.1.6 Z=ffect of Reductor Lengsth and Internal Diameter

Keeping the internal diameter of the reductor column
constant at 2mm, the effect of different lengths of reductor
colurn was investigated. Fig. 7.7 shows the effect of
various colurns on the peak height. The maximum peak height
was obtained at 5cm reductor length. A 2mm i.d. column

was the minimum diameter used as explained in section 6.4.1.4.

60

L8
E
E
5,
= 36
JS=
" o
(@)
o
2L
C
12 . : . 1
2.0 3-0 4-0 5-0 6-0

Column length (mm)

Fig. 7.7 Effect of reductor length on reduction of
2 pg ol Eu(11l).

7.3.1.1.7 Reductor Cavpacity

Fig. 7.8 shows the results of 120 repetitive injections
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of 3 pg ml” Eu(11l) (80 _unl) through the 5cm long mini-
reductor column. Such column exhibits a high reduction
capacity. Reproducible measurements were obtained for up

to 40 injections of 6.9 ug of Bu(lll).

After 70 injections total 16.6 pg of Eu(lll) peak
height was about 5% less. Therefore when the amount of
Eu(11l) injected had reached about 21.6 pg the column had
lost about 10% of its capacity, which increased to 15% when
27 _pg of Eu(lll) had been injected. Therefore this column
is capable of efficiently reducing about 16.6 pg of Eu(1ll),
after which regeneration with 0.25% nitric acid or

replacerent is necessary.

7.3.1.1.8 Dispersion Coefficient (D)

The dispersion coefficient for this system was
measured by injection of 80,pl of 1 ng ml” Ce(11l1) solution,
and by aspirating it continuously through the system. It

was found to be 7.5.

The residence time was 15s ; and the sample throughput

could be 110 h™' .,

7.3.1.2 Calibration

Under the conditions established, a calibration graph
for Eu(1ll) was obtained. It was linear in the range
0 - 4 pg mI" Bu(lll). Typical calibration results in the
range 0.5 - 4 _ug ml”" Bu(111) are shown in Table 7.2 and
Fig. 7.9. The linear graph has a regression coefficient of

0.999 (5 points). The detection limit (2 x noise) was

181



0.2/ng rr.l_1 and the r.s.d, for 11 replicate analyses of
3 pg wl’ Eu(lll) was 1.1%.

Eu(l1ll) Conc. Mean Peak r.s.d. %
1 ml” height (mm) for 10 replicates
0.5 17 4¢3
1.0 36 3.1
2.0 63 32
3.0 100 1.8
4.0 138 0.72
Mean r.s.d. = 2,58%

Table 7.2 Calibration results for the determination
of Bu(1lll).

7.3.1.3 Interferences

The effects of Sm' and Yb**, which are the only
lanthanide ions that can exist in solution as dipositive
ions, were measured by adding different amounts of each
ion in the range of 25 = 200 ng ol to 2 pg mI' Eu(111)
solution. The peak height obtained was compared with that
with no interferent ion present. Sm gave a slight enhance-
ment in the peak height, where Yb gave a slight depression
of the peak height, as shown in Fig. 7.10.

182



S mn

] p
a.
2
1
0.5
QI
4
Scan
140 -b‘
100 F
<
£
< 60}
o
(A
20

1 2 3
Conc. of Eu(lll) (png ml™ )
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(b) the corresponding least squares calibration graph,
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Fig. 7.10 The effect of Sm and Yb on the peak
height of 2 ug ml" Eu(1l1l).

184



7.4 Indirect Spectrophotometric Determination of Eu(lll)

Various selective organic reagents are widely used for
spectrophotoretric determination of iron by FIA., One of

these reagents is 1,10-phenanthroline
reagent was used in this work for determination of Fe(1ll)
formed after the reduction of Fe(lll) by the on-line

generated Eu(1ll).

7.4.1 Results and Discussions

7.4.1.1 Optimization of Variables

7.4.1.1.1 Carrier Stream

It is reported(l87"189) that hydrogen peroxide is
formed when water is used as a solvent in the zinc reductor.
Also a slightly acidic medium is reqQuired for complex
formation between 1,10-phenanthroline and iron(1l), 0.1 M

4(133)

hydrochloric acid was recommende s therefore the above
acid concentration was used in the present work as a carrier

stream through the reductor line as shown in Fig. 7.2

7.4.1.1.2 1,10-Phenanthroline Concentration and Wavelength

Fig. 7.11 shows the effect of 1,10-phenanthroline
concentration on the peak height for 100 ug ml' Eu(11ll). A
1.25% (w/v) 1,10-phenanthroline was found to be satisfactory,
therefore it was used in the subsequent experiments. The
concentration of 1,10-phenanthroline needs to be sufficient

because it also reacted with ions which do not absorb at
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512 nm such as Eu(lll). So the interference of Eu(lll) on
Fe(ll) determination can be eliminated by using excess of

1,10-phenanthroline.

Fig. 7.12 shows the absorption spectrum of Fe(ll)-
1,10-phenanthroline complex. Naximum absorbance was at

512 nm and this wavelength is recommended for use.

160

120 1

Peak height (mm)
(0]
L=
1

40+

T T r %

0 0-4 0-8 1-2 1-6

(1,50 - phenanthroline]wlv

Fig. 7.11 The effect of 1,10-phenanthroline concentration
on the peak height of 100 ng ml” Eu(1ll).
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Fig. 7.12 Absorption spectrum of 5 x 10° M iron(ll )-
phenanthroline complex in citrate buffer

PH = 5.0 against the buffered reagent as a
blank in a 1lcm path length cell.

7.4.1.1.3 The Effect of Iron(1l1ll) Concentration

Fig. 7.13 shows the effect of Fe(lll) concentration
used in the flow system given in Fig. 7.2. A 0.3 M solution
gave a maximum peak height response for 150 _ug ml” Eu(11l),

so was used in the subsequent experiments.

T7.4.1.1.4 Effect of pH

Citrate buffers were recommended(l33) for iron(1l)
determination because they do not produce any coloured
corplex with iron(11l), while acetate buffer which produces
a greenish yellow colour (1>'max = 382 nm), and also
citrate buffer can mask certain potential interferences(139,190)

The effect of citrate buffers in the pH range 3.0 - 6.2(182)
was studied. The responses of 100 pg ml™ Eu(1ll) was found to
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be the same throughout this range, therefore pH 5.2 was

selected for use throughout this work.
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Fig. 7.13 Effect of Fe(1lll) concentration of peak
height of 150 _pg ml’ Eu(11l1).

7.4.1.1.5 The Effect of Flow Rate

Fig. 7.14 shows the effect of the flow rate in the sample

line. At the beginning increasing the flow rate through the

s =1 . .
reductor column up to 1 ml min was accompanied by an increase

in peak height. This was thought to be due to a decrease in

the dispersion. Above 1 ml min” the peak height decreased.

This must be due to increasingly incomplete reduction of

Eu(lll). A1l ml min™ flow rate through the reductor was

recommended.

188



125

100
E
E 75F
=
2
[
£
x 50t
@
o.

25 F

1 & N ] |
0 0-4 0-8 1-2 1-6

Flow rate ml min~?

Pig. 7.14 Effect of flow rate on peak height of 100 ng m1”
Bu(111).

7.4.1.1.6 Effect of Sample Volume

The effect of the sample velume was studied at the
manifold shown in Fig. 7.2. The results are shown in
Fig. 7.15. The maximum peak height was obtained at 120 al,
but the peak shape was somewhat distorted, so 100 ul was

injected in subsequent experiments.
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Fig. 7.15 Effect of the sample volume on the peak height
of 100_ng ml" Bu(lll).

7.4.1.1.7 Disversion Coefficient (D)

The dispersion coefficient for this system was measursed
by injection of 100 ul of a 0.015% solution of wethylene blue,
and also by aspirating it continuously through the system.

It was found to be 8.0. A 5cm long zinc reductor minicolumn

was used with 2mm i.d.

7.4.1.2 Calibration Graph

Under the conditions established, a calibration graph
for Eu(lll) was obtained. It was linear in the range

O - 200 pg ml” Eu(1ll). Typical calibration results in the
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range 25 - 200 _ug oI Bu(lll) are shown in Table 7.3 and
Fig., 7.16. The linear graph has a regression coefficient of
0.999 (5 points). The detection limit (2 x noise) was

2.5 ug ml” and the r.s.d. for 1l replicate analyses of

50 _ug ml” was 1.56%. The residence tire was 15 sec and the

sample throughput could be up to 100 h™'.

Eu(11l) Conc. Nean Peak r.s.d. %
pg wl”’ height (mm) for 10 replicates

25 21.8 5.6
50 49.0 1.0

100 92.1 1.3

150 135 0.76

200 180 0.75

Nean r.s.d. = 1.88%

Table 7.3 Calibration results for the determination
of Bu(lll).

7.4.1.3 Interferences

There are many metals which have already been reported

to affect the Fe(ll) absorbance such as Cu(ll), Co(ll) and
yy (186,191)

Faizullah and Townshend(l33) repcrted that the
interference of such metals can be eliminated by using
citrate buffer to mask them. Also, they reported that

molybdate and vanadium interfered seriously. Molybdate

interfered by forming a black precipitate on the reductor
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and vanadiur interfered by competition between vanadium and

iron(1ll) to react with 1,10-phenanthroline.

In this work the effect of Sm and Yb, which are the
only lanthanide ions which can exist in solution as
dipositive ions, were measured by adding different amounts
of each ion in the range 100 - 1000 ng nl” to 100 pg ml”
Eu(lll) solution. The peak height obtained was compared
with that with no interferent ion present. Sm and Yb caused
a decrease of the peak height when their concentration
exceeded 400 pg ml™ and 200 _ug ml" for Sm and Yb, respectively
as shown in Fig. 7.17. This effect is thought to be due to
cocpetition of these ions with Fe(ll) to react with

1,10-phenanthroline.

100
E 801
E
€
S
V)
£ 604
R 4
o
)]

o.
40+
20 T

| I
2:6 2:'8 3

Log of Conc. of interferent ions (pg ml~")

T T
2 7o 2:4

Fig, 7.17 The effect of Sm and Yb on the peak height of
g -1
100 ug ml 1%&(lll).




7.5 Conclusions

The incorporation of a mini-reductor column into the
FIA system provides a simple and selective indirect spectro-
fluorimetrical and spectrophotometrical determination of

Eu(11ll).

Optimum conditions for the above methods are summarized
in Table 7.4. It is clear from Table 7.4 that spectro-
fluorimetric detection is more sensitive than spectrophoto-
metric detection. It is clear by comparing Fig. 7.1 and 7.2,
which show the flow manifolds, that the determination of
Bu(lll) by spectrofluorimetry can be achieved by a simpler

manifold than the one used for spectrophotometry.
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Parameter Spectrofluorimetric Spectrophotometric
Carrier Stream 0.5 M H,S0, 0.1 M HC1
Ce(1V) concentration gpg ml") 10 -
1,10-Phenanthroline - 1.25% (w/v)
Iron(1l1ll) solution - 0.3 M
Buffer solution - Citrate, pH 5.2
Total flow rate (ml min™") 2.0 3
Flow rate through reductor (ml min ' ) 1.2 1

Reductor dimensions

Sample volume gpl)

Linear calibration range (pg ml™" )
Detection limit (2 x noise) (ng ml™)

r.s.d. (%)
Sample rate (h™')

5cm long, 2mm i.d.
80
0.0 - 7.0
0.2
1.07
110

5cm long, 2mm i.d.
100
0.0 - 200
25
1.56
100

Table 7.4 Optimum condition for the indirect spectrofluorimetric and spectrophotometric

determination of Eu(l1ll).
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8.1 Introduction

Most luminescence in inorganic analysis is achieved by
complexing the metal ion with a fluorescent organic ligand,
to form a fluorescent complex. For instance, this forms
the basis of highly sensitive and selective method of
lanthanide determinations. Of these organic ligands
jkdiketones(lgz) have been widely used as chelating agents
for the spectrofluoriretric determination of traces of some
lanthanide ions(l93’l94). Among the B-diketones used as
fluorimetric reagents the fluorinated B-diketones were
reported to produce a greater fluorescence intensity than

(192). Table 8.1 lists some of

non-fluorinated p-diketones
the applications of thenoyltrifluoroacetone and hexafluoro-

acetylacetone as fluorimetric reagents for Sm, Eu and Tb.

Characteristic intra-4f shell line fluorescence of
triple charged lanthanide ions is excited in certain organic
complexes by irradiation with light absorbed only by the
organic part of the compounds. The ionic fluorescence is
the result of an intramolecular energy transfer (INET) from

(200—203). The

the organic ligand to the chelated metal ion
fluorescence occurs at similar wavelengths to the free

lanthanide ion but with a much higher intensity.

8.2 Nechanism of the IMET Process in Chelates

Since the work of Weissman in 1942(203), the mechanism

involved in the INET processes is reasonably well understood.

Figure 8.1 is an illustration of the IMET processes
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Metal

Chelate

Limit of

B-Diketone Metal Condition Remarks Ref,
Aex(nm) | Aem(nm) |detection
(ng mI™" )
Eu pH 8.2~ 8.3, EDTA - 613 0.05 Other lanthanides do not |195
interfere, Al, Be, Gd, Sn
Te and Th do
2-Thenoyltri- Eu PH 3.6, TOPO* 352 613 dod S¢ and Th (50-fold) do 196
fluoroacetone Triton X-100 not interfere
Sm pH 3.6, TOPO 372 561 1.5 Sc¢ and Th (50-fold) do 196
Triton. X-=100 not interfere
Eu |95% ethanol 312 614 4 Pr and Sm interfere 197
Eu pH 3, TOPO, extraction 360 615 0.2 199
with Methylcyclohexane
Sm |In ethanol 312 563 30 Eu and Tb (30-fold) do 198
Hexafluoro- not interfere
acetylacetone
Sm pH 3, TOPO, extraction 350 565 1:5 199

with Methylcyclohexane

/Continued




86T

Metal

Chelate

Limit of

B-Diketone Metal Condition g Remarks Ref.
Nex(nm) | Aem(nm)|detection
(ng m1™" )
Hexafluoro- T |95% ethanol 312 544 4 Dy, Er and Yb interfere | 199
acetylacetone
Tb pH 3, TOPO, extraction| 350 550 0.05 Other lanthanides do not| 195

with Methylcyclohexane

interfere

Table 8.1 Applications of B-Diketone as fluorimetric reagents.

*TO0PO = Tri-n-octylphosphine
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Fig, 8.1 An oversimple diagram to represent the IMET process in chelates(zoo)

RLT = radiationless transition, RT = radiative transition



which are involved in the excitation of the complex and

the consequent emission of radiation characteristic of the
electronic levels of the particular lanthanide ion involved.
The wavelength of the excitation radiation depends upon the
energy level spacings for the complexing agent used. Once
the complexing agent has been excited to the higher level
singlet, the eﬂ%gy may then undergo a radiative transition
(complexing agent fluorescence) or a radiationless transition
to the triplet state of the ligand. From the triplet state
there are also two possible transitions, the phosphorescence
of the complexing agent or the crossing over to a close-
lying resonance level of the lanthanide ion. Then the system
may undergo a radiative transition to the ground state of

the lanthanide ion. The wavelength of the fluorescence is
dependent upon only the electronic spacings of the lanthanide
ion, which is the differentiating factor between the

members of the lanthanide series. This accounts for the
remarkable selectivity of fluorimetric methods involving

INET corplexes.

Lan+hanide complexes have been classified in terms of

their fluorescence characteristics(zoz) s

(2) Derivatives of La®* (4£°), 6a®* (4£7), ana Iud (4™ )
that give no ion fluorescence. For La®* and Lu®*ions
no intra-4f transitions are possible. TFor the Gd3+ion,
the lowest-lying excited term lies at a higher level

then the triplet term for each ligand so far investigated,

thus forbidding any metal ion energy transfer.

(b) Complexes of Sm¥", Eu®*, Tb% and Dy®*which exhibit
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strong ion fluorescence. For each of these ions,
there exists an excited term lying close of the ligand

triplet level.

(¢) Complex derivatives of Pr3*, Na*", Ho®* , Er®*, mmd*
and Yb**which show weak ion fluorescence. For each of
these ions there are only small energy differences
between terms, increasing the probability of non-
radiative energy transfer with the dissipation of

smaller quantities of energy.

The intensity of the lanthanide fluorescence depends
upon the quantity of energy available in the triplet state,
the efficiency of the transfer of energy to the metal ion,
and the probability that ion emission, rather than non-
radiative deactivation, will occur, The efficiency of
transfer is related both to the energy difference between the
triplet state and the resonance level of the cation and to
the nature of the bond between cation and ligand. The
intensity of the fluorescence also depends upon type of the
ligand, substituents attached to the ligand rings, temperature

and solvent.

As mentioned earlier(192v197.198) fluorinated

B-diketones produced a greater fluorescence intensity than
the non-fluorinated‘p—diketones. In this work, it was
thought that a more highly fluorinated B-diketone, specific-
ally hexafluoracetylacetone, would lead to a more sensitive
and selective fluorimetric method for the determination of
sm3*, Eu®*and Tb®*, with combination of FIA as a simple,

rapid and reproducible technique.,

201



8.3 Reagents and Chemicals

All chemicals were of analytical grade except for
Eu(NO, )3 .5H20, Tb,0, and the other lanthanide interfering
ions, which were as described in chapters 3 and 4. Also
Sm,03 .5H,O (Koch-Light Laboratories), which was 99.9% and
hexafluoracetylacetone (HFAA), (Fluka), which was ca. 80 - 90%

were used.

Europium and Samarium Solutions

1000 ng wl” solutions of Eu and Sm were prepared by
dissolving 0.3095 g and 0.2836 g of Eu(N03)3 «5H20 and
Sm(NO3 ), .5H,0, respectively, in a 100 ml volumetric flask
and diluting to volume with tetrahydrofuran (THF).

Terbium Solution

A 1000 ng ml™' Tb solution was prepared by dissolving
0.1176 g of Tb,0, (Koch-Light Laboratories) in a few drops
of AnalaR concentrated hydrochloric acid by gentle
warming and diluting to exactly 100 ml with THF,

1% HFAA Solution

The stock complexing agent solution was prepared by

diluting 1.0 ml of HFAA (Fluka) to 100 ml with THF.

8.4 Determination of Samarium

8.4.1 Flow Manifold

The manifold used for the determination of Sm®*is

shown in Fig. 8.2. A 4-channel peristaltic pump (Gilson
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Minipuls 2) was used with 1 ml min™ pump tubing (Watson-
Marlow) and the sample was introduced via a Rheodyne 5020
injection valve (Anachem) with a sample loop of 100 ul,
Teflon tubing (0.5mm i.d.) was used for the rest of the
manifold. The fluorescence was measured at 340 nm
(excitation) and 596 nm (emission) with a Perkin-Elmer
model 3000 fluorescence spectrometer with a flow cell
comprising a silica tube (0.7mm i.d. and 3.5mm long) held
vertically in the sample compartment in a rigid mount. The
spectrofluorimeter was set with excitation and emission slits
at 10 and the spectrofluorimeter was connected to a Tekman

Labwriter TE-200 recorder.

8.4.2 Results and Discussion

8.4.2.1 Optimization of Variables

8.4.2.1.1 Preliminary Studies

Preliminary studies were made with the Sm-HFAA complex
to measure the excitation and emission spectra. These spectra
are illustrated in Fig. 8.3. The excitation spectrum shows a
broad peak with a maximum at 340 nm, which corresponds to the
excitation maximum for the HFAA in THF. The spectra of
excitation and emission for the HFAA are given in Fig, 8.4,
The Sm complex has fluorescence peak at 565, 596 and 645 nm,
with the 596 nm peak apparently the most intense, and which

was used for the analytical purposes in subsequent experiments.

Figure 8.5 shows the emission spectrum of Sm in THF only,

which give the same fluorescence spectrum as the complex of
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Sm with HFAA but the concentration of Sm used for Fig. 8.4
was much greater than that used for Fig. 8.3, confirming the

enhancement brought about by the IMET process.

2507

200+

150 A

100

Relative intensity

50 -

1 )
500 550 600 650
wavelength (mm)

Pig. 8.5 Bmission spectra of Sm(11l) 1000 pg m1™"

in THF, “Aex = 230 nm,

Spectra were also measured of HFAA mixed with all other
lanthanide ions (except Pm). Only Tb and Eu complexes
emitted fluorescence, which are both more intense emitters
than Sm. Figures 8.6 and 8.7 show the excitation and
fluorescence spectra of Tb and Eu, respectively, the peaks

being at 490 and 545 nm for Tb, and 593 and 614 nm, for Eu.
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These figures illustrated that the 596 nm peak is not
characteristic of lanthanide ions other than Sm, and HFAA
shows a fluorescence peak at the same wavelength on the

complex (596 nm), but are much less intense.

8.4.2.1.2 Choice of Solvent

The HFAA sclution was prepared in different solvents
and used as a carrier stream in order to determine in which
the most intense fluorescence could be obtained. It has
been reported previously that HFAA complexes showed
negligible fluorescence in such solvents as chloroform,
pyridine toluene, ether and tetraline(204); therefore, these
solvents were not investigated. Williams and Guyon(197)
reported that Sm complexes with HFAA prepared in absolute

ethanol gave more intense and sharper fluorescence peaks

than those prepared in 95% ethanol, methanol and acetone.

In this work, comparison was made between absolute

ethanol, THF, Heptane and INF.

Solutions containing 5 ug ml™ of Sm, and 0.75% HFAA as a
carrier stream were prepared in each of the above solvents.
The results are given in Table 8.2. Complexes prepared in
THF gave the most intense fluorescence. The use of THF as
a solvent causes some problems especially with pump tubing

which should be changed each 3 days.

8.4.2.1.3 Effect of HFAA Concentration

The influence of the complexing agent concentration in

THF on the peak height for 5 ug ml™ Sm is shown in Fig. 8.8.
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Mean Peak For r.s.d. %
Solvent height (mm) for 3 replicates
5 ng ml” Sm(111)

THF 90.2 0.6
Ethanol T71.3 3.6
DNF 40.7 2.2
Heptane 5.0 8.0

Table 8.2 Effect of solvents on the peak height for
5 pg ml” Sm(111). ( oy = 340 and P, = 569)

90 A

(o))
o
1

Peak height (mm)

30
T 1
0-06 0-25 10
[HFAA] (VW)

Fig., 8.8 The effect of HFAA concentration on the peak
height of > pg ml” Sm(1l1).
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The peak height increases with increasing concentration of
HFAA which thought to be due to more complex formation. Above
0.75% (v/v) the peak heights was nearly constant. Thus 0.75¢%

(v/v) was used in subsequent experiments.

8.4.2.1.4 Effect of Sample Volume

The effect of sample volume is shown in Fig, 8.9. The
maximum peak height was obtained when 120 nl was injected
but the peak shape was somawhat distorted. So, 100 pul was

injected in subsequent experiments.

110~

g

W
T

Peak height (mm)

201

40 80 EO
Sample volume (ul)

Fig., 8.9 The effect of the sample volume on the peak
height of 5_ug ml™ Sm(111)
(HFAA concentration = 0.75¢ (v/v) in Tup)
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8.4.2.1.5 Effect of Flow Rate

Figure 8.10 shows the effect of the flow rate of the
reagent stream on the peak height. The reaction between Sm
and HFAA was found to be instant as shown when the stopped-
flow method was used (Fig. 8.11). PFig. 8.10 shows that the
peak height decreases with increasing flow rate, which is
thought to be due to the increase of the dispersion with
increasing flow rate. A 0.75 ml min™' flow rate was chosen
for subsequent work because of the good reproducibility and

rapid analysis achieved.

8.4,2.1.6 Effect of Tube lLength

Figure 8.12 shows the effect of inserting various coils
of tubing 15 - 100cm long into the manifold shown in Fig, 8.2.
The flow rate was maintained at 0.4 ml min" . The results
show that the peak height decreases with increasing tube
length. These results probably arise because the complex
formed instantly (Fig. 8.11), and increasing the tube length
simply leads to more dispersion in the system. A 25cm coil

was chosen for subsequent work,

8.4.2.1.7 Effect of Hydrochloric Acid Concentration

The influence of hydrochloric acid concentration on the
peak height is illustrated in Table 8.3. The Sm solutions
used for this study were prepared from Sm(NO, lr 5H,0
dissolved in THF to insure the neutrality of the solutions

before the addition of HCl to both the injected Sm solutions
and to the HFAA stream.
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Conc. of HC1l

Mean Peagk Height

r.s.d, %

(M) (mm) for 5_ug ml™ for 3 replicates
0.1 60.3 3.0
1x10™° 68.0 2.7
1 x 10%* 72.0 2.0
1 g 107 88.9 1.6
1x 10°° 89.9 1.3
1 #10°° 90.2 0.6
0 90.1 A

Table 8.3 Effect of HCl concentration on peak height for 5 ug ml”

Sm(111).



The results showed that the peak height stayed nearly
constant, with a slight increase between 107 - 107° M mCl.
Also the peak height of the Sm solution without any acid
gave the same value as in the range of HCl concentration
above. So, Sm solutions prepared from Sm(NO, %. 5H,0 and
HFAA prepared in THF were used without any addition of HC1
in the subseguent work.

8.4,2.1,8 Stability of HFAA Solutions

Table 8.4 lists the peak height for 5_ng ml™ Sm solution
injected into a stream of 0,75% (v/v) HFAA in THF, obtained
on various days from the same solution of HFAA. The data
indicated that the stock complexing agent solution (HFAA) is
stable over a period of at least a week, but shows
deterioration thereafter. The stock solution was also
visibly different from when it was prepared, being yellow,
whereas it originally had been colourless. The HFAA solution

therefore was prepared every 7 days throughout this work,

8.4.2.1.9 Dispersion Coefficient (D)

The dispersion coefficient for this system was measured
by injection of 100 _nl of 0.5 _ng ml™' Ce(111) solution and by
aspirating it continuously through the system under the same

conditions. D was found to be 4.

8,4.2.2 Calibration Graph

Under the conditions established, a calibration graph

for Sm(111) was obtained., It was linear in the range
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0 - 10 pg ml™ Sm(111). Typical calibration results in the
range 1.25 - 10 pg wl™ are shown in Table 8.5 and Fig. 8.13.
The linear graph has a regression coefficient of 0.999

(6 points). The detection limit (2 x noise) was 0.2 ug ml™
and the r.s.d. for 11 replicate analyses of 5 ug ml" was

1.5%. The sample throughput could be up to 80 h™'.

Conc. of Sm(1lll) Nean Peak r.s.d. %

(ng m1™ ) Height (mm) for 5 replicates
0.0 3.3 8.0
1.25 22.6 7.0
2.5 46.0 1.5
5.0 92.6 0.5
7.5 130 0.8

10.0 170 1.3

Table 8.5 Calibration results for determination of Sm(111).

8.4.2.3 Interferences

A study of interferences from other lanthanide ions was
carried out on the determination of 2.5 ug ml” Sm(11l). The
results are given in Table 8.6. It was found that a 20-fold
excess of the ions listed in Table 8.6 had no significant

effect on the peak height.
8.5 Determination of Terbium

Under the conditions shown in Fig. 8.14 a FIA fluorimetric
method based on formation of fluorescent complex between Tb

and HFAA was used to determine Tb(11ll). The calibration
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Date Mean Peak Height r.s.d. %
(mm) of 5 ug ml™’ for 3 replicates
2 - 12 - 85 90.6 =3
4 - 12 - 85 91.0 0.5
6 - 12 - 85 89.0 1.1
10 - 12 - 85 87.3 4.0
12 - 12 - 85 85.7 3.0
16 - 12 - 85 78.0 3.2
18 - 12 - 85 71.0 5.0
20 - 12 - 85 68.0 3.2

Table 8.4 Stability of HFAA solution (75% v/v), Sm concentration 5 18 ol .
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Fig., 8.13 (a) Peaks obtained by injecting Sm(111) standards in the

concentration range shown, (b) the corresponding
calibration graph.
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cee

Peak Height (mm)
of Sm(11ll)

Peak Height (mm)
of Eu(1ll)

Peak Height (mm)
of Tb(11ll)

Ion Added in presence of 50 ug ml™ in presence of 30 g ml™’ in presence of 40 ug ml™
of interfering ions of interfering ions of interfering ions

- 46.0 73.0 50.6
ILa 39.0 T2.2 49.2
Ce 44.3 70.5 45.0
Pr 46.0 71.3 46.1
Nd 45.5 69.0 48.0
Sm - 80.1 56.0
Eu 48.6 - 62.0
Gd 46.0 69.0 45.0
T> 47.5 87.0 -

Dy 46.0 68.3 47.3
Tm 45,2 70.6 45.1
Yb 47.0 80,2 54.2
Er 46.0 73.0 49.0
Lu 45.0 73.0 46.3
: 47.0 65.0 47.8

Table 8.6 Effect of other ions on determination of 2.5 pg ml” Sm(111) ,

1.5 pg ml™ Eu(1ll) and 2.0 ug ml™" Tb(1ll).
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Fig. 8.14 Manifold for the determination of Tb(1lll).



graph obtained was linear in the range O - 5 ng ml™ Tb(111)
as shown in Table 8.7 and Fig. 8.15. The linear graph had

a regression coefficient of 0.9999 (7 points). The detection
limit (2 x noise) was 0.05 ug ml™ and the r.s.d. for 11
replicate analyses of 2.0 ug ml™ Tb(1ll) was 1.2%., The
dispersion in the flow system shown in Fig. €.11 under the
conditions used was 4.5 and the sample throughput could be

up to 80 h™ .

Conc. of Tb(1lll) Mean Peak r.s.d, %
(pe ol ) Height (mm) for 3 replicates
0.0 4.3 7.0
0.5 15.7 3.0
1.0 28.3 1.7
2.0 49.8 1.0
3.0 77.3 1.2
4.0 103.7 0.9
5.0 129 0.4

Table £,7 Calibration results for Tb(1lll).

8.6 Determination of Eurcpium

Under the conditions shown in Fig. 8.16, a fluorimetric
method based on formation of fluorescent complex between Eu
and HFAA are used to determine Eu(lll), The calibration
graph was linear in the range O - 3.0 ug ml™ Eu(lll) as
shown in Table 8,8 and Fig. 8.17. The linear graph has a
regression coefficient of 0,998 (6 points). The detection
1imit (2 x noise) was 0.01 g ml™ and the r.s.d. for 11
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Fig. 8.15 (a) Peaks obtained by injecting triplicate Tb(111)
standards in the concentration range shown, (b) the

corresponding g;&ibration graph.
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Fig., 8.16 Manifold for the determination of Eu(lll).
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Fig. 8.17 Peaks obtained by injecting Eu(1lll) standards
in the concentration range shown and the

corresponding calibration graph,
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replicate analyses of 1.0 ug ml” Bu(1lll) was 1.6%. The
dispersion in the flow system shown in Fig. 8.12 was 4 and

the sample throughput could be up to 80 h~' .

Conc. of Eu(lll) Mean Peak r.s.d. %
(pe ml”' ) Height (mm) for 6 replicates
0.0 4.3 7.0
0.5 21.0 4.8
1.0 47.5 1.6
1.5 73.8 1.4
2.0 98.5 1.3
2.5 120 0.9
3.0 141 1.2%

Table 8,8 Calibration results for Eu(lll).
#r.s.d. for 3 replicates.

8.7 Conclusions

A flow injection spectrofluorimetric method has been
developed for the determination of traces of Sm(1ll), Tb(11l)
and Eu(lll). The method utilizes the formation of energy-
transfer complexes with HFAA., These complexes show intense
fluorescence emission at a wavelength characteristic of the

particular lanthanide ion with high selectivity as shown in
Table 8.6.

The combination of FIA with spectrofluorimetry provided
a rapid, reproducible, sensitive and selective means of
determination of lanthanide ions. Table 8.9 summarizes the
optimum conditions for the Sm(1ll), Tb(11ll) and Eu(11l)

determination.
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Flow injection Spectrofluorimetric method

Parameter of determination

Sm(111) Tb(111) Eu(111)
HFAA concentration (v/v) in THF 0.75 0.5 0.5
Flow rate (ml min™) 0.75 0.75 0.75
Sample volume (ul) 100 100 100
Linear calibration range (ug ml™ ) 0.0 - 10 0.0 - 5.0 0.0 = 3.0
Detection limit (2 x noise) pg ml™ 0.2 0.05 0.01
r.s.d. (%) 1.5 1.2 1.6
Sample rate (h™') 80 80 80

Table 8.9 Optimum conditions

of Sm(111), Tb(11ll) and Eu(lll) determination.
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9,1 General Conclusions and Suggestions for Future Work

The work presented in this thesis is the most recent
developrent in candolurinescence and flow injection spectro-

fluoriretric rethods for lanthanide determination. The

= )

following conclusions and suggestions for future work depend

upon the new developments established in this work.

9.1.1 Candoluminescence

Candclurinescence has been proved to be potentially
useful for lanthanide determination. In the present
investigation, for the first time the candoluminescence
emission of Tb and BEu in Mgl and rare earth coxides coated on
CaC (Y,C3 , LagCy , GAC3 and Iu,Cs ) matrices, respectively,

have been used for analytical purposes. The use of rare

earth-ccated ratrices for stirulsted candoluminescence emissicn

provides a very sensitive reans for Tb and Eu determination,
with a detection lirit in sore cases &s low as C.Cl ng, The
use cf these ratrices caa be suggested for determination of

other icns such as Bi, Tb and Te.

The irproverent of the reproducibility achieved in this
work is attributed to the development of the watrix making
and the autcrzted retrix introducing devices. TFurther work
can be sugrested for more development in candolurinescence
instrurentation especially for automated sample injection,
in order to avoid any human error by injecting a small
amount of the activator, usually 1 pl, by syringe. Also.the

possibility of using candoluminescence for multielement
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determination can be suggested. 1In conclusion, it can be

said that the rre

-

N

test advantage of candoluminescence is

W
U

its sensitivity and simplicity when used as analytical

method for lanthanide determination.

9.1.2 Flow Iniection Spectrofluorimetric Tanthanide
Determination

The work presented in this part of the research is to
develop methods for lanthanide determination by a combination

of flow injection analysis and spectrofluorimetry.

For the first tire, a simple, rapid, sensitive and
reproducible flow injection spectrofluoriretric method has
been used for Ce(lll) determination. The method is based on
monitoring its native fluorescence. A same method can be
suggested for future work for determination of uranium and
thorium, A method is also established for indirect spectro-
fluoriretric of Ce(lV) by incorporation of a Jones reductor
minicolumn in a simple manifold to reduce Ce(1lV) to
fluorescent Ce(11ll). MNany future projects can be suggested
for flow injection indirect spectrofluorimetric for
determination for many inorganic species (reductants -
As(111), Fe(ll) nitrate and thiosulphate) and organic
compounds (oxalic acid, ascorbic acids and phenols) which

can reduce Ce(1V) to the fluorescent Ce(lll),

Another method developed in this work, utilizes the
formation of energy-transfer complexes between the lanthanide
ions and HFAA, This work can be developed further by

combination of flow injection spectrofluorimetry with
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. -

icelles and ricroerulsions., The techniyue of FIA, wlhich

=

5 3
‘Le ana

nt within an

2]

invclves contrelled rixing of sarn ea

ot
m
(6

enclosed syster, is a very suitable tocl fecr studyirg the
anelytical potential cf ricrcemulsions. A procedure based
on this conbinetion will precvide a simple, sensitive, rarid
rethod and have environrental advantage that separates

crganic solvents which are unnecessary.,

In ccnclusion it can be said that the zttractive features
cf trhe corbiration of FIA with spectrofluoriretry: sensitivity,
rerrcducibility, rapidity and selectivity can be extended for

deterrinetion of nany incrganic and crganic corpounis.

232



REFERENCES



REFERENCES

1. S. P. Sinha, Svstematics and the Properties of

Lanthanides, Reidel, Dordrecht, Holland (1982).

2, C, P, Liptrot, Modern Inorganic Chemistry,

Fourth Edition, Bell and Hyman, London (1983).

3, M. A. McMahon, Proc. 13th Rare Earth Res. Conf.,
Wheeling, West Virginia, 1, 593 (1977).

4. N. J. Weber, Handbook of the Physics and Chemistry

of Rare Earths, North-Holland, Amsterdam, 4, 275
(1979).

5, A. Bril and C. D. J. C. de Laat, Electrochem,
Techn, 4, 21 (1966).

6. E. A. Nesbitt and J. H. Wernick, Rare Earth Permanent

Nagnets, Academic Press, New York (1973).
7. E. Wiedmann, Wiedmann's Ann., 37, 177 (1889).

8., C. A. Parker, Photoluminescence of Solutions,

Elsevier, Amsterdam (1968),

9, P. Goldberg, Luminescence of Inorganic Solids,
Academic Press, New York (1966).

10. G. F. Garlick, Solid Luminescence Materials,
Wiley, New York (1948).

11, E. N, Harvey, A History of Luminescence, The American

Philosophical Society, Philadelphia (1957).

233



12.

13.

14.

15.

16.

17.

18.

190

20,

21,

22.

23.

24.

H. W. Leverenz, An Introduction to Luminescence of

Solids, Wiley, New York (1950).

E. L. Nichols, H. L. Howes and D, T. Wilber,

Cathodoluminescence and the Luminescence of

Incandescent Solids, Carnegie Institution of

Washington, Publ. No. 384 (1928).

W. H. Balmain, Phil, Mag., (Ser. 3) 21, 270 (1842),
T. Scheerer, Ann. Phys., 51, 465 (1840).

4, Rose, Ann. Phys., 103, 311 (1858).

R. W. von Bunsen, Liebig's Ann. Chem. Pharm., 131,
255 (1864).

J. Bahr, Liebig's Ann. Chem, Pharm., 135, 1375 (1865).
V. Gutmann, J. Chem, Ed., 47, 209 (1970).

J. Donau, Graz. Monatsh., 34, 949 (1913), in Chem. Abs.,
7, 3445 (1913).

J. Donau, Graz. Monatsh., 34, 335 (1915), in Chem. Abs.,
10, 3025 (1916).

E. L. Nichols, H. L. Howes and D, T, Wilber,
Phys. Rev., 21, 35 (1918).

E. L. Nichols and F. G. Wick, J. Opt. Soc. Amer., 2,
357 (1932).

E. L. Nichols and H. L, Howes, ibid., 22, 170 (1932).

234



25, E, L. Nichols and M. A. Ewer, ibid., 22, 456 (1932).
26. E. L. Nichols and C. L., Stanford, ibid., 26, 91 (1936).
27. F. G. Wick and C. G. Throop, ibid., 25, 57 (1935).

28, E, C. W, Smith, Inst. Gas Eng., 237, 519 (1940).

29. 0. Neunhoeffer, Z. Phys. Chem., 132, 91 (1951), in Chem,
Abs., 45, 3289e (1951).

30, V. A. Sokolov, I. S. Grozina and A. N. Gorban,
Opt. i Spectroscopia, 3, 92 (1957), in Chem. Abs., 52,
2556f (1958).

31. Idem., ibid., 4, 409 (1958), in Chem. Abs., 52,
16893a (1958).

32, D. M., Mason, Am. Chem. Soc., Div. Fuel. Chem,
Prepints, 11(2), 540 (1967).

33. J. R. Sweet, W. B, White, H. K. Hensch and R. Roy.
Phys. Lett., 33(4), 95 (1970).

34, J. R. Sweet and W. B, White, Proc. 9th Rare Earth
Res. Conf., Blacksburg, West Virginia, 2, 450 (1971).

35, A. Corredor, I. S. T. Tsong and W, B. White,
Proc. 13th Rare Earth Res. Conf., Wheeling,
West Virginia, 1, 573 (1977).

36. C. K. Jorgensen, Chem., Physics. Lett., 34, 14 (1975).

37. C. K. Jorgensen, H, Bill and R. Reisfield, J.
Luminescence, 24, 91 (1981).

235



38.

39.

40,

41.

42,

43.

44,

45,

46.

47.

48.

49.

C. K. Jorgensen, Structure and Bonding, 25, 1 (1975).

R. Belcher, S. Bogdanski and A. Townshend,
Talanta, 19, 1049 (1972).

R. Belcher, K. P. Ranjitkar and A. Townshend,
Analyst, 100, 415 (1975).

Idem., ibid., 101, 666 (1976).

R. Belcher, T. A. K. Nasser, L. Polo. Diez and
A. Townshend, Analyst, 102, 391 (1977).

R. Belcher, T. A. K. Nasser, M. Shahidullah and
A. Townshend, Amer. Lab., 9, 61 (1977).

K. P, Ranjitkar, Ph.D. thesis, Birmingham University.
(1975).

S. Karpel, Ph.D. thesis, Birmingham University,

(1971).

¥. Shahidullah, Ph.D. thesis, Birmingham University,
(1976).

T. A, K, Nasser, Ph.D. thesis, Birmingham University,

(1977).

M. Matsuoka, Ph.D, thesis, Birmingham University,

(1979).

S. M., Dhaher and Z. M. Kassir, Anal, Chem., 52,
459 (1980).

236



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Anal, Chim. Acta., 160, 235 (1984).

A. Al-NMuaibed, M.Sc. thesis, Basrah University, (1980).

F. Paneth and E. Winternitz, Phys. Ber., (Ser. 2) 51,
1728 (1918), in Chem. Abs., 13, 1431 (1919).

E. Tiede and F. Buescher, ibid., (Ser. 2) 53, 2206
(1920), in Chem. Abs., 15, 1459 (1921).

E. L. Nichols, J. Opt. Soc. Amer., 20, 106 (1930).
L. T. Minchin, Trans. Far. Soc., 35, 103 (1939).

K. F. Bonhoeffer, Z. Phys. Chem., 113, 199 (1924), in
Chem. Abs., 19, 915 (1925).

D. T. A. Townend, Fuel, 29, 64 (1950), Chem. and Ind.,
23, 346 (1945).

J. R. Arthur, Nature, 165, 557 (1950).

K. ¥. Sancier, W. J. Frederick and H., Wise, J. Chem,
Phys., 31, 854 (1962).

A. N. Gorban and V. A. Sokolov, Opt. i Speck., 12, 116
(1962), in Chem. Abs., 57, 4153h (1962).

V. V., Styrov and V. A, Sokolov, Izv. Tomsk. Politekh.,
Inst., 184, 3 (1970), in Chem. Abs., 75, 6920l1g (1971).

Idem, ibid., 184, 7 (1970), in Chem. Abs., 75, 145695p
(1971).

237



63.

64.

65'

66.

67.

68.

69.

70.

71.

72.

73.

Th., Volkenstein, V. A. Sokolov, A. N, Gorban and

V. G. Kornich, Proc. Intl., Conf. Luminescence,

Budapest, 2, 1432 (1966).

A. I. Bazhin, V, V., Styrov and V. A. Sokolov,
Izv. Vyssh-Ucheb Zaved, Fiz., 11, 140 (1968), in Chem.
Abs., 69, 91597p (1968).

BE. L. De Kalb and V. A. Fassel, Handbook of the Physics

and Chemistry of Rare Earth, North-Hall, Amsterdam, 4,

405 (1979).

V. A. Fassel, R. H. Curry and R. N. Kniseley,
Spectre. chim. Acta. 18, 1127 (1970).

G. C. Grosby, Mol. Cryst., 1, 37 (1966).

G. Blasse, Handbook of the Physics and Chemistry of

Rare Barth, North-Holland, Amsterdam, 4, 237 (1979).

A. P. Golovina, V. K. Runov and N, B. Zorov,

Structure and Bonding, 47, 53 (1981).

R. P, Fischer and J. D. Winefordner, Anal. Chem.,
43, 454 (1971).

D. E. Ryan, H. Rollier and J. Holzbecker, Com., J.
Chem., 52, 1942 (1974).

J. C. Wright, Anal. Chem., 49, 1690 (1977).

K. M. Busch and B. Malloy, in "Multichannel Image
Detectors", Y. Talmi, Ed, ACS Symp., Ser. No. 102,
27 (1979).

228



74, P, Gloersen, J. Opt. Soc. Amer., 48, 712 (1958).
75. ¥. Nargoshes, Spectrochim. Acta, B25, 113 (1970).

76. Y. Talmi, in "Multichannel Image Detectors",
Y. Talmi, Bd, ACS Symp., Ser. No., 102, 3 (1979).

77. ¥. H, Crowell, T. M. Buck, E., E. Labunda, J. V. Dalto
and E. J. Walsh, Bell Sys. Tech. J., (2)46, 491 (1967).

78. Y. Talmi, Anal. Chem., 47, 6584 (1975).

79. ¥, W. Jackson, K. M. Aldous and D. G. Mitchell,
Spectrosc. Lett., 6, 1315 (1973).

80. K. W. Busch, N. G. Howell and G. H. Morrison,
Anal. Chem., 46, 575 (1974).

g1. D. O. Knapp, N. Omenetto, L. P. Hart, F. W. Plankey
and J. O, Winefordner, Anal. Chem. Acta, 69, 455

(1974).

82, J. R. Jadamec, W, A. Sancer and R. W, Sager,
in "Multichannel Image Detectors", Y. Talmi, E4,
ACS Symp., Ser. No. 102, 115 (1979).

83, A. E. McDowell and H. L. Pardue, Anal. Chem., 49,
1171 (1977).

84, I. ¥. Warner, J. B. Callis, E. R. Davidson and
G. D. Christian, Clin. Chem., 22, 1483 (1976).

85, D. W. Johnson, J. B. Callis and G. D. Christian,
Anal. Chem., 49, 747A (1977).

239



86.

87.

88.

89.

900

9l.

92.

93.

94.

95.

96.

97.

S. L. Bogdanski, Ph.D., thesis, Birmingham University,
(1973).

I. H. El-Hage, Ph.D. thesis, Birmingham University,
(1982).

W. R. Brode, Chemical Spectroscopy, John Wiley

London (1945).

I. M. Warner and L. B. McGown, Critical Reviews in

Analytical Chemistry, 14, 155 (1982).

J. N, Niller, T. A. Ahmad and A, F. Fell,
Aflal. PI‘OC., _1;2, 37 (1982)‘

U. E. Handschin and W. J. Ritschard, Anal. Bioch., 71,
143 (1976).

B, Joseffson, P. Lindroth and G. Ostling, Anal. Chim,
ACtao’ §2, 21 (1977).

R. C. Stroupe, P. Tokousbalides, R. B. Dickinson,

E. L. Wehry and G. Mamantov, Anal. Chem., 49, 701 (1977).

W. L. Hinge, H. N. Singh, Y. Baba and N. G. Harvey,
Trends in Analytical Chemistry, 36, 193 (1984).

T. Taketatsu, Anal. Chim. Acta., 174, 323 (1985).

G. G. Guilbault, Practical Fluorescence, Dekker,

New York (1973).

G. M. O'Donnell and I. M. Solie, Anal. Chem., 50,
189R (1978).

240



98, E. L. Wehry, Anal., Chem., 52, 75R (1980).

99, W. B, Furman, Continuous-Flow Analysis, Theory and
Practice, Dekker, New York (1976).

100. L. T. Skeggs, Ar. J. of Clin. Path., 28, 311 (1957).
101, ¥. K. Schwartz, Anal. Chem., 45, 739A (1973).

102. L. R. Snyder, J. Levine, R. Story and R. A. Conetta,
Anal, Chem., 48, 942A (1976).

103. L. R. Snyder, Anal. Chim. Acta., 114, 3 (1980).

104. J. Ruzicka and E. H. Hansen, Anal. Chim. Acta., 78,
145 (1975).

105, K. K. Stewart, G. R. Beecher and P. E. Hare,
Anal. Biochem., 70, 167 (1976).

106. J. Ruzicka and E. H. Hansen, Anal. Chim., Acta., 179,
1 (1986).

107. J. T. Vanderslice, K. K. Stewart, A. G. Rosenfeld and
D. J. Higgs, Talanta, 28, 11 (1981).

108, J. F. Tyson, Lecture presented at Flow Injection
Analysis Short Course, Loughborough University of
Technal., Sept., (1983).

109, J. Rugzicka and E, H, Hansen, Anal. Chim. Acta., 114,
19 (1980).

110. B, Rocks and C, Riley, Clin. Chem., 28, 409 (1982).

241



111.

112.

113.

114.

115

116.

117.

118.

119.

120.

121.

122.

C. B. Ranger, Anal. Chem., 53, 21A (1981).

J. Ruzicka and E. H. Hansen, Anal. Chim, Acta., 99,
37 (1978).

J. Ruzicka, E. H. Hansen and H. Moseback, Anal. Chim,
Acta., 92, 235 (1977).

K. ¥. Stewart and A. G. Rosenfeld, J. Autom., Chem,,
3, 30 (1981).

Technical Data, Ismatec 5, Ismatec SA, Limmatstrasse

109, 8031 Zurich, Switzerland.

Anachem Ltd., Catalogue (1982/1983) 15 Power Court,
Luton, Bedfordshire, U.K.

D. Betteridge, Anal. Chem., 50, 832A (1978).

H. Bergamin, E. A. G. Zagatto, F. J. Krug and
B. R. Reis, Anal. Chim. Acta., 101, 17 (1978).

1. Nord and B. O. Karlberg, Anal. Chim. Acta., 118,
285 (1980).

D. J. Hooley and R. E. Dessy, Anal. Chem., 55, 313
(1983).

J. Ruzicka and E. H. Hansen, Flow Injection Analysis,
Wiley, New York (1981).

Flow Injection Analysis - Bibliography Tecator,
Tecator House, Cooper Road, Thornbury, Bristol BS1l2 2UP,
(1985).

242



123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

J. H. X, Van de Berg, R. S. Deelder and
H, G. ¥. Egberlink, Anal. Chim. Acta., 114, 91 (1980).

J. M., Reijn, W, E. Van der Linden and H. Poppe,
Anal. Chim. Acta., 126, 1 (1980).

J. L. Burguera, K. Burguera and A. Townshend;

Anal. Chim. Acta., 127, 199 (1981).

A. T, Faizullah and A, Townshend, Anal. Chim. Acta.,
179, 232 (1986).

A. T. Faizullah, Ph.D. thesis, University of Hull (1985).

R. C. Schothorst, C. O. Schmitz and G. den Boef,
Anal. Chim. Acta., 179, 229 (1986).

¥. Massom and A. Townshend, Anal. Proc., 22, 6 (1985),

P, J. Worsfold and A. Nabi, Anal. Chim, Acta.,

- o

179, 307 (1986).
H, A. Nottola, Anal., Chim, Acta., 145, 27 (1983).
B. Olsson and L. Ogren, Anal. Chim, Acta., 145, 87 (1983).

A. T, Faizullah and A. Townshend, Anal. Chim. Acta.,
167, 225 (1985).

Idem., ibid., 172, 291 (1985).

R. C. Schothorst, J. M. Reijn, H. Poppe and

G. den Boef, Anal. Chim. Acta., (a) 145, 197 (1983).
(b) 153, 133 (1983), (e) 161, 1 (1984),

(d) 162, 27 (1984).

243



136, J. L. Burguera, M. Burguera and N. Gallignani,
Acta. Cient. Venez., 33, 99 (1982).

137. M. Aihara, M, Arai and T. Taketatsu, Analyst, 111,
641 (1986).

138, I. M. Kolthoff and R. Belcher, Volumetric Analysis,

Vo. 3, Interscience Publishers, New York (1957).

139, C, L, Wilson and D. W, Wilson, Comprehensive

Analytical Chemistry, Vol. 1C, Elsevier Publishing

Company, New York (1962).

140, H. A. Laitinen and W. E. Harris, Chemical Analysis,
NeGraw-Hill Kogakusha, Ltd., Tokyo (1975).

141. W. J. Clayton and W. C, Vosburgh, J. Amer. Chem. Soc.,
8, 2093 (1936).

142, H. W, Stone and D. N. Hume, Ind. Eng. Chem., Anal., E4.,

143. G. H. \”alden' Lo P' Hammit and s. Mc Edm0nds,
J. Amer. Chem, Soc., 56, 350 (1934).

144. O. Deutschbein, %. Physik, 102, 772 (1936), in Chem.
Abs., 31, 4201 (1937).

145. 0. Deutschbein and R. Tomaschek, Nature, 131, 473 (1933).
146. A. Zaidel, Nature, 139, 248 (1937).

147. P. C. Mukherji, Indian J. Phys., 13, 185 (1939).

244



1490

149,

150.

151,

152.

153.

154.

155.

156.

157.

158 .

159.

H. Gobrecht and R. Tomaschek, Ann. Physik, 29,
324 (1937), in Chem. Abs., 31, 6999 (1937).

A. N, Zaidel, Ya. I. Larionov and A. N. Filippov,
J. Gen. Chem. (USSR), 8, 943 (1938), in Chem. Abs.,
33, 500 (1939).

A. N. Zaidel and Ya. I. Larionov, Uspekki Fiz. Nauk,
21, 211 (1939), in Chem. Abs., 33, 6151 (1939).

Idem., Trudy Vssesoynz. Konferentssi Anal. Khim,

2, 615 (1943), in Chem. Abs., 39, 3755 (1945).

P, Cukor and R. P. Weberling, Anal. Chim. Acta, 41,
404 (1968).

G. F. Kirkbright, T. S. West and C. Woodward, Talanta,
12, 517 (1965).

G. Alberti and M., A. Massucci, Anal. Chem, 38, 214
(1966).

Idem., Anal. Chim. Acta, 35, 303 (1966).

V. A. Fassel and R. H. Heidel, Anal. Cherm., 26,
1134 (1954).

R. Belcher, R. Perry and W. I. Stephen, Analyst, 94,
26 (1969).

T. Taketatsu, M. A. Carey and C. V. Banks, Talanta, 13,
1081 (1966).

P. I. Gazotti and A. Abrao, Publicaco TEA No, 294 (1973).
Instituto De Engergia Atomica, Brasil.

245



160, W. A. Armstrong, D. W. Grant and W. G. Humphreys,
Anal. Chem., 35, 1300 (1963).

161, G. Albert and M. Massucci, Gazz. Quim. Ital., 95,
097 (1965), in Chem. Abs., 64, 4464f (1966).

162. D. T. Burns and M. Y. Qureshi, Proc. Royal. Irish Acad.
Sect B, 77, 353 (1977).

163. S. H. Lee and L. R. Field, Anal. Chem., 56, 2647 (1984).

164. R. Applequist, C. Den Boff and C. Schothorst,

165, C., W. C. Milner and G, W. Sneddon, Atomic Energy
Research Establishment C/R 1470 (1955) England.

166. J. S. Fritz et al., Treastise on Analytical Chemistry,

Part 11, Volume 8, Wiley, New York (1963).
167. M. Morelos, M.Sc. thesis, University of Hull (1983).

168, D. A. Skoog and D. M., West; Fundamentals of Analytical

Chemistry, Reinhart and Winston, New York, 3rd Ed. (1976).

169. A, Fernandez, M, A. Gomez-Nieto, D. D. Luque de Castro
and M. Valcarcel, Anal. Chim. Acta., 165, 217 (1984).

170, J. Ruzicka, J, W, B, Stewart and E. A. Zagatto,
Anal. Chim. Acta., 81, 387 (1976).

171, W, C. Fernelius, Inorganic Syntheses, Mc.Mcraw-Hill
Book Co., Inc., New York (1946).

246



172.

173.

174,

175 .

176-

177.

178 .

179.

180 .

181.

182.

183.

184.

185.

186.

187.

L. F. Yntema, J. Amer. Chem. Soc., 52, 2782 (1930).
A. Bruki, Angew. Chem, 49, 159 (1936).

H, C. McCoy, J. Amer. Chem. Soc., 63, 3432 (1941).
Idem., ibid., 57, 1756 (1935).

Idem., ibid., 59, 1131 (1937).

D. C. Fester and H. E. Kermers, Anal. Chem., 25,
1921 (1953).

J. K. Yarsh, J. Chem, Soc., 398 (1942).

Idem., ibid., 531 (1943).

H. N. NcCoy, J. Amer. Chem, Soc., 58, 1577 (1936).
Idem., ibid., 61, 2455 (1939).

D. D. Perrin and B. Dempsey; Buffers for pH and Metal
Ton Control, Chapman and Hall, London (1974).

J. L. Burguera and M. Burguera, Anal. Chim. Acta.,

161, 375 (1984).

T. P. Lynch, N, J. Kernoghan and J. N. Wilson,
Analyst 109, 839 (1984).

Ibid, idem., 109, 843 (1984).

B. P. Bubnis, M. R. Straka and G. E. Pacey, Talanta,
30, 841 (1983).

W. L. Burdick, J. Am. Chem. Soc., 48, 1179 (1926).

247



188,

189 .

190.

191.

192,

193.

194.

195 .

196.

197.

198,

G. E. P, Lundell and H, B. Knowles; Ind. Eng. Chem.,
16, 723 (1924).

¥. A. Salam Khan and W, I. Stephen, Anal. Chim. Acta.,
41, 43 (1968).

H., W, Stone and D. N. Hume, Ind. Eng. Chem. Anal. Ed.,
11, 598 (1939).

P, W, Alexander, R. J. Finlayson, L. E. Smythe and
A. Thalid; Analyst 107, 1335 (1982).

K. L. Cheng, U, Keihei and I. Toshiaki, Handbook of

Organic Analytical Reagents, CRC Press, Inc., Florida,

(1982).

R. Belcher, R, Perry and W. I. Stephen, Analyst, 94,
26 (1969).

T. Shigematsui, M. Mastsui and R. Wake, Anal. Chim,
Acta., 46, 101 (1969).

¥. A. Tischchenko, I. I. Zheltvai, I. V. Bakshun and
N. S. Poluektov; 2Zh. Anal. Khim, 28, 1954 (1973),
in Anal, Abs., 28, 6B97 (1975).

T. Taketatsu and A. Sato, Anal. Chim. Acta., 108,
429 (1979).

D. B, Williams and J. C. Guyon, Anal. Chem., 43,
139 (1971).

Idem., ¥ickrochim. Acta., 6, 194 (1972).

248



199. R. P, Fisher and J. D. Winefordner, Anal. Chem., 43,
454 (1971).

200. S. P. Sinha, Complexes of the Rare Earths, Pergamon
Press Ltd., London (1966).

201. G. A. Grosby, Molecular Crystal, 1, 37 (1966).

202. R. E. Whan and G. A. Grosby, J. Mol. Spectrosc., 8,
315 (1962).

203. S. I, Weissman, J. Chem., Phys., 10, 214 (1942).

204, J. N, Filipescu and N, McAvoy, J. Inorg. Nucl. Chem.

249



APPENDIX 1



Appendix 1

PCSTERS AND PUBLICATIONS

The work described in this thesis has been presented

as follows:-

(a)

1.

As Posters

"Simultaneous Determination of Ce(11ll) and Ce(1V)
by flow injection analysis"

K. H. Al-Sowdani and Alan Townshend.

"Flow Analysis III", Birmingham, September 6/9 (1985)
"Candoluminescence Spectrometry with a Vidicon Detector"
K. H. Al-Sowdani.

"Research and Development Topics in Analytical Chemistry
Analytical Division, Royal Society of Chemistry,
London, April 16 (1986)

"Flow Injection Determination of Europium after on-line
Reduction"

K. H. Al-Sowdani and Alan Townshend.

"SAC 86 Int. Conf. on Anal. Chem., Bristol, July (1986)



(b) DPublications

1. Simultaneous Determination of cerium(11ll) and cerium (1V)
by flow injection analysis.
K. H, Al-Sowdani and Alan Townshend.

Anal. Chim. Acta., 179, 469 (1986)

2. Candoluminescence Spectrometry with a Vidicon Detector.
K. Ho Al—SOWda.ni .
Anal, Proc., 23, 432 (1986)



