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ABSTRACT

ABSTRACT

Inductively Coupled Plasma Optical Emission and Mass Spectrometry (ICP-OES and ICPMS) are widely accepted as a rapid and sensitive techniques for Rare Earth Elements (REEs)
analysis of geological samples. However, the achievable accuracy of these techniques are
seriously limited by the problem of matrix interferences. In this study, matrix effects in ICP–
AES were addressed using two approaches.

In the first approach, the mechanisms of matrix interferences and analyte excitation were
elucidated fundamentally. First, matrix effects from a comprehensive list of thirty-nine elements
were investigated. It was confirmed that matrix elements with low second (instead of the widely
reported first) ionization potentials (IP) produce a stronger matrix effect in all cases. Another
critical parameter defining the severity of the matrix effect was found to be the availability of
low-lying energy levels in the doubly charged matrix ion. Penning ionization followed by ionelectron recombination through successive cycles is proposed as the mechanism for the more
severe matrix effects caused by low second-IP matrices.

In the second approach ICP-OES and ICP-MS are applied in this study for the analysis of
Rare Earth Elements of two selected standard reference samples namely AGV-2 and BCR-2
beside a fluorspar geological sample (G-9 sample). Effective procedures are developed to avoid
the spectral interference from matrix elements by using ion exchange resin Amberlite IR-120
before determination of REEs using ICP-OES and ICPMS.

The potential of the method is evaluated by analysis of Certified Reference Materials (AGV-2
and BCR-2). Results obtained by ICP-MS show that experimental data are in agreement with the
certified values and their values could be used as a quantitative data. The results obtained using
ICP-OES were compared and discussed.

X
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CHAPTER 1
Introduction
1.1. Rare Earth Elements
1.1.1. Introduction to Rare Earth Elements (REEs)
In the last row of Mendeleev’s periodic table there are two series of metals: the lanthanoids
(the 14 elements that follow lanthanum in the periodic table) and actinoids (the 14 elements
following actinium). Lanthanum and lanthanoids are called rare earth elements (REEs).
The term rare earths was propound by Johann Gadolin in 1794 [1]. In fact they are neither
rare nor earths. Rare earth elements were called “rare” because just after their discovery they
thought to be present in the earth’s crust only in a small amounts, and “earths” because their
oxides have an earthy appearance [1].
Rare earth elements include lanthanum, cerium, praseodymium, neodymium, promethium,
samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium,
and lutetium. Scandium and yttrium members of Group IIIB transition metals although not a
lanthanoid are generally included with the REEs since they occur with them in natural minerals
and have similar chemical properties. These are shown in Figure 1.1. The REEs are usually
classified into three groups:

i. The light REEs: from lanthanum to promethium
ii. The medium REEs: from samarium to holmium
iii. The heavy REEs: from erbium to lutetium

Despite their names, rare earth elements are not rare in nature except promethium which is a
radioactive element. Cerium (60 mg/kg), lanthanum (34 mg/kg) and neodymium (33 mg/kg) are
the most common and they are all more abundant than lead (10mg/kg) [3]. Lutetium and thulium
are the least abundant (about 0.5mg/kg) while the concentration of the remainder ranges from 1
to 9 mg/kg. Thus even the scarcest; thulium is as common as Bi and more common than arsenic,
cadmium, mercury or selenium [3].
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Figure 1.1. Periodic table with rare earth elements and scandium, yttrium and thorium [2].

REEs have similar chemical and physical properties. They look like silver, silvery-white or
grey in colour. REEs are strong reducing agents and their compounds are generally ionic. Most
of the REEs are trivalent. Europium, samarium and ytterbium also have a valence of +2 and
cerium, terbium and praseodymium have a valence of +4. Europium, followed by cerium, are the
most reactive elements of the REEs. They never exist as pure elements in nature. Bastnaesite
[(Ce,La)(CO3)F], monazite [(Ce,La,Nd,Th)(PO4)] [(REE)PO4] and xenotime [YPO4] are the
main ores for lanthanoids [1].
1.1.2 Uses of REEs
The REEs find various applications in many different fields. At present, metallurgy utilizes
30% of lanthanides and their compounds which is used to remove oxygen and to enrich steel.
They are used as catalysts/chemicals (39%), in glass/ceramic industry (25%) and in electronics
(6%). High purity indivudial REEs are increasingly used as major components in lasers (e.g.
halogenes of neodymium, holmium and erbium), phosphors, magnetic bubble memory films,
permanent magnets (alloys of samarium and neodymium) refractive index lenses, fibre optics
cathode ray tubes and superconductors. They are also used as magnetic resonance imaging
(MRI) contrast reagents in medicine. LaCl3 is added to chemical fertilizers in China [4]. Their
industrial uses are summarized in Table 1.1.
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Table 1.1. Industrial uses of REEs

Element

Application

Lanthanum

Ceramic glazes, high quality optical glass, camera lenses, microwave
crystals, ceramic capacitors, glass polishing, petroleum cracking.

Cerium

Glass polishing, petroleum cracking catalysts, alloys with iron for
sparking flints for lighters, with aluminum, magnesium and steel for
improving heat and strength properties, radiation shielding, many
others.

Praseodymium

Yellow ceramic pigments, tiles, ceramic capacitors, with neodymium
in combination for goggles to shield glass makers against sodium
glare, permanent magnets, cryogenic refrigerant.

Neodymium

Ceramic capacitors, glazes and colored glass, lasers, high strength
permanent magnets as neodymium-iron-boron alloy, petroleum
cracking catalyst

Promethium

Radioactive promethium in batteries to power watches, guided missile
instruments, in harsh environments.

Samarium

In highly magnetic alloys for permanent magnet as samarium-cobalt
alloy, probably will be superseded by neodymium. Glass lasers,
reactor control and neutron shielding.

Gadolinium

Solid state lasers, constituent of computer memory chips, high
temperature refractories, cryogenic refrigerants.
Cathode ray tubes, magnets, optical computer memories; future hard
disk components, magnetostrictive alloys.
Controls nuclear reactors, alloyed with neodymium for permanent
magnets, catalysts.

Terbium
Dysprosium
Holmium
Erbium
Thulium
Lutetium

Controls nuclear reactors, catalysts, refractories.
In ceramics to produce a pink glaze, infrared absorbing glasses.
X-ray source in portable x-ray machines.
Deoxidizers in stainless steel production, rechargeable batteries,
medical uses, red phosphors for color television, superconductors.

Yttrium

Deoxidizers in stainless steel production, rechargeable batteries,
medical uses, red phosphors for color television, superconductors.

Scandium

X-ray tubes, catalysts for polymerisation, hardened Ni-Cr superalloys,
dental porcelain.

Thorium

Gas mantles, as nuclear fuel in place of uranium.
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1.1.3 Biological Effects of REEs
Since lanthanides and their compounds have a broad application in industry, there is an
increased risk of their penetration into humans and animals, which may affect their metabolic
processes [5]. Although so far there is no reported incidence of intoxication because of the intake
of REEs through to food chain, several deleterious effects due to occupational and environmental
exposure to REEs have been reported [6]. As indicated in the report, REEs have both positive
and negative effects on human health. For instance, REEs show benefit in the liver where
gadolinium selectively inhibits secretion by Kupffer cells and it decreases cytochrome P450
activity in hepatocytes, thus protecting liver cells against toxic products of xenobiotic
biotransformation. Praseodymium ion (Pr 3+) produces the same protective effect in liver tissue
cultures. Cytophysiological effects of lanthanides appear to result from the similarity of their
cationic radii to the size of Ca2+ ions. Trivalent lanthanide ions, especially La3+and Gd3+, block
different calcium channels in human and animal cells. Lanthanides can affect numerous
enzymes:
Dy3+and La3+ block Ca2+ -ATPase and Mg2+ -ATPase, while Eu3+ and Tb3+ inhibit calcineurin. In
neurons, lanthanide ions regulate the transport and release of synaptic transmitters and block
some membrane receptors, e.g. GABA and glutamate receptors [7].

1.1.4 Abundance and Occurrence of Rare Earth Elements
There are more than 200 minerals which are sufficiently rich in these elements to serve as
practical sources of rare earths [8]. Significant production of REEs began in the 1880s, with
mining of the mineral monozite in Brasil. Monazite, [(Ce,La,Nd,Th) (PO4)] which occurs as a
dense, brown sand, is particularly rich in the light rare earths. Bastnaesite, a fluorocarbonate and
Xenotime, a phosphate mineral, are the most economically significant minerals containing
essential or significant rare earth elements [8]. Bastnaesite and monazite are sources of rare
earths about 95% of the rare earths currently utilized. Monozite is also a principle ore of thorium
(Th) containing up to 30% ThO. The largest rare earth element mineral deposites are found in
Scandinavia, Brasil, Australia, India, Russia and the United States. Bastnaesite is mined mainly
in California and provides most of the 35 to 40 x 103 tones of REE oxides used annualy.

Rare earth elements in Egypt are found in many sources especially black sand. The Egyptian
black sand deposits along the Mediterranean coast. The black sand is a source for many minerals
such as rutile, zircon, monazite, ilmenite, magnetite garnet and other minerals.
4
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Monazite is composed of the phosphate of the rare earth elements and a few of uranium and
thorium oxides (0.48% U3O8, 6.04% ThO2, and 63.31% RE2O3). It could be considered as a
source for rare earth elements, uranium, and thorium. It is true, that there are other minerals
containing these elements, but also they are rare metals, their mining operations require costly
extraction processes, but black sand minerals are easily accessible and do not require expensive
mining operations. The distribution of the rare earth elements is in the order of Ce > La > Nd >
Pr > Sm, which is in accordance with the general trend in most reported chemical compositions
of monazites [9].
1.1.5. Determination of REEs
1.1.5.1. Historical review
Determination of REEs in geological, biological and environmental samples is one of the
most difficult and complicated tasks, especially the trace levels, because of the similarity of their
chemical behaviors. Moreover, these samples provide diverse matrices that are exceptionally
complex both chemically and physically. The complexity of such samples raises the possibility
that interelement effects of various types or spectral interference may introduce errors in
determination of REEs. Since the REEs are usually present in very small concentrations (at or
below μg/g levels) in samples, separation of these elements as a group should be incorporated in
the analysis. The separation not only allows for preconcentration of the REEs so that lower
detection limits are possible, but also simplifies the analytical problem of interference from
matrix elements, when samples in varying compositions are encountered [10].

The most widely used techniques for separation and preconcentration of trace REEs include
coprecipitation, liquid-liquid extraction, solid-phase extraction, HPLC and ion exchange.

Roychowdhury et al. [11] reported the oxalate precipitation technique for pre-concentration
of REEs in silicate rocks. After the oxalate precipitate was formed, they were ignited to the
oxide, which is then dissolved in dilute nitric acid.

Srivastava and Premadas [12] studied on liquid-liquid extraction involving the mixture of (2Ethylhexyl) dihydrogenphosphate and (2-Ethylhexyl) hydrogenphosphate in kerosene for
separation and pre-concentration of REEs in acidic solutions of silicate rock samples. The REEs
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are selectively stripped from the organic phase containing interfering elements using 4.5M
hydrochloric acid in the presence of tri-n-butyl phosphate [12].

In the recent years, solid-phase extraction (SPE) has become increasingly popular.
Numerous substances have been proposed and applied as sorbents, such as modified silica,
alumina, active carbon, cellulose, chelating resins and microorganisms. Several examples are
given in the following paragraphs.

Halicz et al. [13] succeed in separation of REEs from the saline water by adsorption on a
micro-column of silica-immobilized 8 –hyroxiquinoline. After adsorption on the micro-column
at pH 9, the REEs are eluted with a small volume of the mixed diluted hydrochloric and nitric
acids [13].

Biosorption is a potential purification process for sequestering metallic cations from diluted
aqueous solutions. Metal sorption on the cell surfaces can occur in non-living microorganisms.
Texier et al[14]. immobilized a microorganism, Pseudomonas aeruginosa, in poliacrylamide gel
as a biosorbent for the removal of REE ions from aqueous solutions. In this study, for the
desorption of REEs from the biosorbent particles 0.1M EDTA (pH 5.0) was used.

As an effective technique for separation and pre-concentration of trace elements, solid-liquid
extraction with microcrystalline naphthalene has received great attention in recent years. This
technique is based on the distribution of analyte between the solid and liquid phases. Cai et al.
reacted tribromoarsenazo (TBA), extremely sensitive reagent for REEs, with REEs to form the
water soluble complexes, and the REE complexes formed were transformed into waterinsoluble
ion-associated complexes in the presence of the counter-ion reagent cetylpyridinium bromide,
which can be easily adsorbed onto microcrystalline naphthalene at ambient temperature. The
analytes were desorbed with hydrochloric acid [15].

Chelating resins are frequently used in analytical chemistry for pre-concentration of metal
ions and their separation from interfering constituents prior to their determination by an
instrumental method. The selectivity of chelating resin is often related to that of the monomeric
compound corresponding to the functional group. Dev et al. prepared a polystyrendivinylbenzene
(Amberlite XAD-4) based chelating resin containing bicine (n,n-bis(2-hydroxyethyl)glycine)
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groups. The batch equilibration technique was used to concentrate the metal ions. A sample
solution was adjusted at optimum pH=6 and shook with resin. Sorbed metal ions were eluted
with 1M hydrochloric acid [16].

Roelandts [17] used Dowex 50-WX 8 cation exchange resin for the pre-concentration and
separation of REEs. 8M nitric acid was used as an eluent solution. The REEs eluent was slowly
evaporated to dryness and the residue was dissolved in 5% nitric acid [17].

1.1.5.2. Preconcentration and Separation of REEs
Although ICP spectrometry is one of the most suitable techniques for determination of REEs
and has the abilitiy to detect trace elements at sub-μg/L levels, it suffers from problems of
ionization suppression by matrix elements, isobaric polyatomic interferences and clogging of
sample introduction system when a sample containing high dissolved salts like seawater. To
overcome these difficulties efficient preconcentration of REEs and their separation from matrix
is required.

Co-precipitation has been one of the most widely used techniques for separation and preconcentration of REEs. For example Roychowdhury et al. [18] precipitated REEs and Y as
oxalates using calcium as carrier. The oxalate and precipitate is ignited to the oxide, which is
then dissolved in dilute nitric acid and the solution is used for ICP-OES measurements. Greaves
et al. [19] extracted rare earth elements by co-precipitation with hydrated iron (III) oxide and
purified them on a single cationexchange column by using hydrochloric and nitric acids as
eluents.

Liquid-liquid extraction is another type of separation technique used for REEs. Wang et al.
performed selective extraction of yttrium from heavy lanthanides by liquid– liquid extraction
using a novel organic carboxylic acid extractants, Nonylphenoxy acetic acid (CA-100) in the
presence of the complexing agent, such as EDTA, DTPA, and HEDTA [20]. Tsurubo et al. [21]
improved the extraction of REEs with bis(2-ethylhexy1)-phosphoric acid (DEHPA), one of the
most important acidic organophosphorus extractants for lanthanides, by using 18-crown-6 ether,
an ion size selective masking reagent.
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1.2. Ion Exchange Resins
Ion exchange has been defined as reversible exchange of ions between the solid and liquid in
which there is no substantial change in the structure of the solid. In an ion exchange resin one of
the ionic species is always mixed high polymer network and therefore remains insoluble or
immobile in the solid phase. The oppositely charged ion is mobile and can exchange or swap
with other cations in the ambient solutions.

Ion exchange resins are high molecular weight polyacids or polybases which are virtually
insoluable in most aqueous or non aqueous media. They may be pictured as having structures
containing large polar exchange groups held together by a three dimensional hydrocarbon
network. Cation exchangers can contain sulfonic, phosphorous, phosphoric, carboxylic or
phenolic groups. Anion exchangers can contain primary, secondary and tertiary amine groups
and quaternary ammonium groups [8].

In the beginning of 19 th century, ion exchange was primarily the significance of the process
in the field of agricultural chemistry. Most investigations are carried out with clays and minerals,
among them zeolites had great interests. The technical production of material similar to the
zeolites is based on work by Gans 10 which was published in about 1905. The synthetic zeolites
are mainly used for the softening of water [3].
1.2.1. Amberlite IR-120
Amberlite IR-120 contains crosslinked polystyrenes with sulfonic acid groups which have
been introduced after polymerization by treatment with concentrated sulfuric or chlorosulfonic
acid, figure 1.2 [22]. Amberlite IR-120 is used for the sorption of REEs from the matrix and then
they were recovered by an acidic eluent.

Figure 1.2

Open Structure of Amberlite IR-120.
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1.3. The Use of the Inductively Coupled Plasma in Analytical Chemistry
Elemental analysis is an important branch of analytical chemistry, and atomic spectrometry
is the technique of choice in a wide variety of situations when elemental analysis must be
performed. Nowadays, techniques based on the inductively coupled plasma (ICP), either as an
excitation source for atomic emission spectrometry (AES) or as an ionization source in mass
spectrometry (MS), have become the choice for trace level (µg/g) down to ultra-trace-level
(pg/g) multi-element analysis. These two techniques, ICP–AES and ICP–MS, are responsible for
more elemental determinations than any other analytical method [23]. The broad scope of fields
making use of ICP is reflected in the varied titles of recent review articles [24-29], ranging from
environmental materials [24], geological [25], nuclear and radioactive waste materials [26, 27],
in chemical and technical products [25, 28], and even in speciation and metallomics when
coupled with other separation techniques (e.g., high-performance liquid chromatography
(HPLC), capillary electrophoresis (CE), etc.) [29]. This widespread use arises in part because the
ICP technique is capable of simultaneously determining all the metallic and roughly half of the
nonmetallic elements in the periodic table. Other advantages of ICP include a wide dynamic
range of about 107 with satisfactory precision typically around 1%. Moreover, the elemental
fingerprints of the sample can be obtained typically in a few minutes and even elemental isotopic
information can be obtained in the case of ICP–mass spectrometry.
1.4. Matrix Interferences in ICP–AES
Of course, an analysis can fulfill its intended purpose only if it yields the correct result.
Without dispute, there is always a desire in elemental analysis to determine more and more
elements at lower and lower concentrations but in more and more complex sample environments
(i.e., sample matrices) and with less and less tolerance to inaccuracy. The last two limitations are
particularly important for trace element analysis of some samples because a small change in
trace-element composition might drastically change the behavior and performance of a system
from which the sample was taken. Examples of such effects are the levels of impurities in silicon
semiconductors on their electrical properties, the purity and identity of impurities in nuclear
material on its efficiency as a nuclear fuel, and the very small margin between essential-forhealth or toxic doses of selenium in biological systems. The analytical accuracy of ICP
techniques can be within 1% in some cases, but such a high level of accuracy is not routinely
attainable without careful procedures that only skilled and well-trained analysts are capable of
mastering. For samples with complex matrices, simple external calibration often cannot produce
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accurate results due to the presence of “matrix effects” [30, 31]. In this context, the sample
“matrix” refers to everything in the sample except the sought-for elements.

Although ICP methods are widely used, matrix effects unfortunately are found in both ICP–
OES and ICP–MS. Such effects alter the signal produced by a particular element depending on
the identity and concentration of other elements that are present in the sample (as shown in
Figure 1.3). As a result, calibration with simple standard solutions leads to analysis errors. Worst
of all, when such interferences arise, the signals from the sought-for elements change in an oftenunanticipated way, making it impossible to apply a simple correction factor. For example, as
shown in Figure 1.3, the matrix might cause intensity enhancement or depression depending on
the observation region in the plasma, and the extent of interference also depends on the nature of
the emission line. Significant improvements in analytical accuracy for complex samples are
possible only when all the interference effects, if they are present, are eliminated or
compensated.

1.4.1. Spectral Interference in ICP–AES
Spectral interference in ICP–AES arises from the imperfect isolation of spectral lines from
the composite radiation that passes the spectral window of the spectrometer tuned to the position
of these wavelengths. Spectral interferences, especially line overlaps, can be a major problem in
ICP–AES [33]. Boumans and co-workers published a series of fundamental papers [32-34] on
the essential problems associated with line interference. In addition, efforts have been made by
various research groups on the collection of spectral interference data in different matrices [3537]. The selection of an appropriate analytical spectral line is crucial, especially for a sample
matrix containing spectral line-rich elements (e.g., rare earth elements, REE or actinides) [37].
Improper line selection can result in a loss of detection power and analytical errors for samples
containing matrix elements that emit line-rich spectra [36]. In many cases, spectral interference
can be easily overcome by selecting another emission line that is free from spectral-interference
or if possible by increasing the resolution of the spectrometer (e.g., narrowing the slit width of
the spectrometer or using a higher order of the grating). The nature of spectral interferences in
ICP–OES is rather straightforward; they can be eliminated either by employing a higherresolution spectrometer or by removal of the spectral-interfering matrices prior to ICP analysis,
but not by changing plasma characteristics or operating conditions.
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Figure 1.3
Emission intensity profile of a Mg ionic (Mg II 280.270 nm) and a Mg neutral-atomic (Mg
I 285.213 nm) emission line in the presence of 0.1 M Ba matrix measured at different vertical locations of
the ICP. The complex nature of matrix effects in ICP–AES is clearly demonstrated by the observationheight dependent magnitude and direction in intensity enhancement or suppression.

1.4.2. Non-plasma-related Matrix Effects in ICP–AES
Since solution nebulization is the most common sample introduction method for the ICP
[38], most reports on non-plasma-related matrix effects concern solution nebulization. Nonplasma-related matrix effects for solution nebulization are usually related to the aerosol
formation processes [39]. Aerosol formation is the process of disintegration of bulk liquid into
small droplets for transport to the ICP by the carrier gas. Aerosol generation and the resultant
aerosol droplet size distribution are related to the physical properties of the solution, in
particular, density, viscosity, and surface tension. In the presence of a matrix, these physical
properties might change and result in a change in aerosol droplet size distribution. As a result,
the rate of analyte injection into the plasma will be changed and hence the sensitivity of the
measurements. For example, it has been found that acids such as sulfuric acid and phosphoric
acid give rise to coarser primary aerosols because they increase the viscosity of the solutions
[40]. There are at least four mechanisms that are responsible for the matrix effect in the solut ion
nebulization process: (a) a decrease in the solution uptake rate as a result of increased viscosity
of the solution if the solution is pumped freely using the principle of the pressure drop at the
nebulizer tip (i.e., when no external constant pumping is used); (b) a change in droplet size
distribution of the aerosols generated directly at the tip of the nebulizer (so-called primary
11
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aerosol) and of the size-filtered aerosols leaving the spray chamber (so-called tertiary aerosol);
(c) a reduction in aerosol transport efficiency into the ICP; and (d) aerosol ionic redistribution in
the spray chamber [39]. Aerosol ionic redistribution occurs when mixtures of certain ions are
present in the solution, such that one is present at a significantly higher concentration than the
other. The concentration ratios of ions found in the collected aerosol leaving the spray chamber
differ from those present in the original solution [41]. The mechanism of aerosol ionic
redistribution is not well understood [41].

Although there are many possible routes by which the nebulization and transport processes
can be affected by a matrix, correction for such interferences are straightforward. A change of
solution uptake rate, aerosol generation and transport efficiency (i.e., factors (a) to (c) listed
above) will affect the accuracy of all elements (analytes) to the same extent, regardless of the
physical properties of the elements. Thus, such interferences can be easily corrected by an
arbitrary single internal standard spiked into the samples, provided that the added internal
standard is chemically compatible with the sample and the sample originally does not contain (or
alternatively, contains an identical amount of) that spiked element. Due to the rather simple
methodology for correcting sample-introduction-related matrix effects in ICP–OES, they are not
the main focus of the present study.
1.4.3. Plasma-related Matrix Effects in ICP–AES
The ICP was originally claimed to be an ideal spectrochemical emission source, with almost
complete freedom from matrix interferences when compared to other atomic spectrometric
techniques available at that time (e.g., arc and spark, flame- and furnace based atomic
spectrometry) [42]. Since then it has been realized that plasma-related matrix effects do occur;
studies of plasma-related matrix effects have been the subject of many research papers [30, 4449]. Studies of plasma-related matrix effects are important not only because interferences will
affect analytical accuracy when only simple standard solutions are used for calibration of the
analytical response; in addition, there is no simple means to correct or compensate for such
effects. Unlike sample-introduction-related matrix effects, which can be easily controlled by use
of a single internal standard, plasma-related matrix effects generally affect different emission
lines to different extents. Therefore, the use of an internal standard is possible only through a
prior-analysis study to identify effective internal standard emission lines that behave identically
to the emission lines of the analyte. Moreover, effective internal standards can vary from sample
12
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to sample with different matrices. Currently, there is no good method to correct for plasmarelated matrix effects for a completely unknown sample; all established matrix-effect
compensation methods (e.g., matrix separation, matrix matching, internal standardization and
standard additions) require some prior knowledge of the content of the sample, as discussed
above. Further, these methods increase the likelihood of sample contamination or human error.
Researchers believe that an alternative promising path for overcoming matrix interferences is by
a thorough fundamental understanding of their origins [23]. The importance of understanding the
origin of plasma-related matrix effects is stressed in a recently published perspective article by
Mermet [43], in which the author stated “Knowledge of the origin of the matrix effects remains
probably one of the last challenges in ICP–OES in order to obtain highly accurate results. This is
certainly one of the most important remaining challenges, because the first quality that an analyst
expects is accuracy, which cannot be obtained if calibration leads to a bias.” Accordingly, due to
the importance, challenging but complex nature of plasma-related matrix effects in ICP–OES,
they are selected as the focus of the present study.
1.5. Brief Literature Review of Plasma-related Matrix Effects
The simplest method for the detection of plasma-related matrix effects is based on
measurement of a change in emission intensities. One such approach is to monitor the ionic-toatomic intensity ratio of a test element, and to correlate a change in that ratio with plasma-related
matrix effects. An advantage of such a ratio is its independence of concentration of the test
element in the sample or of the absolute amount that reached the plasma, within the limits that
linearity of the two emission lines must still hold (i.e., the concentration must be below the selfabsorption limit). Therefore, this method can be used as an online indicator for any appreciable
plasma-related matrix effect between calibration standards and the unknown sample. Although
Mg is commonly used for this purpose in many studies, other test elements yield comparable
performance [50].

The early studies [51] on matrix effects in ICP–OES focused mainly on easily ionizable
elements (EIE) such as Na, K, or Cs as a concomitant. The EIEs were commonly selected for
investigation probably in part because they are the most abundant matrices encountered in
environmental (e.g., sea-water and river-water) and biological (e.g., biological fluid) samples and
partly due to historical reasons, as they were widely studied in flame atomic sources. However,
the results of these early investigations are confusing because much of the data appear
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inconsistent; some investigators observed analyte emission enhancements, some observed
depressions, and some observed no change [51]. The confusion arose principally from the use of
different ICP operating conditions (e.g., power, observation height and central channel gas flow
rate) by different researchers. An extensive spatial characterization of the effect of an excess of
EIE on analyte emission in the ICP was carried out by Blades and Horlick by using a
photodiode-array based spatial profiling spectrometer [51].

Kitagawa and Horlick [52] studied the energy-level populations of iron atoms and ions from
the Boltzmann distribution in the absence and presence of potassium [52]. First, in contrast to
simple theory dictated by local thermodynamic equilibrium, they found that the Boltzmann
distribution did not hold. Moreover, they showed that the curvature of the Boltzmann plot for the
Fe I emission lines is affected by the presence of potassium. The change in curvature reflects
different increments in spectral intensity of groups of Fe I lines. The spectral intensity of an
emission line depends on the upper energy level of the atom. They suggested that the EIE caused
a change in the energy distribution of the species that collide with and excite the iron atoms [52].

Enhancement of analyte emission in the presence of EIE matrices in the plasma was
commonly reported. For example, Gűnter and co-workers [53] studied the ionic excitation
temperature of Sr in an ICP that was generated with a 9 MHz free running radio-frequency
generator and found that Sr ionic excitation temperature is not influenced by the presence of Cs
matrix. They also reported that Cs causes an elevation in both Sr atomic and ionic line intensities
only in the so-called preheating zone at high nebulizer gas flow [53]. They observed an emission
enhancement at low vertical positions in the plasma and that the enhancement was larger with
lower first ionization potential of the matrix. However, they observed no depression caused by
alkali matrices on alkali analytes at higher positions in the plasma.

Sun et al. [54] investigated effects from five matrices (Na, Al, Cr, Mg and Zn) on eight
analytes. Consistent with the findings of Blades and Horlick [51], they observed both
enhancement of analyte emission in the lower region of the plasma and depression in the upper
region, and one to two cross-over points were observed depending on the ionization potential of
the analyte [54]. They reported that the heights of the cross-over points are generally related to
the ionization potentials of the analytes and heat of formation of analyte oxides.
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Hieftje and co-workers [55] studied the matrix effects of EIE on analyte emission efficiency,
the effects of EIE on the radial analyte emission pattern, minimization of EIE effects by choice
of observation volume [56], the effects of matrices on ne, Te, and Tg (gas temperature) by
Thomson and Rayleigh scattering [57, 58], the effects of matrices on radially resolved emission
maps and number densities of Ca [57, 58], Sr and Ba atoms and ions, and on changes in the
analyte excitation mechanism studied by a steady-state kinetic approach [59].

Wu and Hieftje [55] measured the laser induced fluorescence quantum efficiency of Na I
line in the presence of Li, K and Cs and related the fluorescence quantum efficiency to the
analyte emission efficiency in the plasma. They reported that the fluorescence quantum
efficiency does not change significantly in the presence of an EIE, so radiationless excited-state
energy losses by free electrons are not the major reason for the EIE effects [55].

Galley et al. [60] measured the spatial emission patterns of Ca I and Ca II in the presence of
Li using a monochromatic imaging spectrometer and radially resolved emission images were
then obtained through Abel inversion. The technique of image based principal-component
analysis was then applied and it was reported that the plasma can be divided into seven distinct
regions with different possible combined effects of Li on Ca I and Ca II emission intensity.
Moreover, Galley et al. reported that (1) off-axis regions of the central channel never showed a
depression in either Ca I or Ca II emission in a Li matrix, (2) the on-axis region never showed a
Ca II enhancement, and (3) on-axis Ca I emission was enhanced low in the plasma, depressed at
intermediate heights, and unchanged at higher positions [60].

Matrix effects on the most important fundamental characteristics of an ICP, namely electron
number density (ne), electron temperature (Te), and gas-kinetic temperature (Tg) were reported by
Hanselman et al. [61] using Thomson and Rayleigh scattering, and changes in these fundamental
plasma characteristics were correlated to the change in Ca I and Ca II emission intensities. A
fixed plasma forward power of 1.25 kW and two different central-channel gas flow rates (0.8
L/min and 1.2 L/min, designated as low and high flow rate, respectively) were studied. The
relative change in intensity of Ca II emission at high and low gas flow rates and in the presence
of 0.1 M Cs, Li, Ag and Zn matrices were reported. Matrix effects at the low gas flow rate
involved a depression for the whole vertical profile, which might be due to a downward shift of
the whole vertical profile [61]. Trends of matrix effects on Ca I emission were similar to those

15

CHAPTER (1)

INTRODUCTION

for Ca II, except that at very high positions (25 mm ALC), an enhancement was occasionally
observed for some matrices [61]. Moreover, the enhancement of Ca II emission was reported to
follow the reverse trend of first ionization potential of the matrix, with Cs > Li > Ag > Zn.

Lehn et al. [58] reported the use of a similar experimental approach for investigation of
matrix effects on the fundamental properties of an ICP by measuring radially resolved atomic
and ionic spectral-line intensities, radially resolved number densities of analyte atom and ion,
and plasma fundamental characteristics (ne, Te and Tg) by using computer tomography, saturated
laser-induced fluorescence, and Thomson and Rayleigh scattering, respectively. In this study
[58], Ca, Sr and Ba were used as the analytes and Li, Cu and Zn were employed as matrices.
Most of the reported data were reported for vertical positions either 10 mm or 15 mm ALC (i.e.,
the normal analytical zone). As in the report by Sesi and Hieftje [57], emission intensities of Ca
and Sr ions were enhanced while, at the same time, their number densities dropped in the
presence of a matrix. However, ne, Te and Tg were reported to show very little change in the
presence of a matrix when Ca and Sr were the analytes [58].

Thompson and Ramsey [62] studied the matrix effect of Ca at a fixed observation height (14
mm ALC) for fifteen analytes. With the exception of Li, most analytes showed a depression that
was correlated with the analyte excitation potential; emission lines with higher total excitation
potentials (i.e., sum of excitation energy and ionization energy for ionic emission lines) showed
larger depressions. They suggested that the matrix effect caused by Ca is similar to the effect of
changing the ICP forward power or injector-gas flow rate. The influence of 1000 µg/mL of Ca
on analyte sensitivities is similar to that of reducing the ICP power by 5.5 %. They concluded
that the matrix effect of Ca is due to changes in excitation conditions in the plasma. The authors
also studied the matrix effects of K, Na, Al, Mn, Fe, Mg and Ca at a fixed 8,000 µg/mL
concentration (i.e., the molar concentration varies with the atomic mass of the matrix). They
reported that Ca had the strongest matrix effect [62].

Ramsey and Thompson [63] studied interferences caused by eighteen matrices at equimolar
concentration (0.05 M of matrix elements in 1.0 M hydrochloric acid) on sixteen emission lines
of different analytes. When they plotted the matrix effect (as relative intensity) versus the first
ionization potential of the matrix, they observed no definite trends, in contrast to previous reports
in the literature.
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Chan et al. [47] examined matrix effects from 31 elements (at equimolar concentration) to
determine whether it is general that elemental matrices with low second ionization potentials
induce more severe matrix effects in the ICP. Their study clearly demonstrated that matrices with
a low second ionization potential cause more severe matrix-induced changes in the plasma
excitation conditions. When matrix effects (expressed as a drop in Zn II/Zn I and Mg II/Mg I
ratios) were plotted against the commonly reported first ionization potential of the matrix, no
clear relationship was found. However, all matrix elements that produced a significant change in
plasma conditions have low second ionization potentials. Although no solid underlying
mechanism for the matrix effect was reported in their study, the result provided a reason for the
well-known difference in matrix effects between Ca and Na (and other EIEs) – the low second
ionization potential of Ca might be responsible for the more severe matrix effect of Ca.

To close this review section, the complex nature of plasma-related matrix effects is clearly
demonstrated. To summarize the specific literature findings that directly relate to the present
study, it is interesting to note that quite a number of the proposed matrix effect mechanisms
involve the addition of electrons generated during matrix ionization (e.g., ambipolar diffusion,
increased

collisional

excitation,

shift

of

analyte-ionization

equilibrium,

ion-electron

recombination). Also, it is well known that plasma-related matrix effects from Ca are more
severe than those from Na, despite the fact that the first ionization potential of Ca is higher than
that of Na.

Because the ionization potential is one of the parameters that governs the degree of
ionization (and hence the concentrations of generated electrons caused by matrix ionization), it
has been presumed that the greater matrix effect from Ca is not an ionization-type interference; it
has been suggested that the higher atomization energy of Ca salts are responsible for its larger
matrix effect [63]. However, this proposed mechanism has recently been excluded as dominant
by studying matrix effects in ICP–AES with laser-ablation sampling [48]. Instead, the more
severe matrix effects of Ca are due to its low second ionization potential. Yet, the detailed
mechanism is still unknown. At first glance, one might think that second ionization merely opens
an additional channel for the production of extra electrons in the plasma. However, even though
the 2nd IP of these matrices is low, the degree of second ionization is not high and is at most ~
10%, calculated theoretically [64] or reported experimentally in ICP–MS studies [65]. Therefore,
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the number density of any additional electrons generated from second ionization of Ca is only a
fraction of that from first ionization.

Even in the hypothetical situation that all matrix ions are doubly ionized, the additional
electrons generated by low 2nd IP matrices is only doubled when compared to the case of EIEs.
In other words, the matrix effect from an EIE at a doubled concentration is expected to be
identical to that from a low 2nd IP matrix in this hypothetical situation. In reality, since the
second-ionization efficiency never approaches 100%, the matrix effect from a doubledconcentration EIE should be larger. However, the reverse is observed; the matrix effects from Na
and K are smaller than that from Ca even if the concentration of the former elements is doubled
[66]. Therefore, any argument based on extra electron from second ionization cannot explain the
more severe matrix effects from low 2nd IP matrices.

1.6. Aim of the work
The main goal of the present study is to investigate fundamentally how matrices affect
analyte emission intensity in the ICP; a promising path for overcoming matrix interference is by
a thorough understanding of their origins. If the fundamental origin of a matrix interference is
known, it might then be possible to intelligently select sample additives, to alter the plasma
operating conditions, or even derive new methodology, which alleviates or eliminates the
interferences [26]. The objectives of this study are summarized in the following points of study:
1- Matrix effects from a comprehensive list of elements including most of low 2nd IP matrices on
ICP-OES.
2- The possible different parameters that related to plasma-matrix effect.
3- The most probable mechanism(s) of matrix effect.
4- REEs in a real geological ore samples were comprehensively measured to understand the
nature of their matrices.
5- REEs in simulated matrices were measured, by ICP-OES, after ion exchange resin separation
as a method for overcoming matrix effect.
6- Optimization of the separation process.
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7- The optimum conditions of separation were applied on the real geological samples for the
separation and determination of REEs.
8- The concentrations of REEs in the real samples were measured using both ICP-OES and ICPMS.
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2.1. Plasma Atomic Emission Spectrometry
2.1.1. Origins of Atomic Spectra
If an atom is supplied with sufficient (thermal) energy, the electron is raised from a lowenergy level (e.g. ground state) to one with a higher energy (excited state). This is referred to as
absorption. As the excited state is unstable, the electron returns to a lower-energy state (by
inference, a more stable situation). This is referred to as emission. Both absorption and emission
occur at certain selected wavelengths, frequencies or energies (Figure 2.1).
At room temperature, all of the atoms of a sample are in the ground state. For example, the
single outer electron of sodium occupies the 3s orbital (note: the electron configuration for Na is
1s2 2s2 2p6 3s1).

Figure 2.1 Schematic representation of atomic absorption and atomic emission energy transitions.

In a hot environment (e.g. an ICP), the sodium atoms are capable of absorbing radiation,
such that electronic transitions from the 3s level to higher excited states can occur. These
electronic transitions occur at specific wavelengths. Experimental observation of sodium
identifies absorption peaks at 589.0, 589.6, 330.2 and 330.3 nm. By considering the energy level
diagram in Figure 2.2 for sodium, it is possible to identify that these wavelength doublets
correspond to electronic transitions from the 3s level to either the 3p or 4p levels for 589.0/589.6
nm and 330.2/330.3 nm, respectively. While other electronic transitions are possible, the
strongest, i.e. most intense, absorption spectrum occurs for electronic transitions from the ground
state (3s) to upper levels. The wavelengths at which these transitions occur are called resonance
lines. Figure 2.2 shows the possible transitions of electrons between different energy levels .
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Figure 2.2 Energy-level diagram for sodium.

In the hot environment of an ICP, the electron is easily excited to an upper energy level.
However, as the lifetime of the excited atom is brief (typically 10−8 s) its return to the ground
state is accompanied by the emission of a photon of radiation. In Figure 2.3, the wavelength
doublet at 590 nm (589.0 and 589.6 nm in Figure 3.2) represents the most intense emission lines
for sodium and is responsible for the yellow colour when sodium salts are introduced into a
flame.

2.1.2. Spectral Line Intensity
The probability of transitions from given energy levels of a fixed atomic population (e.g.
between the lower level i and upper level j) was expressed by Einstein in the form of three
coefficients.

Figure 2.3

Simplified energy-level diagram for sodium.

These are termed transition probabilities as follows:
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Aji

Spontaneous transition j

i

Bij

Absorption

i

j

Bji

Stimulated emission

j

i

The intensity Iem of a spontaneous emission line is related to Aji by the equation,
𝑰𝒆𝒎 = 𝑨𝒋𝒊 𝒉𝝂𝒋𝒊 𝑵𝒋

(𝟐 − 𝟏)

When a system is in thermodynamic equilibrium the level population, i.e. the number of atoms
Nj in the excited state, is given by the Boltzmann distribution law:

𝑵𝒋 = 𝑵𝟎

𝒈𝒊
𝒆𝒙𝒑 −(𝑬𝒋 − 𝑬𝟎 )/𝑲𝑻
𝒈𝟎

(𝟐 − 𝟐)

where No is the number of atoms in the ground (unexcited) state with an energy E0 = 0, gj and g0
are the statistical weights of the jth (excited) and ground states, respectively (where g = 2J + 1, J
is the third quantum number), k is the Boltzmann constant and T is the temperature. Thus,
𝑬𝒋
𝑵𝒋
𝒈𝒊 𝒆𝒙𝒑 −(𝑲𝑻)
=
𝑵𝟎 𝒈𝟎 𝒆𝒙𝒑 −( 𝑬𝟎 )
𝑲𝑻

(𝟐 − 𝟑)

If we express N, the total number of atoms present, as the sum of the population of all levels, i.e.
N = ∑j Nj, then,
𝑬𝒋
𝑬𝒋
𝒈𝒋 𝒆𝒙𝒑 −(𝑲𝑻)
𝒈𝒋 𝒆𝒙𝒑 −(𝑲𝑻)
𝑵𝒋
=
=
𝑬𝒋
𝑵
𝑭(𝑻)
∑𝒋 𝒈𝒊 𝒆𝒙𝒑 −(𝑲𝑻)

(𝟐 − 𝟒)

where F(T) is known as the partition function.
If self-absorption is neglected for a system in thermodynamic equilibrium:
𝑰𝒆𝒎

𝑬𝒋
𝑵𝒈𝒋 𝒆𝒙𝒑 −(𝑲𝑻)
= 𝑨𝒋𝒊 𝒉𝝂𝒋𝒊
𝑭(𝑻)
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A similar result is more readily, if less rigorously, obtained if we assume that virtually all the
atoms remain in the ground state. Thus, Eqn. (2-2) becomes:

𝑵𝒋 = 𝑵

𝑬𝒋
𝒈𝒊
𝒆𝒙𝒑 −( )
𝒈𝟎
𝑲𝑻

(𝟐 − 𝟔)

and Eqn. (2-1) becomes
𝑰𝒆𝒎 = 𝑨𝒋𝒊 𝒉𝝂𝒋𝒊 𝑵

𝑬𝒋
𝒈𝒊
𝒆𝒙𝒑 −( )
𝒈𝟎
𝑲𝑻

(𝟐 − 𝟕)

This is similar to Eqn. (2-5) for practical purposes but with simplified derivation.

Thus, the intensity of atomic emission is critically dependent on the temperature. It also
follows that when low concentrations of analyte atoms are used (i.e. when self-absorption is
negligible), the plot of emission intensity against sample concentration is a straight line.
2.1.3. Spectral Line Broadening
The result of a radiative atomic transition from an upper to a lower energy level is radiation
at a particular wavelength, as defined by
𝝀=

𝒉𝒄
𝑬𝒋 − 𝑬𝟎

(𝟐 − 𝟖)

where h is Planck's constant and c is the velocity of light in vacuum.
However, atomic lines are not infinitely thin as would be expected and their width is
discussed by talking about half-width (∆v cm-1), illustrated in Figure 2.4.
Natural broadening occurs because of the finite lifetime (τ) of the atom in the excited state.
Heisenberg's uncertainty principle states that if we know the state of the atom, we must have
uncertainty in the energy level. We assume that τ for the ground state is infinity and therefore for
a resonance line the natural width ∆vN = ½π τ.
Doppler broadening arises from the random thermal motion of the atoms relative to the
observer. The velocity V x of an atom in the line of sight will vary according to the Maxwell
distribution, the atoms moving in all directions relative to the observer. The frequency will be
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displaced by ∆v = (Vx/c)v0. To this is applied the distribution of velocities. After evaluation of
constants, this simplifies to the Doppler half-width:

𝑻
∆𝝂𝑫 = 𝟕. 𝟏𝟔𝟏𝟎−𝟔 𝝂𝟎 ( )
𝑴

(𝟐 − 𝟗)

where M = relative atomic mass. The Doppler Effect acts primarily on the centre of the profile.

Lorentz (collisional) broadening arises from collisions of atoms with atoms or molecules
of a different kind. It has been shown experimentally that these collisions shift, broaden and
cause asymmetry in the line. Different gases have different effects.

Figure 2.4

Profile of an atomic line: the half width ∆v is the width of the line when kv = 1/2kmax

Collisional theory offers the best fit equations to describe these events at the line centre, and
statistical theory describes the events at the wings. Lorentz broadening increases with pressure
(P) and temperature (T), and is generally regarded as being proportional to P and 𝑇. Thus, ∆v
increases with increasing T and P. It is accepted that Lorentz broadening affects the wings of the
profile. The profile of the line can be summarized by the Voigt profile:

𝑲𝝂 =

(𝑫) 𝒂
𝑲𝟎
𝝅

∞

𝐞𝐱𝐩 −𝒚𝟐 𝒅𝒚
𝟐
𝟐
−∞ 𝒂 + (𝝎 − 𝒚)

Where
𝒂=

∆𝝂𝑳
𝟐(𝝂 − 𝝂𝟎 )
𝟐𝜹
𝒍𝒏𝟐, 𝝎 =
𝒍𝒏𝟐 𝒂𝒏𝒅 𝒚 =
𝒍𝒏𝟐
∆𝝂𝑫
∆𝝂𝑫
∆𝝂𝑫

∆vL is the Lorentz half-width and 𝜹 is the frequency displacement v - v0.
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2.1.4. Robustness of ICP-OES

The robustness term is used to describe plasma conditions where a change in the matrix or
reagent concentration does not lead to a significant change in the analyte signal. This term is
related to the capability of the plasma to accept a matrix change without a change in the plasma
conditions, i.e., the temperature and the electron number density. Sophisticated diagnostics were
suggested to measure these characteristics based on Thomson and Rayleigh scattering. Because
of their complexity, they can‟t be performed with commercially available ICP systems, therefore
simple experiments are needed.
It is generally accepted that ionic lines are more sensitive to any change in the plasma
conditions than atomic lines. So if the ratio of an ionic line intensity to an atomic line intensity is
used, the behavior of the ionic line is normalized to that of the atomic line thus the ratio is then
independent of the data acquisition conditions. Magnesium is commonly used as a test element
for this purpose, particularly the Mg II 280 nm/Mg I 285 nm line intensity ratio, because the two
wavelengths are relatively close, the intensities of the ionic and atomic lines are of the same
magnitude, and transition probabilities values are known with an acceptable accuracy in order to
compute theoretical ratios.

Based on the use of this Mg ratio, it has been verified that by using a high rf power (>1.2
kW), low carrier gas flow rate (< 0.8 ml/min) and large injector inner diameter (>2.3 mm) robust
plasma conditions can be achieved. The aim is to obtain a high efficiency of the energy transfer
between the surrounding plasma and the central channel. Under non-robust conditions, the
plasma is said to be more sensitive to any small change in the forward power or in the amount of
aerosol.

The Mg II/Mg I ratio could also be used to study ICP parameters such as residence time,
aerosol transport rate, carrier gas flow rate, torch design, micro nebulizers efficiency and effect
of organic solvents, as well as other interferences. Since such ratio is independent of the detector,
the absolute value of the ratio can also be used to compare different ICP systems and working
conditions. This ratio was even used to assign possible origins of the matrix effects, i.e. change
of plasma conditions, or change in aerosol formation, transport and filtering. Preliminary
investigations have indicated that the use of robust conditions corresponding to high Mg II/Mg I
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ratios could minimize, but not necessarily suppress matrix effects, particularly when ionic lines
are of concern.
The ideal case is observed when both no change in the Mg II/Mg I ratio and analyte signal
are observed. However it is more common that changing the Mg II/Mg I ratio is still
accompanied by a change in the analyte signal. This means that the plasma conditions were not
changed, usually because of robust conditions, but the variation in the analyte signal can be
explained by problems that arise at the aerosol transport and filtration level. This indicates also
that these effects are not originating in the plasma. When both the Mg II/Mg I ratio and the
analyte signal change, no conclusion can be given about the main origin of the matrix effects
since both the plasma and the spray chamber play a role in these effects.
The theoretical calculation of the Mg II 280 / Mg I 285 nm has been described in previous
studies (67). Saha equation can be used to describe this ratio with the variables: excitation
energy, Eexc, ionization energy, Eion, excitation temperature Texc and ionization temperature Te.
as described in the following equation:
𝑰𝒊
𝟒. 𝟖𝟑 × 𝟏𝟎𝟐𝟏
=
𝑰𝒂
𝒏𝒆

𝒈𝒊 . 𝑨𝒊 . 𝝀𝒂 𝟑/𝟐
−𝑬𝒊𝒐𝒏
−(𝑬𝒆𝒙𝒄 ,𝒊 − 𝑬𝒆𝒙𝒄 ,𝒂
𝑻𝒆 𝒆𝒙𝒑
𝒆𝒙𝒑
𝒈𝒂 . 𝑨𝒂 . 𝝀𝒊
𝑲. 𝑻𝒆
𝑲. 𝑻𝒆

(𝟐 − 𝟏𝟏)

The statistical weights and transition probabilities are represented by g and A, respectively.
When Local thermodynamic Equilibrium (LTE) is assumed, Te = Texc = T.
The letters “a” and “i” are subscripts refer to the atomic and ionic lines, respectively. By using
8

-1

8

-1

the known gA values of 5.32x10 s and 14.85x10 s for Mg II 280.270 and Mg I 285.213,
respectively, it is possible to obtain a relation between T, the electron number density, n , and the
e

I /I ratio (Table 2.1). It may be deduced that a value of at least 10 for I /I would correspond to
i

a

i a

an equilibrium in the plasma (robustness).
Usually, there is no need to compensate for a different wavelength response curve as far as
the same measurement conditions are used, e.g. the same high voltage in the case of a
photomultiplier tube PMT, and the same amplifier gain.
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Table 2.1 Relation between temperature T (T = T
e

exc

= T) (K), electron number density (m ) and

MgII/Mg I line intensity ratio (computed assuming LTE).
T (K)

ne (m-3)

Ii/Ia

6500

1.01 × 1020

10.8

7000

2.83 × 1020

11.4

7500

6.90 × 10

20

12.1

8000

1.51 × 1021

12.7

8500

3.01 × 1021

13.4

9000

5.57 × 10

21

14.1

9500

9.70 × 1021

14.8

10000

1.60 × 1021

15.4

However, it may be necessary to use a correction factor in some cases. For instance, a 2400
-1

line mm grating may be used in the first order above 300 nm, and in the second order below
300 nm to achieve higher resolution in the UV region. Besides the use of an interference filter,
the order selection can be performed by using a solar blind PMT with a wavelength cut-off near
300 nm. Consequently, the wavelength response may exhibit a significant slope near the two Mg
wavelengths. Another case is the use of an echelle grating. The two Mg lines may be located in
adjacent orders, or at different locations within the same order. As the diffraction efficiency is
highly dependent on the location of the line within the order, it may also be necessary to
compensate for a different wavelength response. A simple way to establish a correction factor is
to assume that the continuum has a constant value in the range 280-285 nm. It is then sufficient
to measure the background emission at 280.2 and 285.2 nm. If B

285

/B

280

= ε, the experimental

Mg II/Mg I ratio has to be multiplied by ε. For instance, this multiplier value equals to 1.85 and
1.8, for the Perkin-Elmer Optima 3000 and Varian Vista ICP systems, respectively, and it should
be verified for other systems.
It is reported that 3 a ratio >8 in the radial viewing mode corresponds to robust conditions,
but lower Mg II/Mg I ratios are also considered to represent robust conditions with axial
viewing. When the radial mode is used, the Mg II/Mg I ratios are usually measured following an
optimization of the observation height corresponding to the optimum of the ionic line emission.
On the contrary, in axial view mode, both atomic line and ionic line emission zones are probed
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(i.e., there is no optimal observation hight), therefore an acceptable experimental Mg II/Mg I
ratio can be lower for axial viewing, even if the same ICP operating conditions are used.
2.2. Plasma Mass Spectrometry
2.2.1. Ionization theory

If an electron absorbs sufficient energy, equal to its first ionization energy, it escapes the
atomic nucleus and an ion is formed. In the ICP the major mechanism by which ionization
occurs is thermal ionization. When a system is in thermal equilibrium, the degree of ionization of
an atom is given by Saha equation:

𝒏𝒊 𝒏𝒆
𝒁𝒊
𝑻
=𝟐
𝟐𝝅𝒎𝒌 𝟐
𝒏𝒂
𝒁𝒂
𝒉

𝟑
𝟐

𝒆𝒙𝒑 −

𝑬𝒊
𝑲𝑻

(𝟐 − 𝟏𝟐)

where ni, ne and na are the number densities of the ions, free electrons and atoms, respectively, Z i
and Za are the ionic and atomic partition functions, respectively, m is the electron mass, k is the
Boltzmann constant, T is the temperature; h is Planck's constant and Ei is the first ionization
energy. In this case, ionization is effected by ion-atom and atom-atom collisions, where the
energy required for ionization is derived from thermal agitation of the particles. The degree of
ionization is dependent on the electron number density, the temperature and the ionization
energy of the element in question. Taking the average electron number density for an argon ICP
to be 4 x 1015 cm-3 and the ionization temperature to be 8350 K, then the degree of ionization as
a function of first ionization energy, predicted by the Saha equation, is as shown in Figure 2.5.
Most of the elements in the Periodic table have first ionization energies of less than 9 eV and are
over 80% ionized in the ICP. The remaining third are ionized to a lesser extent depending on
their first ionization energy, with the most poorly ionized elements being He, Ne, F, O, N < 1%
ionized, Kr, Cl 1% to 10%, C, Br, Xe, S 10% to 30% and P, I, Hg, As, Au, Pt 30% to 80%. Such
thermal ionization is probably the dominant mechanism of ionization in the ICP 68 .
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Degree of ionization as a function of first ionization energy.

2.3. Inductively Coupled Plasma as an Excitation and ionization Source
2.3.1. The ICP Discharge
The inductively coupled plasma discharge used today for optical emission and mass
spectrometry is the same in appearance as the one described by Velmer Fassel in the early
1970‟s. Argon gas is directed through a torch consisting of three concentric tubes made of quartz
or some other suitable material, as shown in Figure 2.6. A copper coil, called the load coil,
surrounds the top end of the torch and is connected to a radio frequency (RF) generator.

When RF power (typically 700 - 1500 watts) is applied to the load coil, an alternating
current moves back and forth within the coil, or oscillates, at a rate corresponding to the
frequency of the generator. In most ICP instruments this frequency is either 27 or 40 mega hertz
(MHz). This RF oscillation of the current in the coil causes RF electric and magnetic fields to be
set up in the area at the top of the torch. With argon gas being swirled through the torch, a spark
is applied to the gas causing some electrons to be stripped from their argon atoms. These
electrons are then caught up in the magnetic field and accelerated by them. Adding energy to the
electrons by the use of a coil in this manner is known as inductive coupling. These high-energy
electrons in turn collide with other argon atoms, stripping off still more electrons. This
collisional ionization of the argon gas continues in a chain reaction, breaking down the gas into a
plasma consisting of argon atoms, electrons, and argon ions, forming what is known as an
inductively coupled plasma (ICP) discharge. The ICP discharge is then sustained within the torch
and load coil as RF energy is continually transferred to it through the inductive coupling process.
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Figure 2.6 Cross section of an ICP torch and load coil depicting an ignition sequence. A - Argon gas is
swirled through the torch. B - RF power is applied to the load coil. C - A spark produces some free
electrons in the argon. D – The free electrons are accelerated by the RF fields causing further ionization
and forming a plasma. E - The sample aerosol-carrying nebulizer flow punches a hole in the plasma.

The ICP discharge appears as a very intense, brilliant white, teardrop-shaped discharge.
Figure 2.7 shows a cross-sectional representation of the discharge along with the nomenclature
for different regions of the plasma. At the base, the discharge is toroidal, or "doughnut-shaped"
because the sample-carrying nebulizer flow literally punches a hole through the center of the
discharge. The body of the "doughnut" is called the induction region (IR) because this is the
region in which the inductive energy transfer from the load coil to the plasma takes place. This is
also the area from which most of the white light, called the argon continuum, is emitted.
Allowing the sample to be Introduced through the induction region and into the center of the
plasma gives the ICP many of its unique analytical capabilities.

Most samples begin as liquids that are nebulized into an aerosol, a very fine mist of sample
droplets, in order to be introduced into the ICP. The sample aerosol is then carried into the center
of the plasma by the inner (or nebulizer) argon flow. The functions of the ICP discharge (here
after referred to as the ICP or "the plasma") at this point are several fold. Figure 2.8 depicts the
processes that take place when a sample droplet is introduced into an ICP.
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Figure 2.7 Zones of the ICP. IR - Induction Region, PHZ - Preheating Zone, IRZ - Initial Radiation
Zone, NAZ - Normal Analytical Zone.

The first function of the high temperature plasma is to remove the solvent from, or
desolvate, the aerosol, usually leaving the sample as microscopic salt particles. The next steps
involve decomposing the salt particles into a gas of individual molecules (vaporization) that are
then dissociated into atoms (atomization). These processes, which occur predominantly in the
preheating zone (PHZ) shown in Figure 2.8, are the same processes that take place in flames and
furnaces used for atomic absorption spectrometry.

Once the aerosol of sample has been desolvated, vaporized and atomized, the plasma has
one, or possibly two, functions remaining. These functions are excitation and ionization. In order
for an atom or ion to emit its characteristic radiation, one of its electrons must be promoted to a
higher energy level through an excitation process. Since many elements have their strongest
emission lines emitted from the ICP by excited ions, the ionization process may also be
necessary for some elements. The excitation and ionization processes occur predominantly in the
initial radiation zone (IRZ) and the normal analytical zone (NAZ). The NAZ is the region of the
plasma from which analyte emission is typically measured.

While the exact mechanisms for excitation and ionization in the ICP are not yet fully
understood, it is believed that most of the excitation and ionization in the ICP takes place as a
result of collisions of analyte atoms with energetic electrons. There is also some speculation
about the role of argon ions in these processes. In any case, the chief analytical advantage of the
ICP over other emission sources are derived from the ICP‟s ability to vaporize, atomize, excite,
and ionize efficiently and reproducibly a wide range of elements present in many different
sample types.
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Figure 2.8 Process that takes place when a sample droplet is introduced into an ICP discharge.

One of the important reasons for the superiority of the ICP over flames and furnaces for the
above is in the high temperature within the plasma. Figure 2.9 shows approximate temperatures
for different regions of the ICP. While flames and furnaces have upper temperature ranges in the
area of 3300 K, the gas temperature in the center of the ICP is about 6800 K. Besides improving
excitation and ionization efficiencies, the higher temperature of the ICP also reduces or
eliminates many of the chemical interferences found in flames and furnaces.

Figure 2.9 Temperature regions of a typical ICP discharge.
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2.3.2. Dispersion and detection of atomic emission
2.3.2.1. Gratings
ICP/OES is characterized by remarkably rich spectra. For example, the 70 elements most
commonly determined by the technique give rise to at least 70 000 total emission lines in the
200–600nmwavelength range. A consequence of this high density of spectral information is the
need for high resolving power. The low-resolution dispersive systems typically employed with
atomic absorption spectrometers will not suffice. Spectral interferences will occur in this case if
only a small number of elements are present at moderate concentrations in the sample. Much
higher resolution is desirable in ICP/OES, with spectral band pass (∆λ s) 0.01 nm or lower if
possible. Traditionally, this degree of resolution has been accomplished using plane grating
monochromators with large focal lengths (f = 0.5m or more).

Figure 2.10 depicts a plane ruled grating. The normal to the grating surface (N) is shown as
a dashed line. A light ray incident to the grating approaches at angle measured with respect to N.
The diffracted ray leaves the grating surface at angle b. Parallel rays striking the grating on
different adjacent groove facets will travel a different distance before reaching a common
position beyond the grating. If the difference in distance traveled is a multiple of the wavelength
of the light incident upon the grating surface, then the rays will undergo constructive
interference. Otherwise, destructive interference will occur. Relatively simple geometrical
considerations result in the grating formula shown in the following Equation:
𝒅 𝒔𝒊𝒏𝜶 + 𝒔𝒊𝒏𝜷 = 𝒎𝝀

(𝟐 − 𝟏𝟑)

This equation shows the relationship between α, 𝛽, the groove spacing (d), the wavelength of
light (λ) and the order of diffraction (m). The order of diffraction may take any integer value
including zero. At zero order, all wavelengths undergo constructive interference at the same
diffraction angle. In the first order, one particular wavelength will undergo constructive
interference at the angle 𝛽 that corresponds to the specular reflection angle for rays incident at
angle α. This wavelength is called the blaze wavelength for the grating, and it is determined by
the angle at which the grooves are cut with respect to the surface of the grating. A grating is most
efficient at its blaze wavelength. Typically a grating may have efficiency as high as 70% at its
blaze wavelength, so the intensity measured at the blaze wavelength will be 70% of the intensity
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that would be measured at the specular reflectance angle for a polished mirror of the same
coating and material as the grating.

Figure 2.10

diagram of the plane-ruled grating. N is the normal to the grating surface, α is the angle of

incidence measured with respect to N, and 𝛽 is the angle of diffraction measured with respect to N. d is
the width of a single groove.

Normally, when a plane grating is employed, the angle of incidence is nearly 0, so sin a
approaches 0. In this case, the grating formula may be further reduced, as shown in the following
Equation:

𝒔𝒊𝒏𝜷 =

𝒎𝝀
𝒅

(𝟐 − 𝟏𝟒)

The angular dispersion of the grating (d𝛽 =dλ) may be found, as shown in Equations (2-15) and
(2-16), by taking the derivative of both sides of the above equation with respect to λ:

𝒄𝒐𝒔𝜷

𝒅𝜷 𝒎
=
𝒅𝝀 𝒅

𝒅𝜷
𝒎
=
𝒅𝝀 𝒅 𝒄𝒐𝒔𝜷

(𝟐 − 𝟏𝟓)

(𝟐 − 𝟏𝟔)

The angular dispersion therefore increases with larger order, smaller groove spacing, or
larger 𝛽. Angular dispersion may be converted to linear dispersion along the exit focal plane of
the monochromator by simply multiplying by the focal length (f) of the monochromator. The
spectral band-pass (∆λs) in wavelength units is then determined by dividing the slit width of the
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monochromator by the linear dispersion. So ∆λs gets smaller (higher resolution) for larger f,
larger order, larger 𝛽, smaller d, and smaller slit width. A typical plane grating is operated in the
first order. The groove density of the grating might be as high as 3600 grooves per millimeter, so
the groove spacing (d) might be as small as 0.0003 mm. Therefore, assuming 𝛽 is 45° and the slit
width is 25 mm, a monochromator with a focal length of 500mm will provide a spectral band
pass of 0.01 nm. Such a system will effectively isolate most ICP emission lines. Simultaneous
multielement determinations are not performed effectively with such a system. The focal plane
for this type of monochromator is 5 cm long at best, so the entire spectral window will be
approximately 20 nm in width. Unless the analytes of interest exhibit emission lines within 20
nm of one another, the wavelength must be scanned to detect multiple elements. So two other
optical approaches have become more popular for simultaneous determinations, the concave
grating placed on a Rowland circle, and the echelle grating coupled with a prism order-sorting
device. Shortly after designing his grating ruling engine in 1881, Rowland first conceived the
idea of ruling gratings on a spherical mirror of speculum metal. The most important property of
such a concave grating was also observed by Rowland. If the source of light and the grating are
placed on the circumference of a circle, and the circle has a diameter equal to the radius of
curvature of the grating, then the spectrum will always be brought to a focus on the circle. Hence
the focal „„plane‟‟ is curved, and of considerable length (Figure 2.11). In this case one entrance
slit is placed on the circle for introduction of the source radiation, and multiple exit slits may be
placed around the circle at the analytical wavelengths of interest. Hence Rowland‟s circle is
ideally suited for multi-element ICP emission spectrometry. A further advantage of the Rowland
geometry is the elimination of the need for any collimating or focusing lenses or mirrors. A
Rowland circle spectrometer with same groove density, slit width, and focal length as the plane
grating system described above will provide similar spectral band-pass but with a much larger
spectral window.

The echelle grating is a coarsely ruled grating, typically having a groove density of 70
grooves per millimeter, so d = 0.014 mm. The increase in spectral bandpass due to the increase
in d is overcome by operating the grating in higher orders (m = 25 to 125), and by using steeper
angles of diffraction (𝛽 > 450). Figure 2.12 demonstrates how the steeper side of the groove
facets are used with the echelle grating. If the steep sides of the grooves are blazed such that
specular reflectance occurs when α = 600 and 𝛽 = 500, then each wavelength will exhibit a peak
in grating efficiency at a particular order as determined by the grating formula.
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Figure 2.11 The Paschen–Runge mounting of a concave grating on a Rowland circle. The grating,
entrance slit, and focused images of the diffracted wavelengths are all positioned on the perimeter of the
circle. N is the grating normal.

Figure 2.12 Diagram of the echelle grating. N is the normal to the grating surface, α is the angle of
incidence measured with respect to N, and 𝛽 is the angle of diffraction measured with respect to N. The
light is incident to the steeper sides of the groove facets, and approaches the grating at nearly grazing
angles (620). d is the width of a single groove.

For example, for the 70 grooves per millimeter grating described above, the order of maximum
efficiency (mmax) occurs as shown in Table 2.2. The efficiency of the grating for a given
wavelength at its optimum order can be as high as 65%. This level of efficiency is typically
attained across the free spectral range for a given order. The free spectral range (∆λ f) is defined
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as the range of wavelengths over which no overlap from adjacent orders occurs, and is given by
Equation

𝜟𝝀𝒇 =

𝝀
𝒎+𝟏

(𝟐 − 𝟏𝟕)

As indicated in Table 2.2, ∆λf is very small for large values of m. obviously, then, severe spectral
overlap occurs with an echelle grating.
Table 2.2 The order of maximum efficiency and the free spectral range at that order for an echelle
grating having 70 grooves per millimeter, angle of incidence (α) of 60 0, and blaze angle (𝛽) of 500

𝝀 (nm)

mmax

𝜟𝝀𝒇 (nm)

200

117

1.7

250

93

2.7

300
350
400

78
67
58

3.8
5.2
6.7

The overlap does not simply involve adjacent orders, but all orders are dispersed in multiple
layers along the same focal plane. This overlap is corrected most often with an order-sorting
prism. This prism is placed between the echelle grating and the focal plane (Figure 2.13).
The prism is positioned so that it disperses the light in a direction perpendicular to the
direction of dispersion of the grating. As a result, the focal plane has wavelength dispersed in the
horizontal direction and order sorted in the vertical direction. The free spectral range (and the
region of maximum efficiency) has a roughly triangular shape centered horizontally on the plane
(Figure 2.14). An echelle monochromator often provides a spectral band-pass nearly 10 times
smaller than that of a typical grating monochromator with a similar focal length. In addition, the
2.3.2.2. The Photomultiplier Tube
Figure 2.15 is a schematic representation of the PMT. Like its predecessor, the vacuum
phototube, the heart of the PMT consists of two electrodes sealed in a fused-silica envelope. The
cathode has a relatively large surface area, usually in the shape of a vertical, hollow „„half
cylinder‟‟. The cathode is made from a photo-emissive material such as an alkali metal oxide.
The anode is simply an electron collection wire or grid.
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Schematic diagram of an echelle polychromator. (Adapted from the schematic diagram of
the DRE/ICP provided by Leeman Labs, Inc., Hudson, NH).

echelle system provides high efficiency at many wavelengths rather than a single blaze
wavelength. Finally, both the high efficiency and superior resolution are available over a very
broad spectral window.

Figure 2.14 The two-dimensional focal plane provided by the echelle polychromator. The triangleshaped free spectral range is the region of highest grating efficiency. The distance between adjacent
vertical lines is 1 nm, and the beginning (λ 1) and ending (λ2) wavelengths depicted by the lines are listed
for each order. Only one out of every 10 orders is shown for clarity.

Unlike the phototube, however, the PMT has up to 14 secondary emission dynodes placed
between the cathode and the anode. Typically the anode is fixed to ground potential and the
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dynodes are at potentials that are successively more negative, by about 100V per dynode. The
potential of the cathode is typically about 1000V.

A photon generated in the ICP and passing through the wavelength selection device may
pass through the fused silica envelope of the PMT, through a baffle-type grill, and strike the
photocathode. If the energy of the photon is higher than the work function of the photocathode
material, then an electron may be ejected from the cathode. The fraction of photons with energy
greater than the work function that actually produce a photoelectron is called the quantum
efficiency of the photocathode.
The quantum efficiency may be as high as 0.5, and it depends upon the photocathode material
and upon wavelength. A plot of quantum efficiency versus wavelength is called the spectral
response curve for the PMT. The spectral response curve is usually supplied by the
manufacturer. Once an electron has been ejected by the photocathode, it is accelerated towards
the first dynode. Upon impact, the first dynode releases x secondary electrons (where x is
typically between 2 and 5).

Figure 2.15 Cross-sectional and front views of a side-on PMT. In the cross-section, two types of
dynodes are depicted: curved (outer) and flat (inner). The outside surfaces of the curved dynodes are seen
in the front view.

This process continues at each dynode, with each electron impact imparting x new secondary
electrons. So by the time that the pulse generated by a single photon reaches the anode it has
been greatly multiplied, hence the name „„multiplier‟‟ phototube or PMT. The gain, G, for a
PMT can be defined as shown in Equation (2-18)
39

CHAPTER (2)

THEORETICAL CONSIDERATIONS

𝑮 = 𝑿𝒏

(𝟐 − 𝟏𝟖)

where n is the number of dynodes. The gain depends upon the voltage across the PMT and it
may be as high as 108. One of the best features of the PMT is that the gain is acquired with
almost no increase in noise. Thus the PMT is ideally suited for the detection of small analytical
signals against a relatively dark background, as is the case near the detection limit in high
resolution atomic emission spectrometry.

Usually the entrance aperture as defined by the grill on the PMT is very large compared to a
single resolution element at the focal plane of a monochromator. This disparity is corrected by
placing a mechanical slit on the focal plane in front of the PMT. The width of this slit then
defines the range of wavelengths (∆λ s) that is allowed to strike the PMT. Sequential detection of
multiple elements can be accomplished by changing the grating angle in a conventional
monochromator and thus scanning the wavelengths that are detected. A second approach is to
move the PMT rapidly along the focal curve of a Rowland circle spectrometer. Such a
spectrometer may have several pre-aligned exit slits along the focal curve, each corresponding to
a particular element. A still more efficient method for sequential multi-element determinations
involves the echelle poly-chromator. A mask with many slits, each corresponding to a different
element, is placed upon the two-dimensional focal plane. The PMT is held in a mechanical arm
that quickly positions the detector at the appropriate x–y coordinates for a given element.
This design allows very fast sequential determinations by „„wavelength hopping‟‟ or direct
reading rather than scanning linearly through all wavelengths to reach a select few. One
commercial instrument using this design is called a Direct Reading Echelle (DRE) ICP
instrument.

Simultaneous multielement determinations may be performed with multiple PMTs, but such
designs quickly become limited by the size of the PMTs and the geometry of the polychromator.
Multiple PMTs may be positioned either along the focal curve of a Rowland circle spectrometer
or along the exit plane of an echelle polychromator. Solid-state detectors, with their relatively
small size and their intrinsic multi-element nature, are usually more effective for simultaneous
determinations.
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2.3.2.3. Array Detectors
Charge transfer devices (CTDs) include a broad range of solid-state silicon-based array
detectors. They include the charge injection device (CID) and the charge-coupled device (CCD).
The CCD has found extensive use in nonspectroscopic devices such as video cameras, bar code
scanners, and photocopiers. With the CTDs, photons falling on a silicon substrate produce
electron–hole pairs. The positive electron holes migrate freely through the p-type silicon
semiconductor material, while the electrons are collected and stored temporarily by an array of
metal oxide semiconductor (MOS) capacitors (Figure 2.16). Each MOS capacitor is composed of
a small metal electrode and a thin layer of insulating SiO 2 material on top of the p-type silicon
substrate. A positive potential is applied to the metal electrode, so the electrons generated in a
given region are trapped just below the insulating layer. Each MOS capacitor (or pixel) has a
width in the 5- to 50-mm range, and a height that may be as large as 200 mm.

Figure 2.16

Cross-sectional diagram of two adjacent pixels in a CCD detector.

A two-dimensional array of pixels is easily prepared by proper placement of the metal
electrodes. Such arrays may vary in size up to 4096 pixels on an edge. The CCD differs from the
CID mainly in the readout scheme. The CCD is read out in a sequential charge shifting manner
towards the output amplifier. The CID on the other hand may be read out in a nondestructive
manner by shifting charge between adjacent electrodes, and then shifting it back again. The CID
thus benefits from quick random access, even during long integration periods.

Spectroscopic applications of CTDs has been hampered by the physical mismatch between
the relatively small surface area of the detector and the large sometimes two dimensional focal
plane associated with polychromators. This mismatch may be overcome, however, and one
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commercial ICP spectrometer employs a CID detector having more than 250 000 pixels
positioned upon an echelle focal plane.

Alternative approaches have been successful with the CCD detector. In one case, a group of
several CCD arrays are arranged around a Circular Optical System (CIROS) based upon a
Rowland circle design. Rather than monitoring discrete wavelengths as is the case with the
multiple PMT Rowland circle systems, the CIROS system provides total wavelength coverage
from 120 to 800 nm, with resolution on the order of 0.009 nm.

A second multipleCCDarray detector has become very popular commercially. This detector,
called a segmented array charge-coupled device detector (SCD), employs over 200 small subarrays of 20–80 pixels each. The sub-arrays are positioned along the two-dimensional focal plane
of an echelle polychromator. The position of each Sub-array corresponds to one of the 236 most
prominent ICP emission lines of the most commonly determined 70 ICP elements. This design
allows for discrete wavelength determinations as seen with the multiple PMT designs, but it also
provides additional spectral information around the vicinity of each emission line without
exhaustively recording data at all wavelengths.

Another approach to correcting the mismatch between conventional imaging CCD arrays
and the focal plane of an echelle spectrometer, is to specifically design a CCD array to exactly
match the spectrometer image. This process, called image-mapping the detector, has recently
been accomplished and is available commercially in the form of the Vista Chip. The Vista Chip
consists of a series of 70 diagonalized linear arrays (DLAs) of pixels that are designed to exactly
match the individual diffraction orders present in the focal plane of the echelle spectrometer. The
70 DLAs correspond to orders 19–88, and the length of an individual DLA is set to match the
free spectral range for the corresponding order. In this fashion, continuous wavelength coverage
is provided across the range 167–363 nm, and selected coverage is provided in the range 363–
784nm where the diffraction orders are wider than the selected width of the detector (although no
atomic emission lines of relevance miss the detector). The overall dimensions of the Vista Chip
are 15 by 19 mm, and a total of 70 908 pixels are packed inside the 70 DLAs.
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2.3.3. Simultaneous Versus Sequential Detection
In the final analysis, the detection system most appropriate for an ICP emission system
depends upon the application. In cases where only one or two elements will be determined
routinely, the traditional scanning sequential detection system may be sufficient. The high
sensitivity provided by a PMT coupled with the flexibility of interrogating any wavelength
region may outweigh the need for rapid determinations. On the other hand, if the application may
vary between the determination of a few elements to the determination of many, the reasonable
cost and high sensitivity of the PMT-based direct reading systems may be attractive. Finally, if a
large suite of elements must be determined on a routine basis, one of the array-based detection
systems might be most suitable.

2.3.4. Ion separation and detection in mass spectrometry
2.3.4.1. Ion extraction
The ions produced in the plasma are extracted and directed into the mass spectrometer via
the interface region, which is maintained at a vacuum of about 0.5 Pa. The interface region
consists of two metallic cones (usually nickel), the so-called the sampler and the skimmer cone,
which extract the ions through a small orifice (0.6-1.2 mm) into the analyzer (figure 2.17). The
ion extraction in the interface region is the most critical part of an ICP mass spectrometer,
because the ions must be efficiently extracted from the plasma, which is at atmospheric pressure
to the mass spectrometer analyzer region at a pressure approximately 5×10 -6 Pa. The positively
charged ions extracted from the ICP have different kinetic energies and trajectories and
therefore, before entering the mass analyzer the ions are focused with the ion optics.

Figure 2.17

Ion sampling region in ICP-MS
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The principle of such ion focusing (e.g. using the ion lenses) is shown in (Figure 2.18). The
potentials V1 and V2 are different (and lower than V initial), forming a non-homogeneous field
(see curved dashed lines). The ions will be deflected by the electric field and therefore, focused
in the direction of the central path. In all ICP-MS instruments photons emitted by excited argon
atoms result in a high background signal when they reach the detector. To minimize this
background, a so-called photon-stop is utilized in many quadrupole based ICP-MS instruments
which is a small metal plate placed in the centre of the ion beam, which prevents photons from
reaching the detector. The positive ions are guided around the photon-stop by positively charged
cylinder lenses. In other instruments (e.g. Platform, GV) the ion optic system is constructed
using a defined angle or off-axis les stack, which also prevents photons from reaching the
detector. In double focusing ICP-SFMS instruments background contributions from photons are
significantly reduced (0.2 cps) due to the specific geometry of the mass separation system.

Figure 2.18

Principle of ions focusing with ion lens in ICP-MS.

2.3.4.2. Mass analyzers
Ions extracted from the interface region are directed through the ion optics into the mass
separation analyzer. The vacuum in this region is maintained at about 10 -6 Pa. The most common
mass separation devices used in ICP instruments are quadrupole, double focusing sector field
and time of flight mass spectrometers. In the present study, the double focusing technique is
used.
2.3.4.3. Double-focusing sector field mass spectrometer
2.3.4.3.1. Action of the Magnetic Field
If the magnetic field has a direction that is perpendicular to the velocity of the ion, the latter
is submitted to a force FM. Its magnitude is given by
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𝑭𝒎 = 𝒒𝒗𝑩

(𝟐 − 𝟏𝟗)

The ion follows a circular trajectory with a radius r so that the centrifugal force equilibrates the
magnetic force
𝒎𝒗𝟐
𝒒𝒗𝑩 =
𝒐𝒓 𝒎𝒗 = 𝒒𝑩𝒓
𝒓

(𝟐 − 𝟐𝟎)

For every value of B, the ions with the same charge and the same momentum (mv) have a
circular trajectory with a characteristic r value.

However, taking into account the kinetic energy of the ions at the source outlet leads to
𝒎 𝒓𝟐 𝑩𝟐
𝒎𝒗 = 𝟐𝒒𝑽𝒔 𝑯𝒆𝒏𝒄𝒆, =
𝒒
𝟐𝑽𝒔
𝟐

(𝟐 − 𝟐𝟏)

If the radius r is imposed by the presence of a flight tube with a fixed radius r, for a given value
of B only the ions with the corresponding value of m/q go through the analyzer. Changing B as a
function of time allows successive observations of ions with various values of m/q. If q=1 for all
of the ions. The magnetic analyzer selects the ions according to their mass, provided that they all
have the same kinetic energy.

2.3.4.3.2. Electrostatic Field

Suppose a radial electrostatic field is produced by a cylindrical condenser. The trajectory is
then circular and the velocity is constantly perpendicular to the field. Thus the centrifugal force
equilibrates the electrostatic force according to the following equation
𝒎𝒗𝟐
𝒒𝑬 =
𝒓

(𝟐 − 𝟐𝟐)

Introducing the entrance kinetic energy,
𝒓=

𝟐𝑬𝒌
𝒒𝑬
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where E stands for the intensity of the electric field.

Since the trajectory is independent of the mass, the electric field is not a mass analyzer, but
rather a kinetic energy analyzer. Note that the electric sector separates the ions according to their
kinetic energy.

2.3.4.3.3. Dispersion and Resolution

Three factors cause the dispersion, and thus the loss of resolution are,
1- If the ions entering the field do not have the same kinetic energy, they follow different
trajectories through the field. This is called energy dispersion.
2- If the ions entering the field follow different trajectories, this divergence may increase during
the trip through the field. This is called angular dispersion.
3- The incoming ions do not originate from one point, but issue from a slit.
Figure 2.19 shows the different types of dispersion.

Figure 2.19

Types of dispersion left) energy dispersion, right) angular dispersion.

2.3.4.3.4. Double Focusing of Energy

If two sectors with the same energy dispersion are oriented as is shown in figure 2.21, the
first sector dispersion energy is corrected by the second sector Convergence.

2.3.4.4. Ion detection

The ion beam separated by the mass analyzer is converted to electrical signal using various
detectors. The order of magnitude of the signal detectable is in the range from 0.1 ion/s to 10 11
46

CHAPTER (2)

THEORETICAL CONSIDERATIONS

ions/s. For low signal ranges (< 106 ions/s), the ion-counting mode is used, while for higher
signals the detector is operated in analogue mode.

2.3.4.5. Electron multiplier
In ICP-MS instruments most commonly used ion detectors are a) discrete dynode detectors
or secondary electron multiplier (SEM), which consists of a series of metal dynodes along the
length of the detector or a continuous dynode electron multipliers (Channeltron). When the ions
emerge from the mass separation system, they impinge on the first dynode and are converted into
electrons (Fig 2.20). As the electrons are attracted to the next dynode, electron multiplication
takes place, which results in a very high number of electrons emerging from the final dynode.

Figure 2.20

Discrete (a) and continuous (b) dynode electron multiplier.

This electronic signal is then converted by the data processing system in the conventional
way and the readout is in counts (or cps). These cps are directly proportional to concentrations
and can be converted into analyte concentrations using comparative measurements of calibration
standards. Most detection systems have a dynamic range of up to 6 orders of magnitude in ion
counting mode and up to 5 orders of magnitude by combination of ion counting with analog
mode (i.e. the measurement of electric current on one of the intermediate dynodes). Therefore,
ICP-MS detection can be used to analyze element concentrations ranging from 10 -12 g/g, up to
10-4 g/g.
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2.3.4.6. Resolution of ICP-MS

Resolution or resolving power is the ability of a mass analyser to yield distinct signals for
two ions with a small m/z difference. The resolving power between two masses m and m+∆m is
R, is given by the equation:

𝑹=

𝒎
𝚫𝒎

(𝟐 − 𝟐𝟒)

The 10% valley definition could be understood if we considered two peaks of equal height
in a mass spectrum at masses m and m+∆m that are separated by a valley which at its lowest
point is 10% of the height of either peak. The mass resolution m/&m should be given for a
number of values of m.

The peak width definition States that for a single peak of ions at mass m in a mass spectrum,
the mass resolution m/&m is estimated from the width of the peak at a height which with a
specified fraction (e.g., 5 %) of the maximum peak height. A common definition of mass
resolution is taken at 50% of peak height and is called full width at half maximum (FWHM).
Figure 2.21 shows the concept of resolution.

a

b

Figure 2.21 Resolution of ICP-MS definitions, a) The 10% valley, b) The peak width.
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2.4. Detection limit

ICP-MS is characterized by its greater sensitivity and lower instrumental detection limits than
any other rapid multi-element technique. In ICP techniques, detection limits are generally based
on eleven determinations of the signal produced by a blank. Two or three sigma standard
deviations calculated from these data are expressed as equivalent limits. In some cases, analytical
conditions are optimized for measuring the detection limit of each element, so as to produce the
most favorable figures. Furthermore, even in the ideal case where the blank measurements
follow a normal (Gaussian) distribution, the three-sigma detection limit represents only the lower
limit of qualitative analysis, and errors in determinations at this level are infinite. The
instrumental detection limits are useful for comparing the performances of different instruments,
although they provide the analyst with little information on the lowest levels, which can
realistically be measured in samples.
The smallest signal Lc, which is statistically significant, can be defined as:
𝑳𝒄 = 𝑿𝑩 + 𝒌𝝈𝑩

(𝟐 − 𝟐𝟓)

Where XB and σB are the mean and the standard deviation of the background, respectively. The
factor k can be chosen but must be  0. In analytical science, it is usual to take k = 3. The
detection limit DL, defined as the analyte concentration yielding an analytical signal equal to the
minimum detectable one, can be calculated as:

𝑫𝑳 =

𝑳𝒄
𝑺

(𝟐 − 𝟐𝟔)

Where S is the sensitivity of the method. From equation (2-4) it follows that the detection limit
can be decreased in two ways:
- In the first place, the sensitivity can be improved, e.g. using a more sensitive detector or
measuring at a more intense spectral peak for spectrometric methods.
- If this is not possible, one can try to decrease the standard deviation of the background by
selecting the best instrumental conditions.
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2.5. Accuracy, precision and reproducibility

It is very important to recognize the difference between accuracy and precesio. Accuracy
refers to how close a result or measurement is to the actual value. Accuracy is given by the
equation:
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝒗𝒂𝒍𝒖𝒆 − 𝒕𝒓𝒖𝒆 𝒗𝒂𝒍𝒖𝒆
× 𝟏𝟎𝟎
𝒕𝒓𝒖𝒆 𝒗𝒂𝒍𝒖𝒆

(𝟐 − 𝟐𝟕)

The term precision refers to the short term reproducibility of a result or measurement. It is
expressed as a relative standard deviation of the mean or as the relative standard deviation
calculated as a percentage of the mean. Precision is given by the equation:
𝑺. 𝑫.
× 𝟏𝟎𝟎
𝑨𝒗𝒆𝒓𝒂𝒈𝒆

(𝟐 − 𝟐𝟖)

The term reproducibility is used to describe the long term precision of a measurement and it is
useful for evaluating the general performance of an instrument over several hours.
2.6. Interferences of ICP-MS

The interferences which occur in inductively coupled plasma mass spectrometry may be
divided into four kinds; they are (1) isobaric overlap, (2) polyatomic ions, (3) refractory oxide
ions and (4) doubly charged ions.

2.6.1. Isobaric Overlap

An isobaric overlap exists where two elements have isotopes of essentially the same
mass. In reality, the masses may differ by a small fraction of an atomic mass (perhaps 0.005)
which cannot be resolved by the quadrupole mass analyzer. To discriminate between such small
differences in mass, a high-resolution system has to be used even more than the double focusing
mass spectrometer.

Most of the elements in the periodic table have at least one (e.g. Co), two (e.g. Sm), or
even three (e.g. Sn) isotopes free from isobaric overlap. However, the exception to this is in
which has an overlap at m/z = 115 with

115

Sn and m/z = 113 with
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observation, isotopes with odd masses are free from overlap, while many with even masses are
not. It is notable that there are no isobaric peak interference below m/z = 36. For some elements,
the most abundant, and therefore most sensitive isotope, may be subject to isobaric overlap, e.g.
48

Ti (73.7% abundant) and

48

Ca. The severity of this type of interference is the dependence to

some extent on the sample matrix and relative proportions of the elements concerned. For
example Ba, La, and Ce all have an isotope at m/z = 138, with 138Ba being the most abundant. If
ultratrace levels of barium were to be determined in a sample, then this would be the preferred
one since it provides the most sensitive measurement. In most sample types, the concentration of
Ba is many times greater than that of La or Ce while
Therefore, in practice,

138

138

La and

138

Ce are of low abundance.

Ba can be used for measurement without the need for any correction to

the data.

In addition to isobaric overlap between elements present in a sample matrix or in the
dissociation acids, a number of overlaps exist with Ar, the plasma gas, and with Kr and Xe
which can occur as impurities in liquid argon supplies. By far the greatest population of ions in
the plasma is formed from argon, the plasma support gas and successful correction for the
overlap of 40Ar (99.6%) with 40K (0.01%) and 40Ca (96.9%) cannot normally be made since the
peak at m/z = 40 is always saturated. Alternative isotopes should in this case be used. Although
the levels of Kr and Xe are usually low, the level of Kr in particular can vary considerably
depending on the purity of the argon used and the liquid level in the argon tank. In addition, Kr
has an isobaric overlap with the three most abundant isotopes of Se. Xenon also occurs in argon
gas supplies and has nine isotopes (m/z = 124- m/z = 136), seven of which have an isobaric
overlap with Ba or Te. Xenon is not usually of major concern for the determination of these
elements since both have other isotopes free from interference available. If these isotopes are
used for determination, then appropriate corrections may be required to account for interference
effects.

2.6.2. Polyatomic Ions

More serious practical interference problems than those caused by elemental isobaric
overlap, occur due to the formation of „polyatomic, ions. The ions as their name suggests, result
from the short lived combination of two or more atomic species, e.g. ArO +. Argon, hydrogen and
oxygen are the dominate species present in the plasma and these may combine with each other or
51

CHAPTER (2)

THEORETICAL CONSIDERATIONS

with elements from the analyte matrix. The major elements present in the solvents or acids used
during sample preparation (e.g. N, S, and Cl) also participate in these reactions. Although the
composition of the gas extracted from the plasma at the interface is effectively frozen within
about 1 µs of leaving the plasma, fast ion molecule reactions can occur between species present
in the gas. Another source of polyatomic ions interferences was caused by the skimmer material.
A.I Helal and co-workers has reported that, when the sampler used was Cu and the skimmer was
Cu coated by Au, Ag or Ni, the detected intensities were changed due to polyatomic
interferences. They have reported that, there was a decrease of ion intensities of gold and gold
polyatomic ions (AuAr, AuO, AuH, AuN and AuC) while an increase of copper and copper
polyatomic ions (CuAr, CuO, CuH, CuN and CuC). A very large number of polyatomic ion
peaks can therefore occur but these are only significant up to about 82 m/z. The extent of
polyatomic ion formation and thus the effective interference problems, depend on many factors
including extraction geometry, operating parameters for plasma and nebulizer systems and most
importantly on the nature of the acid and sample matrix.
A correction may be made for the overlap of a polyatomic ion peak with an element peak.
For example, it may be possible to successfully use a reagent blank to correct successfully for
gas peaks such as

40

Ar16O and

14

N16O. However, these peaks may be relatively large compared

with the analyte concentration at any given mass and significant errors in the data may result if a
correction is applied. In addition, the polyatomic gas peaks are less stable than analyte ion peaks,
introducing a further source of error in making corrections. In the case of the determination of
trace levels of Fe, for example, it is better to use
has only a small interference from

40

57

Fe which although less abundant than

56

Fe,

Ar16O1H (equivalent to 2 ppb). In general, therefore, the

most serious interference due to the formation of polyatomic ions are formed between the most
abundant isotopes of H, C, O, S, Cl and Ar. The smaller isotopes of these elements, e.g.

38

Ar17O,

will also combine, but the interference will be less severe.
If an assessment is to be made of polyatomic ion interference in real samples, i.e. those
with complex matrix, it is useful to examine how their level is modified under different ICP
operating conditions and thus to minimize their impact.

2.6.3. Refractory Oxides
In some matrices refractory oxide ions are observed. These species occur either as a result of
incomplete dissociation of the sample matrix or from recombination in the plasma tail.
Whatever, the origin of these ions, the result is an interference of an extra masses like: 16 (MO +),
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32(MO2+), or 48(MO3+) mass units above the M+ peak. In general, the relative level of oxides
could be predicated from the monoxide bond strength of the element concerned. Those elements
with the highest oxide bond strength usually give the greatest yield of MO + ions.

The levels of oxide species are usually quoted with respect to the elemental peak, i.e.
+

MO /M+, typically as a percentage, although strictly the ratio should be expressed as MO+/(MO+
+ M+). In general, the level of oxide formation rarely exceed about 1.5% for most elements,
although it must be stressed that plasma operating conditions can influence the formation of
oxide ions. As with polyatomic ion formation, the RF forward power and nebulizer gas flow rate
have a significant effect on the level of MO+ ions generated. Oxygen is introduced into the
plasma in water as vapor and in each aerosol droplet produced by the nebulizer. The water
causes a reduction of the plasma temperature, because energy is used to dissociate the water
molecules. This results in a significant change in plasma equilibrium.
In addition to monoxide species, dioxide and trioxide ions have been recorded. The MO 2+
levels for barium are less than 0.002% but may be significant in a barium matrix. For example
137

Ba16O2 can cause an interference on mono-isotopic 169Tm. Although trioxide species are rarely

recorded, their occurrence may be critical in some matrices.
2.6.4. Doubly Charged Ions
In the ICP, most of the ions are produced as singly charged ions although some multiply
charged species also occur. The extent of doubly charged ion formation in the plasma is
controlled by the second ionization energy of the element and the condition of plasma
equilibrium. Only those elements with a second ionization energy lower than the first ionization
energy of argon will undergo a significant degree of doubly charged ion formation. The elements
concerned are typically alkaline earths, some transition metals and the rare earth elements.
Nebulizer gas flow rates can affect the level of doubly charged ions. At very low flow rates,
plasma temperature is increased and equilibrium is shifted towards higher yields of doubly
charged ions.
In instruments using an asymmetrically grounded load coil, high nebulizer gas flow rates
tend to produce higher plasma potentials which can generate some additional doubly charged
ions. At normal operating conditions, the production of doubly charged ions is generally small
(<1%).
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All experiments were performed using Prodigy High Dispersion Inductively Coupled
Plasma Optical Emission Spectrometer (Teledyne Leeman ICP-OES USA), Jeol High Resolution
Inductively Coupled Plasma Mass Spectrometer (ICP-MS JMS-PLASMAX2 Japan) and Joel Xray Fluorescence Spectrometers (XRF Joel Japan. All these techniques are installed at the
Central Laboratory for Elemental and Isotopic Analysis, Nuclear Research Center, Atomic
Energy Authority, Egypt.

3.1. Prodigy High Dispersion ICP-OES

The Prodigy High Dispersion ICP-OES has the following characteristics:
Simultaneous ICP where its design permits measurement of multiple wavelengths at the same
time without extending the sample analysis time. The advanced array detector permits operator
to add or change the elements of interest directly from the instrument software. It is a compact
High Resolution Bench-top Instrument with an axial View Configuration. It has an image
Stabilized ICP Source for fast warm-up and superior long-term stability. It has a superior optical
resolution of 0.0075 nm results in fewer spectral interferences, better accuracy and fewer QC
failures. For the high performance applications, It also offers an optional user selectable input slit
allowing optical resolutions as high as 0.005 nm to be selected. This feature further improves
performance in spectrally complex sample types. The instrument allows the user to access all
wavelengths from 160 to 900 nm. This opens up previously inaccessible wavelengths for many
elements giving the analyst the ability to achieve superior detection limits for some elements. It
has a long focal length optical spectrometer (800 mm) results in lower stray light and superior
performance in complex sample matrices. Stray light is inversely proportional to the square of
the focal length. It provides long-term stability better than 2% RSD per day. This translates into
superior productivity from less drift and fewer QC failures. It has an Echelle optical system
coupled with a mega-pixel Large Format Programmable Array Detector (L-PAD). At 28 x 28
mm, the active area of the L-PAD is significantly larger than any other solid-state detector
currently used for ICP-OES. Prodigy’s L-PAD allows to take advantage of the high dispersion
spectrometer design (meaning the distance between adjacent wavelengths is greater) yielding
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superior resolution and few interferences). The instrument has the advantage of Simultaneous
Background Correction, providing Lower Detection Limits and Simultaneous measurement of
internal standards and IECs provide improved accuracy. It uses a 40.68 MHz free running,
water-cooled oscillator, allowing it to handle the most difficult sample matrices. A high
sensitivity sample introduction system ensures that sufficient and steady emission signals are
transmitted to the spectrometer.
3.1.1. SAMPLE INTRODUCTION
The sample introduction system is the assembly that transports the liquid sample to be
analyzed to the plasma and converts it along the way from a liquid with dissolved metals into
gaseous atoms and ions. The spectrometer offers several different sample introduction systems,
each designed to match a torch configuration, handle a class of sample solvent, and achieve
specified performance criteria. It is important to select the correct sample introduction system(s)
for the analytical needs.
3.1.2. The Concentric Nebulizer
The concentric nebulizer consists of an inner sample tube precisely positioned within an
outer glass tube. Argon supplied to the outer tube at a carefully controlled pressure efficiently
converts the liquid sample pumped into the inner tube to a fine mist. For best performance the
dissolved solids in the sample should be less than 1%. The concentric nebulizer combined with a
cyclonic spray chamber will typically achieve superior detection limits for samples with low
dissolved solids. There are high dissolved solids versions of concentric nebulizers that can
handle above 5% dissolved solids. Continuous feeds of solutions bearing 30 elements, as low as,
100ppb have shown drift problems (~1% in 6 hours). This is easily rectified by running rinse
between each analysis. If, crystal growth of samples, cause drift a Hildebrand or V-groove
nebulizer may be a better choice for long term stability.
3.1.3. The Cyclonic Spray Chamber
The cyclonic spray chamber accepts the sample mist from the nebulizer tangentially so that
large droplets hit the outer wall of the chamber and spiral down to the drain for removal while
the smaller droplets remain in the center of the chamber to be carried by the argon gas into the
torch. These spray chambers are characterized by their high sensitivity and low noise. In some
designs, a center column may be present to further reduce the amount of sample transferred to
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the torch; this center column would be valuable when used with volatile organic solvents or
aqueous samples of high dissolved solids.
3.1.4. ICP Torch
The ICP Torch is a circular quartz tube (12–30 mm OD) has three separate gas inlets (figure
3.1). In first inlet (the outer channel) The gas enters the plasma with a tangential flow pattern at a
rate of 8–20 L/min. In the second inlet the auxiliary gas also has a tangential flow pattern at rate
of (0.5–3 L/min). In the third inlet ( the center channel of the torch ) The nebulizer gas has a
laminar flow pattern (0.1 to 1.0 L/min) and injects the sample into the plasma.

Figure 3.1

ICP torch

3.2. JMS-PLASMAX2 Mass Spectrometer
The JMS-PLASMAX2 high-resolution ICP-MS (Figure 3.2), is a double-focussing mass
spectrometer equipped with a quadrupole focusing system (Q) which is known as (QQHQC), is
cable for obtaining the resolution of 12000. With this resolution, masses of the interference and
element ions can easily be separated from each other, with the capability of performing ultratrace
analysis in the mass range below m/z = 80, without being disturbed by the interfering ions.

A 40 MHz high-frequency power supply and an automatic ignition system are used in the ICP ion
source to obtain stable plasma. Ions introduced into the mass analyzer from the plasma through the
plasma interface can easily be adjusted to form a high-intensity ion beam. The masses of the ion beam
entering the double-focusing mass spectrometer are detected by the post-accelerator analogue detector.
Control of the ion focusing system and the detector as well as acquisition and processing of the detected
data are executed by the workstation (EWS) system.
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Schematic diagram of a JEOL JMS-plasmax2 high resolution ICP-MS

3.3. X-ray fluorescence(XRF)
X-ray fluorescence is created from a material that has been excited by bombarding with highenergy X-rays or gamma rays. The phenomenon is widely used for elemental analysis and
chemical analysis, particularly in the investigation of metals, glass, ceramics and building
materials, and for research in geochemistry, forensic science and archaeology.
3.3.1. Characteristic radiation
Each element has electronic orbitals of characteristic energy. Following removal of an inner
electron by an energetic photon provided by a primary radiation source, an electron from an
outer shell drops into its place. The main transitions are given names: an L→K transition is
traditionally called Kα, an M→K transition is called Kβ, an M→L transition is called Lα, and so
on. Each of these transitions yields a fluorescent photon with a characteristic energy equal to the
difference in energy of the initial and final orbital.
The fluorescent radiation can be analyzed either by sorting the energies of the photons
(energy-dispersive analysis) or by separating the wavelengths of the radiation (wavelengthdispersive analysis). Once sorted, the intensity of each characteristic radiation is directly related
to the amount of each element in the material. This is the basis of a powerful technique in
analytical chemistry.
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3.3.2. Primary radiation
In order to excite the atoms, a source of radiation is required, with sufficient energy to expel
tightly-held inner electrons. Conventional x-ray tubes are most commonly used, because their
output can readily be "tuned" for the application, and because very high power can be deployed.
However, gamma ray sources can be used without the need for an elaborate power supply,
allowing use in small portable instruments. When the energy source is a synchrotron, or the Xray are focussed by an optic, like a polycapillary, the X-ray beam can be very small and very
intense, and atomic information on the sub-micrometer scale can be obtained. X-ray tubes are
operated at a high voltage (typically in the range 20-60 kV) in order to obtain a more or less
continuous spectrum, which allows excitation of a broad range of atoms. The continuous
spectrum consists of "bremsstrahlung" radiation: radiation produced when high energy electrons
passing through the tube are progressively decelerated by the material of the tube anode (the
target).
3.3.3. Detection
In energy dispersive analysis, dispersion and detection are a single operation, as already
mentioned above. Proportional counters or various types of solid state detectors (PIN-diode,
Si(Li), Ge(Li), Silicon Drift Detector SDD) are used. They all share the same detection principle:
An incoming x-ray photon ionizes a large number of detector atoms with the amount of charge
produced being proportional to the energy of the incoming photon. The charge is then collected
and the process repeats itself for the next photon. Detector speed is obviously critical, as all
charge carriers measured have to come from the same photon to measure the photon energy
correctly (peak length discrimination is used to eliminate events that seem to have been produced
by two x-ray photons arriving almost simultaneously). The spectrum is then built up by dividing
the energy spectrum into discreet bins and counting the number of pulses registered within each
energy bin. EDXRF detector types vary in resolution, speed and the means of cooling (a low
number of free charge carriers is critical in the solid state detectors): proportional counters with
resolutions of several hundred eV cover the low end of the performance spectrum, followed by
PIN-diode detectors, while the Si(Li), Ge(Li) and Silicon Drift Detectors (SDD) occupy the high
end of the performance scale. In wavelength dispersive analysis, the single-wavelength radiation
produced by the monochromator is passed into a photomultiplier, a detector similar to a Geiger
counter, which counts individual photons as they pass through. The counter is a chamber
containing a gas that is ionized by x-ray photons. A central electrode is charged at (typically)
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+1700 V with respect to the conducting chamber walls, and each photon triggers a pulse-like
cascade of current across this field. The signal is amplified and transformed into an accumulating
digital count. These counts are then processed to obtain analytical data.
3.3.4. X-ray intensity
The fluorescence process is inefficient, and the secondary radiation is much weaker than the
primary beam. Furthermore, the secondary radiation from lighter elements is of low energy (long
wavelength) and has low penetrating power, and is severely attenuated if the beam passes
through air for any distance. Because of this, for high-performance analysis, the path from tube
to sample to detector is maintained under high vacuum (around 10 Pa residual pressure). This
means in practice that most of the working parts of the instrument have to be located in a large
vacuum chamber. The problems of maintaining moving parts in vacuo, and of rapidly
introducing and withdrawing the sample without losing vacuum, pose major challenges for the
design of the instrument. For less demanding applications, or when the sample is damaged by a
vacuum (e.g. a volatile sample), a helium-swept x-ray chamber can be substituted, with some
loss of low-Z intensities.
3.3.5. XRF in chemical analysis
The use of a primary X-ray beam to excite fluorescent radiation from the sample was first
proposed by Glocker and Schreiber in 1928 [3]. Today, the method is used as a non-destructive
analytical technique (figure 3.3), and as a process control tool in many extractive and processing
industries. In principle, the lightest element that can be analysed is beryllium (Z = 4), but due to
instrumental limitations and low x-ray yields for the light elements, it is often difficult to
quantify elements lighter than sodium (Z = 11), unless background corrections and very
comprehensive interelement corrections are made.

Figure 3.3 Schematic diagram of XRF spectrometer
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4.1. Robustness of ICP-OES

To examine the robustness of ICP-OES instrument in different time periods, MgII
(280.270 nm.) / MgI (285.213 nm.) ratio experiments were performed. For this purpose, 5
mg/L Mg solution was prepared. Their intensities in two different Mg lines were measured.
If the matrix components in a sample do not alter the characteristics of a plasma, it is called
as a robust system. It is known that an ICP-OES system can be described as non-robust if
the MgII/MgI ratio is lower than 4. The found MgII/MgI ratio for the present ICP-OES is 5.
In the present system the Rf power increased from 1.1 kW to 1.3 kW and the MgII/MgI
ratio became 6, which shows more robust conditions.

Long term stability was proven by testing the MgII/MgI ratio which was repeated every 30
minutes for a 7 hour period.

4.2. Optimization of the Operational Parameters of ICP-OES

In order to obtain low detection limits, high degree of selectivity, reasonably good
precision and accuracy, it is necessary to optimize the operational parameters in the used
units. The operational parameters of the inductively coupled plasma optical emission
spectrometer, such as nebulizer flow rate, radio frequency power, are adjusted to give the
maximum robustness. Figures 4.1 shows the effect of operating conditions on MgII
(280.270 nm.) / MgI (285.213 nm.) ratio.
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a)

b)

c)

Figure 4.1 Effect of operational conditions on MgII (280.270 nm.) / MgI (285.213 nm.) ratio. a)
coolant gas flow rate b) nebulizer gas pressure and c) RF power.
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4.3. Matrix interferences studies

A commercial ICP–OES spectrometer capable of nearly full-wavelength coverage
(from165 to1100 nm), a Leeman Prodigy Prism ICP-OES with L-Pad detector was used.
The test-element and matrix solutions were mixed and pumped through a peristaltic pump
before entering a concentric nebulizer. The plasma was operated under typical conditions
for a robust plasma as shown in table 4.1. For robust conditions the MgII (280.270 nm.) /
MgI (285.213 nm.) ratio was used. The test element used was Mn, because it has a strong
lines emission, moreover, its emission lines nearly free from spectral overlap with matrix
elements lines.
4.3.1. Matrix Solution Preparation
The test-element working solution used was a mixture of Mn at 0.5 mg/L with each
matrix element solution. It was prepared from Mn 1000 μg/mL stock solution in 1000 mg/L
matrix element. The working solutions, separately, were prepared in matrices of (Al, Ba,
Be, Ca, Cd, Ce, Co, Cr, Cu, Dy, Eu, Fe, Gd, Hf, Hg, Ho, In, La, Lu, Mg, Mn, Mo, Nd, Ni,
Pb, Pr, Ru, Si, Sm, Sn, Sr, Tb, Tl, Tm, V, Y, Yb, Zn and Zr) and emission intensities of
MnII/MnI were measured simultaneously. All the matrices were at the same concentration
(1000 μg/mL). The matrix solution was prepared from 1000 μg/mL single element stock
solution.
Table 4.1

operating conditions of ICP-OES

ICP Spectrometer

Leeman Prodigy Prism ICP-OES (USA)

RF Power

1.2KW

Coolant gas flow

20 L/min

Auxiliary gas flow

0.3 L/min

Nebulizer gas flow

36 psi

Solution Uptake Rate

1 mL/min

Mg II/Mg I Ratio (Robustness)

6

Replicates

3

Integration time

10 Sec.
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4.3.2. Procedures of the experiment

For complete matrix-effect experiment, several ICP-OES measurements were
performed. First, spectral interference by the matrix on the test element emission lines was
checked. This was achieved by pumping only the matrix solution into the plasma. Spectral
lines of the test element that overlap with those of the matrix element were not used for that
matrix element.

4.3.3. Results of Matrix interferences studies

4.3.3.1. Primary Factor of Matrix Effect

Figures 4.2a and b show the matrix effects ratio on Mn as a function of the first and
second ionization potentials of the matrices, respectively. The matrix effect ratio is defined
by equation (4.1):
𝐌 𝐈𝐈
𝑴𝒂𝒕𝒓𝒊𝒙 𝒆𝒇𝒇𝒆𝒄𝒕 𝒓𝒂𝒕𝒊𝒐 = 𝟏 −

𝐌 𝐈𝐈

𝐌𝐈
𝐌𝐈

𝒎𝒂𝒕

× 𝟏𝟎𝟎

(𝟒 − 𝟏)

𝒂𝒏

Where, (M II/M I)mat is the relative ionic-to-atomic line-intensity of the analyte in the
presence of matrix and (M II/M I)an is the ratio in the absence of the matrix. If the resulting
ratio near to 0%, there is no indication of a plasma-related matrix effect. Figures 4.2a and
4.2b illustrate the relation between matrix effect with respect to first and second ionization
potential respectively.

In agreement with previous reports in the literature [69,70], there is no trend between
matrix effects and the 1st IP of the matrices (Figure 4.2a). However, there exists a strong
correlation between the matrix effect and the 2nd IP; matrices with a 2nd IP lower than ~ 15
eV induce severe matrix effects (Figure 4.2b). At first glance, it might seem that there
exists a correlation with the 1st IP of the matrix (Figure 4.2a); matrices with a 1 st IP between
5 and 7 eV cause a more severe effect.
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(a)

(b)

Figure 4.2 Matrix effect ratio on Mn versus (a) 1st IP and (b) 2nd IP of the matrix element.

However, that apparent correlation is an artifact; it just happens that all the low 2 nd IP
matrices (those showing a strong matrix effect in Figure 4.2b) have a 1 st IP in the 5 to 7 eV
range. It should be noted that there also exists some matrix elements with a 1 st IP in this 5 to
7 eV range (Al 1st IP is 5.98 eV) that do not induce a matrix effect (Figure 4.2a).
Undoubtedly, matrices with a low 2nd IP cause a significant change in the plasma excitation
and ionization conditions; moreover, this effect is global, considering that almost all low 2 nd
IP elements were covered in the present study. It is also evident that at least one other factor
is operative, as there are four matrix elements such as Ba, Sr Ca and Yb that show
unambiguous out-of-trend behavior; their effect is smaller (yet significant) than that of
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other elements with similar 2nd IP. For ease of discussion in the present study, the 2 nd IP of
the matrix will be referred to as the “primary factor” for the matrix effect and the additional
unknown factor(s) to be investigated are referred to as the “secondary factor” for the matrix
effect.

To reach the secondary factor(s), it is important to know the identity of these four outof-trend low 2nd IP matrices. Figure 4.3 is a plot of matrix effect severity against each matrix
element, arranged in order of ascending 2 nd IP (from 10.0 to 16.2 eV). The four matrices
that show unambiguous out-of-trend behavior are Ba, Sr, Ca and Yb. To a lesser extent, Sn
(2nd IP = 14.63 eV) and Pb (2nd IP = 15.03 eV) also exhibit out-of-trend behavior compared
to their neighbors (Figure 2.4). It has already been reported in the literature [69] that matrix
effects from alkaline earth elements (Ba, Sr and Ca) are less severe than those from other
low 2nd IP matrices.

Figure 4.3

Matrix effect ratio from individual matrix elements sorted in ascending order of the 2nd

IP. Ba, Sr, Ca, Yb, Sn, and Pb showed out-of-trend behavior compared to their neighbors.

Inspection of Figure 4.3, it was found that, three additional elements (Yb, Sn, and Pb)
should be included in the list of low 2nd IP matrices that exhibit comparatively less severe
matrix effects. Although these six matrix elements are found in only three groups in the
periodic table (alkaline earth, Group IVB and rare earth), there are no obvious similarities
in either physical or chemical properties among these six elements or among these three
periodic groups.
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4.3.3.2. Identification of the Secondary Factor for the Matrix Effect

A number of physical properties of these matrices were compared with the trend
observed in Figure 4.3. Clearly, it is impossible to consider all combinations of physical
parameters, so only those parameters that might be directly related to plasma interactions
need to be examined. The list of these physical parameters includes: 1 st and 3rd IPs of the
matrix, the atomic partition function of the singly charged (M+) and the doubly charged
(M2+) matrix ion, the partition function ratio of M2+ to M+, the averaged excitation energy
and the metal-oxide bond energy of the matrix. These seven parameters are considered here
because of their possible direct link to matrix-effect mechanisms that have already been
discussed in the literature, or because they spring directly from the experimental data.

Before proceeding, it is useful to point out that these seven physical properties of the
matrix can be divided into two categories, depending on whether or not they have a direct
link to the primary factor of the matrix effect (i.e., the 2 nd IP or its physical equivalent – the
second ionization process). It should be noted that if the secondary factor for the matrix
effect involves a physical property that is independent of the 2 nd IP (e.g., the metal-oxide
bond energy of the matrix), its effect should be extendable to all the studied matrices,
regardless their 2 nd IP. In other words, such an effect will operate independent of the 2 nd IP
(or second ionization) and be additive in nature. On the other hand, if the physical property
is of a type that is directly connected to the 2nd IP (e.g., the 3rd IP), then its effect is
applicable only to those matrices whose 2nd IP is low. The physical properties independent
of 2nd IP are 1st IP of matrix, atomic partition function of singly charged matrix ion,
averaged excitation energy of singly charged matrix ion and metal-oxide bond energy of
matrix. The physical properties dependent of 2nd IP are 3rd IP of matrix, atomic partition
function of doubly charged matrix ion and partition function ratio of M 2+ to M+.

4.3.3.3. Atomic Partition Function of Doubly Charged Matrix Ion as an Identified
Secondary Factor for Matrix Effects

Our consideration of the partition function of the doubly charged matrix ion as a
secondary factor is based on a deduction from the electronic configuration of Ba 2+, Sr2+ and
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Ca2+. Doubly ionized Ba, Sr and Ca ions have a noble-gas electronic configuration. Two
features of such a configuration are (1) the high IP for the next successive ionization step
(i.e., the 3rd IP, which will be discussed later), and (2) the absence of low-lying energy
levels and a high excitation energy for the first excited state. For instance, the first excited
states of Ba2+, Sr2+ and Ca2+ lie at 16.5 eV, 21.9 eV and 25.2 eV, respectively [71], above
the ground state of the corresponding doubly charged ion. Such a high energy for the first
excited state implies that Ba2+, Sr2+ and Ca2+ ions are all in their ground electronic state. In
contrast, due to the incompletely filled f shell for the REEs, low-lying energy levels are
available for the doubly charged REE ions. Therefore, the electronic partition function of
the doubly charged matrix ion is an appropriate candidate for a secondary factor, as the
physical meaning of the partition function can be regarded as the number of thermally
accessible states.

Figure 4.4 shows the relation between the matrix effects and the electronic partition
function of M2+ at an assumed plasma temperature 7000K [72, 73]. The matrices are
arranged in ascending order of their 2 nd IP , so the 2nd IPs are very similar between any
matrix element and its neighbors. Plots arranged in this way simplify the identification of
the secondary factor; if the partition function is a secondary factor, its value should be
correlated with the severity of the matrix effect when arranged in a plot like this. Figure 4.4
shows a strong correlation between the matrix effect and the electronic partition function of
M2+; for matrices with low 2nd IP, the lower the partition function, the lower the matrix
effect. In particular, all of the six out-of-trend matrices (Ba, Sr, Ca, Yb, Sn and Pb) have the
lowest electronic partition function, with a value virtually equal to one (i.e., there are
virtually no thermally accessible states from the ground state of the doubly charged ion).

4.3.3.4. Third Ionization Potential of the Matrix
The third ionization potential of the matrix might be a secondary factor, as a logical
extension of arguments made for the 2nd IP. At first glance, the 3rd IP of Ba, Sr and Ca are
high [74], as the ionization M2+ → M3+ for these three elements involves removal of an
electron from a rare-gas electronic configuration. Figure 4.5 shows the relationship between
the matrix effect and the 3 rd IP of the matrix in ascending order of 2nd IP. Although the 3rd
IP shows good correlation with the matrix effect caused by Ba, Sr and Ca, there is no
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significant correlation is observed for Yb, Sn, and Pb. Therefore, it is not probable that the
secondary factor involves the 3rd IP of the matrix.

Figure 4.4

Correlation of matrix effect on Mn with the partition function of the doubly

charged matrix ion, Q(M2+), at an assumed plasma temperature of 7,000 K.

Figure 4.5

Relation of matrix effect on Mn with the 3rd IP of the matrix.
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4.3.3.5.First Ionization Potential of the Matrix

There are abundant literature references [75] involving the relationship between a
matrix effect and the 1st IP of the matrix. Although Figure 4.2a clearly shows no correlation
between the matrix effect and the 1st IP (i.e., 1st IP is not the primary factor), Figure 4.2a
does not preclude the possibility that it is a secondary factor. Figure 4.6 compares the
matrix effect on Mn with the 1st IP for the low 2nd IP matrix elements. Clearly, no
correlation is found and it can safely be concluded that the 1st IP is not a significant factor in
governing the matrix effect from low 2nd IP matrix elements.

Relation of matrix effect on Mn with the 1st IP of the matrix.

Figure 4.6

4.3.3.6. Partition Function Ratio of M2+ to M+ of the Matrix

According to the Saha Equation (Equation 4.2), which governs the ratio of the
population density of successive ionization stages,
𝒏𝒊++
𝟏 𝟑/𝟐 𝟐𝝅𝒏𝒆 𝒌 𝟐𝑸++
−𝑬++
𝒊 (𝑻)
𝒊
=
𝑻
𝒆𝒙𝒑
𝒏𝒊+
𝒏𝒆 𝒆
𝒉𝟐
𝑸+
(𝑻)
𝒌𝑻
𝒊
𝒊

(𝟒 − 𝟐)

where ni is the number density of the ion, ne is the electron number density, Te and Ti are the
electron temperature and ionization temperature, respectively, me, k and h are the electron
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mass, Boltzmann’s constant and Planck’s constant, respectively, and Qi and Ei++ are the
partition function and the second ionization potential, respectively. The superscripts + and
++ refer to the singly charged ion and doubly charged ion, respectively. Therefore, apart
from the 2nd IP, the population ratio of M2+/M+ depends also on the ratio of the partition
functions for the two stages of ionization, [Q(M2+) / Q(M+)]. Consequently, it is logical to
consider the partition-function ratio as a candidate for a secondary factor in dictating the
matrix effect.

Figure 4.7 shows the relationship between the matrix effect and the partition function
ratio of the matrix, Q(M2+) / Q(M+), at an assumed plasma temperature of 7000 K [74].
Clearly, no correlation exists, indicating that the partition function ratio is probably not a
secondary factor.

Figure 4.7

Relation of matrix effect on Mn with the partition function ratios of doubly

charged to singly charged matrix ion, Q(M2+)/Q(M+), at an assumed plasma temperature of
7000 K.

4.3.3.7. Metal-oxide Bond Energy of the Matrix

From Figure 4.3, all REEs except Yb induce a stronger matrix effect than Ba despite
the fact that the 2nd IP of Ba is the lowest. A common feature of REEs is the strength of the
oxide bond; the MO+ ion for REE can be readily observed in ICP–MS and, under some
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experimental conditions, the MS-signal for MO+ can even exceed that of M+. Although the
formation of MO would reduce the population of the matrix as free atoms/ions (and hence
might reduce the matrix effect if it is caused directly by M2+), the influence of the
molecular species MO on the excitation conditions in the plasma is not well characterized.
For example, it is well known that quenching of excited states (in this case, the excited
states of the analyte) is more efficient by molecular species than atomic species [76].
Fortunately, several independent studies that were focused on main group and transition
elements and the REEs [77] have shown that the logarithmic ratio of MO+/M+ is correlated
linearly with the bond energy of the corresponding metal oxide. Therefore, the M-O bond
energy was considered here as a candidate for a secondary factor. Figure 4.8a shows the
relationship between the matrix effect and the M-O bond energy of the matrix elements
[74]. The six out-of-trend elements – Ba, Sr, Ca, Yb, Sr and Pb, with Eu and Tm as
additional elements – show good correlation with the M-O bond energy; a dip in the
corresponding M-O bond energy correlates with a reduction of matrix effect.

To further evaluate the possibility of M-O bond energy as a secondary factor, the M-O
bond energy was correlated with matrix effect for all other studied matrices. It is because
that, the M-O bond energy and 2nd IP are considered as two independent parameters. If the
formation of metal-oxide species is responsible for the more severe matrix effects caused
by the REEs, it is logical to expect that other species with high M-O bond energies should
also induce stronger matrix effects. Figure 4.8b shows the relationship between matrix
effects and M-O bond energy [74] for the studied high 2nd IP matrices in ascending order of
2nd IP. Both B and Si have high M-O bond energies (~ 800 kJ/mol), similar to that of many
of the REEs shown in Figure 4.8a. However, neither B nor Si induces a more severe matrix
effect than other high 2 nd IP elements. Therefore, M-O bond energy is probably not an
important secondary factor.
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(a)

(b)

Figure 4.8

Relation of matrix effect on Mn with the metal-oxide bond energy of the matrix for

(a) low to intermediate 2nd IP matrices from Ba to Mo, and (b) intermediate to high 2 nd IP matrices
from Hf to Li. Matrices with intermediate 2nd IP are presented in both figures for continuity. Matrix
elements are so rted in ascending order of the 2nd IP.
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4.3.3.8. Atomic Partition Function of the Singly Charged Matrix Ion:

Apart from high oxide bond energies, another distinct difference between Group II
elements and the REEs is the distribution of energy levels in their atomic structure. It is
well known that the emission spectra of the REEs (and to a slightly lesser extent, those of
transition metals) in the ICP are complex and line rich, in contrast to those of the Group II
which are comparatively much simpler. The underlying reason for the richness in emission
spectra for the transition metals and the REEs is their incompletely filled d-shells and fshells, opening up many possible combinations of energy levels with different terms and
energies. To investigate the effect of richness in energy levels on the matrix effect, two
parameters can be studied. The first parameter is the electronic partition function of the
various matrix ions and the second one, which will be discussed later, is the averaged
excitation energy of the matrix.

Figure 4.9a shows the relationship between the severity of matrix effects and the
atomic partition function of M+ at an assumed plasma temperature of 7,000 K [74]. All six
of the out-of-trend elements, Ba, Sr, Ca, Yb, Sn, and Pb, with Eu and Tm as additional
elements, show good correlation with the partition function of the singly charged matrix
ion; a dip in the corresponding M+ partition function correlates decrease in matrix effect).

This rather ambiguous situation is similar to the case of the M-O bond energy
presented above. Therefore, to further evaluate the possibility that the partition function of
the singly charge matrix ion is a secondary factor, the partition function was correlated with
all other studied matrices. Just as with the M-O bond energy, the partition functions of the
singly charged matrix ion are independent from the 2 nd IPs and, therefore, can be extended
to all studied matrices regardless their 2 nd IPs.

Figure 4.9b shows the relationship between matrix effects and partition function of the
singly charged matrix ion for other studied high 2nd IP matrices. The M+ partition function
values of Fe, Ru and Co are similar to those of many of the transition metals or even REEs
shown in Figure 4.9a (about 30-60). However, none of Fe, Ru and Co induces a more
severe matrix effect than other high 2nd IP elements. In addition to the uncorrelated matrix
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effects and the M+ partition function of the matrices Lu, Fe, Ru and Co, the following
consideration led us to conclude that the partition function of the singly charged matrix ion
is probably not an independent secondary factor.

(a)

(b)

Figure 4.9 Relation of matrix effect ratio on Mn with the partition function of the singly charged
matrix ion, Q(M+), at an assumed plasma temperature of 7,000 K for (a) low to intermediate 2 nd IP
matrices from Ba to Mo, and (b) intermediate to high 2nd IP matrices from Hf to Li.
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4.3.3.9. Averaged Excitation Energy of the Singly Charged Matrix Ion

Another way in which energy-level rich matrices might induce more severe matrix
effects is through excitation. Just as atomization and ionization, excitation of the matrix
species consumes energy in the plasma that would otherwise be available for excitation of
the analyte. There have been reports [68,75]that discussed the correlation of matrix effects
or changes in plasma fundamental characteristics (e.g., plasma temperature or electron
number density) with the atomization energies and first ionization potentials of the matrix
elements. In comparison to atomization and ionization, which are generally assumed to
occur irreversibly in the plasma (i.e., each process happens only once for an individual
atom), the process of excitation can repeatedly occur through cycles of excitation and deexcitation. The most important distinction for the excitation process is that the routes for
excitation and de-excitation can be different (i.e., not simply the reverse of each other).

For example, it is possible that excitation is achieved by electron impact while deexcitation is through radiative decay; the energy released from the de-excitation process is
then in the form of a photon which will be lost since the ICP is optically thin and the
probability of re-absorption is consequently low. In addition, since the rate of dipoleallowed radiative decay (Einstein transition probability) is typically high (on the order of
108 s-1), the effect of energy consumption by cyclic, continuous excitation of the matrix
atom or ion should be considered. Accordingly, the averaged excitation energy of the singly
charged matrix ion is considered here as a candidate for a secondary factor of the matrix
effect. The energy required to excite an atom/ion depends on its energy levels and
degeneracy. The averaged excitation energy for each atom/ion is equal to:
𝒊

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒆𝒙𝒄𝒊𝒕𝒂𝒕𝒊𝒐𝒏 𝒆𝒏𝒆𝒓𝒈𝒚 =
𝒋=𝟎

𝑬𝒋 𝒈𝒋 𝒆−𝑬𝒋 /𝒌𝑻
𝑸(𝑻)

(𝟒 − 𝟑)

The values of energy levels and their degeneracies were obtained from reference [74].
Figure 4.10 shows the relationship between the matrix effect and the averaged excitation
energy of the singly charged matrix ion at an assumed plasma temperature of 7000K.
Although the matrix effects from Group II matrices show some correlation with the
averaged excitation energy (the lower the averaged excitation energy, the lower the severe
matrix effect), the overall correlation is poor. For example, the averaged excitation energy
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of Dy (~ 1.24 eV) is much higher than that of Ho (~ 0.52 eV) which in turn is similar to that
of Ca (~ 0.44 eV) [74]; yet the matrix effect of this neighboring group follows the order Dy
~ Ho >> Ca. Moreover, the averaged excitation energies decline monotonically for the
matrix group Er, Tm, Gd, Yb, Y and Sc, whereas the matrix effect does not follow such a
trend. Further, Yb clearly shows exceptional behavior which cannot be explained by the
averaged excitation energy. Therefore, it is not likely that the secondary factor for the
matrix effect involves excitation energies of the matrix ions.

Figure 4.10 Relationship of the matrix effect on Mn with the averaged excitation energy of the
singly charged matrix ion at an assumed plasma temperature of 7,000 K.

4.3.4. Excitation Mechanisms in the ICP

To investigate possible mechanisms for the matrix effect, it is necessary to consider
analyte excitation mechanisms in parallel, since a plasma-related matrix effect can be
viewed as a change in the analyte excitation efficiency. Therefore, common considered
excitation mechanisms in the ICP are briefly reviewed below.
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Analyte excitation mechanisms in the ICP can be classified into four main categories,
involving the species responsible, namely: (I) electron-impact excitation and ionization, (II)
charge transfer, (III) Penning ionization, and (IV) ion-electron recombination.

In electron-impact excitation/ionization, the analyte is ionized and/or excited by
electron collision according to the reactions:
Mp + e- → Mq + e-

Mp+ e- → Mp+ + e- + e-

Mp+ + e- → Mq+ + e-

where, M represents a generic analyte atom and the subscripts p and q refer to lower and
upper energy levels, respectively. Although these reactions can all occur in both directions,
only the forward direction will be considered here, as these are the reactions responsible for
excitation; the reverse are responsible for de-excitation. Such an arrangement allows the
classification of excitation mechanisms according to the energetic species involved.
Clearly, electron-impact depends on the electron number density and the electron energy
distribution (electron temperature) and is a rather non-selective mechanism. Undoubtedly,
excitation by electron impact occurs and should be important in the ICP; however, for some
classes of energy levels, it might not be the dominant mechanism.

Charge transfer is an important excitation mechanism for specific high-energy ionic levels
of some elements in the ICP. Charge transfer from argon ions, which are abundant in the
ICP, provides a direct link between the ground state of a neutral metal atom and selected
excited states of its singly charged ion, as shown by the equation:
Ar+ + M → Ar + M+* + ΔE
For appreciable charge transfer reaction to occur, ΔE needs to be small. In other words,
the energy level of the excited analyte ion and the Ar ionization potential need to be quasiresonant. Literature values of possible ΔE usually range from 2 eV down to -1.6 eV [78].
Due to the strict energy requirement, charge transfer is important only for high-energy ionic
levels above ~ 14 eV [78].
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Penning ionization involves energy transfer from an energetic neutral Ar species (e.g.,
Ar metastable) to the analyte. Because the excited levels of neutral Ar species have high
energies (~11.5 to 15 eV), most analytes can be ionized and even excited.
Ar* + M → Ar + M+ + e-

Ar* + M → Ar + M+* + e-

The importance of Penning ionization in the ICP has been suggested by different
researchers; however, direct experimental evidence for its existence in the ICP has not yet
been reported. Penning ionization has been experimentally confirmed in other types of
analytical plasmas (e.g., microwave-induced plasmas and glow discharges) as being
significant for excitation of ionic species. In contrast to charge transfer, the energymatching requirement for Penning ionization is relaxed because the liberated electron can
efficiently carry the excess energy away due to its small mass [78].

Ion-electron recombination, further classified as radiative or three-body, are the
following:
M+ + e- → M* + hνcont (radiative)

M+ + e- + e- → M* + e- (three-body)

The importance of ion-electron recombination as a populating route for high-level
atomic-neutral states has been experimentally confirmed in the ICP [79]. Moreover,
radiative recombination of Ar ions is the dominant process responsible for the bright
continuum emission of an ICP [79].

4.3.5. Proposed Matrix-Effect Mechanism

Any realistic mechanism should follow the behavior observed in matrix effects,
namely: it should show a correlation with the 2 nd IP of the matrix and the electronic
partition function of M2+, and possibly a coupled correlation between the 2nd IP and the
electronic partition function of M2+, but not with the 1st IP nor any other parameters
investigated but rejected in the present study.
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The data presented above show that matrix effects through the (1 - (M II/M I)) ratios.
An increase in this ratio could be caused by a relative decrease in M II or/and a relative
increase in M I intensity in the presence of a matrix. Therefore, it is necessary to know the
direction and magnitude of the change in ion (M II) and atom (M I) emission intensity
when a matrix is present. In previous literatures [78], Fe atomic and ionic intensity with and
without Ca, Na and Ba matrices were measured. Relative intensities of various Fe emission
lines in the presence of Na, Ca and Ba matrices were studied. The observed general trend is
that for neutral-atomic emission lines (M I), the relative intensities in the presence of a
matrix are generally closer to 100% than for their ionic counterparts [78]. Also, the relative
intensities of low-energy ionic emission lines are similar to those of neutral-atomic lines in
Na matrices but are significantly lower in Ca and Ba matrices. As the excitation potential
approaches 16 eV, the relative intensities of the ionic emission lines of most elements begin
to rise and approach the value of their neutral-atomic counterparts due to a charge-transfer
(CT) reaction. Therefore, it can be concluded that non-CT-excited ionic-emission lines
suffer more from matrix effects than CT-excited lines, and the major cause for the lower M
II/M I ratio reported above is due to a decline in emission intensities of the ionic lines.

Electron-impact ionization/excitation and ion-electron recombination are probably not
related to the matrix-effect mechanism. As was mentioned before, second ionization should
contribute only a fraction of additional electrons compared with those from first ionization.
In addition, a change in electron number density should be correlated with the degree of
second ionization of a matrix element, but the matrix effects do not show such a correlation,
either from experimentally determined second ionization efficiencies by ICP–MS, or from
theoretical calculations based on the Saha equation or thermodynamic simulation [72].
Moreover, there is no clear link between the electron properties (e.g., ne and Te) and the
partition function (or its equivalent – the presence of low-lying energy levels) of the doubly
charged matrix ion.

A change in analyte excitation efficiency by ion-electron recombination can also be
neglected, because this populating mechanism is applicable only to high-energy neutralatom levels, and it has been shown that the change in the(1 – (M II/M I)) ratio results
predominately from a decline in M II intensity without a corresponding increase in M I
intensity (64).
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Charge transfer can also be eliminated from further consideration. If, for any reason
(e.g., charge transfer between Ar ions and the low 2 nd IP matrix), there were a significant
reduction in the Ar+ population, it is the ionic energy levels that can be directly excited via
charge transfer that will suffer the most severe matrix effect. Cu II 224.700 nm is one of the
emission lines that is known to be significantly populated by charge transfer. Figure 4.11
shows the Cu II (224.700 nm)/Cu I ratio in the presence of various low 2 nd IP matrices.
Figure 4.11 shows the matrix effect ratio of various low 2nd IP matrices on Cu. The matrix
effect ratio remains close to zero% for almost all matrices, indicating that the CT in Cu II
level is relatively free of a matrix effect.

Figure 4.11

Matrix effect ratio on Cu II intensity ratios from individual low 2 nd IP matrix
elements.

In contrast, Penning ionization is a suitable candidate for the explanation of matrix
effects caused by these low 2nd IP matrices. Unlike charge transfer, Penning ionization does
not have a strict requirement on energy matching because the liberated electron can
effectively carry away any energy. Also, the energy range of Ar excited states is broad
(from ~ 11.5 eV to 15 eV). Therefore, it is reasonable to expect that, under the hypothesis
that Penning ionization is an important mechanism for the ionization/excitation of an ionic
level, similar reaction routes would occur also for the matrix. In other words, the analyte
and the matrix are competitors for Ar excited states in Penning ionization. Moreover, the
population density of Ar excited states is relatively low (nAr-metastable ~ 1011 to 1012 cm-3
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[80]) and a moderate matrix concentration can approach or even exceed this number density
in the plasma. For matrices with a low 2nd IP, the energy of the excited Ar species is
sufficient to promote second ionization from the singly charged matrix ion via Penning
ionization [Ar * + M+ → Ar + M2+ + e-], which would further lower the Ar* population.
Moreover, the combined effect of the two stepwise Penning ionization events for a low 2nd
IP matrix is more substantial than simply doubling the concentration of the matrix. Once
the doubly charged matrix ions are formed, they would tend to recombine with the
abundant electrons, due to their high potential energy. The rate of ion-electron
recombination follows a Z2 [81] and Z3 [82] dependency (where Z is the charge of the ion)
for radiative and three-body recombination, respectively. Therefore, it would be expected
that the ion-electron recombination rate for these doubly charged matrix ions will be about
4 to 8 times higher than that for singly charged ions. As the doubly charged matrix ions
recombine, the singly charged ion will be available again for further quenching of Ar
excited species.

A schematic diagram for this proposed cyclic mechanism involving Penning ionization
followed by ion-electron recombination is shown in Figure 4.12. The net effect is a
significant quenching of Ar excited states – the key reactant in Penning ionization – and a
corresponding drop in excitation efficiency of the analyte ionic energy levels and hence of
the ionic emission intensities. This proposed mechanism is further supported by the fact
that the matrix effect is correlated with the partition function and the presence of low-lying
energy levels of the doubly charged matrix ion.

Figure 4.12 Schematic diagram showing the proposed matrix-effect mechanism through cyclic
Penning ionization and ion-electron recombination.
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4.4. Results of REEs Separation

4.4.1. Quantitative Analysis
REEs content of standard solutions, CRMs and real samples were determined by ICPOES. The wavelengths were chosen in interference free spectral regions with appropriate
sensitivity for the concentration values obtained after pre-concentration. Table 4.2 shows
the wavelengths used in the analysis. After completion of the analysis, the data were
transferred to Microsoft Excel for processing. The CRMs and real samples were also
analyzed by ICP-MS for REEs determination. The selected interference free isotopes can be
seen in Table 4.2.

4.4.2. Optimization for Performance of the Amberlite IR-120 in Pre-concentration of
Rare Earth Element Species

ICP-OES has been used successfully for the analysis of a wide range of objects.
Although the detection limits of ICP-OES are very low, determination of rare earth elements
in geological samples is complicated because of the low contents of REEs and significant
background signals from the matrix. For this reason, a pre-concentration step is necessary in
this study. Moreover, a pre-concentration step is a separation method resulting with a
decrease in the matrix constituent.
Table 4.2 Chosen wavelengths and isotopes for REEs in ICP-OES and ICP-MS.

Element

Wavelength

Isotope

Element

(nm)

Wavelength

Isotope

(nm)

La

333.749

139

Tb

367.635

159

Ce

413.765

140

Dy

394.468

164

Pr

381.602

141

Ho

379.675

165

Nd

417.732

142

Er

389.623

166

Sm

382.62

152

Tm

370.026

169

Eu

393.048

153

Yb

289.138

174

Gd

408.556

158

Lu

261.542

175
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For all solutions, used in optimization experiments, multi element standard solutions of
REEs at 2 mg/L, from single element stock solution of these elements at 1000 mg/L, were
prepared in a simulated matrix of Ca and Fe at 200 mg/L.

4.4.3. Uptake and Recovery values for medium REEs Concentrations
In order to find optimum time required for sorption of REEs by resin, 20 ml of 2 mg/L
REEs multi elements standard solution in 200 mg/L of Ca and Fe was mixed with 0.1 g
Amberlite IR-120 resin. The solutions were stirred on a magnet stirrer for various periods
of time. Then, they were filtered through membrane filter and the filtrates were analyzed
for determining the percent uptake for each stirring period.
After collection of REEs on Amberlite IR-120 resin (take up), the recovery of them
from the resin was studied. For this purpose, 20 mL of the 2 mg/L of REEs multi elements
standard solution in 200 mg/L of Ca and Fe was prepared and mixed with 0.1 g Amberlite
IR-120 resin. The mixture was stirred on magnet stirrer for 45 minutes for take up. Then,
they were filtered through membrane filter and Amberlite IR-120 resins left was taken into
20 mL HCl solutions in various concentrations for recovery. They were stirred with these
HCl solutions for 20 minutes. Then the resin was filtered and the filtrates were analyzed for
measuring their REEs concentration.
4.4.3.1. Uptake Values

The percent uptake of REEs vs time diagram is given in Figure 4.13. It is seen from the
figure that 30 minutes and higher stirring time gave the highest percent uptake values for
each element. There is a small change between 20 minutes and 45 minutes, however for
being on the safe side 45 minutes stirring time was used for the sorption (uptaking)
experiments.

4.4.3.2. Recovery Values

To recover REEs species from the resin, various concentrations of hydrochloric acid
were examined. Figure 4.14 shows The Recovery percentage vs. HCl concentration. The
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recovery values were increased with increasing HCl concentration. From figure 4.14, 6 M
HCl or more gave the highest recovery values. Therefore, 6 M HCl was chosen for recovery
of REEs species from Amberlite IR-120 resin. Since percent recovery values reached
100%, throughout the optimization experiments 6 M HCl was used.
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Figure 4.13

Uptake percentage as a function of time
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Figure 4.14

Dependence of REEs recovery on eluent acid concentration.
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4.4.4. Effect of Resin Amount on Recovery

To find out the optimum resin amount that gives the highest recovery values, different
amounts of Amberlite IR-120 resin were mixed with 150 ml of 2 mg/l REEs multi elements
standard solution. Then they were stirred for 45 minutes. The solutions were filtrated and
resins transferred into another container. 20 mL, 6 M HCl was used as eluent and stirred for
20 minutes, then the filtrates were used for RREs determination.
The results show that 0.8 g of resin or more is considered to be optimum amount of resin
for every 150 mL of solution ( figure 4.15 ).
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Figure 4.15

Effect of resin amount on recovery

4.4.5. Effect of Multiple Elution steps

To increase the recovery values, 20 mL of 20 mg/L REEs standard solutions were
prepared and stirred with 0.5 g Amberlite IR-120 resin for 45 minutes. After filtration, resin
was transferred into another container. Initially, the elution acid was used in one aliquot.

Secondly, the elution acid was divided into two parts of equal volumes. The first
aliquot of acid was added onto resin and the contents were stirred for 20 minutes. After the
filtration process, the filtrate was stored in another container. The second aliquot of acid
was added onto the same resin and the contents were shaken again for 20 minutes and then
filtered. The two filtrates were combined.
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Finally, the above process was repeated by dividing the total acid volume into three
equal portions.
It can be seen from the Table 4.3 that, recoveries increased for three elution steps, and the
highest values have been obtained were between 95-99 %.

Table 4.3 Recovery percentages of REEs with different elution steps.

Element

Recovery %

Recovery %

Recovery %

Single Elution

Two Elutions

Three Elutions

La

66

74

99

Ce

62

73

97

Nd

61

69

97

Sm

57

66

95

Eu

67

76

99

Gd

59

68

89

Tb

64

72

98

Dy

64

73

96

Ho

65

75

99

Er

61

69

95

Tm

62

73

97

Yb

64

77

98

Lu

67

75

96

4.5. Efficiency of separation

Efficiency of the separation was checked by applying the optimum conditions of
separation on a certified reference material. For this purpose, certified reference materials
BCR-2 and AGV-2 were used for comparing the measured concentrations of REEs
elements with the true certified concentrations.
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4.5.1. Open Vessel Digestion of Geological Samples

Figure 4.16 Shows a schematic diagram for the open digestion method of geological
samples.

Dry the sample at 1000C overnight

Add 4 ml HF and 4 ml HClO4 to 0.2g of the sample, then, the
aliquot was evaporated on a hotplate at 160°C until a crystalline
paste is formed (2-3 h).

Add further two aliquots of HF and HClO4, following each
addition by evaporation to dryness.

Add 4 ml HClO4 and evaporate to incipient dryness

Add 10 ml 5 M HNO3 and warm aliquot gently, until a clear
solution is resulted.

Finally cool the clear solution and
dilute to 50 ml.
Figure 4.16

Flow chart for open vessel digestion of geological samples.
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4.5.2. Separation of REEs in CRMs using Amberlite IR-120
The REEs in the CRMs and geological samples were separated by Amberlite IR-120
using the procedures illustrated in the flowchart shown in figure 4.17.

Mix 0.2g Amberlite IR-120 with 20 mL of the CRM solution.

Stirre the mixture for 45 minutes on a magnet stirrer.

Filtrate the solution over Whatman 541 filter paper and keep the
filtrate for uptake value measurements.

For elution process, add 6M HCl to the residue and stirre for 20
minutes

Separate the aliquot from resin by filtration.

ICP-OES and ICP-MS
measurements

Figure 4.17

Flow chart for REEs separation in geological samples using Amberlite IR-120.
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4.5.3. Calibration method

Direct calibration method was used for the determination of REEs in both CRMs and
real geological samples. In this method, solutions of multi element standard with known
concentrations were nebulized and carried to the plasma then; the emission of each element
wavelength was measured. A calibration curve was plotted between the intensity versus the
concentration. The sample concentration was measured by detecting the emission of the
sample and through the calibration curve, the concentration was calculated. Figure 4.18
shows the calibration curves for different REEs on ICP-OES.
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Calibration curves for different REEs on ICP-OES

4.5.4. Accuracy of the ICP-OES and ICP-MS Measurements
The term accuracy is used here as an estimate of the closeness of the measured
concentration or ratio, to the actual value. Table 4.4 shows the accuracy of the
measurements of BCR-2 geological standard sample and Table 4.5 shows the accuracy of
the measurements of AGV-2 geological standard sample by ICP-OES and ICP-MS.

The results in tables 4.4 and 4.5 show the accuracy of the measurements for both ICPOES and ICP-MS. For ICP-OES the highest value of accuracy reaches 17.14% and the
lowest value is 1.8. While for ICP-MS the highest value is 9.8% and the lowest value is 0.3
which is close to zero (i.e is close to the ideal case where the measured values are similar to
the true value). Inspection of ICP-MS measurements shows that, accuracy of the data is less
than 10%. This means that the measured data are in the quantitative level. Where analytical
determination with an accuracy better than 10% are considered to be quantitative, and 30%
to 50% are known as semi-quantitative 𝟖4 . Those values in tables 4.4 and 4.5 give the
confidence to apply the method on a normal geological sample namely G9 which is a fluoro
silicate rock sample.
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Table 4.4 The Accuracy of analysis of rare earth elements in BCR-2 (CRM) by ICP-MS.

Measured ICP-OES
Certified
conc.
Element

Measured ICP-MS
Value

Accuracy

Accuracy
Value

La

25.00 ± 1

23.00 ± 0.5

24.10 ± 0.4
8.00

Ce

53.00 ± 2

52.00 ± 0.6

3.60
52.84 ± 0.8

1.89
Pr

6.80 ± 0.3

Nd

28.00 ± 2

Sm

6.70 ± 0.3

ND

0.30
6.17 ± 0.1

---27.10 ± 1.2

9.26
25.4 ± 0.3

3.21
7.80 ± 0.3

9.29
6.24 ± 0.1

16.42
Eu

2.00 ± 0.1

Gd

6.80 ± 0.3

Tb

1.07 ± 0.04

ND

6.87
1.93 ± 0.02

---6.30 ± 0.2

3.50
6.20 ± 0.09

7.35
ND

8.82
0.97 ± 0.01

---Dy

-----

Ho

1.33 ± 0.06

1.70 ± 0.05

9.35
5.3 ± 0.08

---ND

---1.21 ± 0.02

---Er

-----

2.20 ± 0.04

9.02
3.23 ± 0.02

---Tm

0.54

Yb

3.50 ± 0.2

Lu

0.51 ± 0.02

ND

---0.49 ± 0.01

---2.90 ± 0.1

9.26
3.20 ± 0.01

17.14
ND

8.57
0.46 ± 0.01

----

9.80

4.6. Concentration of REEs in G9 sample
The sample under study is fluorspar sample which is the commercial name of fluorite
(CaF2) which is the principal source of fluorine [84]. Some fluorspar deposits offer
potential for rare earth elements (REE) production from associated minerals or from REE
that substitute for calcium in the fluorite [9]. The present sample namely (G9) was obtained
by hand from one of the authors of ref [84]. This sample was obtained from Jabel Dembeir,
North Kordofan Sudan. The fluorspar occurs in this area as veins or as replacement deposit
in the marble.
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Table 4.5 The Accuracy of analysis of rare earth elements in AGV-2 (CRM) by ICP-MS.

Measured ICP-OES
Certified conc.
Element

Measured ICP-MS
Value

Accuracy

Accuracy
Value

La

38.00 ± 1

38.70 ± 1.2

37.21±0.6
1.84

Ce

68.00 ± 3

65.40 ± 2.7

2.08
66.63 ± 0.5

3.83
Pr

8.30 ± 0.6

ND

2.01
8.22 ± 0.1

---Nd

30.00 ± 2

27.70 ± 1.4

Sm

5.70 ± 0.3

6.10 ± 0.2

Eu

1.54 ± 0.1

ND

Gd

4.69 ± 0.26

3.90 ± 0.2

Tb

0.64 ± 0.04

ND

Dy

3.60 ± 0.2

3.00 ± 0.08

Ho

0.71 ± 0.08

ND

Er

1.79 ± 0.11

ND

Tm

0.26 ± 0.02

ND

Yb

1.60 ± 0.2

1.35 ±0.1

Lu

0.25 ± 0.01

ND

0.96
28.92 ± 0.3

7.67

3.60
5.41 ± 0.1

7.02

5.09
1.51 ± 0.02

----

1.95
4.63 ± 0.07

16.84

1.28
0.62 ± 0.01

----

3.13
3.30 ± 0.05

16.67

8.33
0.73 ± 0.01

----

2.82
1.83 ± 0.02

----

2.23
0.27 ± 0.01

----

3.85
1.55 ± 0.02

15.63

3.13
0.27 ± 0.01

----

8.00

4.6.1. XRF analysis
A semi quantitative analysis was performed on G9 samples using XRF spectrometer
for understanding the major matrix elements in G9 sample. Figure 4.19 shows XRF
spectrum of G9 sample and table 4.6 shows the major elements concentration of G9. From
table 4.6, it was observed that, Si, Ca and Fe were the major elements in G9 sample. So the
matrix effect may be caused mainly of Ca.
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Figure 4.19 XRF spectrum of G9 sample.

Table 4.6 Concentration of major elements in G9 sample (ms%).
Element
Con. ms%
Element
Con.
ms%
Si

13.28

Y

0.06

K

1.28

Cs

0.57

Ca

72.16

La

0.45

Sc

0.61

Ce

1.78

Cr

0.21

Pr

0.34

Mn

0.06

Nd

0.43

Fe

6.28

Tb

0.53

Zn

0.04

Yb

0.03

As

0.03

Th

0.03

Sr

1.8

U

0.04
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4.6.2. REEs concentration in G9 sample using ICP-OES and ICP-MS
Firstly the G9 sample was analyzed using ICP-OES for the determination of REEs in
the presence of the matrix. The concentration of REEs was shown in table 4.7. Secondly,
the sample was separated by solid exchange resin Amberlite IR-120 using the optimum
conditions of separation as discussed before. Finally, the sample was analyzed using ICPMS for the assurance of the efficiency of the separation method. Table 4.7 shows the
analysis results of G9 sample with ICP-OES before and after separation by Amberlite IR120 and the results of ICP-MS measurements.
Table 4.7 REEs concentration (mg/L) before and after separation by ICP-OES and ICP-MS.

Element

ICP-OES

ICP-MS after
separation

after separation

Y

before
separation
141.8

170.68 ± 7

176.8 ± 5

La

2020

2222 ± 54

2395 ± 18

Ce

3023

4627 ± 127

5105 ± 59

Pr

197.7

262.5 ± 15

278.4 ± 12

Nd

866.3

1117 ± 96

1150 ± 61

Sm

ND

84.19 ± 6

110.1 ± 5

Eu

14.56

25.51 ± 4

26.21 ± 1.9

Gd

44.03

74 ± 5

70.61 ± 3

Tb

ND

ND

5.888 ± 0.6

Dy

33.04

35.48 ± 2

35.7 ± 1.5

Ho

ND

ND

6.186 ± 0.3

Er

ND

ND

4.433 ± 0.1

Tm

ND

7.83 ± 1

6.937 ± 0.7

Yb

7.78

7.88 ± 1.1

8.32

Lu

ND

ND

0.567 ± 0.03
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Table 4.7 shows that, the REEs in G9 sample were affected by the matrix of the
sample, specially, the low concentration REEs. After the separation process, the
concentration of the elements was increased due to the elimination of the matrix. However,
there are some elements that couldn’t be detected (Tb, Ho, Er and Lu). This may be referred
to that, other high concentration REEs (La, Ce and Nd) are still affecting the signal
produced by the low concentration REEs.

4.7. The analysis of the Rare Earth Elements (REEs)

The previous data represents the concentration of rare earth elements in certified
reference materials and the real geological sample G-9. As the REEs are a difficult
elemental group to be determined by many instrumental techniques, consequently their
determination by ICP-MS and ICP-OES has received much attention. In ICP-MS, each
REE has at least one isotope free from isobaric overlap (table 4.2). In general, the most
abundant isotope is used where it is free from isobaric overlap.

Rare earth elements concentrations in geological samples are usually normalized to a
common reference standard, which is commonly comprises the values of the chondritic
meteorites. The chondritic meteorites were chosen because they are thought to be relatively
unfractionated samples of the solar system dating from the original nucleosynthesis.
However. The concentrations of the REEs in the solar system are very variable because of
the difference in stability of the atomic nuclei. REEs with even atomic numbers are more
stable, and therefore more abundant than REEs with odd atomic numbers, producing a zigzag pattern on a composition abundance diagram. This pattern of abundance is also found
in natural samples. The chondritic normalization therefore has two important functions.
Firstly, it eliminates the abundance variation between odd and even atomic number
elements and secondly, it allows any fractionation of the REEs group relative to the
chondritic meteorites to be identified. The REEs concentration varies between odd and even
elements producing a zig-zag shape. Dividing those REEs concentrations by their
corresponding concentrations in the chondrite meteorite values (table 4.8), the normalized
concentrations are then produced. The normalized concentrations for BCR-2, AGV-2 and
G-9 samples are shown in table 4.9.
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In figure 4.20, the REEs concentrations in BCR-2, AGV-2 and G-9 samples are plotted
to demonstrate the zig-zag shape and then , figure 4.21 shows the disappear of the zig-zag
after normalization of the data to the chondrite abundance shown in table 4.8. The absence
of the element Pm, in the chondrite meteorite, in results is coming from the fact that, there
are no naturally occurring isotopes for this element.
Table 4.8 The average concentrations of REEs (ppm) in chondritic meteorites.
Element

Concentration

Element

Concentration

La

0.3100

Tb

0.0474

Ce

0.8080

Dy

0.3220

Pr

0.1220

Ho

0.0718

Nd

0.6000

Er

0.2100

Sm

0.1950

Tm

0.0324

Eu

0.0735

Yb

0.2090

Gd

0.2590

Lu

0.0322

Table 4.9

Normalized values of REEs concentrations in BCR-2, AGV-2 and G-9 samples

Element

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Concentration
BCR-2

AGV-2

G-9

77.74

120.03

7725.81

65.4

82.46

6318.07

50.57

67.38

2281.97

40.67

48.2

1916.67

32

27.74

564.62

26.25

20.54

356.6

23.13

17.88

272.63

20.46

13.08

124.22

16.46

10.25

110.87

16.85

10.17

86.16

15.38

8.71

21.11

14.51

8.33

214.1

12.01

5.74

39.81

9.63

7.76

17.61
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a)

b)

c)

Figure 4.20

Zig-zag pattern of rare earth elements in a) BCR-2, b) AGV-2 and c) G-9 samples.
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a)

b)

c)

Figure 21 Chondrite-normalized plot for REEs distribution in BCR-2, AGV-2 and G-9 samples.
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انًهخص انعشثٗ
انًهخص انعشثٗ
اعزخذو فٗ ْزِ انذساعخ جٓبصٖ يطيبف انكزهخ ٔيطيبف االَجعبس انزسٖ راد يصبدس يٍ
َٕع انجالصيب انًغزحضخ انًٕجٕدح ثبنًعًم انًشكضٖ نهزحهيم انعُبصشٖ ٔانُظبئشٖ ثًشكض
انجحٕس انُٕٔيخ – ْيئخ انطبقخ انزسيخٔ .االجٓضح راد كفبءح عبنيخ فٗ رحهيم انعيُبد
انجيٕنٕجيخ ٔرقذيش َغجخ رشكيض انعُبصش االسضيخ انُبدسح حزٗ جضء يٍ انجهيٌٕ يٍ
انجشاو ).(ppm
ٔقذ رى دساعخ يب يهٗ-:
 -1رى دساعخ افضم انظشٔف انقيبعيخ نزشغيم جٓبص يطيبف االَجعبس انزسٖ رٔ يصذس يٍ
َٕع انجالصيب انًغزحضخ يٍ خالل دساعخ يزغيشاد انجالصيب يضم طبقخ انًصذس انشاديٕٖ
ٔيعذل رذفق انغبصاد.
 -2دساعخ ربصيش ٔجٕد يجًٕعخ شبيهخ نعُبصش يخزهفخ قذ ركٌٕ يحيظ يزذاخم نهعُبصش
االسضيخ انُبدسحٔ .كبَذ ْزِ انًجًٕعخ يحزٕيخ عهٗ اغهت انعُبصش راد طبقخ ربيٍ صبَٗ
صغيشح ((2nd IP
 -3رى دساعخ انعٕايم انًخزهفخ انزٗ قذ ركٌٕ راد صهخ ثبنزبصيش انًحيطٗ.
 -4رى دساعخ االنيبد االكضش احزًبال نحذٔس انزبصيش انًحيطٗ.
 -5قيبط رشكيض انعُبصش انًٕجٕدح فٗ عيُخ جيٕنٕجيخ نًعشفخ طجيعخ انعُبصشانًحيطخ
ثبنعُبصش االسضيخ انُبدسح.
 -6رى قيبط رشكيضاد انعُبصش االسضيخ انُبدسح ثعذ يحبكبح انًحيظ ثزهك انعُبصشصى فصم
انعُبصش االسضيخ انُبدسح ثبعزخذاو انشارُج (  ) Amberlite IR-120انًجبدل االيَٕٗ.
 -7ضجظ انزحضيش نهعُبصش األسضيخ انُبدسح في عيُبد يشجعيخ نجٓبص يطيبف انكزهخ رٔ
رهك انعُبصش انعبنيخ انزشكيض
انًصذس االيَٕي يٍ َٕع انجالصيب انًغزحضخ نقيبط
ٔانًُخفضخ انزشكيض.
 -8رى ضجظ انظشٔف انقيبعيخ نعًهيخ انفصم ثعذ يحبكبح عيُبد يحزٕيخ عهٗ عُبصش
راد طبقخ ربيٍ صغيشح يحيطخ ثبنعُبصش االسضيخ انُبدسح رحذ انذساعخ.
 -9رى رطجيق افضم ظشٔف قيبعيخ نعًهيخ انفصم عهٗ عيُبد جيٕنٕجيخ حقيقيخ صى
قيبط رشكيضاد انعُبصش االسضيخ انُبدسح ثبعزخذاو جٓبصٖ يطيبف انكزهخ ٔيطيبف
االَجعبس انزسٖ راد يصبدس يٍ َٕع انجالصيب انًغزحضخ.
 -10رى عًم يقبسَخ نزهك انُزبئج ٔيُبقشزٓب.
خهصُب يٍ انُزبئج انزٗ رى انحصٕل عهيٓب انٗ االرٗ-:
أ

انًهخص انعشثٗ
 -1طبقخ انزبيٍ انضبَٗ (  (2nd IPنهعُبصش انًحيطخ ْٗ انعبيم االعبعٗ فٗ َقص شذح
االَجعبس انزسٖ نهعُبصش انًشاد قيبعٓب ثبعزخذاو يطيبف االَجعبس انزسٖ رٔ يصذس يٍ
َٕع انجالصيب انًغزحضخ (.(ICP-OES
 -2دانخ احزًبالد انًغزٕيبد انزسيخ اليَٕبد انعُبصش انًحيطخ صُبئيخ انشحُخ رعزجش
عبيال صبَٕيب فٗ َقص شذح االَجعبس انزسٖ.
 -3االنيخ االقشة الضًحالل شذح االَجعبس انزسٖ نهعُبصش انًشاد قيبعٓب فيًب يعشف ة
) )Matrix Effect Interferencesيٍ انًحزًم اٌ ركٌٕ ْٗ
) (Penning ionizationيزجٕعخ ة ٔ Electron-ion recombinationانزٖ
يؤدٖ انٗ انزجشيذ انًفبجٗء نزساد االسجٌٕ انًضبسح فٗ انجالصيب.
 -4يعزجش انشارُج  Amberlite IR-120رٔ قذسح عبنيخ – كًجبدل ايَٕٗ -عهٗ فصم
انعُبصش االسضيخ انُبدسح قجم رحهيهٓب ثبعزخذاو اجٓضح ICP-OES and ICP-MS
حيش ٔصهذ قذسح انشارُج عهٗ فصم حٕانٗ  %99الكضش انعُبصش االسضيخ انُبدسح
 -5فٗ عًهيخ انفصم رى اعزجذال انٓضاص ثذٔاس يغُبطيغٗ ٔقذ اعطٗ َزبئج ايجبثيخ حيش
كبٌ انٕقذ انقيبعٗ فٗ عًهيخ انفصم حٕانٗ  45دقيقخ فٗ حيٍ اَّ يٍ دساعبد عبثقخ
كبَذ حٕانٗ  6عبعبد ثبعزخذاو انٓضاص انكٓشثٗ.
 -6رى انحصٕل عهٗ قذسح فصم اكجش فٗ حبنخ فصم انعيُخ عهٗ اكضش يٍ يشحهخ.
 -7رى انحصٕل عهٗ دقخ قيبط عبنيخ عُذ قيبط رشكيضاد انعُبصش االسضيخ انُبدسح فٗ
يضم BCR-2, AGV-2 :ثعذ فصهٓب ثبعزخذاو ال
ثعض انعيُبد انًشجعيخ
ٔ Amberlite IR-120رنك ثبعزخذاو انظشٔف انقيبعيخ انزٗ رى انحصٕل عهيٓب عبثقب
يٍ عيُبد انًحبكبح ٔكبَذ انُزبئج يقجٕنخ يقبسَخ ثقيًٓب انًشجعيخ.
 -8فٗ انًشحهخ االخيشح يٍ انذساعخ رى رحهيم عيُخ جيٕنٕجيخ حقيقيخ ثعذ فصم انعُبصش
االسضيخ انُبدسح ثبعزخذاو َفظ ظشٔف انعيُبد انًشجعيخ ٔرنك ثبعزخذاو جٓبصٖ
ٔ ICP-MS ٔ ICP-OESكبَذ انُزبئج يزقبسثخ.
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