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ABSTRACT

Induct ively coupled plasma-mass spectrometry is a fairly new
technique that. is gainirg popularity in trace element analysis.

The studies undertaken in this thesis delve into both the
effect of plasma operating parameters on analyte signals in ICP-MS
and the application of ICP-MS to trace element analysis in natural waters.

Utilizing the Sciex Elan Model 250 ICP-MS a study was done on
the effects of plasma operating parameters (nebulizer flowrate, plasma
rf power and sampling depth), on analyte signals. Data cbtained were
graphed in different formats and compared and optimum parameter values
for trace element analysis were selected.

The effect of Na on matrix induced signal suppression and the
use of an internal standard to reduce such signal suppression were
invest igated.

Finally, the ICP-MS was utilized for trace element analysis of
natural water and the occurrence of isobaric interferences is
illustrated. Accuracy of analytical results was verified by the
utilization of more than one isotope when possible and by analysis
with another techique: inductively coupled plasma atomic emission
spectrometry (ICP-AES). Precision and detection limits of both

techniques are reports.
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CHAPTER 1

Determination of Trace Elements in Natural Waters

A. Introduction

An abundant supply of water is one of the most important factors
in the development of modern societies. The convenience of water
available in the home improves the quality of life. Inexpensive water
allows individuals and communities to beautify their surroundings and
to use water as a carrier for household wastes. A modern society
depends upon an available supply of clean water. Ground water
provides about half the drinking water in the U.S. and is extensively
used in industry and agriculture. The natural quality and quantity of
ground-water varies and instances of ground water contamination have
been found in most countries. The contamination of ground-water may
result from all aspects of human activities; agriculture, industry,
transportation, domestic wastes and resource exploitation.

The contaminants found in ground-water vary from simple inorganic
ions to complex synthetic organic chemicals. Inorganic species enter
natural water from a variety of sources. The weathering of rocks and
s0ils directly exposed to surface water is usually the largest natural
source. Atmospheric fallout of particulate matter from natural
sources as well as from anthropogenic inputs, which include the
combination of fossil fuels and material processing, can introduce
relatively large quantities of inorganic species into natural water
systems. Other inputs such as the discharging of various treated and



untreated liquid wastes to the receiving waters or the contaminations
of the aquatic system through construction, mining, lumbering, or
similar activities, can introduce large quantities of inorganic
constituents into natural water. The origin and nature of major
inorganic species are described in great detail in most water-
chemistry textbooks [1-3].

At a first glance, the analysis of water would seem to be the
simplest of all analytical tasks. While this may be correct for
distilled water solutions containing an easily detectable amount of a
single inorganic salt, it is far from the truth for natural waters.
The latter contain living as well as nonliving, organic together with
inorganic, and dissolved as well as insoluble substances. Problems
can occur during or after sampling which may change the sample
composition drastically from its true form. This may be caused by a
variety of problems including contamination and loss of a substance
due to precipitation, complexation, absorption or ion-exchange on a
container wall.

Another problem is that natural waters vary greatly in matrix
constituents. Samples range from precipitation, rivers and lakes
which are low in impurities, to highly polluted effluents. A single
analytical method will not necessarily be applicable to such a wide
range of compositions.

Sampling is another major prablem which is generally given little
attention, hence it is common for it to be the largest source of error

in the final result. Natural water can be very heterogeneous



vertically, horizontally, and with time. This is due not only to man-
made pollution, but also can be caused by natural phenomena such as
erosion, currents, thermodines, and precipitation washout of dust. No
agreement. can be found in the literature on sampling methods.
However, in designing a sampling strateqgy, the objective of the work
must be borne in mind together with the problems associated with any
sampling method under consideration.

Contamination of samples is an ever-present danger in water

analysis. Thiers [4] classifies the problem as follows:

i. Positive contamination results from the addition of contaminants
to the sample.

ii. Negative contamination occurs when losses of the substance in
question (analyte) occur.

iii. Pseudo~Contamination is an error introduced by the presence of a
substance other than the analyte (i.e. a matrix effect).
Positive and negative ccntamination pose the most serious
problems. Causes of positive contamination are many and
generally obvious. Negative contamination can be caused by
precipitation, adsorption, or ion exchange on the surface of
containers. Particulate matter, if present, may also adsorb
analyte species.

Storage containers to be used will depend on the parameters being
measured. In some cases the constraints can be very severe ed.g.
determination of heavy metals. In others e.g. determination of major

ions, almost any clean leak-proof container will suffice. Plastic



bottles have almost entirely superceded glass for the storage of
waters for inorganic analysis. Compared to borosilicate glass most
Plastic bottles are inexpensive, less fragile and have minimal
problems due to ion exchange. On the negative side most plastics have
a porosity which allows samples to evaporate slightly over long
storage periods.

Positive and pseudo contamination can result from contaminated
plastic bottles hence cleaning is essential. Metallic impurities,
present as a result of the fabrication process or past usages can
cause serious positive contamination in trace metal analysis.
Adcditives used as stabilizers may leach out, causing negative or
pseudo-contamination problems. At the very least, most inorganic
analysis applications require that the container be washed with
detergent, rinsed thoroughly with tap and finally distilled and the
sampled water. In trace analysis and when heavy metals are to be
analyzed, an acid soaking following the detergent-wash is essent.ial.

To prevent adverse changes to the samples during storage, it may
be necessary to add a preservative to all samples. Such a proc=adure
is generally recommended for trace metal analysis where the sample
should be acidified [11].

It is very important in trace metal analysis to use reagents of
hich purity. Analytical reagents will suffice in most cases but when
working at very low concentrations it may be necessary to use
speciclly purified material. A blank must be run with any trace
analysis. The magnitude of the blank will control the detection limit



which can be obtained.

Great care is essential in the preparation of standards, and
water used for dilutions and standard preparation should be of high
quality.

Since good precision does not necessarily signify that an
accurate result has been obtained, the possibility of the latter
should be maximijzed by testing natural and or synthetic reference

samples on a routine basis during analysis.

B. Summary of Analytical Techniques

Methods for analyzing water are reviewed biennially in odd-
numbered years in 'Analytical Chemistry' [5). These reviews are very
comprehensive, and no attempt has therefore, been made to give an
exhaustive coverage of the literature. Some reviews on the subject
include books by Mancy [6] and Ciaccio [7-10]. The latter is
particularily comprehensive, gives many references, and deals with the
following measuring techniques: flame spectrometry (atomic emission,
absorption, and fluorescence), emission spectroscopy, X-ray
spectroscopy, activation analysis, determination of radionuclides, gas
chromatography, mass spectometry, infra-red spectroscopy, luminescence
analysis, electroanalysis. Other techniques are touched on, and in
addition pre-concentration and separation techniques are discussed in
great detail. Minear and Keith [11] also edited an excellent book
which deals with the use of plasma excitation sources in water

analysis as well as many of the other techniques listed above. A



brief review of some of these techniques follows.
1. Oolorimetry and Spectrophotometry

Several different colormetric and spectrophotometric procedures
are available [12] but only two are widely used for analyzing water.
When the analyte is coloured in solution, analysis is done by visual
comparison of the sample solution with standard solutions. In
spectrophotometry, photoelectric measurement of the degice of
absorption for a selected wavelength band is done. If tre determinant
is weakly absorbing, chemical pretreatment muv ke raqguired so as to
obtain a strongly-absorbing substance.

Yan et al [13] reported a detection limit of 4.5 ppb for the
determination of phenol in natural waters. Phenols were extracted
with butyl acetate and determined spectrophotometrically. They used
three different wavelengths to eliminate natural water background
interference.

Rathmore et al [14] reported a method for determining citric acid
in river water using spectrophotometry. The method is based on the
red colour developed upon treating the acid with acetic anhydride at
65°C in the presence of sodium acetate and phenyl acetate.

Due to the simplicity of colorimetry, and because equipment is
inexpensive and less liable to failure, it is used widely under field
oonditions. It requires less analytical skill and experience and is
very rapid when permanent comparison standards can be used. However,
the lengthy chemical treatment of samples that. may be required is a
big disadvantage. It also tends to give poor accuracy and precision



compared with spectrophotometry.
2. Flame-Pmission Spectrometry

Flame emission spectometry has also been used in water analysis.
A varjety of factors affect the analytical performance of flame-
emission spectrometers including instrumental and experimental
parameters. A good description of these are given by Mavrodineau [15]
and by Dean and Rains [16, 17). Compared with the newer plasma
spectrochemical excitation sources, flames are very complex and
several different types of interferences [17] occur in flame
spectrometry. Their relatively lower temperature also results in poor
detection limits and sensitivity for most elements. The technique is
now mainly used only for the determination of the alkali metals (Na,
K, Li, Rb, Cs).

3. Atomic Absorption Spectrometry

This is the method of choice for water analysis and standard
procedure for analysis are described in the ASTM manual on Water
Analysis [18].

Flame atomic absorption is closely related to flame emission, and
its principle advantages stem from its simplicity and ability to
determine many elements. As with flame emission, good precision is
usually easily and rapidly achieved except when concentrations close
to the detection limit are present. Relative standard deviations of
1% and less are often reported.

Interferences do occur in flame AAS but they are often not a big

problem in water analysis. Simple means of overcoming most effects



are available, eq. the addition of 'releasing’' reagents to the sample.

Application of flame atomic absorption spectrometry to water
analysis has developed very rapidly. Lead and calcium were determined
in organic — and silica-rich sediments by Hsu and Locke [19]. They
used both an open beaker and bcmb procedure to digest the samples with
nitric, perchloric and hydrochloric acids. Flame atomic absorption
spectrometry was used to measure the concentrations in the digestates.
Sukhareva, Zolotareva, and Ryzhak [20) determined calcium, magnesium
and iron in natural water and waste water with an air-acetylene flame
atomic absorption procedure. Methanol was added to the samples to
enhance sensitivity. Detection limits were determined to be 1, 0.05
and 0.2 ug/L for calcium, magnesium and iron, respectively. lead and
Zinc in seawater were effectively extracted into carbon tetrachlorice
with added octanoic acid. A detection limit of 0.1 ug/L was achieved
by this method.

Other AAS techniques like graphite-furnace atomic absorption
spectrometry and electrothermal vaporization atomic absorption
spectrometry (ETV-AAS) have superior sensitivity to flame-AAS and have
been used in water analysis. In ETV-AAS, a small amount of a sample
is resistively heated in a container by the passage of an electric
current. Most systems allow for a number of heating steps and the
rate of heating, time and temperature can be programmed so as to
select. an optimum sequence for drying, heating and vaporization of the
sample components on the vaporizer surface. Sample volumes are

typically from 5 to 100u{ and almost all the sample is converted to



an atomic vapour.

This efficient sample utilization accounts for the extreme
sensitivity of the technique. Detection limits are typically 10 to
100 times better than those obtained using solution nebulization flame
-AAS and rivals the detection limits in anodic stripping and pulse
polarographic techniques. The technique, however, has inferior
precision when compared with solution nebulization flame-AAS
techniques and matrix effects are complex and background correction
can be a serious problem.

1o et al [21]) described a method utilizing a solvent extraction
of dithio carbamate complexes into chloroform followed by back
extraction with a dilute Mercury [1I] solution. Several elements were
simultapeously preconcentrated from seawater by this technique
including calcium, cobalt, copper, iron, maganese, nickel, lead anc
zinc. Graphite-furnace AAS was used to make the final analysis.
Sperling and Bahr [22] reported the determination of heavy metals in
sea water and marine organisms by atomic absorption spectrometry.
They used electrothermal atomization and reported poor precision and
accuracy due to variations in graphite quality. This imprecision was
minimized by the addition of an acid matrix modifier to the final

analysis digest,



4. Atomic Fluorescence Spectrometry

Atomic-fluorescence spectrometry is closely related to atomic-
emission and absorption spsctrometry. However, at pressnt fow
applications to water analysis have besen described. This may be Que
to the fact thatt.heudmiq:ehnmtyetb-mcomurcn]iwmis
mainly confined within academic institutions. However, it is more
sensitive than flame-AAS,

Olivo et al (23] used atomic fluorescence for the determination
of arsenic and other elements in water. NaBH, was used as a reductant
and a Hy-air mini-flame was used for atomization. A detection limit
of 0.04 1g/L was reported for arsenic. Tao et al (24) used atomic
fluorescence in the determination of arsenic in water. Bydride
generation was employed. Han and Wang [25] also determined arsenic by
atomic fluorescence after reduction to the hydride by KBH,.

S, X-Ray Fluorescence Spectrametry

In X-Ray fluorescence spectrometry, the sample is irradiated with
a beam of X-rays which are absorbed by the constituent atoms of the
sample. The atoms 80 excited then emit fluorescence X-rays at
wavelengths (energies) characteristic of the elements present. These
fluorescent rays are separated into their constituent wvavelengths by
the dispersive system and the intensity at each wavelength - which is
Mmﬂnmﬂawdﬂnc&molm—h
msasured in the detector system. Scanning the spectrum of fluorescent
radiation indicates which elements are peesent and calibration of the
system with known amounts of elemants allows quantitative analysis.

10



Elements of atomic mumber greater than 9 can be determined often
with relative standard deviations of 1-5% provided concentrations are
not. too close to the limits of detection. Elements of low atomic
number (less than 9) can be dz=termined but special techniques are
required. The time required to determine one element when the sample
has been placed in the instrument. is often of the order of 1 minute,
though times of 10 minutes have been used to improve precision and
sensitivity in water analysis. QOne of the main problems of the
technique is that the results obtained can be markedly affected
(positively and negatively) by other elements present. in the sample.

In water analysis there is usually the need to achieve high
sensitivity for trace elements, and problems may also arise when
solutions are analyzed directly. Accordingly recent methods have all
adopted some pre-treatment of the sample so that the trace elements
are concentrated and then presented to the instrument in a solid form.
With these concentration procedures limits of detection between 0.1
and 1lug/ £have been reported [26]. Clechet and Eschalier [27]
reported determining traces of Mercury and Barium in water by
selective retention on ion-exchange paper and X-ray fluorescence
spectrometry. Ellis et al [28, 29] studied seven methods for the
preconcentration of chromium, maganese, iron, cobalt, nickel, copper,
zinc, arsenic, selenium, silver, cadmium, antimony, mercury, thallium,
and lead from water prior to energy or wavelength-dispersive X-ray
fluorescence spectrometry. The final step of each pre-concentration
required the formation of a s0lid residue which could be introduced



directly into the spectrometer.
6. MActivation Analysis

The general principle of this technique is to irradiate the
sample with energetic particles (eg. neutrons, protons) or radiation
(eg. gamma-rays) which by interaction with the atoms in the sample,
lead to formation of radionuclides. The nature and amount of the
radionuclides formed is indicative of the elements and their
concentrations present. in t. - original sample.

In application to water analysis neutron acti- n f water
samples leads to the formation of many different raevior - .1des so that.
either chemical separation is needed before or after irradiation or
instrumental methods (eg. camma-ray spectrometry) of resolving the
emitted radiation is necessary. The latter approach is being
increasingly used because of its speed but is applicable only to
gamma-emitters.

Imai et al [30] reported the use of dithiocarboxy-piperazinyl
cellulose ammonium salt to preconcentrate trace elements prior to
neutron activation analysis. Ten litres of water was passed through a
column packed with the cellulose salt at a given pH. The packing was
then ashed in a low-temperature plasma asher, and the resulting ash
was encapsulated in polyethylene and subjected to neutron activation.
Gamma-spectrometry was then performed to determine 19 elements.
Procedures were described by Greenberg and Kingston [31] to
precoicentrate trace elements with a chelating resin and subsequent

analysis by neutron activation analysis. This technique essentially



13

removes all alkali, alkaline-earth metals, and halogens from the
sample.

Detection limits obtained in NAA are inversely proportional to
the neutron flux, and for fluxes of approximately 1012 neutrons em~?s~1
many elements can be determined with limits of detection in the
range 0.1-100 ng. Such neutron fluxes are achieved only in nuclear
reactors and this represents a disadvantage of the technique since few
water laboratories have direct access to a suitable reactor.

7. Other Measurement Techniques

Several other techniques have been used in analyzing water.
Brihaye and Duyckaerts [32] used a rotating glassy-carbon ring-disk
electrode to determine calcium, lead, copper, antimony, and bismuth
in seawater by both linear sweep and differential-pulse anodic
stripping voltammetry. Concentrations were determined in the ng/L
range. Andruzzi, Trazza, and Marrosu [33] compared the performance of
the sessile drop mercury electrode to the conventional hanging mercury
drop electrode in the direct determination of trace metals by
differential-pulse anodic stripping voltammetry. Their studies showed
that in seawater, the sessile~drop electrode offered better stability,
reproducibility and detection limits (50ng/L) than other electrodes.

Hu, Dessy, and Graneli [34] described a potentiometric stripping
analysis procedure for the determination of heavy metals in
groundwater. Flow injection techniques provided a convenient
automated method for the determination of copper, calcium, and lead.
Drabaek, Madsen and Soerensen [35) described the analysis of Seawater



by potentiometric stripping analysis. They determined lead, cadmium,
and zinc with a precision of 5-16% relative standard deviation,

>nding upon the concentration level. The accuracy of the method
...> evaluated by comparison with other techniques.

Excellent sensitivities and detection limits can be obtained with
mass spectrometric and plasma spectrometric techniques. Foss, Svec
and Conzemius [36] determined trace elements in an aqueous medium
without preconcentration using a cryogenic hollow cathode ion source
on a mass spectrometer. A glow discharge in a hollow cathode
containing 20-50 ufl of agueous sample held at liquid nitrogen
temperatures was used as a source of ions in a double-focusing mass
spectrometer. Fluorine, phosphorus, sulfur, selenium, manganese,
nickel, and tantalum could not be determined because of interferences.
All other elements were determined at detection limits ranging from
sub~ng/mL to ug/mL levels. Shelpakova et al [37) reported a method
for the analysis of high purity water. It consisted of the
preconcentration of impurities by evaporation on a thin layer silicon
substrate, followed by ionization by a high-frequency spark. The ions
were then measured with a mass spectrometer. The detection limits for
60 elements were reported to range from 10'9 to 10'12% with a relative
standard deviation of 0.17 to 0.36.

Among the several different plasma spectrochemical techniques
that have been used for water analysis are: radio frequency
inductively coupled plasma atomic emission spectrometry (ICP-AES) and

plasma jet direct direct current arc (DC Plasma) spectrometry.
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Blackmore, Casey and Collins [38] described an electrothermal
carbon atomizer for the simultaneous determination of 10 elements in
wastewater by inductively coupled plasma atomic emission spectrometry.
Buchanan and Hannaker [39) determined minor elements in concentrated
brines using inductively coupled plasma spectrometry. Magnesium
present in the brine solution was used as a carrier by adjusting the
pH of the sample to 8.0-9.0 with sodium hydroxide. The resulting
precipitate was redissolved and analyzed for 14 cation and 3 anion
species. Urasa [40) determined arsenic, boron, carbon, phosphorus,
selenium, and silicon in natural waters by a direct-current plasma
atomic emission technique. He evaluated the method in terms of the
detection limits, sensitivity, linear dynamic range, precision,
interference effects, matrix effects and element selectivity. He
found that in most cases the detection limits and sensitivi® .. < were
equal to or better than those achieved with other techniques.

C. The Inductively Ooupled Plasma (ICP) as a Spectrochemical Source

The operating principles and characteristics of the ICP have been
studied in detail by Fassel et al [41, 42). The main features of the
ICP discharge are shown in Figure 1. The torch consists of three
concentric quartz tubes and their argon gas flows as shown.
Surrounding the top of the torch is a 3-4 turn induction coil to which
radio frequency (rf) power is applied (27MHz, 1-3kW). To ignite the
plasma, the argon gas is made electrically conductive by partial
jonization with a tesla coil and then coupled with the tiqe varying
magnetic field produced by the induction coil. The electrons and ions

15
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produced are accelerated in this field to high enough energies to
ionize neutral argon atoms, creating an "avalanche”™ of electrons. The
accelerated charged particles also experience resistance to their
motion due to collisional processes. This results in an ohmic heating
effect, which in turn causes additional ionization.

The characteristics of the plasma are: high temperature,
~hemical inertness and optical thinness. These features account for
its favorable analytical performance as a spectrochemical emission
source when compared with other sources like flames, arcs or sparks.
The matrix interference effects are comparatively low, solute
vaporization interference is negligible, detection limits are low,
sensitivity high and the linear dynamic range is wide; about five to
six orders of magnitude.

The high temperature and chemical inertness of the ICP makes it
an excellent ion source. In the sample solution uptake process the
solution is first nebulized and converted to fine aerosol droplets by
the spray chamber and then transported to the plasma. The sample
takes about (2-3 ms) to travel through the plasma. During this
period, the aerosol droplets are desolvated, vaporized, atomized,
ionized and excited.

The degree of ionization , is defined as follows.

nj Ning/Ny K (1)

nj + Ny (njng/ng) +ng Ky + ng

where n, = number density of atoms
n; = number density of ions
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Ne = electron nunber density
ky = Saha Bauilibrium Constant
The Saha equilibrium constant is dependent on the ionization
temperature T;,, and is expressed as [37):
K, = ning = 4.83 x 10357, 322, exp (- v; )

Ny Za ( kTijon !
where Z, = partition function of the atom
2 = Partition function of the ion
41 = Jonization potential
K = Boltzman Constant

The degree of ionization a can be calculated if T;,, and N,
are known. The data presented in Table I were calculated using ng =
1.475 x 10Mcm™3, T, (Ar) = 6680 K and assuming local
thermodynamic equilibrium (43, 44].

It can be seen that the degree of ionization for an element with
an ionization potential of less than 8eV is close to 1008, confirming
that the ICP is a good source of elemental ions.

Several excellent reviews and books [45-47] dealing with the
analytical applications of ICP have been published. In principal, any
element other than the constituents of the plasma gas, can be
determined by ICP-emission spectrometry, and in practice, all but

few can be determined by commercially available equipment.

D. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
ICP=-MS has developed into a significant, new technique for ~-e
element analysis. It combines the advantages of the ICP mentionsd ..
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the previous section with the high sensitivity inherent in mass
spectrometry. Ions are sampled from the plasma by a cone called the
sampling cone (See Figure 2). This cone has an orifice with a
diameter of almost 1mm. A second cone, the skimmer, samples part of
the ions from the sampler. The diameter of the skimmer orifice is the
same as the sampler, but the former is more sharply tapered and is
about 6mm behind the sampler. The region between the two cones is
differentially pumped to a pressure of about 4 torr. The sampled ions
are mass analyzed using a quadruple mass spectrometer.

Pioneering work in ICP-MS was conducted primarily in three
laboratories: the Ames Laboratory at Iowa State University headed by
Fassel [48-50], the laboratory at Sciex [51] and the University of
Surray (Gray), the British Geological Survey (Date) and VG instrument
[52-55]. Houk [54] and Gray [55] published recent reviews
on the technique.

Detection limits are in the range of 10 to 100 pg/ml for most
elements, and for certain elements, detection limits approach 1 pg/ml
(0.001 ppb). Compared with ICP-AES, these limits are 100 to 1000
times superior. Other advantages of the techniques are: simplicity
of mass spectra obtained compared with the complexity of optical
emission spectra, facile measurement of elemental isotope ratio which
allows routine utilization of isotope ratio information and the
isotope dilution technique to solve and study analytical problems, and
the qualitative identification of elements from their natural
abundance spectral pattern.
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Complications do occur in ICP-MS due to molecular ions formed
either in the ICP or in the ion extraction device. Studies have
already been done to identify problems that may result from isobaric
and oxide interference [58, 59], but very little has been done to
illustrate these and other interferences in real sample analysis. It
is one of the aims of these studies to illustrate interferences that
can occur in water analysis using ICP-MS.

Experience gained from previous studies of the ICP-MS have shown
that. the areas to address during method development include:
compromise instrument setting [59-62), spectral interferences [58, 60,
62), and matrix effects [60, 63-65]. In this study all these aspects
of the technique will be covered with respect to the analysis of
ground water. In the next chapter a detailed study of the effect of
plasma operating parameters on the analyte signal is presented.
Parameters studied include: nebulizer flow rate, rf power and
sampling depth. The response of the signal is mapped out over a
wide range of these variables. The results of this study allow the
establishment of effective compromise instrument settings. Then ICP-
MS is applied to the determination of trace elements in ground water.
Matrix effects are assessed and semi-quantitative analysis is carried
out. Since matrix effects originate mostly from the major elements in
the matrix, an analysis for major elements will be carried out so as
to prcperly assess matrix interferences. An internal standard will
also be selected so as to reduce matrix effects and improve precision.

Finally to check the accuracy of the analytical results two



complimentary techniques can be used for the analysis. In this work,
ICP-AES was used with ICP-MS.
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CGIAPTER 11
Instrusentation and Sasples

A. ICP-S

Al]l @perimen.3 were carried out on the Sciex Elan model 250
inductively coupled plasma mass spectrometer. A schematic diagram
of the instrument is shown in Figure 2.

The solution to be analyzed is aspirated by a nebulizer through a
spray chamber into the plasma. Argon is used as the nebulizing gas.
A Meinhard nebulizer and a Scott type spray chamber were used in all
experiments. The plasma torch was a standard torch. The torch is
mounted on the impedance matching network box and the whole unit was
built so that the torch could be moved both laterally and vertically
for alignment with the sampling orifice.

Ions formed in the plasma are sampled into the housing of the
quadruple mass spectrometer through a differentially pumped region.
Once in the mass spectrometer, the ions are focused and collimated
by the ion lenses and deflected according to their m/z ratio by the
quadruple rods (mass filter). A detailed diagram of the mass filter
and lenses is shown in Figure 3.

Jon detection is achieved with a Channel Electron Multiplier (CEM)
uhid\prodmawlnofmrmmrmtouchimm The
signal gensrated by the CEM is processed by the signal handling unit
and than transmitted to a computer. The computer is an Intel 16-bit
microprocessor with one flexible disk drive and a 10Mbyts hard disk
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drive. This computer is in turn connected to a Macintosh computer .
Raw data from the ICP-MS computer were collected with the Macintosh
and were then edited, reformatted and plotted using commercially

available programs like Excel, Cricket. Graph and Statworks.

B. ICP-AES

All experiments for ICP-AES analysis were carried out on the
Applied Research Labs (ARL) model 34000 ICP spectrometer. Details
on the specification and operating conditions of this instrument. are
shown in Tables II & 11I. The instrument consists of an ICP excitation
box, a 34 channel direct reading spectrometer and a PDP 11/03 DEC
computer with 34K memory for data acquisition. Data acquisition and
control of the instrument are computer controlled. The software
used to run the computer is Applied Research labs extended basic
(ARLEB). All data collected were printed on an LA36 DEC hardcopy
printer terminal. The channels available on the instrument are

shown on the periodic chart in Figure 4.

C. Sample Description

All 51 groundwater samples were obtained from the Geology
Department of the University of Alberta. There was no information
as to how the sampling was carried out but all samples were properly
acidified and stored in plastic bottles to ensure stability. The
colour of the solutions varied from colourless to light brown.
Samples were labeled WW27 through WW77.

The elements of interest in the trace analysis were: Sr, Ba,



Table 0. Specifications for the ARL 34000s ICP spectrometer

Inetrumentation and mr.til_l’ Conditions

AF Gensrator

Induction coil

Plasms torch

Wabulizer/sprey
chamber

Gas flowe

Enclosure

Viewing height

ount

Optice

Asgquisition

Inductively Coupled Plasns

Atz -genled, 0-2.5 k¥ continuous rating,
operating ot 27.1 Mz, crystal control-
0@ to within 2000 Nz, pre-set autotuned
1200 ¥ output pover wath 0 W reflected

power.

Silver plated ) turn copper tube, water
cooled.

Quarts with three concentric tubee for
coolent gas, plasme gas and serosol gas.

Permanently aligned coexisl pneumatic
aebulizer with computer controlled tip
desalting; Scott-type coexial spray

chamber with direct aerosol injectaon.

LGS system, argon

coolant gas - 12 l/man

plasss gas <~0.0 1l/man

aerosol gas - 1 )l/man

All gas flows regqulated by wraple gegula-
tion pressure valves with sddirtional
restriction by cepiliary orifices for
coolant end plaems gases.

Fully enclosed by Farsdsy cages and sl)
interliecked aystem,

1S am g2 1 W, enclosure BOVing verticelly
on & )-peint sount and horiseantally en o
sot of guides.

tLrapeter

3 point suehioned mounting, 1.0 &
Paschen-Runge, 3 sectien cest iseon
501804 vaCUUD SPpOCLTEReter With 8rgen
purge %0 optise and plasms.

1000 gre ves/mm interferemetrically
ruled Qv+ i3 Dlank gzeplica grating
dlased ot 600 am. Range:175-000 mm.
Satzance olit 30 pm; enit slite 50 pms
uhu; lene gquarts. Photamuitiplies
tubes for oignel detection, 1 insh
diameter; coth do Diasing neuimwm of
970 volts ansd refesenced % -100 velt

qround .

Simuitanstus cspecitively steced

wvith sequential seomversion by o POP 11/03
S8C smmguter with JIX memery. Seftwese
systan 5o Applied Reseerch Labe ontonded
seeic (ARLES). Dete outputted o o8 LA
OEC hesdeopy peinter terminmsl.
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Table I

Elements and thelr wavelangthe and detection limits on the
ARL 340008 ICP spectrometer

HARDUARE CONFIOURATION
SCANNING PRINARY SLIT (SANnI)
RX02 DISK
SYSTEN SERIAL DEVICES
MAIN CONSOLE ONLY ON SYSTER
IS THE CONFIOCURATION 0.K. CY/N)Y ¥
CPIRINT+ (M)ODIFY SYMBOL TABLEY? <CR> YO PROCEEDY P
CHANNEL NO. ELEMENT WAVELENGTH (NN) ORDER D.L. (PPR)
1 ZR 343.82 1 «00334
e SR 407.78 1 .00029
3 | 7 4%5.40 1 +0007?7
'} Nl 231.40 2 .0071
S AL 237.34 e .07903
¢ 249.48 2 «00373
7 "N 257.61 2 .00179
] FE 299.94 e +002%6
L4 N 174.27 3 [
10 F 176.29 3 0581
11 S 190.73 3 «02662
12 HG 104,93 3 «053%6
13 "G 279.00 2 01663
1e as 109.09 3 «02133
13 SN 107 .99 3 «0099S
16 t ¥ 280.16 2 «03377
17 c 193.09 3 o
10 v 292.40 e +00340
19 NA 3509.3% 1 +0403
20 mno 202.03 3 «00736
21 CRr 208.S% 3 +0043?
2 t 1 206.03 3 « 02727
23 GE . 209.33 3 «035726
24 Ca 317.93 2 «00731
bt N 213.86 3 +004
26 cv 324,73 2 «00054
2?7 AG ' 320.07 e «00392
2 (4 ] 220.33 r «00533
29 L1 620.76 1 «00142
3o ! 337.29 3 « 00092
31 cos 226.%0 3 «00298
» cnr2 o28.00 3 «00424
33 IN 230.61 3 «0%423
3o Y 764 .49  } + 09404
DETECTION LINIT MATIPLIER TO USE AS
LOVER ANALYTICAL LINITY S
INCTRUNENT ORATING NO. 1080
THIS 1S & vaCuyun SPECTRONRETER
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v, Co, Cu, U, Ni, Li, and Zn. The samples also contain Na, S, Ca,
Mg and Fe above the trace level and because of the ubiquitous
occurrence of these elements in groundwater, they were thought to be
likely major components in the samples.



CHAPTER 111

Comparison of Data Display Formats for ICP-MS Parameter Studies

A. Introduction

A large number of variables affect the measured signal
intensity in ICP-MS. A detailed list of these variables can be
found in the paper of Horlick et al [61] In this section data on
the effects of nebulizer flowrate, sampling depth and power on the
measured signal intensity will be presented and a comparison of data
display formats will be made. Our goal is to find the relationship
between the various parameters studied and their effects on signal
intensity and on one another, to select compromise conditions for
ICP-MS analysis, to compare the different types of display formats
as to their information content and to give possible explanations
for signal variations observed.

A 0.1 ppm multielement stock solution of Cd, Zn, Y, Sr, la and
Ba was used in the experiment, and data were collected after every

0.05 £/min. increase in nebulizer flowrate.

B. Signal vs. Nebulizer Flow Rate

This plot format appears to be the most informative. The
analyte ion-count is plotted vs. nebulizer flowrate and then on the
same set of axes a family of such curves are plotted representing
the ion-count nebulizer flowrate behaviour at different plasma

powers or at different sampling depths.
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1. Power Family At Different Sampling Depths

The plots for all the elements studied are shown in Figures S5-12.
At any one particular depth the ion—count for each element goes
throuch a maximum indicating that at a fixed depth and power there
is an optimum flowrate at which the jon-count and hence sensitivity
is a maximum. The position of this maximum does not vary
significantly with the type of element although plots for doubly
charged species tend to give a maximum at lower flowrates compared
to plots for the corresponding singly charged species. Thus at 15mm
and 1.3kW, Ba, la, Sr, Cd, Zn and Y all have a signal maximum close to
1.05 £ /min. This implies that a single set of conditions can be used
for quantitative analysis of many elements with little or no sacrifice
of sensitivity.

The value of the maximum ion-count is different for each species
because of differences in inization potential, differences in
atomic weight which determines the number of ions in 1 litre of
solution for a 0.1 ppm solution, and because of other variable
effects like a different extent of oxide and other species formation.
Doubly charged ions have very low ion-counts compared with their
singly charged components because of the large energy required to
produce them and therefore the smaller fraction produced.

For each power plot, the intensity decreases as the sampling
depth is increased from 10mm to 25 mm. The position of the signal maximum
is aleo shifted to higher flowrates. Thus for the G plot at 1.5kwW
power, increasing the sampling depth through 10, 15 and 20mm shifts the
position of the peak maximum through 0.9, 1.05, and 1.15 ¢min
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respectively. The plots for the rest of the elements show similar
behaviour. Thus for sampling depths lower than 20mm, a Smm change in
sampling depth changes the position of the peak maximum by approximately
0.12 £/min. Hence an increase in sampling depth should be accompanied
by an increase in nebulizer flowrate in order to obtain the maximum
sensitivity possible. Above a sampling depth of 20mm, the peaks are
broad and the position of the peak maximum changes very little with
depth.

From these cbservations one can visualize a region in the
plasma where the ion density is a maximum. This region will be
called the Normal Analytical Zone (NAZ) [66]. The position of the
NAZ varies with flowrate and other parameters that affect the
temperature of the plasma. Thus the position of the NAZ would be
expected to be fixed at a particular sampling depth if other
parameters are constant. This would explain the existence of a peak
maximum in the plots. The ion count would then be expected to
decrease on changing the sampling depth from the maximum peak
position because this action would move the NAZ away from
the sampler of the ICP-MS.

The fact that the position of the peak maximum for each plot is
linked to higher flowrates as sampling depth increases can then be
explai-ed by saving it would be necessary to push the NAZ back to
its pcsition close to the sampler by increasing the nebulizer
flowrate. This increased flowrate will decrease the temperature of
the plasma causing the decreasing maximum ion-count cbserved as
depth is increased while power stays corstant.
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2. Sampling Depth Family At Different Powers

This display format. for each element. is shown in Figures 13-20.
As power is increased from 0.9kW to 1.5kW, the signal maxima for each
sampling depth move to higher nebulizer flowrates. Thus at a 15mm
sampling depth, increasing the power through 0.9, 1.1, 1.3 and 1.5kW
shifts the positicn ¢f *he peak maximum of Cd through 0.85, 0.90,

1.0 and 1.05 £{ /min. Hence at 15mm a power increase of 0.2kW shifts
the plots by 0.05{ /min. The same behaviour is observed for the other
elements. However, as stated before, the peaks are also shifted as
the sampling depth increases from 10mm to 25mm. Thus at 20mm the
peaks are shifted by approximately 0.1 £/min. When these values are
compared with those cbserved in the sampling depth family it becomes
apparent that. a power increase of 0.2kW shifts the plots by
approximately the same extent as a depth increase of 2.5mm (0.2kW
power increase shifts peak by approximately 0.06 {/min while Smm
depth increase shifts peak by approximately 0.12 g/min).

As power is increased, the maximum ion-count at each depth also
increases as expected. Peaks of doubly charged species occur at
lower flowrates when compared with their singly charged counterpart.
This may be due to the fact that atoms have a longer residence time
and experience a higher temperature in the plasma at low flowrates which
increases the probability of forming doubly charged species.

At low flowrates (< 0.95 £/min) a sampling depth of 10mm gives
the maximum jon count, and hence maximum sensitivity. At higher
flowrat.és, however, larger sampling depths produce higher ion

counts. Tris observation may be accounted for as follows: as the
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flowrate increases while sampling depth stays constant, the NAZ in the
plasma is pushed closer to the sampler causing the number of ions
sampled and therefore counted to increase. At a ce:tain flowrate the
region will exist just opposite the sampler and one would expect the
ion count to be a maximum. Beyond this flowrate the region of the
plasma next to the sampler would have a lower ion density than the NAZ
and one would expect the ion count to decrease and to continue
decreasing as the flowrate is further increased. Since the position
of the NAZ is shifted outwards as flowrate increases, it would be
expected that the maximum for succeeding depth plots will occur at

higher flowrates, as is observed in these figures.

c. Signal vs. Sampling Depth

This plot format is not as informative as the nebulizer
flowrate plots. The analyte ion-count is plotted vs. sampling depth
and then on the same set of axes a family of such curves ic plotted
representing the ion-count--sampling depth behaviour at different
nebulizer flowrates or at different plasma powers. Due to the broad
shape of the plots, selection of compromise conditions for chemical

analysis is more difficult.

1. Power Family At Different Nebulizer Flow Rates

Figures 21-28 show the plots for all the el=ments studied.
The plot format shows clearly what power to use at a given nebulizer
flow rate and sampling depth so as to achieve maximum sensitivity.
Despite the fact that the plasma should be hottest at the highest

power (1.5kW), this power does not always give the highest

Sl



100000 ® Yiimin

[N N X B

Wwene .
ve000c 4 \
100000 0 Ol/min
120000 &
veeeee 4y o
00000
sons
aoeee
20008

200000 1
100008 {
100000 4 ' W
‘00000

190000 4

m1
100000
100000
100000
100000
100000

1.00/min

Figure 21. Sampling depth-power parameter piots for Be at nebulizer fowrates of 0.7,
0.8. 0.9, 1.0 and 1.1¥min



Figure 22.

00000
s0000
' 60000 o
. 0 7irmin
.
o 90000
’
LI 1 TR Py
P,
10000 '}:" N\_
(X
1] -
R 1 ra
" " e " " 26 { 2] e
(1111
sesec
|. so0c 0 8imin
L]
o DOOOC -
[
[ ]

008 vaew 1.0i7min

oS

|.“:.J.' -

depth-power parameter piots for Cd at nebulizer flowrstes of 0.7,

Sampling
0.8, 0.9, 1.0 and 1.1Vmin

53



000000
100000
00000
1e0000
100000
100000
00000
00000
so000 ' Y
20008
]

[V )
0 Tirmun

[ A R X B

" " ‘e " " 80 2 Be
s0000e
10000
100000
YY) 0 Slmin
12000¢
10000¢ 2~
00000 4,
({12 1]
0000
20030
[ ]

[ N N A

l..‘: J

0.9/min

"
200000
100000
190080
‘e0000
120000
100000
90000
00000 4
40000

o~0p0 "~

[ 3 % A

Figure 23. Sampling depth-power parameter piots for La at nebulizer flowrates of 0.7,
0.8, 0.9, 1.0 and 1.1¥min



L]
oso0ee
400000
280000
L 1 1]
f0000¢
200000
"0oeee

" " LX) "
600000
aboese
400000 4
es0c
00000
2000¢ 1\
200000 4 -
100000
100000

80000 4

S
0 2i/min

. e nw
aklL]
00000 e e
.jb-m

0 8i/min

*
800000 |
ll...cq}
408000 4
sseece
s9000¢C
zo000¢
20000¢
10000t
100000

0 ®l/min

e~

looooo'
000000
000000
L 111
99000
200000
000000 1w

o“sp0~

ol

Y.9l/imin

e

[ X X B J

Figure 24. Sampling depth-power

0.8. 0.9, 1.0 and 1.1

mmmu&mmmdom

55



0 Tweun

458000
40000¢ 0 8/min
80000
o 300000
280000 {-_ * VW

4 '”0..1
° 180000
10000¢
80000
LK

\J
$00000 1
000
000000 '
80000
200000 v
290908 9
' 200800
® 1s0000

100008
80000 1
[

LK R N g

0.8, 0.9, 1.0 and 1.1Vmin plos flowrstes of 0.7,



Figure 26.

[ AL B X RJ

e~990 "~

L I N N

(X N X g

L 1]
o00s
eseee n
s00ee 0.7umin
0000
seee0
seveed o
10000 gt 3o
e
.
vore? " ve e 0 0 1] M
re000
sesee
0000 4 0 8irmin
0000
00000
\! St uw
2000¢ {1+ Bewm =
10000 4 hM
.
™" AR ‘. " " 00 22 [ L]
oon0e
8080
sve00 \
18w
seeec 0 9l/min
so00C 4_
0000
senet
10080
.d
so0ee
70000 4
sesse
soont 1.0/min
0000 ‘.uv/\
20000 / >ee,
sooes ‘a/—\
10000 /
. ' ew S
" " " " " se 1] 2
ss00e
rosee
0000
0000 1. % 1/mun
000
20000 .
mu
0000
1 00 O e —— .
) g Y%y g ——
" " se " " [ (1] o
g

parameter plots for Zn st nebulizer flowrates of 0.7,

Sampling depth-power
0.8, 0.9, 1.0 and 1.1V min

57



. 0l
2000e 0 ’llmm
[
o 8000
L ]
[ ]
‘10000 4
[ ]
8000
S—g) 96 W
Ve e —
”“"o " ‘e (X} " [ 1] 22 [ 1]
20000 0.8i/min
)
e 5000
.
L]
1 10000
L]
seoe =
. e e ———
‘e "” ‘e 13 " 20 22 e
28000 LA 4
s00ee 4. o.s/min
[
: (LIRS
[ ]
1 10006
L[]
sooe ="' " N~
' ow™ \—\b-_
. “w E——
o [¥) te " (1] 20 ( X
..'.0} .
seses 1.0i/mun
[
o 0000 4
[ ]
.
‘10000
[ ] thhw
se0e
AP )
._ Y ,-' E———
(XY " Y] 1" [ se [1} [ 1]
..“.l ve =
[ 1) V. IVmin
]
o 5000
[ ]
[ ]
7 20000
.
0000
‘/0.\
[ o S XY g g g0 oA
" " ... (1} (1] [ L] t [} [ L]
gt gy

Figure 27. Sampling depth-power ploi. ‘wi et at nebulizer flowrates of

o1 parameter
0.7. 0.8, 0.9, .0 and 1.1/min



10000 0 7i/min

[ R X X R4

» - B ) o WS EEP———
" “Ww ‘e " L1 e L R ) L]

wes0e 0.8i/min

veese
veone I
vre0c
e hem 0 9lrmin

se0c¢

[ 1144
adoc

1.01/mn

[ N N B J

‘oo 1.9/min

o~opo~

Figure 28. W depth-power parameter piots for La2+ at nebulizer flow" 16 .’
, 0.8, 0.9, 1.0 and 1.1¥min



sensitivity. Thus at low flowrates (< 0.7 £/min) the plots for the
various powers show ion-count variation in the order
0.9kW > 1.1kW > 1.3kW > 1,5kw

Above 0.7 {/min this order reverses gradually until at 1.0

£/min and above, the order is:
1.5kW ~ 1.3kW > 1.1kW > 0.9kWw

The peak maximum for each power plot does not appear for the
0.7 {/min plots. At this flowrate the NAZ appears to be at a
sampling depth that is less than 10mm. At flowrates of 0.8 { /min
and above, the peak maximum begins to appear.

As flowrate is increased, the position of the peak maxima shift
to larger sampling depth. Thus or. increasing the nebulizer flowrate
from 0.2 (/min to 0.9 {/min, the position of the peak maximum for
the 0.9kw plot of d moves from 14mm to 18mm. Above 0.9 {/min the
ion—count is very low, and the peak does not appear to be strongly
affected by further increases in nebulizer flowrate. At flowrates
at which the peaks appear to be very sensitive to flowrate changes,
a 0.1 {/min increase in flow rate appears to shift the peak maxima
by about 4mm, Thus after increasing the flow rate by 0.1 £/min, one
would have to increase the sampling depth by about 4mm to regain
maximum sensitivity. Plots for the double be charged species show
similar behaviour.

The above observations can again be explained by movement of

the NAZ as power and nebulizer flowrate are varied. At low flowrates

the plasma has a relatively high temperature and the NAZ moves farther

away from the sampler orifice as power increases. Thus a smaller
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number of ions will be sampled at higher powers than at lower powers
and maximum ion count will be observed at a low power. Increasing the
nebulizer flowrate should lower the temperature of the plasma and the
NAZ at each power will move closer to the sampler orifice. Since the
NAZ at 1.5kW would have to move the longest distance to get to the
sampler orifice and since the NAZ is pushed towards the orifice by
increasing the nebulizer flowrate, it would be expected that the 1.5kW
rf power would give the highest ion count at high nebulizer flowrate.
The spatial overlap of all the power family plots in Figures 5-12

shows the same trend on moving from low to high nebulizer flowrates.

2. Flowrate Family At Different Powers

Figures 29-36 show the plots far all the elements studied.

This plot format shows clearly the optimum flowrate to use at
different powers and sampling depths. Thus below 1.5kW the plots show
that a flowrate of 1.0 {/min is optimum for all sampling depths.
However at 1.5kW and a 16mm sampling depth, the Qd plot shows that a
flowrate of 1.1 £/min will give the maximum sensitivity.

As power is increased from 0.9kW to 1.5kW, ion counts for all
plots increase and the position of the maximum for each plot moves
to lower sampling depth. Thus as power is increased through l.1kW,
1.3kW and 1.5kW the peak maximum of the Cd plot (1.0 £/min) moves
through 18mm, 16mm and 13mm. The same behaviour is approximately
followed by the other elements. Thus a 0.2kW power increase shifts
the peak maximum by approximately 2.3mm. Since a 0.1 &/min increase
in flowrate shifts the psak maximum by about 4mm as shown in the
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last section, one can say that in order to achieve maximum
sensitivity after increasing the nebulizer flowrate by 0.l L/min,
one would have to increase the power by about 0.35kW.

Again, the observations in this display format can be explained
by movements of the NAZ as the plasma power and nebulizer flowrate
are varied. At a high power (1.5kW) the position of the NAZ exists
close to the torch (i.e further away from the sampler) due to the
high temperature of the plasma and the relatively short time that
would be required for ionization to occur. Thus the NAZ would exist
close to the torch, and a small sampling depth would be required for
maximum sensitivity.

At high flc.. «fes the plasma is comparatively cooler and the
NAZ would exist further away from the torch end. Hence the maximum
ion-co.nt (sensitivity) would be obtained at a large sampling depth
and this depth should increase as flowrate increases.

The same behaviour is observed for the doubly charged cpecies.

D. Conclusion

The two display formats obtained by plotting ion-counts vs.
nebulizer flowrate appear to be equally informative in selecting
optimum analytical conditions. Both types of plots under this
category show the peak positions for all depths and plasma powers.
Since the peaks are clearly visible, selection of analytical
conditions for maximum sensitivity is greatly facilitated.

The display formats showing the plots of ion-counts vs. deptn
can also aid in the selection of optimum analytical conditions kut

in this format some of the peak positions are not clearly shown
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except at the optimum flowrate of about 1.C £/min. However the
plots can be used to show very clearly the effects of varying
sampling depth on the signal intensity measured. The fact that the
peaks are broad would indicate that the ion-count measured is not.
very sensitive to small charges ir. sampling depth.

The display formats showing the plots of ion-counts v.s
nebulizer flowrate can give an ide- of the optimum conditions at a
glance. Thus the conditions selected for further studies in the
¢roundwater aralysis was a sampling depth of 15mm and a plasma power
of 1.3kW. Altl'iugh a sampling depth of 10mm and a plasma power of
1.5kW would have rerulted in higher sensitivity, the former
conditions were selected so as to m’'rimize background signal and

erosion of the sampler.



CHAPTER IV

Determination of Major Elements

A. Introduction

Since all of the major elements are potential sources of
isobaric interference, an estimate of their concentration should
enable the analyst to recognize these interferences when they occur
and should help in the selection of alt;t ate 1suty, s for
quantitative analysis. The concentrati ~«wre - timated by first,
pe ‘orming ICP-MS semi quantitative analy-’ .t diluted samples and
then performing quas- . ..ve analysis with ICP-AES, using the ARL
34000 ICP spectromc e. ..P=MS could not be used for the
quantitative studies wecause of its high sensitivity which
wouid require large dilutions of the sample to avoid instrument shut-
down and because most of the major speci:s suffer from interference
problems in ICP-MS. Thus S overl- : with O, which is basic to the
1cp.5%Fe, 56re, S7Fe and S8Fe are affected by 0arlén, 40ar16o,
40pr1€04 and i respectively. 35¢1160 overiaps with 51y ana 37c114%n
overlaps with S0y, 40cy overlaps with 40pr which is used as the
rlasma gas and so cannot be measured without destroying the detector.

ICP-AES on the other hand, does not have these interference problems.

B. Semiquantitative Analysis by ICP-MS
The semiquantitative analysis program (Semi-Quant) is used to
determ. e the elements present in a sample and their approximate

concentrations. Before carrying out a semi-quantitative analysis,

72



73

the instrument must be optimized by aspirating a solution containing
Li, Fh and Pb and adjusting the plasma conditions and/or the lens
settings until the Li and Pb peak intensities are equal and the Rh
peak intensity is at a maximum.

The data acquisition and plasma operating conditions are shown
in Table IV. The sampling depth was 15mm. All samples were prepared
by mixing 20ml of each wa* r sample with 20ml of lppm Rh solutioi.
The 1ppm Rh stock solution contained 2% HNO; to prevent loss of
analyte species from the samples through precipitation. Phodium was

used as the internal standard.

C. Results and Discussion

The Semi-Quant program computes the concentration of each
element. from its relative response factor after it has initially
checked for its presence by comparing the elements . stopic
abundance with its measurec¢ isotopic peak intensiti: A default
response table containing response factors in units ot counts per
second per ppm for all elements that are amenable to ICP-MS
together with the normalized response factor of the internal
standard and the intensity of each element is used to calculate
concentrations.

Table V shows the semiquantitative report for the major
elements for samples WW39-66. The detailed result: for all samples
can be used tc obtain an approximate concentration range for each

element of interest so that suitable standards can be prepared for



Table V. ICP-MS semiquanitative anelysis deta acquisition and

oxperimenial parameters

Instrumental patamster
Resolution

lon Multiplier HV
Plasma RF Power (watts)
Auxiliary Flow L/min
Plasma Flow L/min
Nebulizer Fiow L/min
Measurement/Peak
Scanning Mode
Measurement Mode
Measurement Time (sec)
Repeats/integration
Threshold ion/sec
counting Precision %
Einzel lens(E1)
Bessel-box plates(P)
Bessel-box barrel(B)
Photon stop(S2)

Bance
(High, Low, Man.)
(25000 %o 6000)
(500 10 2500)

(0102.2)

(0 10 22)

(010 1.4)

(1 %0 20)
(Elem., Is0., Range)
(Seq. Mutti, Trans)

(0.001 10 500)
(1 to 3200)
(1 %o 50000)
(0.050 10 20)
(00 10 99)
(00 0 99)
(00 o 99)
(00 to 99)
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the quantitative analysis. Although the results are

semiquantitative they can be used to predict possible interference
problems that would occur in the trace element analysis. Thus the

apparent. large amount of sulphur in the samples means that isobaric
interferences can be expected for 6"‘Zn, 66 2zn and 682n due to

325160160, 34516 60 ana 3651601 %o respectively. A more detailed list

of the major isobaric species resulting from sulphur is shown in Table

VI, [58]. The semiquantitative results for sulphur could, however, be much
lower than listed in Table V because of sulphur being seriously interfered
with by oxygen (160160) from the water solvent.

Magnesium and sodium are also shown to be present at a high
concentration. The sodium concentration does not show a wide
variation. The oxide and hydroxide species of Mg, shown in Table VII,
interfere with Ca and K. However, since these species are not
important for the trace element analysis and since Mg has not been
shown to produce significant ionization interference at the
concentrations reported, its effect on the trace analysis should be
negligible.

Sodium, however, produces 23Na4°Ar and Na216o which interfere
with 83 and ®2Ni and is also known to cause a matrix effect if
present at high concentrations. The fact that the Na concentrations
reported do not very greatly from sample to sample would imply that
matrix matching of sample and standards should result in a good
correction for any matrix effect (normally signal suppression) caused

by Na.
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Iron and boron are not present at high concentrations and
should not cause interference problems with the analytes of
interest.

No results were obtained for Calcium because of 4Oar

overlapping with 40y making measurement at this mass imposs:b)

D. CQuantitative Determination of Major Elements by ICP-AES

Spex industries single element standards were used for l
standard preparation. Preparation of multi-element standards for
ICP-AES involves grouping elements together so as to avoid spectral
overlap problenis, to obtain standards that would be stable over a
long period of time and to prepare standards that would bracket the
¢ ncentration range of the unknowns. Previous work done in our lab
indicated the required element grouping. Table VIII shows the
composition of the standards used. All standards were prepared to
contain 2% HNO; to avoid precipitation of metals from solution and
were stored in clean plastic bottles.

Samples were prepared by diluting equal volumes of the unknown
and 2% HNO,; so that each resulting solution was of the same acidity.
All samples were stored in clean plastic bottles.

Prior to analysis with the ARL 34000S ICP spectrometer, a Task
file and a Calibration (Cal) file must be created. The Task file
contains the data acquisition parameters and description of the
standards. Table VIII also shows the content of the Task file used for
the analysis.

The Cal file contains information on the intensity data for
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each standard and the regression analysis curves for each element.
The file is built after the instrument has been calibrated by
running the program °'Cal’.

Throughout the time of analysis the instrument was frequently
checked for instrumental drift by analyzing one of the multielement
standard solutions. If a significant drift was evident, the
instrument was recalibrated and the samples that were run prior to

that. check re-analyzed.

E. Results and Discussion

The calibration curves of all the elements studied are shown in
Figure 37. They are all log-log plots and are linear over the
concentration range studied. The slopes of all the plots are
essentially unity.

The concentrations obtained for the elements are shown in Tables
IX and X. The precision (relative standard deviation) of each measurement.
is also shown. The average concentration for each element in all
the water samples is shown in the last row.

Sodium has the highest average concentration (245ppm) followed
hy sulphur (50ppm), calcium (48ppm), and magnesium (18ppm). Boron
and Iron have an average concentration of less than lppm.

Most of the results obtained in the ICP-MS Semiquantitative
results (Table V) are higher than their corresponding quantitative
results by an order of magnitude or less. The difference between
the semiquantitative results for sulphur, however, is more than an
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order of magnitude in most cases. This large diffe.ence may be
due to O, interference in sulphur analysis by ICP-MS.

The high concentration of Mg, Ca, S and Na would indicate that.
their isotopes, oxides and other species are potential causes of
isobaric interference in ICP-MS trace element analysis, for elements
with which they overlap. The high concentration of Na could also
result in matrix induced signal suppression interference in samples
with high Na Concentration. Ca and S with much lower concentration
may only cause negligible signal changes. Since the presence of
sodium at a high concentration in a matrix can cause signal
intensity changes in ICP-MS [60] a study of the effect of sodium on
1ICP-MS signals of the elements of interest. was conductec and the
cffectiveness of rhodium as an internal standard for this
interference correction was also studied. This is reported in the next
chapter.

Phodium was selected because it had been extensively used in
our lab for previous ICP-MS analysis studies and has been shown to
compensate for instrumental drift in steel analysis [67]. It meets
most. of the requirements for an internal standard for ICP-MS
analysis: it is not present in the groundwater sample at
significant levels, it is monoisotopic and is not a strong oxide
former which means it is not a major source of onide and other
species that could cause isabaric spectral overlap. It is also in
the mid-mass range-103, and so would have a compromise response for

any mass effects.



CHAPTER V
Determination of Trace Elements

A. Introduction

In order to develop a method for guantitative analysis of trace
elements in ground-water it is essential to assess the effects of
matrix induced signal intensity changes that could affect the
analytical results obtained. It is also important to find out how
the use of an internal standard could reduce such matrix effects.
Data presented in the previous chapter showed that sodium is present
in some of the samples at a level that could result in matrix
induced signal intensity changes. Studies done on this aspect with
respect to groundwater analysis will be presented in this chapter
and the degree of effectiveness of rhodium as an internal standard
in correcting this interference will be presented. Then an analysis
of the trace elements will be carried out using both the ICP-MS and
ICP-AES techniques. Results obtained from both techniques will be
used to check the accuracy of the analytical results. Finally,
spectral overlap interferences in the ICP-MS analysis of groundwater
will be assessed.

Our goal is to show the analytical considerations in ICP-MS
groundwater analysis and to evaluate the significance of isobaric

spectral overlap interferences.
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B. Na Matrix Effect and Internal Standardization

1. EXPERIMENTAL:

Spex industries single element standard solutions, analytical
reagent grade NaF a:id HNO3 were used to prepare the following stock
solutions: 1ppm Ba, Sr, Co, Ca, Ni, V, U, 2n in 2% HNO3, lppm Rh in
2% HNO3 and 2000ppm NaF in 2% HNO3. The solutions were then used
to prepare four stock solutions each with O.lppm Ba, Sr, Co, Cu,

Ni, V, U, Z2n, Rh but with varying amounts of Na. The concentration
of Na in the solutions was Oppm, 10ppm, 100ppm to 1000ppm. These
four solutions were used for the experiment.

The data acquisition and instrument parameters used are shown in
Table XI. All measurements were carried out at a sampling depth of
15mm and an rf power of 1.3kW. Each of the four stock solutions were
nebulized in turn while the nebulizer flowrate was varied from 0.7
/min to 1.2 /min. The nebulizer flowrate was controlled by a Matheson

model 8240-0423 mass flow controller.

2. Results and Discussions

The effect of varying nebulizer flowrate and varying sodium
matrix concentration on the ion signal of the elements studied are
shown in Figures 38-45. The bottom plot of each figure is a plot of
the ratio of the ion count of the element to that of rhodium, the
element used as the internal standard.

It. should be noted from the figures that although the elements
studied are in different groups of the periodic table: alkali
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Table XI. Data soquisition and instrumental parameters for ICP-MS optimization

instrumenial _patamater Baos Experimantal valus
Resolution (High, Low, Man.) L
lon Multiplier HV (25000 10 6000) 4000
Plasma RF Power (watts) (500 10 2500) 1300
Auxiliary Flow U/min (010 2.2) 1.4
Piasma Flow L/min (010 22) 15.0
Nebulizer Flow L/min (0t0 1.4) varied in steps

of 0.05V/min

Measurement/Peak (1 % 20) 3
Scannhing Mode (Elem., Iso., Range) E
Measurement Mode (Seq. Multi, Trans) 3
Measurement Time Sec (0.001 10 500) 0.1.0
Repeais/integration (1 o 3200) 3
Threshold ion/sec (1 0 50000) 50
Counting Precision % (0.050 0 20) 0.100
Einzel lens(E1) (00 to 99) o4
Bessel-box plates(P) (00 % 99) 22
Bessel-box barrel(B) (00 % 99) 45
Photon stop(S2) (00 to 99) 25
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metals, alkaline earth metals, transition metals and rare earth
metz1s, they all gave an ion signal peak close to 0.95 {/min. The
signal intensity is strongly dependent on nebulizer flowrate,
dropping off quickly on either side of the peak maximum. Thus to
improve precision in analytical results, it is very important to
avoid large fluctuations in nebulizer flowrate by using a mass
flow controller, and using an internal standard to correct for
very small fluctuations.

Signal suppression at the peak maximum was observed for all
elements as the concentration of sodium in the matrix increased. At
flowrates to the left of this peak maximum, a suppression is
indicated, especially for the 1000ppm Na matrix, however, at flowrates
to the right of the maximum an enhancement is indicated. Thus, the
type of matrix effect observed depends on the nebulizer flowrate at
which the measurement is taken. For a Na matrix concentration of less
than 100ppm, the data show that signal suppression can be reduced by
using a low flowrate, but this can only be done by sacrificing
sensitivity. Increasing the sodium concentration from 0 to 100ppm
does not seem to have any significant effect on the position of the
peak maximum. However, a small shift from 0.95 £/min to 1 {/min

occurs with 1000ppm Na.



The bottom plots of each figure show that rhodium is a fairly
good selection for the internal standard. Ideally, the plots for
each sodium concentration for each element should be horizontal, and
should overlap each other. Most of the plots approximate this ideal
situation between 0.8 ¢/min and 1.0 £/min. On either side of this
range the internal standard does not correct properly. This is
probably due to the low signal intensities at these flowrates. Such
low signal intensities have large noise components making
measurement precision poor. The zinc plot does not show effective
ocorrection for the 1000ppm Na matrix. No explanation could be given
for this behaviour.

Since Rh appeared to be a suitable internal standard it was
used for the ICP MS quantitative analysis, and a flowrate of

0.95 /min was used for maximum sensitivity.

C. ICP-MS and ICP-AES Quantitative Analysis
1. Standard Preparation
Spex industries single element standard solutions and
analytical reagent grade NaF were used to prepare the following
stock solutions
(a) 10ppm Ba, Sr, 2n, Co, Qu, Li, U
(b) 1ppm Rh, In
(c) 2000ppm Na
(d) 2% HNOy
Multielement stock solutions of Ba, Sr, Zn, Co, Qu, Li, U with

concentrations ranging from 0.05-2ppm were then prepared by
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appropriate dilutions. All solutions were prepared in 2% HNO, and
were matrix matched with the samples by adding enough of the 2000ppm
sodium stock to give 250ppm Na in all standards. Finally each
standard was diluted with the lppm Rh, In stock solution. A dilution
factor of 2 was used.

The same stardards were used for both ICP-MS and ICP-AES
calibration. Rhodium was used as the internal standard for the ICP-MS
analysis and In was used for the ICP-AES analysis as there is no
rhodiun channel an the ARL 34000 ICP spectrometer.

A solution of 250ppm Na in 2% HNOy was used as the blank. All

solutions used for calibration are shown in Table XII.

2. Experimental

The data acquisition and plasma operating conditions stored in
the parameter file for ICP-MS analysis are shown in Table XIII and
those of the Task file for the ICP-AES analysis are shown in Table
XIV.

For the ICP-MS analysis, a sampling depth of 15mm and an rf
power of 1.3kW were used. A Matheson model 8240--423 mass flow
controller was used to control the nebulizer flowrate. Sample
introduction was by a Meinhard nebulizer and a Scott type spray
chamber. A peristaltic pump was used to ensure even delivery of
sample solution to the nebulizer. Data were acquired with the mass
spectromrter running in the low resolution mode and multielement

mode. A measurement time of 0.5 Sec was used for each mass peak,



Table XN
Calibration Scheme for ICP-MS trace element analysis
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Table Xili. Data acquisition and instrumental parameters for ICP-MS trace element

analysis.

o tonsion ot

lon Multiplier HV

Plasma RF Power (watts)

Auxiliary Flow L/min
Plasma Flow L/min
Nebulizer Flow L/min
Measurement/Pegk
Scanning mode
Measurement Mode

Measurement Time Sec

Repeats/Integration
Dwell Time ms

Cycle Time Sec

Einzel lens(E1)
Bessel-box plates(P)
Bessel-box barrel(B)
Photon stop(S2)

Banga

(High, Low, Man.)

(25000 to 6000)
(500 to 2500)

(01022

(0 t0 22)

(0 10 1.4)

(1 to 20)
(Elem., Iso., Range)
(Seq, Multi, Trans)

(0.001 to 500)
(1 to 3200)

(1 to 500000)
(0.001 to 10)
(00 to 99)
(00 to 99)
(00 to 99)
(00 to 99)

paonOZM®M
L0
o o
o o

NAN
(5 %, W V)



Table XIV. Data acquisition and instrumental parameters for ICP-AES

mmmmm
PRE-FLUSH TIME (SECONDS) 20
INTEGRATION TIME (SECONDS) 10
NUMBER OF INTEGRATIONS 3
SAMPLING HEIGHT 15mm
NEBULIZER FLOWRATE 0.7U/min
ELEM CONCENTRATIONIN STANDARDS (ppm
1 2 3 4 5 6 7
Sr 0 0.05 0.08 0.1 0.2 | o5 1
Ba 0 0.05 0.08 0.1 0.2 ] 0.5 1
Vv 0 0.05 0.08 0.1 0.2 | 0.5 1
Co 0 0.05 0.08 0.1 0.2 | o5 1
U 0 0.05 0.08 0.1 0.2 | 0.5 1
Ni 0 0.05 0.08 0.1 02 | os 1
Qu 0 0.05 0.08 0.1 0.2 | 0.5 1
Li 0 0.05 0.08 0.1 0.2 | 05 1
Zn 0 0.05 0.08 0.1 0.2 | o5 1
Rh 0 0.1 0.1 0.1 0.1, 0.1 0.1
In 0 0.1 0.1 0.1 0.1 0.1 0.1
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and all intensity data acquired were an average of five repetitive
measurements at. each mass. All data were dumped from the Elan
computer to a Macintosh computer and processed with the Microsoft
Excel Spreadsheet and Cricket Graph applications Software.

The ICP-AES analysis was carried out at a viewing height of 15mm
and an rf power of 1.2kW. A Meinhard nebulizer and Scott type spray
chamber with direct aerosol injection were used for sample
introduction. A 10 second integration time was used with ‘nree
repeats of each integration. Data were acquired by the Piip 11/03 DEC
computer and outputted to an LA36DEC hardcopy printer terminal.

For both ICP-MS and ICP-AES analysis, quality control was
done by frequent analysis of the multielement stancdards. If a
large deviation was obtained, the instruments were

recalibrated, and all samples before that. check, re-analyzed.

3. Results and Discussion

The ICP-MS and ICP-AES calibration curves are shown in Figures
46-47 and Figure 48 respectively. All plots are log-log plots with
six calibration points. The slopes cbtained for all the ICP-MS and
ICP-AES calibration curves are shown in Table XV. All the plots are
linear, and with the exception of the 6I..l plot, have a slope close
to unity. The reason for the 6Li deviation is not apparent but.
the slope (log ¢ vs. log i) indicates a positive error in the
concentration for the standards and since ’Li does not show the same
error, the problem cannot have been due to contamination. The small

isotopic ahundance of this isotope and a small memory € "fect could be
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possible -optributors to the praoblem.

The analytical results obtained for both ICP-MS and ICP-AES are
tabulated together in Tables XVI-XXI. Two or more isotopes were
selected whenever possible for the ICP-MS results. The isotopes were
selected so as to avoid major spectral overlap interference problems
that would have resulted from nitrogen, oxygen and doubly charged
species. Hence in some cases, the major isotope of the element was
not used for analysis. Results obtained with the ICP-AES technique
(Precision: 0-20% RSD) were used to check the accuracy of the ICP-MS
results (Precision:0.1-30% RSD).

In the absence of interference, the concentration obtained for
all the isotopes of an element. should be close to one another within
experimental limits and should also be close to concentration values
obtained using other techniques that are free from interference
problems. Disagreement between such values is indicative of
interference problems.

Comparing the concentrations cbtained for the different
isotopes, strontium and barium show very good agreement for all
samples analyzed. This agreement is clearly shown in Figures 49 and
50 which show column plots for the concentration obtained from 138, ang
137p3 ana from 88sr and ®0sr respectively in all the samples analyzed.

The other elements (Ni, Cu, Li and Zn) did not show good
agreement between the two isotopes used for analysis. Figure 51
shows the plot. for 662n and 67zn Isotopes. The concentration
reported from the 662n was always higher than that of 672n. The
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same trend can be cbserved for ®Li and 71.1, with concentrations

reported from 614 being always higher than that of TLi.

However, in this case such an observation is expected because of

possible errors in the 61i calibration curve as indicated by its

high slope (log ¢ vs. log i) of 1.57. The disagreement between
concentrations reported for the .sotopes of nickel and copper can be
accounted for by interferences arising from major elements in the matrix.
Results illustrating these interferences are shown in the next section.

ICP-AES results were cobtained for Ba, Li and Zn. The other
elements (Vanadim, Cabalt, Nickel, Coprer an Vanadium) were not
detected by ICP-AES as they were present at concentration levels
below the detection limit of the ARL 340C0 ICP spectiometer. The
strontium channel was not in operation during the analysis.

A plot of the results shown in Tables XVI-XXI for the ICP-MS and
ICP-AES results for barium is shcwn in Figure 52. This figure format
shows very clearly the agreement between the two results. Similar
plots for Li ands Zn are shown in Figures 53 and S4. Figure 53 shows
that. the 'Li ICP-MS results agree better with the ICP-AES results then
with the ®Li 1CP~MS results, showing that the 7Li results are more
accurate. Similarly the plots for the ICP-AES results of Zn (Figure
54) show agreement with those of the 662, ICP-MS results, indicating
that the ICP-MS results of %6zn are more accurate than those of ©7zn.
The low Isotope abundance of 67Zn (4.1%8) compared with that of 662,
27.8% and possible interferences from 35¢ 165164 may be responsible

for the inaccuracy of the 672n results.
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Tables XXII-XXV show a comparison of the precision obtained with
JCP-MS and ICP-AES for Li and 2n. In most cases it was cbserved
that precision was better with the ICP-AES technique or that there
was no significant difference between the two techniques. The F-
test of standard deviations was used and conclusions based on 90%
and 95% confidence limits are tabulated.

Detection limits for ICP-MS and ICP-AES are shown in Table XXVI.
Detection limit is defined here as the elemental concentration that
would give a net intensity equal to twice the standard deviation of
the background signal. Background standard deviation was determined
using S repeats for the ICP-MS analysis and 11 integrations for the
ICP-AES analysis. All results obtained were lower for ICP-MS

indicating that the technique is more sensitive than ICP-AES.

D. Spectral Interference Assessment in ICP-MS

As mentioned in the previous section, discrepancies in the ICP-
MS analytical results for the nickel and copper isotopes are due to
isobaric spectral overlap interferences. In order to develop
analytical methodologies which would make use of the low detection
limit capability of ICP-MS, these interferences arising from the
common major elements in the type of sample of interest must be
assessed. Such studies would help in establishing criteria for
quality assurance of analytical results and hence help in improving

the quality of data reported.
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Table XXV

ICP-MS and ICP-AES detection limits

ELEMENT

Co
Ba

1)
Ni
Qu
Li
Sr
v
Zn

ICP-MS DL _(ppb)
0.031

0.11

0.49
0.21

0.20
0.18
0.081
0.10

ICP-AES DL (ppb)
N/A

0.30
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Figure 55 shows a column plot of the concentration values
acbtained for 603 Isotope versus sample number and a similar plot
for Ca obtained using ICP-AES. Thes~ plots show a very strong pattern
correlation between 60ni and Ca indicating that a calcium species
interferes with SONi. A look at the possible Ca interferences in
Table V1I shows that 43Ca160!-l and 44Camo are most likely responsible
for this interference. The table also shows that 61ni, 62Ni ana 6%yi
will also suffer from Ca interference due to 44cal60y, 46cal60 ana
48c4160 respectively.

Figure 56 shows column plots of 62yi and Na while Figure 57
shows column plots of 62N and Ca. The 62y; plots appear to
follow the same pattern as the Na plot for samples Ww27-35. Beyond
sample WW35 there is no clear pattern. Since both calcium and
sodium can interfere with 62Ni. calcium producing 46calbo ang
sodium producing Na2160 as shown in Table V11, this complex pattern is
not unexpected. Most of the samples below WW35 have very little Ca,
thus the predominant interference will originate from Na. Above
WW35 there is a significant amount of both Ca and Na in most of the
samples thus the interference on 625 will depend on both Ca and
Na, hence a complex process was cbserved.

Both Na%0Ar and 46cal60H should interfere with 63cu. Na4lar
should be the more significant interferent because of the fact that
argon was used as the plasma gas. The column plot for 630, (Figure
58), however, does not show very similar variations in the 63& and Na
plots. A previous study done in our lab showed a strong correlation
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between 53Cu and Na but the samples used for that study had much
higher Na matrix concentrations than those used for this study.

650y Line plots are shown in Figure 59. Table VI shows that
sulfur interferes with 650u because it gives 335160160 ana 33s3%.
The line plots show that the concentration measured from the 65cu
isotope follows a similar variation among the samples as the sulfur
concentration.

The column plots in Figure 60 show the difference between the
concentrations obtained with the 65 and 63cu plotted against
sample number (top plot) and the sulfur concentration plotted
against sample number (bottom plot). Here it can be observed that
the concentration obtained with 65cu is always greater than that
cbtained with 63qu if sulfur is present in the sample and always
less if the sulfur concentration is negligible. This indicates that
the concentration report from the 65q, isotopes is very likely to
be erroneous due to sulfur interference. Since the difference is
very small if the sulfur concentration is very small it also indicates
that the 63cu results are likely to be accurate. This would explain
the observation that the 630, results do not correlate with the Na
results as observed in Fiqure 58. Thus Na is not present at a high
encugh level in the samples to interfere with the 63cu results.

Table XXVI1 shows that the major isotope of vanadium (51\1) has
interference from 35¢1160. since the vanadium results are very low
and since Cl is a major anion in the samples, the results are likely
to be inaccurate.
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Table XXVI. lscbaric inerfering apecies associated with Ci
Esment Mass  %Abund __Assoc species  Mass
3¢

c 3s 78.77 CH Ar(0.34), 8(0.02)
(o1 37 24.23 CH 3s Ar(0.08)

Cl 35 75.77 CI'éN 49 Ti(5.48)

cl 37 24.23 CI'4N $1 V(99.76)

(o] 35 75.77 cineéo S1 V(99.76)

(o] 37 24.23 ci'¢o 853 Cr(9.51)

(of] 3s 75.77 (oM Jo 71 82 Cr(83.76)

ci 37 24.23 (1)L le 7] sS4 Fe(5.82), Cr(2.38)
cl 3s 75.77 ci'60's0 67 Zn(4.11)

(o] 37 24.23 (oML Te L]0 69 Ga(60.16)

(o]] 35 75.77 CRsCI 70 Ge(20.51), Zn(0.62)
Ci 37 24.23 CRSCI 72 Ge(27.4)

c 35 75.77 CHOA s 75 As(100)

(o] 37 24.23 CHOAr 77 §0(7.58)



CHAPTER VI
Conclusions

ICP-MS is a very promising technique for rapid multielement trace
analysis. Its excellent sensitivity and low detection limits which
have been shown in data presented here, surpass those of ICP-AES and
many other spectroscopic techniques. The ability to do isotope ratio
analysis and qualitative/semiquantitative analysis in a very short
time is also a big plus. However, from the results presented it is
clear that both isobaric spectral overlap interferences and matrix
induced signal suppression interferences can be very serious and can
lead to erroneous analytical results. The analyte signals in ICP-MS
also depend on ICP parameters, particularly nebulizer flowrate and
power both of which must be kept constant during trace analysis.
Parameter plots of these two variables show characteristic patterns
which are similar for most elements and therefore aid in the selection
of compromise instrument settings without much loss in sensitivity.

Table XXVI1I shows the results of ICP-MS semi-quantitative and
quantitative trace element analysis for some of the groundwater
samples. It can be seer. that the semi-quantitative analysis results
are close to the corresponding quantitative analysis results. Most
of the semi-quantitative results are within a factor of 3 of the
corresponding quantitative results.

Although the precision values obtained in ICP-MS are not as
good as those of 1CP-AES, RSD values cbtained are comparable with
those cb~ained in some other analytical techniques. Precision
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values are affected by random errors during measurement, errors due
to sample preparation and sample introduction and changes in the
sampler orifice diameter due to salt particle deposits.

At present most samples have to be in aqueous solution before
analysis by ICP-MS, however, samples can also be introduced via
electrothermal vaporization and directly using electrode cups made
from a variety of materiale.

ICP-MS is a fairly new technique with great promise. However,
there still remains a lot to be done for it to occupy a major place
in industry and routine analysis laboratories. Most of the
different types of isobaric interferences have been presented in the
literature but very little has been done in the development of
analytical methodologies. For this to be accomplished,
interferences caused by major elements in different samples have to
be studied, the concentration of the interfering element at which
the interference becomes important must be determined and possible
interference correction procedures studied. The development of
sample introduction techniques is also very important. Taking these
steps should help in paving the way towards extending the analytical

applications of ICP-MS.
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