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ABSTRACT
The Interference Free Determination of Selenium in Environmental and Clinical
Samples by ICP-MS

Justine Clare Turner

The determination of selenium in environmental and clinical samples by ICP-MS is
complicated by both poor sensitivity and severe interferences resulting from both the
sample matrix and the argon plasma. The purpose of this study was to investigate ways of
overcoming these problems thus enabling Se to be determined both accurately and
precisely. A novel procedure for the accurate determination of selenium in serum using
electrothermal vaporisation inductively coupled plasma mass spectrometry (ETV-ICP-MS)
has been developed. A simple 1:20 dilution of the serum with 1% nitric acid negates the
need for a lengthy sample digestion procedure. Several of the interferences normally
associated with the analysis of selenium by ICP-MS are successfully eliminated. Analytical
method characteristics include; detection limits of approximately 0.Ing g”' for "’Se and
82Ge, short and long term reproducibility between 4.7% and 4.9%, and 3.2% and 3.8%
(RSD) for 7’Se and ®2Se respectively, and accuracy of £1.81% (""Se) and +1.10% (3*Se) for
the certified reference material NIST SRM 1598.

Further development of the procedure involved the application of isotope dilution analysis
with the measurement of the *Se/"’Se isotope ratio, following spiking with selenium
enriched in "’Se. Accuracy (+0-2%) and precision (+1-3%) of the method is demonstrated
with the analysis of several certified reference materials (TMRAIN-95, LGC 6010,
TMDA-54.2 and NIST 1598) where all results fell within the certified limits.

A comparison of the new ETV procedures with established ICP-MS methods involving
hydride generation and the use of organic solvents with pneumatic nebulisation was
performed. Full uncertainty estimates for each of the procedures investigated were
calculated. The uncertainty estimates calculated highlight the improvements in accuracy
and precision achievable with isotope dilution analysis, demonstrated by a 2.5 fold
improvement in the uncertainty compared with the non-IDMS ETV procedure.

The addition of nitrogen and helium to the different Ar gas streams of the ETV-ICP-MS
system was performed. The introduction of both nitrogen and helium to the argon
nebuliser and outer gas streams, resulted in a reduction in the interference from argon
polyatomic species. Careful optimisation of plasma parameters such as RF power and gas
flow rates using a plasma containing 50% helium in the argon outer gas stream,
successfully gave rise to a 2-fold improvement in the detection limits for 6Se and "*Se
compared with an argon only plasma.

This study has resulted in the successful development of a high accuracy procedure to
determine selenium in both environmental and clinical samples. This is of great importance
considering the high level of interest regarding selenium and human health matters and the
significance of accurate analytical data.
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1.3.3 Matrix effects

Matrix effects manifest themselves in two main forms. Firstly, high concentrations of
matrix components in the sample can interfere with the plasma thereby affecting the
ionisation efficiency of the analytes. This will cause a discrepancy in the signals obtained
for the standards and samples. The most well know example of this type of effect is the
introduction of high concentrations of easily ionisable elements (EIE) such as Na, Ca and
K. The introduction of high concentrations of these elements can “cool” the plasma
causing a reduction in the excitation temperature, thus less energy is available for the
production of ions and a suppression in the signal of the sample containing the matrix is
observed. Ramsey and Thompson'” studied the effect of calcium on the sensitivity of
various analytes including Li and Cu using ICP-AES, and observed a decrease in the
excitation temperature of approximately 100K in the presence of a 1% Ca matrix. The
authors also noted a decrease in excitation temperature of approximately 20K with as little
as 100pg ml™"' Ca present in the matrix.

The mass transport efficiency of the analyte (amount of analyte that reaches the plasma)
can also be effected by EIEs. This effect has been seen with the analysis of Mn in the
presence of several EIEs"”. The authors have reported a decrease in the mass transport
efficiency of a 100ug ml” Mn only solution by 15% and 40% in the presence of equimolar
concentrations (0.05M) of Na and K respectively. This is attributed to an increase in the
overall mass loading of the solution having an effect on amongst other factors the density

of the solution.

1.3.4 Elemental oxides and doubly charged ions

This type of interference occurs when there are significant amounts of another analyte
present in the sample and either its oxide (mass +16) or doubly charged ions (mass/2)
cause a spectral overlap on the analyte isotope of interest. Oxide formation is particularly
troublesome when trying to determine trace amounts of zinc in the presence of titanium.

As shown in Table 1.2 the major Zn isotope suffers from a significant interference from
7



TiO. The other Zn isotopes are also hampered by interference from TiO but to a lesser
extent. The formation of doubly charged ions is characteristic of elements which have a

low second ionisation potential for example Ba (EI7=10.00eV) and Sr (Eil = 11.03eV) M,

Zn Isotope % Abundance TiO Interference % Abundance
64 48.6 73.62
66 27.9 5.39
67 4.1 0.01
68 18.8 0.01

Table 1.2 Interference from TiO on the major Zn isotopes.

1.4 Solutions to ICP-MS Interference Problems

There are numerous different ways of overcoming the interferences described above.
These include optimisation of the sample matrix, (i.e. choice of digestion/dilution acid),
alteration of the plasma gas, alternative sample introduction techniques and mathematical

corrections.

1.4.1 ETV-ICP-MS

The use of electrothermal vaporisation to convert a sample to the vapour state has been
in use for a long time in atomic spectrometry in the form of graphite furnace atomic
absorption (GFAAS)."*?® The ETV unit used with an ICP-MS is very similar to that
normally used on an atomic absorption instrument. The electrothermal vaporisation
process involves the programmed heating of a graphite tube held between two graphite
contacts. With careful optimisation of the heating program, the sample, which is deposited
onto the tube, is dried, ashed and then vaporised. A stream of argon carries the vapour to

the plasma where atomisation and ionisation take place. This method of sample
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introduction can, with the correct combination of matrix modifier, eliminate many major
polyatomic interferences. For example, the significant interference from YAr'%0 on *Fe is
reduced due to the elimination of all of the moisture from the system. As the Fe is
vaporised and swept into the plasma, no ArO polyatomics are formed due to the lack of
0,.2' Chemical modifiers are often used with electrothermal techniques to thermally
stabilise the analyte. This allows higher ash temperatures to be used which aids the
removal of the matrix. Hence with the appropriate chemical modifier the ETV can be used
to selectively vaporise certain analytes before others. In the case of SAs which suffers
from the **Ar**Cl" interference, and ""Se which is hampered by interference from the
*Ar’Cl" species, the use of an optimised temperature programme together with a
PA(NO3)::Ni(NOs); modifier, successfully separated the interfering Cl° species from the

analytes of interest.”

1.4.2 Hydride generation

This form of sample introduction makes use of the fact that elements such as As, Sb, Te,
Ge and Se form covalent gaseous hydrides on reaction with a strong reducing agent.® The
sample, often prepared in hydrochloric acid, mixes with a sodium borohydride solution in a

mixing chamber and the gaseous hydrides are formed. (Equation 1.1)

NaBH, +3H,0 — H,BO, + NaCl + 8H* —E~ 3 EH_+H, Equation 1.1

A gas/liquid separator is used to separate the volatile hydrides from the reagents, which are
then swept into the plasma by a stream of argon. This process separates the analyte from
the sample matrix, thereby reducing potential sources of polyatomic molecules and
increasing the sample transport efficiency. Hydride generation techniques are widely

23-30

reported in the literature and are often used for the determination of As in seawater’’

since As determination by conventional nebulisation is hampered by the formation of
9



WASCl*. However with hydride generation, once the hydride (AsHs) is produced it is
separated from the reaction reagents and transported to the plasma. Despite the high
concentration of HCl in the sample matrix, the Cl is not in a volatile form, and so not

transported past the gas/liquid separator and hence preventing the formation of VarCrt.

1.4.3 Mixed gas plasmas

The introduction of an additional gas to either the outer, intermediate or injector gas
flow of the plasma has been shown by numerous workers to reduce spectroscopic and non-
spectroscopic interferences.’>*® Mixed gas plasmas have a greater thermal conductivity
compared to a conventional Ar ICP due to the higher thermal conductivities of the
individual gases (Ar has a thermal conductivity of 0.0162JK™' m™' s and He has a thermal
conductivity of 0.141JK™' m” s1) and hence can improve the degree of ionisation for high
ionisation energy elements. As well as an enhanced sensitivity, polyatomic levels, in
particular oxides, are reduced. The most common gases used are N, He, and O; although
Xe ¥ CH4, C,H,*® and CHF;*' have also been used. The ratio of several polyatomic ions
(*APCTY, “ArfArT, YArtCl" and “°Ar®Ar") to an In internal standard was shown by
Evans and Ebdon®’ to decrease when N, was introduced to the carrier gas. Similar

1.2, who added methane to the nebuliser gas

observations have been reported by Hill et a
and noted a reduction in the levels of ArCl*, ArO", CIO" and MO". Despite the advantages
achieved with mixed gas plasmas such as He and Xe they are seldom used routinely due to
their high cost, and the considerably cheaper gases such as H;, N; and O, have practical

issues to consider such as the need for higher gas flows and forward powers in order to

sustain a stable plasma.

1.4.4 Organic solvents

The use of organic solvents for signal enhancement is documented by various

authors.*#® The addition of small amounts of solvent can alter the physicochemical
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properties of the sample solution, decreasing the viscosity and contributing to a smaller
droplet size. This in turn aids the efficiency of nebulisation and improves desolvation in
the plasma, resulting in an improved signal. However a more likely explanation for signal
enhancement is due to an electron transfer mechanism.?® The introduction of an organic
solvent leads to a higher population of carbon ions in the expansion chamber. The degree
of ionisation of an analyte is improved by transfer of an electron to a carbon ion from an
element with an ionisation energy lower than carbon (IE 11.26eV). This mechanism is
supported by Larsen and Sturup*” who report a 3.5-4.5 fold enhancement in signal for As

(IE 9.82¢V) and Se (IE 9.75eV) in the presence of 3% methanol.

1.4.5 High resolution magnetic sector ICP-MS

Magnetic sector instruments are more frequently being used to measure elements that
are difficult to analyse using a quadrupole instrument.**®' As with the quadrupole
instruments described in section 1.2, ions that have been skimmed from the plasma pass
through a mass analyser before reaching a detector. However, unlike the quadrupole mass
analyser the magnetic sector instruments use a magnet to separate the ions. lons exiting
from the skimmer cone are accelerated through an electric sector which acts as an energy
filter. The ions then pass through a magnetic field where they are deflected, with heavier
ions being deflected to a greater extent. This arrangement of the electric and magnetic
sectors is classed as normal geometry, however the opposite arrangement with the electric
sector being placed after the magnetic sector also exists and is termed reverse geometry.
The ion beam is then directed through a narrow slit and onto the detector. The narrowness
of this slit means that a much smaller ion beam is directed to the detector compared with
that produced by a quadrupole instrument. This results in a much greater achievable
resolution but also leads to a loss in sensitivity due to less of the ions passing through the

slit and onto the detector. Resolution is calculated according to equation 1.2.

11



M

R=—0
AM

Equation 1.2

where R is resolution, M is mass (m/z) and AM is peak width at 5% peak height.
Quadrupoles typically operate at a resolution between 12 and 350, whereas magnetic
sectors can run at resolutions greater than 10000. At resolutions of up to 3500 the majority
of the common polyatomic interferences for the transition elements (masses 40-80) can be

1.** demonstrated that at resolutions of approximately

overcome. For example Moens et a
2500, the interference from BC1'%0* on® 1VJ', YAr'?C* on 32Cr and *°Ar'®0" on %¢Fe could

be negated.

1.4.6 Mathematical correction

This type of correction involves the measurement of a second isotope of the interfering
species and then applying a correction factor to the analytical isotope signal taking into
account the abundances of the species involved. The advantage of this approach is that on
some instruments this type of correction is completely automated and fully controlled by
the instrument software. One example of this type of correction is given below in Equation
1.2 which corrects the **Zr isotope for isobaric interference from **Mo by monitoring the

%Mo isotope intensity. >
i(* Zr)=i(94) - (i(95)x (a (** Mo)/ a (** Mo))) Equation 1.2

where i = intensity at the specified mass, and a = abundance of the isotope.

By monitoring the intensity of the non-interfering isotope **Mo, and knowing the ratio of
naturally occurring **Mo:**Mo, it is possible to subtract the intensity of the interfering
isotope from the total intensity. However this form of correction is mainly applicable
when the intensity of the interfering species is considerably smaller than that of the analyte

isotope of interest.
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1.4.7 Dynamic reaction cell/ collision cell ICP-MS

Dynamic reaction cell (DRC) or collision cell (CC) instruments involve passing the ion
beam, through a cell pressurised with a gas or mixture of gases. The interfering species are
then removed by collisional dissociation and/or gas phase chemical reactions. The DRC
employs the principal of reacting the interfering species with a gas such as NH3,” 0,* or
CH,,> to convert it into a new species with a m/z ratio different from the analyte of
interest. This approach has been used by Simpson et al,** who successfully used oxygen as
a reaction gas to remove the oxide based interferences hampering the determination of the
noble metals. Collision cell instruments exploit the fact that polyatomic interferents have a
larger cross-sectional area than the mono-atomic analyte of interest and as such will
undergo a greater number of interactions with the reaction gas, thus losing more kinetic
energy. The difference in energy between the analyte and interference can then be used to
separate them via an energy filter. Reyes®® and co-workers have successfully measured Se
in biological materials by measuring the *Se/”’Se and *’Se/”’Se isotope ratios, when using

Hj as the collision cell gas.

1.5 The Biological Importance of Selenium

Selenium is an essential trace element with a natural abundance of approx. 0.09ppm
in the earth’s crust, and can be found in rocks, minerals, fossil deposits and volcanic
material.’” Selenium levels in soil vary widely with average levels ranging from 0.1-
2.0ppm. Its chemical speciation and total concentration largely determine its availability to
plants and thus entry into the food chain. It is present as a water soluble selenate in alkali
soil and as such is available to plants, but as an insoluble ferric selenite in acidic soil and
therefore unavailable.

The public perception of selenium has gone through several changes during the last 50

years. In the 1930s it was classed as a toxic element, then as a carcinogen in the 1940s, an
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essential element in the 1950s and then an anti-carcinogen in the 1960s and 1970s. As such
this illustrates the marginal difference between essentiality and toxicity and explains the
great interest in Se and its role in biochemistry, particularly as both an excessive and

insufficient intake of selenium can have serious health implications.

1.5.1 Selenium toxicity

Selenium toxicity in its most acute form has been found to be fatal to both animals and
humans. Several cases of “blind staggers” - lameness, damaged hooves and emaciation -
have been reported in farm animals that have consumed highly seleniferous plants. Similar
symptoms such as hair and nail loss, tooth decay, skin lesions and, in severe cases,
abnormalities of the nervous system have been reported in humans. An example of
selentum toxicity was reported in the early 1960s, when inhabitants of a remote
mountainous area in the mid-west of China suffered severe hair and nail loss, mottled
teeth, and peripheral anaesthesia (pins and needles) and pain in the extremities.”’ It was
discovered that vegetables and grain consumed by the affected villagers contained
extremely high concentrations of selenium compared to similar foods grown in non-
seleniferous regions. Cereals were found to contain approximately 200 times more
selenium than some grown in a normal soil region and a difference of greater than 45000-
fold was observed between the selenium levels of green turnips grown in the area
compared with turnips from a selenium deficient region. The diet of the local inhabitants
was restricted mainly to plant products grown locally, which meant that the average daily
intake of selenium was exceptionally high. This was evident in the case of one resident
whose blood selenium level was recorded to be 7.5ug ml™, approximately 1000 times
greater than the average level recorded for residents in a neighbouring area. The source of

the high selenium level of the crops was found to be due to a high level of biologically
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available selenium in the soil - 354pg Kg'' of water soluble selenium in soil from the

affected area compared to 2.8pg Kg™' in soil from a non-seleniferous area.

1.5.2 Selenium deficiency

Selenium as the amino acid selenocysteine, is a component of various selenoproteins

that have important enzymic functions (Table 1.3). Recognising the role of these

selenoproteins helps to explain why selenium deficiency is linked with so many diseases
and health conditions such as white muscle disease (WMD), a nutritional muscular
dystrophy primarily affecting lambs and calves, which if the limbs of the animal are
affected can cause stiffness and difficulty in walking, or if the heart muscles are affected
can result in heart failure and death. A survey carried out in 1961 concluded that in New
Zealand 20-30% of the total sheep stock at that time were at risk of developing seleniufn
deficient conditions, including WMD.?” Conditions observed in humans include Keshan
Disease — an often fatal cardiomyopathy - and Kaschin-Beck Disease — a type of
osteoarthritis, both reported in a region of China where the soil was extremely low in
selenium.’” Other health issues include a compromised immune system, rheumatoid
arthritis and cirrhosis of the liver’ and more recently selenium deficiency has been
associated with cancer. Selenium deficiency has also been linked with people relying on
Total Parenteral Nutrition (TPN) as their main source of nutrition. TPN is a method of
feeding nutrients through an intravenous line to patients whose digestive systems do not
function. Severe gastroinstestinal problems such as Crohn’s disease can impair selenium
absorption resulting in selenium deficiency, hence it is important that TPN solutions
contain selenium. Due to the links between selenium and cancer, numerous workers have
investigated the effect of selenium supplementation at supra-nutritional levels (>200ug per
day compared with “adequate” levels of 60-75ug per day) and whether this would afford

greater protection. A study carried out at the New York Dental Hospital showed that
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supplementation with Se could result in an increased production of cytotoxic T-
lymphocytes and natural killer cells, which are able to destroy tumour cells. Several other
studies have been performed where by blood or tissue samples have been taken from a
group of healthy individuals who are then monitored to see if they develop cancer. Such
studies have revealed that the effectiveness of Se for cancer reduction is strongest in men
and in relation to prostrate, lung and liver cancers. A Nutritional Prevention of Cancer
(NPC) trial carried out in the USA, investigated if selenium supplementation could in fact
reduce the risk of cancer. 1312 individuals with a history of non-melanoma skin cancer
were given either placebo or 200ug Se per day. The findings indicated that those
participants receiving selenium showed 50% lower total cancer mortality and 37% lower
total cancer incidence, with the strongest benefit observed in those individuals with the

lowest Se status at the beginning of the trial >

Selenoprotein Function

Glutathione peroxidase Maintains cell membrane integrity by removing hydrogen

peroxide and lipid and phospholipid hydroperoxides
Iodothyronine deiodinase Produces and controls the level of active thyroid hormone

Selenoprotein P Has antioxidant and transport functions. Protects cells lining

blood vessels

Selenoprotein W Involved in skeletal and cardiac muscle metabolism
Selenoprotein N Linked to congenital muscular dystrophy
18 kDa selenoprotein Found in kidney and other organs

Table 1.3 Functions of some of the selenoproteins. >
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1.5.3 Selenium dietary intake

The UK recommended daily intakes of selenium are 75pug and 60ug for males and
females respectively. The current UK average level is between 34pg and 39ug,
considerably lower than the levels reported in 1974 of between 60ug and 63ug.> Food
sources rich in selenium are brazil nuts, kidney, liver, crab and shellfish, however the
reported reduction in UK daily intakes is mainly attributed to the reduced importation of
North American selenium rich wheat. This was previously favoured for bread making due
to its high protein content which aids the baking process. Currently European varieties of

wheat are generally used, which contain much lower amounts of selenium.

1.5.4 Selenium — isotopes and interferences

The determination of selenium by ICP-MS is complicated for two main reasons. Firstly
the ionisation energy is high, resulting in only 30% ionisation in the plasma and hence poor
sensitivity.®® Secondly all of the six naturally occurring isotopes suffer from interferences
(see Table 1.4). Both of these factors can contribute towards high background levels, poor
detection limits and ultimately biased analytical results. Consideration of the health
implications overviewed earlier highlights the significance of selenium in environmental
and clinical studies, and thus how important it is that sensitive, precise and accurate

analytical methods are available.

Se Isotope % Abundance Interfering Species
"Se 0.89 Yarst, el
76ge 9.36 36Ar4°Ar+, 38Ar38Ar+,
7Se 7.63 Par’Crr, YArtAr'HY
®3e 23.78 BAarArt
30ge 49.61 OArAr
82ge 8.73 1 HSIBI+, 82p

Table 1.4 Polyatomic interferences affecting the selenium isotopes.
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1.6 A Review of Applications of ICP-MS for the Determination of Selenium in

Clinical and Environmental Samples

[CP-MS with pneumatic nebulisation has been used for the determination of
selenium in serum.*” The procedure employed dilution of serum with a mixture of reagents
required to prevent blockage of the nebuliser. Standards containing ‘blank’ bovine serum
and with butanol added were used in order to eliminate any matrix differences. A detection
limit of 1.5pg I was achieved. Several authors have documented ICP-MS detection with
pre-concentration using ion-exchange resins. Jiang and co-workers®' used Dowex [-X8
resin for the analysis of water samples but found the best results were obtained when using
a standard addition procedure. Ebdon es a/.%? developed a similar for the determination of
selenium in biological samples following microwave digestion. A flow-injection system
was utilised for the on-line elution of analytes from an alumina column. 1.0ng ml!

detection limits were observed.

1.6.1 ETV-ICP-MS applications

The use of ETV-ICP-MS for the determination of As, Sb and Se in aqueous matrices is
addressed by Fairman and Catterick.”? Complex interactions between the analyte and
modifier are discussed, with details of the optimisation process and the resulting
compromise conditions required for a simultaneous analysis. The procedure overcomes
negative interferences on Se in the presence of high concentrations of HCl. Good results
for several reference materials are documented with detection limits of <0.08ng g, I
coated graphite tubes were investigated by Pozebon and co-workers.®® Reduction of the
blank signal and an increased sample throughput owing to the pre-treated tubes are
discussed. An ETV-ICP-MS procedure using polyhydroxy compounds to enhance
sensitivity is reported.66 The authors report a detection limit of 0.01ng ml"' for Se with

mannitol as the matrix modifier compared with a detection limit of 0.50ng ml™ in the
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absence of a modifier. Ultrasonic slurry sampling (USS) coupled with ETV-ICP-MS for
the determination of Se in fish samples is discussed.®’ Good agreement between results
obtained using a standard additions procedure and the certified values for two reference

materials are shown.

1.6.2 HG-ICP-MS applications

Due to the enhanced sensitivity achieved with hydride generation, numerous procedures
have been published based on this technique. Rayman et al.” used an adapted ICP torch
for the introduction of hydrides to the plasma. A lengthy sample preparation procedure was
used for the digestion of serum samples followed by generation of the hydrides. The
influence of Cu and Fe on the Se signal was investigated but the authors found that no
adverse effects were observed at the levels of Cu and Fe likely to be present in serum. A
negative bias on the materials analysed was reported. The performance of HG-1CP-MS
was compared with GFAAS by M. Haldimann ef al.® Both methods gave good agreement
with acceptable results for the reference materials analysed. Quijano and co-workers®
reported a detection limit of 35ng I! when using a flow injection-HG system. Off-line
conversion of Se"' to Se'¥ is required prior to hydride formation. The linear range of the
method was limited to 30ug 1. An isotope dilution method based on HG-ICP-MS has
been documented by Ting and co-workers.”” Hydrides are formed on-line with
measurement of the *2Se/"’Se and "Se/"’Se ratios. Absolute detection limits of 0.2-0.9ng
Se are reported. The analysis of several CRMs indicated a negative bias in most cases.
Mestek ef al.? compared the techniques of ICP-MS, HGAAS, ETAAS and ICP-OES for
the analysis of whole blood. The authors concluded that ICP-OES was unsuitable for blood
analysis due to poor sensitivity, and ETAAS was difficult to optimise with acceptable
results only achieved when using a standard additions procedure. The ICP-MS and

HGAAS procedures showed good agreement with the ICP-MS method being favoured due
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to greater automation and speed of analysis. A detection limit of 0.10ng g™’ for Se in water

127 The procedure involves off-line conversion of Se"! to Se'"

is reported by Bowman et a
and on-line formation of the hydrides using a flow injection system. The effect of the
transition metals on the hydride generation system is investigated. Approximately 50%
reduction of the Se signal was observed in the presence of 100ug g' Cu. Hall and
Pelchart®® developed a HG-ICP-MS procedure for the analysis of geological samples, and
have detailed the effect of interfering analytes such as Bi, Fe, and La on the signal. The
spray chamber of an ICP-MS was successfully used as a gas/liquid separator by Zhang
and co-workers.” A limit of determination of 0.01pg I"* and recovery values in the region
of 85% for SRM 1643¢c (Water) are reported. A continuous flow HG system was used by

13 for the determination of Se in sea water. A detection limit of 0.5ng 1" is

Santosa ef a
reported. Enhancement of the Se signal in the presence of methanol was also observed.
Moor® and colleagues used a modified spray chamber as a gas/liquid separator for the
determination of Se in bioloigcal samples. Results for the analysis of two biological

reference materials agreed well with the certified values when using both external

calibration and isotope dilution methodologies.

1.6.3 Applications using mixed gas plasmas

Evans and Ebdon®’ investigated the addition of N, to the Ar carrier gas and illustrated
that the ratio of several polyatomic ions (“°Ar>CI*, Ar*Ar*, “ArCl" and A Ar) to
In internal standard decreased with N, introduction. Two mechanisms for this effect are
suggested by the authors - a reduction in the ionisation temperature of the plasma with a
simultaneous increase in the kinetic energy, may result in a suppression of the ionisation of
some polyatomic species and increase their breakdown, or that a competitive formation of
ArC", ArQO" and ArN" occurs in the expansion chamber which would lead to a decrease in

the formation of the interfering ions detailed above. Laborda et al.®® introduced N; to the
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aerosol carrier gas and observed that the intensities of the polyatomic species ArAr’, ArCI"
and CIO" decreased with both an increase in the N, concentration of the carrier gas, and an
increase in the total carrier gas flow rate. However the intensities of the analytes decreased
in a similar manner. The authors also investigated the effect of spray chamber temperature
and found that an increase in the ArAr' signal was associated with an increase in
temperature. This observation supports the theory of several workers who suggest that a
low spray chamber temperature (which results in a reduced aerosol water content) may
significantly reduce oxide and doubly charged ion formation. A slight worsening of the
detection limits for Se in food digests is reported when using a N,-Ar plasma compared
with an Ar only plasma. A similar procedure was adopted by van der Velde-Koerts and
de Boer’® with the multi-element analysis of environmental samples. An optimum N
carrier gas flow of 4-6ml min™' was established with higher gas flows giving rise to greater
background signals and increased levels of doubly charged ions. A reduction in the levels
of polyatomic interferences by a factor of 1.5 to 3 is reported.

The use of a helium ICP-MS for the determination of As and Se in urine has also
been addressed.®® Advantages over an Ar plasma include elimination of mass spectral
interferences arising from Ar or species containing Ar, and more easily ionised elements
due to the higher energy of He plasma species. The absence of spectral features above
mass 40 mean that the determination of %Se is possible. Analysis of NIST SRM 2670
(urine) gave 85% recovery when using a standard addition method with internal

standardisation.

1.6.4 Applications using organic solvents

The use of organic solvents for signal enhancement and interference elimination is
widely documented. Larsen and Sturup®’ report a 3.5-4.5 fold enhancement in signal for As

and Se in the presence of 3% methanol, but observed a similar increase in the signal-to-

21



noise ratio. Krushevska and co-workers®” have addressed the application of water soluble
tertiary amines on As and Se signals. An enhancement in the signals together with a
reduction in the ArCl interference was observed. The advantage of amines over additives
such as Triton X-100, ethanol and glycerol are owed to their neutralisation and complexing
properties. A lower dilution factor is needed and problems of corrosive attack of the ICP-
MS cones can be ruled out. The addition of 4% ethanol to diluted serum and urine
samples is reported by Goossens and colleagues.* The authors show that As and Se can be
accurately measured in a chlorine matrix with a combination of ethanol addition and

1.2 studied the effect of several organic

nebuliser gas flow-rate optimisation. Olivas ef a
solvents on the Se signal, using both pneumatic nebulisation and HG sample introduction

modes. Results show that several polyatomic interferences can be reduced with addition of

alcohol to the system and that a 10-fold enhancement of the Se signal can also be achieved.

1.7 Aims of the work

Although ICP-MS has fast become one of the mainstay analytical techniques in
many areas of inorganic analytical chemistry, many problems still exist for a wide variety
of analytes and matrices. Despite the introduction of 3rd and 4th generation quadrupole
and high resolution magnetic sector ICP-MS instrumentation many important analyses are
still hampered by unresolved interferences or lack of sensitivity.

The aim of this study was to evaluate the analysis of both environmental and
clinical samples using ICP-MS instrumentation, with the focus being the inherent
difficulties of determining total Se in serum. A variety of sample introduction techniques
such as ETV-ICP-MS, HG-ICP-MS, PN-ICP-MS with the addition of organic solvents and
the use of mixed gas plasmas have been investigated, for their ability to overcome

spectroscopic and non-spectroscopic interferences. The analysis of certified reference

22




- *. 7
- P g
- . ' ' ) ' T s ' ' nolae o
' - D | Co : E .r
L] - 1
t H
1 - 1 -

materials and “real’ samples was \perfonr{ed with-the ‘aim of evaluating and! comparing:the

analytical pérformance of each procedure. Finally isotope dilution analysis was

investiga’ted inorder fo-achieve the hi ghest accuracy and precision, along with experiments

to establish afull uncértainty estiinateito undérpin the data obtained.

23




CHAPTER 2

Development of an Electrothermal Vaporisation (ETV) ICP-MS

Method for the Determination of Selenium.in Serum



2. Development of an Electrothermal Vaporisation (ETV) ICP-MS

Method for the Determination of Selenium in Serum

2.1 Introduction

The determination of selenium in serum by ICP-MS is hampered by several
problems. The first ionisation energy of selenium is high, resulting in an ionisation
efficiency of only 30% in the plasma which leads to low signals and poor sensitivity. The
majority of the selenium isotopes also suffer from spectroscopic interferences and matrix
effects, which often result in signal suppression.

Hydride generation (HG-ICP-MS) techniques have been used to overcome some of
these problems. Greater sensitivity is attainable owing to the improved sample delivery
rate and reduction of interferences is achieved due to analyte removal from the matrix.
However, lengthy sample preparation procedures are generally required to convert the non-
hydnide forming organic selenium compounds present in the sample to Se (IV), so that the
volatile hydrogen selenide can be formed.

An alternative and more direct method is electrothermal vaporization (ETV)
coupled with ICP-MS detection. This technique has the advantage of using very small
sample sizes (typically 5-50pl), an important consideration when dealing with clinical
samples which may be of limited size, and unlike hydride generation does not require
lengthy sample preparation procedures. Elimination of interferences is also feasible with
this method. With careful optimisation of the temperature program it is possible to control
the vaporization of interfering elements so that they do not arrive at the plasma at the same

time as the analyte under investigation.
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This chapter describes the development of an ETV-ICP-MS procedure for the
analysis of Se in serum. Optimisation of the ETV temperature program including the
successful elimination of several interferences, together with evaluation of the procedure

using spiked sera and a certified reference material is described in detail.

2.2 Electrothermal Vaporisation

When using electrothermal vaporisation the sample is deposited into a small graphite
tube which is electrically heated in a programmed fashion. The graphite tube is held
between two graphite contact cylinders. On initiation of a temperature program, a current
up to approximately 500 amps is applied to the tube. As the temperature of the tube
increases, the processes of drying, matnx pre-treatment and thermal dissociation into free
atoms can be separated and optimised in turn.®* During the process the interior and
exterior of the tube are purged with argon to prevent combustion at high temperatures. The
external gas stream flows through the contact cylinders, and around the graphite tube,
exiting via the sample introduction hole. The internal gas stream passes through the
graphite tube and also exits via the sample introduction hole. The external gas stream flows
constantly, but the internal gas stream only flows during the program cycle. This flow of
inert gases cools the tube and removes solvent and matrix vapours. During the vaporisation
stage the sample introduction hole is sealed so that all of the gaseous sample 1s transferred
to the plasma and none is able to escape. Figure 2.1(a) and (b) shows a typical unit with

representation of the gas flows during pyrolysis and vaporisation.
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sodiumEDTA reagent (containing 0.2% NH; and 0.1% Triton-X 100). A 1+19 dilution of
the serum was utilised with each of the diluents. A series of 10ng g"' Se standards were
prepared in each of the diluents and the intensity of the signal for each measured.
Examination of the Se signal from pyrolysis to vaporisation showed that the Se intensity
was significantly reduced in the presence of both of the EDTA reagents, and to a lesser
extent in the presence of 1% NH; or the NHj: Triton-X-100 solution. This may be due to
the complex make-up of the reagents ‘swamping’ the Se signal and resulting in signal
suppression. The best signal was obtained for the standard prepared in 1% HNO; and this

was therefore used as the diluent in future work.

2.4 Choice of Matrix Modifier

The use of matrix modifiers with electrothermal techniques is well established. In
ETV-ICP-MS an enhancement in signal on addition of a chemical modifier is attributed to
a more efficient transport of the vaporised analyte to the plasma.”' Matrix modification is
also important to avoid losses of volatile analytes during the ashing stage via the formation
of more stable analyte species.”” It has become clear that the choice of matrix modifier is
dependant on both the analyte under investigation and the surrounding matrix. In this study
numerous chemical modifiers were examined including, PA(NO;),;, PA(NO;)2:Ni(NO;),,
PA(NOs),:Mg(NOs),, ascorbic acid and PA(NO;);:Mg(NO;);:ascorbic acid. Ascorbic acid
proved to be the most unsuccessful modifier examined as it resulted in total signal
suppression. Initial work with a modifier made up of Mg(NO;); and Pd(NO,); both
present at 10pg g', was encouraging with a significant increase in the signal obtained for
a 10ng g Se standard compared to that obtained with either no modifier or when using
ascorbic acid. The concentration of both the Mg(NO;); and Pd(NO;), in the combined
modifier were both increased with little effect. On examination of each of the solutions

separately it was observed that Mg(NOs), alone produced very little signal where as a
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This initial work with matrix modifiers was performed using standard pyrolytically
coated graphite furnace tubes, however these were found to be unreliable with large
changes in both signal intensity and peak shape from day to day. A L’vov platform
pyrolytically coated graphite tube was therefore used for all further work. The advantages

7374 who describe the

of this type of tube have been documented by several authors
platform furnace tube at a stabilised “steady state™ temperature. A comparison was made
between the two types of graphite tube with the analysis of a 10ng g Se standard at
increasing pyrolysis temperatures. Data showed that despite an eventual decrease in signal
with an increase in pyrolysis temperature, a more consistent signal was obtained with the
L’Vov tube than with a non-platform graphite tube, as illustrated in Figure 2.3(a) and (b).
This supports the work of Slavin ef al.”” who demonstrated the differences between analyte
atomisation from the furnace wall and the platform.

On analysing a serum CRM (NIST 1598 bovine serum), low results were initially
obtained when using a 100pg g Pd(NOs); modifier and pyrolysis temperatures in excess
of 1000°C. On monitoring the Se signal through both the pyrolysis and vaporisation
stages, it was noted that in addition to the Se peak observed at approximately 60sec (i.e.
during vaporisation) a smaller Se peak was seen at approximately 10sec corresponding to
the pyrolysis stage. This suggests that a more volatile Se species was forming in the serum
matrix that wasn’t present in the Se standard. Numerous experiments were performed with
different modifiers to try and overcome this problem. Ni(NO3); was investigated but was
unsuccessful as the initial peak was still evident. The gaseous modifier trifluromethane
(CHF;) was examined as it had been reported” that this gave rise to a considerable
increase in sensitivity for the analysis of uranium and thorium by ETV-ICP-MS.
Unfortunately no improvements in signal were noted, only a considerable build of carbon
on the furnace tube and ETV contact cylinders. Eventually it was discovered that using the
Pd(NO;), modifier as discussed earlier, but at a higher concentration of 500pg g'l,

successfully overcame this problem with little effect on overall sensitivity.
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2.5 Optimisation of ETV-ICP-MS Operating Parameters

2.5.1 Pyrolysis and Vaporisation

The main stages of any electrothermal vaporisation program are the pyrolysis (matrix
removal) and vaporisation (dissociation of atoms) processes. Parameters at each of these
stages, i.e. ramp rate, temperature and hold time, were evaluated to establish the optimum
conditions. Pyrolysis and vaporisation temperatures were optimised by the repeated
analysis of a 10ng g Se standard at increasing temperature settings. Temperature curves
constructed with the data from these experiments can be seen in Figure 2.4. For the
optimisation of the pyrolysis temperature the vaporisation temperature was set at 2600°C,
and for the vaporisation temperature experiment, the pyrolysis temperature was set at

1100°C. These are typical temperature settings used in many ETV programs.

The pyrolysis curves in Figure 2.4 show a stable signal between 500°C and 1300°C,
and a decrease in signal at temperatures above this, suggesting that a pyrolysis temperature
within the range mentioned would be suitable. Due to the fact that the graphite tube
degrades with the number of firings, it was decided that a pyrolysis temperaturé midway in
the range rather than at the higher end would be chosen, to minimise the detrimental affect
on the lifetime of the tube. A temperature of 800°C was selected and a repeat experiment
using a serum sample performed. Figure 2.5 shows the response of the "’Se, #Se and '**Te
(internal standard) signals with an increase in temperature in the presence of the serum
matrix. Suppression of the Te signal and to a lesser extent the selenium signal, can be seen
at lower temperatures, indicating that a higher temperature is required to ensure complete

removal of the serum matrix.
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Serum contains high concentrations of components such as sodium, chlorine and
bromine. Examination of these analytes alongside Se in the proposed system, gave clear
evidence of their role as potential interferents. Na is an easily ionised element (EIE) which
can effect the mass transport efficiency of analytes - the amount of analyte that reaches the
plasma and ultimately the signal intensity. O’Hanlon er al."? investigated the effect of
several EIEs with a plasma emission system, demonstrating a reduction in the transport
efficiency of Mn in the presence of Na. Figure 2.6(a) shows the signal profiles of ’Se and
PNa at a pyrolysis temperature of 800°C. The detector was desensitised at m/z 23 using
the Omnirange option in the ELAN software used for this study. This enabled the Na
signal to be plotted on the same axis as the Se in order to gain a direct comparison between
the two signals. As can be seen the Na signal coincides directly with the Se signal,
resulting in large amounts of Na ions in the ETV transfer line and plasma at the same time
as the analyte of interest. This could potentially effect the transport and ionisation
efficiency of Se, thus causing a suppression of the signal. An increase in the pyrolysis
temperature to 1200°C, has successfully separated the two signals, with the Na vaporising

earlier (Figure 2.6(b)).

Similar responses were observed with Cl and Br signals. Figure 2.7 illustrates the
problems presented by Cl on "’Se. The formation of **Ar’CI" ions in the plasma would
enhance the signal at m/z 77, coinciding with the "’Se isotope, leading to high background
signals, poor detection limits and biased analytical results. From Figure 2.7(a) and (b) it
can be seen that at 800°C the Cl signal profile is overlapping with the Se signal. However
an elevated pyrolysis temperature of 1200°C has separated the Cl from the Se resulting in

the interference free analysis of 7' Se.
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Bovine serum (used to prepare the Internal Quality Control (IQC) samples donated
by Dr T. Delves, Southampton University and NIST 1598 discussed later in section 2.6.4)
contain high levels of bromine. The combination of 81Br with hydrogen produces HBr
with a m/z of 82, coinciding with the ¥Se isotope. Again at 800°C the Br signél overlaps
with the Se signal (Figure 2.8(a)), but is successfully removed at the higher temperature of
1200°C (Figure 2.8(b)). The degree of interference from HBr is further reduced by the
elimination of water vapour, With conventional nebulisation the sample is introduced as an
aqueous solution, resulting in a considerable amount of hydrogen and oxygen ions in the
plasma. With the ETV the sample is introduced as a gas, hence the leve! of hydrogen and
oxygen are greatly reduced. The advantage of hydrogen and oxygen reduction with ETV

sample introduction has also been discussed by Marshall and Franks.”®

As shown in Figure 2.4, the Se signal remained fairly constant throughout the
vaporisation temperature range examined. Using 2300°C as the vaporisation temperature,
Figure 2.9(a) shows the signal profile for a serum sample diluted in 1% HNO;. A large
analyte peak is observed at approximately 60s, but a second much smaller peak is seen
slightly later at approximately 70s. During the temperature program (Table 2.2) the
graphite tube is rapidly heated to 2700°C after the vaporisation stage to remove any
residual matrnix components and the overall gas flow rate drops due to a cease in the
internal gas flow. The second peak observed approximately 10secs later is probably Se
vaporising as the furmace temperature increases but is seen slightly later than expected
from the timings listed in the ETV temperature program (Table 2.2) due to the decrease in
the overall gas flow rate. The evidence of this later peak suggests that the temperature of
2300°C is insufficient for complete vaporisation. This is verified in Figure 2.9(b) where the
vaporisation temperature has been increased to 2600°C. Only one peak is now observed

indicating that all of the Se has been vaporised and transferred to the [CP-MS.
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2.5.2 Power and Nebuliser Gas

Operating parameters including plasma power, nebuliser gas flow rate and lens settings
were optimised. An increase in signal intensity for all isotopes was observed with an
increase in plasma power, upto a maximum of 1150W. Above this the signal begins to
decrease as illustrated in Figure 2.10. All further work was performed at 1150W, a higher
setting than that favoured by other workers*> when using conventional nebulisation. This
can improve the ionisation of Se, and hence the sensitivity, but on the downside also
increases the ionisation of polyatomic species. However with the proposed system the
interferences on "'Se and ¥Se are already eliminated during the ETV process, therefore

this improvement in ionisation produces a net increase in sensitivity.

The effect of the argon nebuliser gas flow rate was also investigated. The Se signal
increased steadily with an increase in gas flow rate from 0.85 | min™', reaching a maximum
at 0.95 1 min", and decreasing at flow rates above this (Figure 2.11). It should be noted
that the internal flow rate of Ar in the funace is 0.30 1 min™'. This combined with the
ICP-MS carrier gas optimum flow rate of 0.95 | min™ leads to a total carrier gas flow

rate of 1.25 | min™, a similar optimum rate as reported previously.?
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2.6 Analytical Performance

Typical transient signal profiles for a 5Sng g”' Se standard and a serum sample with an
approximate concentration of Sng g, are shown in Figure 2.12(a) and (b). The sensitivity
of the system corresponds to between 200 and 6000 counts per ng g of Se depending on

the isotopic abundance.

2.6.1 Linearity

The lineanty of the proposed system was investigated by analysing standards ranging
from 0.10 to 100ng g’ and plotting concentration vs integrated signal to construct
calibration lines for each of the isotopes. The system was found to be linear from 0-100 ng
g' for the 77, 78 and 82 isotopes but only linear from 1-100ng g for ™*Se. This non-
linearity below Ing g! for *Se may be attributed to it’s low isotopic abundance (0.90%)

and hence lack of sensitivity.

2.6.2 Reproducibility

Short term stability data for 10 consecutive analyses (triple firings) of a diluted serum
sample, followed by 10 determinations over a 4hr period to give the long term stability of
the system, for a typical analytical run are detailed in Table 2.3. Data were obtained with

the intensity ratioed to the Te internal standard.
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Parameter "Se 7'Se Se 82Se
Detection Limit 0.85ng g’' 0.14ng g 0.58ng g 0.13ng g
Absolute Detection
Limit 8.5pg 1.4pg 5.8pg 1.3pg
Short-term stability
(n=10) +15% +4.9% +4.6% +3.2%
Long-term stability
(n=10) £13% +4.7% +5.7% +3.8%
Linearity 1-100ng g’ 0-100ngg”’  0-100ngg'  0-100ng g’

Table 2.3 Analytical performance characteristics for the determination of Se in serum by

ETV-ICP-MS.

2.6.3 Detection Limits

Typical limits of detection (calculated as 3o based on 10 determinations of 1% HNO;
blank) are also found in Table 2.3. These also take into account the 1+19 dilution factor
applied to all of the serum samples. The poor detection limits of "*Se and "*Se are due to
the low abundance and poor sensitivity of "*Se, and the substantial interference from argon
polyatomics on "8Se. Further work to improve the detection limit of "*Se will continue,
with the addition of nitrogen to the various Ar gas channels. This is discussed in detail

later in Chapter 6.

2.6.4 Accuracy

To check on the accuracy of the method a number of IQC sera (prepared by the addition

of Se standards to bovine serum, donated by Dr T. Delves, Southampton University) and
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2.7 Conclusions

Selenium is a complicated element to analyse by ICP-MS, particularly in a biological
matrix such as serum. The majority of existing procedures include a sample pre-treatment
stage to digest the samples prior to ICP-MS measurement. Others use standard addition
procedures to overcome matrix effects. Both of these approaches are lengthy and time
consuming for the analyst. This work has centred on the development of an ETV
procedure that would be accurate, reliable and efficient. With careful optimisation of all
aspects of the method including the choice of matrix modifier, sample diluent and finely
tuned temperature program, this has been successfully achieved. The ETV procedure
developed allows the interference free analysis of two of the isotopes of selenium - 77 and

82 - resulting in the accurate analysis of Se in serum with minimal sample pre-treatment.
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3. Development of an Isotope Dilution Method for the Accurate

Determination of Selenium in Serum and Water

3.1 Introduction

Isotope dilution mass spectrometry (IDMS) has been described as a definitive
analytical technique that is capable of providing improved accuracy and precision over
alternative ICP-MS methods.”” Its numerous applications are well documented in the

. . . . . 83
7882 where it has been used to establish a reference value for Cu in sediment,”” and

literature
Cu, Mo and Se in biological reference materials.®® The technique is based on the addition
of an isotopically enriched material, which, when present in an equilibrated form in the
sample, acts as the perfect internal standard. Determinations involve the measurement of
isotope ratios of the analyte in the sample, and the altered isotope ratio following the
addition of the spike. Essential requirements for IDMS are that more than one isotope of
the element in question occurs in nature and that the selected isotopes are free from
interference. Providing these criteria are met or any interferences are negligible, the
accuracy of isotope dilution determinations is dependent on the precision of the isotope
ratio measurements.

This chapter describes the development of a high accuracy method for the
determination of selenium in both serum and water. By combining the established ETV-
ICP-MS procedure detailed in Chapter 2 with the technique of isotope dilution, a highly
precise and accurate procedure has been established. Optimisation of the measurement
parameters such as dwell time, peak measurement mode and number of replicates are
described. The accuracy and precision of the method is demonstrated with the analysis of

several certified reference materials.
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3.3 Optimisation of Measurement Parameters

Selenium has six naturally occurring isotopes, all of which suffer from polyatomic
interferences (Table 1.4). When using isotope dilution analysis it is critical that all possible
interferences, matrix, polyatomic or isobaric, are eliminated. For this work the "'Se and
82Se isotopes were used. These are not the most abundant of the isotopes but were selected
over the others as the interfering polyatomic species (“°Ar’’Cl* and ®'Br'H") could be

eliminated using the ETV temperature program developed previously (see Chapter 2).

Optimisation of the scan parameters is of paramount importance to minimise errors
in the isotope ratio measurement and achieve the highest accuracy and precision possible.
Electrothermal vaporisers generate transient signals of short life spans, typically between 3
and 6 seconds. It is important for the processing with this type of signal to collect enough
readings to accurately define the signal profile. Influencing factors such as dwell time,
points per spectral peak, peak measurement mode and number of replicates were evaluated

and the optimum settings established, for the measurement of the ¥*Se/”’Se isotope ratio.

3.3.1 Dwell Time

This defines the amount of time spent measuring each mass during a sweep. The ratio
for a 100ng g"' Se standard was measured repeatedly at a range of dwell times, five
injections were performed at each setting (Figure 3.1). From the data obtained it can be
seen that short dwell times, between 3ms and 5ms, give rise to high % rsd values. An
improvement in precision, demonstrated with a decrease in the % rsd values of the
%2Se/""Se isotope ratio, is observed with dwell times in excess of 10ms. The optimum dwell
time corresponding to the lowest % rsd is 15ms, which was consequently used throughout

the work.
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3.3.2 Points/Spectral Peak

This parameter determines how many mass spectral data points the instrument collects
as it scans each isotope. As with the dwell time experiment the ratio for a 100ng g Se
standard was analysed repeatedly over a range of points, 1 -10. Again five replicates were
performed for each setting. (Figure 3.2). The results obtained from this experiment are
quite varied, however the general trend suggests that lower % rsd values are obtained with
fewer points per mass spectral peak. Increasing the number of points has the disadvantage
of increasing the analysis time and may also result in a loss of signal if the average taken
across a number of points is less than the signal maximum. One point per mass spectral

peak was used for all further work.

3.3.3 Number of Replicates

The aim of this work was to develop a procedure that was both highly accurate and
precise but also practical in its use. To improve the precision of the ratio measurement a
number of replicate injections were performed for each solution, to provide an averaged
value for the isotope ratio. The number of replicates used had to strike a balance between
total analysis time, avoiding long term drift and producing the desired improvements in the
precision of the final result. The outcome of too few replicates may be a loss of precision,
whereas too many may be construed an unnecessary consumption of time. This is a
particularly important consideration with ETV sample introduction as the number of
firings (which is determined by the number of replicate injections performed) has a direct
effect on the lifetime of the graphite tube. Experiments carried out using a 100ng g Se
standard indicated that nine replicates for each solution provided an optimum compromise.
The % rsd for the nine replicates was 0.72%. This equates to a relative standard deviation
of the mean® (sometimes referred to as standard error) for 9 such replicates of 0.24%

relative.
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From Table 3.1 it can be seen that similar % rsd values were achieved with the
signal profile averaged, signal profile counted and signal profile integrated options. The
signal profile maximum mode gave rise to the greatest % rsd values, which were higher
than those obtained by any of the other procedures. Slightly higher % rsd values were also
observed for the 2ng g' Se standard and serum sample compared with the 10ng g’
solutions. This may be due to counting statistics. Signal profile integrated was selected for
the work as this processing mode is the preferred option in many analytical laboratories
due to the higher number of counts this measurement mode produces which may result in

improved measurement statistics.

3.3.5 Effect of Ca and Zn on ®2Se/"’Se Ratio

Serum has a complex matrix consisting of organic matter, and high levels of
inorganic components such as Na, Ca and Zn. The effect of Na on the Se signal has already
been investigated and overcome with the optimised ETV temperature program (Chapter 2,
Section 2.5.1). The potential interference from Ca and Zn in the form of polyatomic
species such as “’Ca’’CI" and *°Zn'°0" on the **Se/"’Se, was evaluated. A series of 10ng g
Se standards were spiked with increasing amounts of Ca and Zn. 10 replicate injections of
each solution were performed and the *2Se/”’Se isotope ratios examined. Significance tests,
namely F-tests and t-tests, were carried out on the data. The results from this experiment
can be seen in Table 3.2 and the F-test and t-test equations used to calculate the

significance values are shown in Equations 3.7 and 3.8.
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The natural theoretical *Se/”’Se isotope ratio is 1.1442 based on [UPAC*’ defined
abundances of 8.73% and 7.63% for ®’Se and "’Se respectively. From Table 3.1 it can be
seen that the experimental 82Se/"’Se isotope ratios for the solutions analysed differ
considerably from this theoretical value (by approximately 20%). However, it should be
noted that no difference in the *2Se/”’Se isotope ratio is observed between the standard
solution in 1% HNO; and the serum samples of similar concentrations. This suggests that
the difference is due to instrumental mass discrimination and not matrix effects. A more
marked difference is however observed between the ratios obtained for the higher
concentration solutions than the lower concentration solutions irrespective of matrix. By
exactly matching the mass bias solution to the sample solution with respect to
concentration and matrix, any discrepancies will be compensated for and this problem

negated.

3.5 Method Validation

The ETV temperature program used throughout this work was the same as that
detailed in Table 2.2, Chapter 2. The ICP-MS parameter file was slightly different from

that used to develop the non-IDMS ETV procedure and can be seen in Table 3.3.

3.5.1 Reagents

All solutions were prepared using high purity distilled deionised water (18M$2, Elga,
High Wycombe, Buckinghamshire, UK). The enriched standard solution (spike) was
purchased from AEA Technology, (Didcot, Oxfordshire, UK) and the natural Se solution
was prepared from >99.999% Se pellets (Aldrich, Poole, Dorset, UK). The isotopic
composition of both standards is detailed in Table 3.4. Stock solutions of the two standards
were prepared by dissolving accurately weighed quantities of the materials in concentrated
nitric acid, Ultrex II ultra pure nitric acid (JT Baker, Milton Keynes, Buckinghamshire,

UK) with final dilution to 100ml with deionised water. Gentle heating was required to aid
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3.5.3 Preparation of Samples

All samples were spiked gravimetrically with the enriched solution to give a final
isotopic ratio of 1:3 (®2Se:""Se). Typically, Ig of the enriched solution was used to spike
between 1g and 2g of each sample. The serum samples were diluted 1 + 19 with 1% n/m
nitric acid following spiking, but no dilution was necessary with the water samples. A mass
bias solution was prepared by spiking a natural selenium standard to match the ratio in the
sample. For the measurement sequence a blank was analysed first, followed by the mass
bias solution, the sample blend and then the mass bias solution again, so that each sample
blend was bracketed by the mass bias solution. This follows the matching procedure

detailed by Catterick et al.*®

3.6 Analysis of CRM’s

Several certified reference materials, TMRAIN-95 (spiked rainwater), TMDA-54.2
(spiked soft water), LGC 6010 (hard drinking water) and NIST 1598 (bovine serum) were
analysed using both the IDMS and non-IDMS procedures. The results, which were all
within the certified limits, can be seen in Table 3.7. The method precision, represented by
the % rsd values obtained for triplicate analyses of each reference material, and the
deviation from the certified level, represented by the % recovery values, are lower with the
IDMS method than with the non-IDMS method. The result obtained for NIST 1598 bovine

serum by the IDMS procedure was within +4% of the certified amount.
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3.7 Conclusions

This chapter describes the further development of the ETV-ICP-MS procedure
detailed in Chapter 2 to encompass the technique of isotope dilution. The rigorous
optimisation of this procedure in order to obtain results of optimum accuracy and precision
has been described in detail. Parameters such as peak measurement mode, dwell time,
points per spectral peak and number of replicates were evaluated. Each of these factors was
found to contribute some way to the accuracy of the isotope ratio measurement. Several
certified reference materials have been analysed and this analysis has successfully
demonstrated the improvements in precision achievable with the IDMS procedure

compared with the non-IDMS procedure.
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Selenium



4. Comparison of Analytical Methods for the Determination of

Selenium

4,1 Introduction

As mentioned previously in Chapters 1 and 2 the determination of selenium by ICP-
MS is hampered by several factors such as poor sensitivity and severe interferences caused
by the formation of argon polyatomic species (Table 1.4). Despite these problems there are
numerous publications in the literature concerning the determination of Se, reporting the
adoption of various techniques to overcome these issues. Approaches such as hydride
generation, addition of an organic soivent to the sample solution and electrothermal

vaporisation have been used.

This chapter investigates two further methods for the determination of Se and
compares them with the ETV-ICP-MS procedure already discussed. The comparison is
based on factors such as i) sample pre-treatment requirements; ii) interference removal;
iii} analytical performance characteristics and iv)accuracy and precision through the

analysis of certified reference materials.

4.2 Hydride Generation (HG-ICP-MS)

Hydride generation (HG) coupled with either atomic absorption, atomic fluorescence
or ICP-MS for the determination of selenium has been widely used.”>?' The technique
involves generation of Se hydride through reaction with a strong reducing agent such as
sodium borohydride. Once the hydride has been generated it is separated from the liquid
reagents in a gas-liquid separator before being swept into the ICP by the argon carrier. This
form of sample introduction gives rise to greater sensitivity due to the complete

introduction of the gaseous analyte to the plasma* and reduction of spectroscopic and non-
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spectroscopic interferences is achieved due to analyte removal from the matrix. The
efficiency of the hydride generation step is dependent upon the experimental conditions
and in particular the oxidation state of the analytes. Se"' is unable to form a hydride and
therefore must be reduced to Se' prior to hydride generation. This pre-reduction is often
achieved by heating the sample with hydrochloric acid***’. Careful optimisation of the
reagent concentration and the reaction times employed is required to ensure optimum

response and minimal interference effects.

4.3 HG-ICP-MS Procedure

4.3.1 Instrumentation

All determinations were carried out using a Perkin Elmer ELAN 5000A ICP-MS
(Perkin Elmer, Beaconsfield, UK). The on-line reduction of Se¥! to Se' was performed
using a continuous a hydride generation system with a Perkin Elmer gas/liquid separator
and two peristaltic pumps. One peristaltic pump was used to deliver the sample solution
and reductant (NaBH,) to the gas/liquid separator and the other peristaltic pump was
required to divert waste away from it. The operating conditions for the ICP-MS are given
in Table 4.1.

Digestion of the serum samples was carried out using a Paar Physica multiwave
microwave sample preparation system (Anton Paar GmbH, Graz, Austria) using the
temperature program detailed in Table 4.2. A Tecam water bath fitted with a Techne TE-
8A thermoregulator (Techne (Cambridge) Ltd, Duxford, UK) was used for the pre-
reduction stage. Sample preparation and pre-reduction was performed using 25 ml sterilin

tubes (Bibby Sterilin LTD, Staffordshire, UK).
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5.6ml of Triton-X-100 and 5.6ml of NH; were then added and the solution diluted to
500ml with water. Modifier A was then diluted 10-fold with a 1.8% solution of butanol to
give Modifier B which was used to dilute the samples and standards. Once diluted (1 + 14
with modifier B) the samples/standards were pumped through red/red tubing (internal
diameter 1.14mm) into a mixing coil where they were combined on-line with In internal
standard, 5ng g"' which was pumped through blk/blk tubing (0.76mm internal diameter).
This resulted in a further 1.5 fold dilution of the samples/standards and produced a solution
with a final butanol concentration of 1%, the optimum concentration required for

maximum signal as reported by Sieniawska and workers.”

4.5.4 Effect of Butanol on Sensitivity

To evaluate the effect of butanol on the sensitivity of the system two sets of calibration
standards were prepared. One set were prepared in 1% nitirc acid and the other in the
modifier B solution described earlier (section 4.6.3). Both sets of standards were measured
using the conditions presented in Table 4.6 and plots of concentration vs integrated signal
constructed (Figure 4.2). From Figure 4.2 it can be seen that by using the modifier
containing 1% butanol the sensitivity of the system has increased considerably. A 2-fold
increase in signal has been achieved for the "’Se isotope, a 3-fold increase in signal for the

82Se isotope and a 4-fold increase in signal for the "®Se isotope.

This increase in sensitivity may be attributed to the competitive formation of AN,
ArO" and ArC" through electron transfer mechanisms®, resulting in the mass of the
interfering polyatomic species being altered and therefore different to the mass of the
isotopes of interest. The 8Se isotope suffers from the greatest interference from argon
adducts, therefore reduction of these species through the addition of butanol will have the

most significant effect on the signal, as observed in Figure 4.2(b).
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The hydride generation method involves formation of SeH through a reaction
between NaBH4 and HCI. Despite the high population of Cl present in the reagents, the
gas/liquid separator ensures that only the SeH passes into the plasma, hence decreasing the
affect of ““Ar’’CI" on "'Se. This process also means that the analyte is effectively removed
from the original sample matrix thereby reducing the level of interference from other
matrix components. The addition of an organic solvent to the sample matrix reduces the
formation of ArAr" adducts, due amongst other reasons to the competitive formation of
species such as ArC’™ and ArN’, resulting in a shift in the m/z ratio of the interfering
species away from that of the analyte, ie "®Se and "*Se. Electrothermal vaporisation uses a
different approach to interference reduction. This method eliminates the interferences on
’Se and ¥*Se through careful optimisation of the temperature program. At a temperature of
1200°C it possible to separate the signals of Cl and Br from that of Se, thereby eliminating
any interference from *’Ar’’CI" on "’Se and 'H®'Br* on *2Se. The thermal process can also
be tailored to vaporise matrix components such as Na which could affect the transport

efficiency of Se.

4.6.2 Speed of Analysis

The time required for analysis is an important factor for any commercial laboratory. All
aspects of sample preparation, instrumental analysis time, data processing and operator
time need to be considered when comparing different procedures for criteria such as speed
of analysis and efficiency. Figure 4.4 illustrates the time required for both sample
preparation and analysis for each of the procedures examined, for the analysis of a single
aqueous sample. From the graph it can be seen that the ETV procedures, both IDMS and
non-IDMS, have the shortest sample preparation time. This is because a simple 1 + 19

dilution with 1% HNO; acid is ali that is required for both aqueous and clinical samples.
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The measurement time is considerably longer. With the non-IDMS ETV method each
cycle of the temperature program takes approximately 2.5mins. A total of 3 replicates of
each sample (and standard) is required for each solution, therefore the total analysis time
for a single sample including 4 calibration standards is 37.5mins. With the ETV IDMS
procedure the sample preparation time is very similar — again the samples are diluted 1 +
19 with 1% HNO; acid after spiking with the enriched material. The analytical time
however is approximately double. This is due to the need to perform 9 replicate injections
instead of the 3 performed with the conventional ETV method, in order to obtain sufficient
data to realise the potential of increased accuracy and precision that this method offers.
The sa.mplle preparation time required for the PN-ICP-MS method is slightly longer than
that for the conventional ETV method. Both procedures require the preparation of a series
of calibration standards, however a further dilution of standards and samples with a
modifier solution prepared from (NH4),EDTA, NH H;PQ,, Triton-X-100, NH; and
butanol, which in turn is quite time consuming to prepare, is required. The analysis time
however is faster than the conventional ETV procedure. The total time required for the
analysis of 4 calibration standards and a single sample is 25mins, including a 2min read
delay to allow the sample to reach the plasma and a Imin wash between samples. The final
method under investigation, the HG-ICP-MS procedure, has the longest sample preparation
time. With this procedure each solution is acidified with conc. HCI acid prior to placement
in a water bath for 90mins. This pre-reduction stage is essential to convert all Se¥' to Se'
before reaction with NaBH, to produce the hydride. Once this pre-reduction has been
completed the actual analysis time is quite short — total analysis time for a series of
calibration standards and 1 sample is 15mins. As the number of samples to be analysed
increases to 10, the sample preparation time will have less of an impact on the overall time

required, as can be seen in Figure 4.5.
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The results obtained for each of the CRMs have been plotted in Figure 4.5 and
Figure 4.6 together with their corresponding error bars to illustrate more clearly the
accuracy and precision of each of the methods. From these graphs it can be seen that with
the exception of NIST 1598 by the HG-ICP-MS procedure, all of the results fall well
within the certified limits for all of the CRMs, The HG-ICP-MS method involves an initial
microwave digestion stage. The large spread of results may be an indication that this step
has not been fully optimised, and further development is required. It can also be seen from
these plots that the results acquired by the ETV-ID-ICP-MS procedure have the smallest
error bars {n =3) for all of the CRMs. In most cases the precision on the measurement with

this method is at least an order of magnitude better than with the other procedures.
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4.7 Conclusions

This chapter has covered two further methods for the determination of selenium,
utilising different sample introduction techniques (hydride generation and pneumatic
nebulisation) and alternative ways to overcome the interferences associated with this
element. The two methods have been compared with the ETV procedure (both
conventional and IDMS) developed earlier (Chapters 2 and 3) and a comparison of all
aspects of the procedures has been made. Similar performance characteristics such as
stability, linearity and detection limits are achievable with each of the methods, however
there are differences with the sample preparation and analysis time. The ETV procedure
has the simplest preparation stage and the fastest overall analysis time, whereas the HG-
ICP-MS is by far the most complicated and time consuming. A final comparison of the
accuracy and precision of each of the methods was made, using four certified reference
materials. All of the methods produced accurate results, however the ETV-ID-ICP-MS

procedure gave the best precision.
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5. Uncertainty Estimates for the Determination of Selenium by

ICP-MS

5.1 Introduction

The evaluation of the uncertainty associated with a result is often deemed an
essential part of any quantitative analysis® indeed an analytical result is thought
incomplete without an indication of the uncertainty associated with it. The importance of
measurement uncertainty is rapidly increasing in many different areas of analytical
chemistry, and it is a requirement that analytical laboratories accredited in accordance with
ISO Guide 25°? have an estimate of the associated measurement uncertainty. This will
ultimately lead to improved intercomparability of analytical results. The knowledge of
measurement uncertainty in the analytical community is often quite limited, therefore there
1s a need for the education of both analysts and customers, in the understanding of the
measurement uncertainty of a particular result. An approach to the estimation of
measurement uncertainty has been described in the Intermational Standards Organisation
(ISO) “Guide to Expression of Uncertainty in Measurement »93 (GUM) and the Eurachem
interpretation for analytical chemistry.®® The principles of the GUM approach are that all
sources of uncertainty, both random and systematic, are identified. For example,
uncertainty contributions may result from the observations of repeated analysis, or from
published data such as uncertainties for reference materials. Ultimately these individual
contributions then give standard and expanded uncertainties. This approach differs from
many methods currently used in analytical chemistry, which tend to use “whole method”
performance parameters as a guide to the uncertainty of the procedure. Some applications
of this approach to analytical chemistry have been published® however, only a few

uncertainty budgets have been reported.”*®
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This chapter discusses the estimation of the uncertainty of the four procedures for the
determination of selenium by [CP-MS compared in Chapter 4, 1.e.;

1. Hydride generation - HG-ICP-MS

2. Pnuematic nebulisation with butanol addition — PN-ICP-MS

3. Electrothermal vaporisation — ETV-ICP-MS

4. Electrothermal vaporisation with isotope dilution — ETV-ID-ICP-MS

The data required for the uncertainty estimates were obtained from specially designed

experiments to include contributions from all aspects of the procedures.

5.2  Measurement Uncertainty — Conventional Calibration ICP-MS

The ISO definition of measurement uncertainty is:- “A parameter, associated with
the result of a measurement, that characterises the dispersion of the values that could
reasonably be attributed to the measureand.”® The first step in establishing the uncertainty
of a method is to identify the sources of uncertainty through the construction of a cause and

99190 (Eigure 5.1). The main horizontal line represents the “effect” which is

effect diagram.
the result of the analysis, i.e. concentration of Se in ng g”'. Factors that control the result
are represented by the lines protruding from this effect line and are known as the *“cause”
branches.

The starting point in the construction of a cause and effect diagram is to write out
the complete equation for the result (Equation 5.1) Methods 1,2,and 3 each involve the

determination of Se concentration by direct comparison to a calibration curve, therefore all

of these method are represented by this equation.

o
Cs, = CXDXE Equation 5.1
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Here C' is the concentration of the sample solution as read from the calibration
curve, D is the dilution factor applied to the sample and R is the mean recovery. The
parameters present in the equation make up the main cause branches of the diagram. Once
these main cause branches are identified, any additional contributing factors to the
uncertainty need to be recognised and added to the diagram working outwards from the
main branches until the effects on the end result become negligible. The diagram can then
be simplified and factors which are duplicated on different branches can be removed. Each

of the main cause branches is discussed in detail below.

5.2.1 Recovery, R

The overall recovery R for a particular sample is made up of two components, Ry, and
R;, where R =R,;, x R, where R, is an estimate of the recovery for the entire procedure,
including preparation of calibration standards and any dilution of the sample. Ry, is ideally
measured on a suitable reference material, or as a mean recovery over several materials.
Both the reference value used and the measurement of the recovery on that material, will
have uncertainties associated with them. As well as determining the variation between R,
and the reference value, it is important to consider differences between Ry, and the
recovery for “real” samples. R, represents this difference between the reference and a
particular sample. Ideally there would be no difference and R; would therefore be equal to
1.0. However different materials may have a different effect and this appears as an
uncertainty in R;. Thus u(R;) describes the variation in recovery between the different
sample matrices and different analyte levels. Hence the uncertainty associated with R,

u(R), has contributions from u(R,;) and u(R).

5.2.2  Dilution Factor, D

With each of the methods investigated, the samples are diluted prior to analysis. For

example — with the ETV method all samples are diluted 1 + 19 with 1% HNOQ3, and with
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the HG method all standards and samples are diluted in the ratio 1.25:1 during the pre-
reduction stage. There are two contributions to the uncertainty associated with this dilution
factor, namely;

1. the uncertainty about the weight of the sample taken

2. the uncertainty about the final weight of the solution after dilution
As both of these measurements are weights by difference, with the tare and gross weights
performed on the same balance within a short period of time, any balance “zero bias”

cancels.

523 Precision, P

The precision covers terms which contribute to the random variability of the entire
method. Repeatability data and QC data are excellent sources of information for estimates
of precision. In general, if an operation was repeated during the period in which the
precision data were obtained, the run-to-run variability associated with that operation will

be included in the overall precision estimate and a separate estimate is not required.

524 Concentration, C'

The uncertainty associated with the concentration of the analyte, C', has contributions
from three major areas;

1. f(lrer;,CrefiuJsampie) — calibration function, where Crer; Tepresents a series of
calibration standards and observed intensities L., to the observed sample
intensity, Isamplc, to obtain the interpolated concentration value for the solution.

2. Cgioekwiwy — concentration of the Se stock solution.

3. Ciiiwiw) — concentration of the diluted Se working solution.

For this work, the concentration of the 1000 pg mI™" Se stock solution has to be calculated

in terms of weight by weight. This is achieved using the density data provided by the
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supplier of the stock solution. The second source of uncertainty that contributes to the
uncertainty in C' is the concentration of the dilute working standard, Cg;, from which the
calibration solutions are prepared. This solution is prepared by diluting the stock solution
on a weight by weight basis. Any uncertainties associated with the concentration of the
dilute working standard (apart from run-to-run variations in preparing the standard) which
need to be considered are the uncertainties about Cgoc (W/W) and associated balance
linearity terms.

The uncertainty associated with the calibration function f(I,es, Cres, Liampre) needs to
be considered. The counts for the standards and sample (I.z and Iz respectively) will be
affected by the instrument performance. A fresh set of calibration standards is used to
calibrate the instrument at the beginning of each run, thus any errors linked to the
instrument performance will be the same for both the calibration standards and the sample
solutions, and should cancel out. Throughout a run of samples, the instrumental drift is
monitored by the periodical analysis of one of the calibration standards. If a drift of greater
than 10% is observed then the instrument is recalibrated and the samples reanalysed. A
term representing the uncertainty due to this maximum permitted drift also needs to be
included in the budget. The contribution to the overall uncertainty from the run-to-run
variability of the instrument performance should be included in an estimate of the overall
precision of the method. It is not therefore necessary to obtain individual uncertainty

estimates for the components feeding into both the Iz and Ligmpse branches.

5.3  Preparation of Uncertainty Solutions

In order to evaluate the uncertainties of each of the methods, a series of
experiments were performed involving the analysis of a range of ‘uncertainty solutions’.
The aim of this study was to minimise the effect of each procedure by using the same

solutions throughout the work. The solutions were prepared by serial dilution of NIST
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5.8 Conclusions

The standard uncertainties of four methods for the determination of Se have been
evaluated, using data obtained from specially designed experiments. The resulting values
indicate that for the conventional calibration methods the ETV-ICP-MS procedure has the
smallest uncertainty. This is most probably due to the minimal sample pre-treatment
required for this procedure - both the hydride generation and the conventional nebulisation
sample introduction procedures involve additional sample preparation stages. These
uncertainty values were based on data obtained for an in-house uncertainty solution
prepared in 1% nitric acid. The uncertainty is likely to increase with the analysis of more

complex matrices such as sediment, blood or serum.

Chapter 3 discussed the extension of the developed ETV-ICP-MS procedure to
incorporate the technique of isotope dilution analysis, and data from the analysis of several
certified reference materials highlighted the improvements in accuracy and precision
achievable with this method. This enhancement is further emphasised here, with a 2.5 fold
improvement in the uncertainty estimate for the ETV-ID-ICP-MS method compared with

the conventional calibration ETV-ICP-MS procedure.
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6. Mixed Gas Plasmas

6.1 Introduction

ICP-MS is a powerful analytical tool which can be used to determine a large number
of trace elements in a wide variety of matrices (i.e environmental, clinical and foodstuffs)
both accurately and precisely. However the technigue suffers from several inherent
disadvantages, one of which is the formation of polyatomic interferences particularly
below m/z 80. '"'? This is especially problematic for the determination of Se whose first
five isotopes with m/z below 80, all suffer from interference from polyatomic species. One
way of reducing these interferences is via the addition of a molecular gas to one of the
three channels of the ICP. Evans and Ebdon®"® successfully reduced the interference from
CCI", OCI’, ArC", ArO", ArCl*, and ArAr’, at m/z 47, 51, 52, 56, 75, 76, 77 and 78 with
the introduction of N; to nebuliser gas. The suggested mechanism for this reduction is
either the compelitive formation of carbides, nitrides and oxides with Ar and CI, or that
greater decomposition of the polyatomic species occurs due to an increase in the kinetic
energy as a direct result of the introduction of the molecular gas. Laborda et al®® also
investigated the effect of an argon-nitrogen mixed gas plasma, and reported improvements
in the measurement of "'Se amongst other analytes, in five different reference materials
using the addition of 8% N, to the nebuliser gas. The incorporation of nitrogen has not
been restricted solely to introduction via the nebuliser gas. Lam and Horlick'®' introduced
nitrogen to the outer gas flow of the plasma and reported a 5-fold improvement in the
background equivalent concentration for **Se. Other workers 32 have studied the effect
of adding N to the outer gas, and have shown significant increases in signal to noise (S/N)
and signal to blank ratios (S/B) for Se and other analytes in the presence of between 2%

and 10% N,.
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The use of helium-argon mixed gas plasmas is also well documented in the
literature.'%'%® He has a higher ionisation energy than Ar, and as such is able to enhance
the degree of ionisation of difficult to ionise elements. Also, He is monoisotopic, therefore
the amount of high mass polyatomics experienced with Ar ICPs is automatically
significantly reduced.

This chapter covers an investigation taking these experiments one stage further by the
addition of molecular gases (nitrogen, helium and trifluoromethane) to an Ar ETV-ICP-MS
instrument, and the effect this has on the signal to blank ratio (S/B) of several of the

selenium isotopes.

6.2 Instrumentation

The ELAN 5000 ICP-MS and HGA 600 ETV unit detailed in Chapter 2, section 2.3,
along with the operating conditions listed in Chapter 2, Tables 2.1 and 2.2, were used
throughout this study unless stated otherwise. A gas blender (series 850, Signal,
Camberley, Surrey, UK) was used to introduce the different gases. Operation of the gas
blender involves setting a control dial to deliver the required blend of gases. The dial
settings are obtained from a calibration graph supplied with the equipment (see Appendix
2). When blending gases with different specific gravities the dial settings obtained from the
graph will not be correct. The following equation is therefore used to allow for these
differences in specific gravity.

n=s+i
Pn= Rn Rn.Cn Equation 6.1

7 100.Cn

where:- Rn = required % of stream n gas, Cn = correction factor for n gas, S = number of
controlled streams, S+1 = Diluent stream and Pn = Percentage to be set for stream n to

achieve Rn.
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During this work nitrogen and helium were each blended with argon. The corresponding
dial settings needed to deliver the required mixtures of each of these gases have been

calculated in accordance with Equation 6.1 and can be found in Appendices 3 and 4.

6.3 Reagents

All solutions were prepared using high purity deionised water (18MQ, Elga, High
Wycombe, Buckinghamshire, UK). A stock solution (1000pg ml™') of Se (Alfa, Johnson
Matthey, Royston, UK) was used, diluted with 1% m/m HNO;j, ultrapure Ultrex II grade
acid (JT Baker(UK), Milton Keynes, Buckinghamshire, UK) to give a 10ng g working
standard. Palladium(ID)nitrate (Sigma, Poole, Dorset, UK) was used to prepare the

chemical modifier solution.

During each experiment the signal intensities of a 10ng g Se standard and a 1% HNO;
acid blank solution were monitored. The signal to blank ratio (S/B) could then be
calculated at each stage of the experiment and plotted against the parameter being varied
(i.e. N2 content, He content, gas flow rate etc). The signal intensities of the 76, 77, 78, 80
and 82 selenium isotopes were monitored and the S/B calculated using the following

equation:-

S/B = I(std) - I(blk)

Equation 6.2
I(blk)

where:-
I(siey = intensity of 10ng g Se standard

I(blk) = intensity of 1% HNO; blk
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6.4 Nitrogen Addition

An evaluation of the effect of nitrogen addition on the ETV-ICP-MS system was
performed via several different experiments, These included; i) N, addition to nebuliser
gas — post ETV, ii) N, addition to nebuliser gas — pre ETV, iii) Ny addition to auxillary
(outer) gas, and iv) N, addition as ETV alternative gas. The findings from each of these

experiments are discussed below.

6.4.1 Nitrogen addition to Ar nebuliser gas — post ETV

Nitrogen was connected to the [CP-MS via the oxygen inlet tube and the nitrogen level
regulated using the oxygen mass/flow controller. A T-piece fitted in the PTFE transfer tube
allowed the nitrogen to mix with the argon nebuliser gas before arriving at the plasma, i.e.
after it had passed through the ETV unit. The N, content was increased from 0-10% in 1%
increments, with the nebuliser gas flow rate maintained at 1.0 1 min"' throughout, and the
RF power set at 975W. This power setting is lower than the optimum level established
during the development of the ETV procedure (see Chapter 2, section 2.5.2), but was
chosen in an attempt to limit the formation of BArBArY, BAMArT and “ArfAr
polyatomics due to the reduced ionisation of Ar gas at the lower power setting. The
formation of these Ar polyatomic species was less important during the work detailed in
Chapter 2 as the main isotopes of interest. "Se and ®Se, are not affected by these
interferences unlike the isotopes under investigation here. As the N, content increased, the
signal for the 1% HNOQO; blank solution decreased for the 76, 78 and 80 selenium isotopes,
but increased slightly for the 77 and 82 isotopes. However the signal for the 10ng g
selenium standard decreased for all isotopes. It was therefore more informative to examine
the signal to blank ratio (S/B) in order to establish the full effect of the nitrogen. Figure 6.1

illustrates the variation in the S/B ratio as the nitrogen content increases, for the five
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isotopes monitored. It can be seen that an increase in the S/B ratio for the 76 and 78
isotopes is observed as the nitrogen content is increased initially, which then decreases as
the nitrogen exceeds 5%. The optimum S/B is observed at 4% nitrogen. The plots for the
77 and 82 isotopes show a large decrease of the S/B ratio with an increase in nitrogen
content, and little variation in the S/B ratio of the 8°Se isotope. This response is generally
as expected, with the 76 and 78 isotopes showing the greatest beneficial effect due to the
reduction of the Ar polyatomic interferences on these two isotopes. Despite the increase in
the S/B ratio of the 76 and 78 isotopes with the introduction of 4% nitrogen to the
nebuliser gas, the overall sensitivity of the system was greatly reduced — by approximately
50%. A series of experiments were therefore performed to try and increase the sensitivity

whilst maintaining the improved S/B ratio.

6.4.1.1 Variation of RF Power

The initial experiment adding nitrogen to the nebuliser gas in the range 0-10%, was
repeated at a higher power setting of 1075W. This was to establish i) if the overall
sensitivity could be improved at a higher power setting, and ii) if the optimum S/B ratio
differed at a higher power setting. Figure 6.2 shows the S/B ratio versus nitrogen content
for the 76 and 78 isotopes at both power settings of 975W and 1075W and illustrates that
no significant gains in sensitivity were achieved. In fact, the trends plotted are identical to
those obtained at the lower power setting, with the optimum S/B ratio again achieved with

4% nitrogen.
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6.4.1.2 Variation of Ar flow-rate

In the previous experiment (section 6.4.1.1) the nebuliser gas flow rate was
maintained at 1.00 | min™ throughout. The optimum S/B ratio was observed with the
introduction of 4% N, to the nebuliser gas, i.e. 0.04 1 min™'. The nitrogen flow rate was
therefore set at 0.04 | min™' and the Ar flow rate was systematically increased from
0.65 | min™ to 1.10 1 min™, thus altering the total nebuliser gas flow rate from 0.69 1 min’
to 1.14 1 min™. The effect of this on the S/B ratio of the 76 and 78 isotopes can be seen in
Figure 6.3. This graph shows that the S/B ratio for both isotopes increases as the flow rate
is increased from 0.65 to 0.86 1 min™', then decreases at flow rates above this. The optimum
S/B ratio for "°Se is observed with an Ar flow rate of 0.86 | min™', and for "®Se at an Ar
flow rate of 0.76 | min™'. This equates to a total nebuliser gas flow rate of 0.90 | min™' and
0.80 1 min™' for the 76 and 78 isotopes respectively, with nitrogen additions of 4.4% and
5%. These optimum flow rates and nitrogen additions are very similar to those identified
during earlier work. However there was no improvement in the overall sensitivity of the

system.

6.4.2 Nitrogen addition to Ar nebuliser gas — pre ETV

Nitrogen was connected to the ETV-ICP-MS system via a gas blender, which was in
turn connected to the instrument via the nebuliser gas inlet. The gas blender allowed the
nitrogen to be mixed with the argon off-line and one stream of mixed gas introduced to the
instrument. This was better than the alternative arrangement of adding the two gases
separately and mixing them via a t-piece as in the experiment described in section 6.4.1.
The amount of nitrogen added to the argon stream was controlled accurately following the
procedure for calculating blender settings for different gases as detailed in section 6.2. The

nebuliser gas flow rate was set at 1.0 1 min™', and the nitrogen level slowly increased. As
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6.4.3 Nitrogen addition to Ar outer gas

As with the experiment detailed in section 6.1.2, the nitrogen was introduced to the
ETV-ICP-MS system via a gas blender. This was connected to the instrument via the outer
gas inlet. The outer gas flow rate was set at 0.80 1 min™ and the RF power at 1150W, the
optimum settings established during the development of the ETV-ICP-MS procedure
(Chapter 2). The nitrogen content was increased from 0 to 5% at 1% increments (the
plasma could not be maintained with a level of greater than 5% nitrogen), and the signal
intensity for a 10ng g" Se standard and a 1% HNO; blank measured. The effect of an
increase in nitrogen content on the S/B ratio for the 76 and 78 Se isotopes are shown in
Figure 6.4. It can be seen that the S/B ratio for both isotopes increases initially as the
nitrogen level increases, reaches an optimum with a nitrogen addition of 2%, and decreases
at levels above this. As found previously with the addition of nitrogen to the nebuliser gas,
no beneficial effect was seen for the 77, 80 and 82 isotopes and these have therefore not

been plotted.

6.4.3.1 Variation of RF power

The previous experiment indicated improvements in the S/B ratio of the 76 and 78
isotopes with the introduction of 2% nitrogen to the Ar outer gas. As found during earlier
experiments (section 6.1.1), even though a net increase in the S/B ratio was achieved, the
signal of the 10ng g"' Se standard and the 1% HNO; blank was significantly reduced — by
approximately 50% for 76Se and approximately 20% for "®Se. A similar response has been
reported by Xiao and Beauchemin®, and is most probably due to a shift in the initial
radiation zone (IRZ) away from the sampler cone as a direct result of a decrease in the
physical size of the plasma. To evaluate if this loss of sensitivity could be regained, an

investigation into the effect of RF power on the signal was performed. The RF power was
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TSe Se
RF Power /W | Iy It S/B | P Lsta S/B
975 66480 90380 0.36 15570 77910 4.00
1000 67480 90570 0.34 16440 79780 3.85
1050 59890 80600 0.35 15130 68270 3.51
1100 47570 62460 0.31 13520 56370 3.17
1150 34310 48340 0.41 8174 44710 4.47

Table 6.1 Effect of RF power on the signals (I, in counts/s) of a 1% HNO; blank, a
10ng g Se standard and the S/B ratio, for 2% N, in the Ar outer gas.

6.4.4 Nitrogen addition as ETV alternative gas

Nitrogen was connected directly to the ETV unit via the alternative gas inlet. Control of
the gas flow was then performed using the HGA 600MS software. The flow rate of the
nitrogen was steadily increased from 10ml min” to a maximum of 200ml min". The
plasma extinguished at flow rates above 200ml min™'. As with the previous experiments
described in sections 6.4.1 to 6.4.3, the S/B ratio of the 76, 77, 78, 80 and 82 selenium
isotopes were calculated at each gas flow, from the intensity of a 10ng g Se standard and
a 1% HNO; blank. All isotopes followed the same trend, a decrease in both the signal of
the blank and the 10ng g standard with an increase in nitrogen gas flow rate. This also
resulted in a decrease in the S/B ratio of all of the isotopes as the nitrogen content
increased (Figure 6.5). The experiment was carried out at a power of 1050W. Previous
work detailed in section 6.4.3.1 showed that higher RF powers gave rise to an enhanced
S/B ratio for the 76 and 78 isotopes. A further experiment was therefore performed to see
if increasing the power with a fixed flow of N, alternative gas would result in

improvements in the S/B ratio of any of the isotopes measured.
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(i.e. 100%). Further experiments were then performed to try and improve the overall
sensitivity of the system whilst maintaining any improvements in the S/B ratio. These
experiments concentrated on the optimisation of the RF power and the nebuliser and outer

gas flow rates.

6.5.2.1 Optimisation of RF power

Three experiments were carried out; firstly with 100% He in the outer gas, secondly
using 50% He:50% Ar in the outer gas, and finally with 100% Ar in the outer gas to
confirm that any observations seen in the first two experiments were due to changes in the
make up of the outer gas. The nebuliser gas flow-rate was set at 1.20 1 min™' and the outer
gas flow-rate was set at 0.80 | min™'. As shown in Figure 6.8 and 6.9, the sensitivity and
hence S/B ratio of the 76 and 78 selenium isotopes responds differently to changes in RF
power in the presence of differing amounts of He in the outer gas. For instance, lower
power settings of 875W and 950W produced the optimum S/B ratios for "*Se and "*Se
respectively with a 100% He plasma, compared with an RF power between 950W and
1050W with a 50% He plasma. And as discussed previously (Chapter 2, section 2.4.2) and
again illustrated here, a higher power setting of 1150W is favoured with a 100% Ar

plasma.

138






6.5.2.2 Optimisation of the Ar nebuliser gas flow rate

The experiment to optimise the RF power detailed in section 6.5.2.1, highlighted that
lower RF power settings were required to produce the optimum S/B ratio with He plasmas
compated with Ar only plasmas. A second experiment was therefore performed to optimise
the nebuliser gas flow-rate. Helium was gradually added to the outer gas until a 100% He
plasma could be maintained at a flow-rate of 0.801 min. The RF power was set at 875W,
identified as the optimum power setting required to produce the maximum S/B ratio for
8Se with a 100% He plasma (section 6.5.2.1), and the nebuliser gas flow-rate was altered
from 0.85 1 min! to 1.30 1 min™". From Figure 6.10 it can be seen that for both isotopes an
increase in nebuliser gas flow rate leads to an increase in S/B ratio with the optimum flow
rate represented by the maximum S/B ratio falling between 1.20 and 1.25 | min™'. When
combined with the ETV internal gas flow rate of 0.30 1 min™', this results in a total
nebuliser gas flow rate of between 1.50 and 1.55 I min™, a considerably higher flow rate to

that favoured with an Ar only plasma.

6.5.2.3 Optimisation of the outer gas flow rate

Previous studies indicated that optimum signals for "®Se and "®Se were achieved
under quite different operating conditions with He plasmas compared with Ar only
plasmas. The flow rate of the Ar/He outer gas itself was therefore optimised. The He
content of the outer gas was increased until a 50% He plasma was achieved, the RF power
was set at 950W and the nebuliser gas flow rate was set at 1.20 I min™. The flow rate of the
outer gas was steadily increased from 0.301 min™ to 2.0 | min™. Figure 6.11 illustrates that
an increase in the S/B ratio of the two isotopes studied was obtained with an increase in the
flow rate of the outer gas. The optimum flow rate occurred at 1.20 1 min™* for ®Se and 1.30

I min™' for "®Se. As with the nebuliser gas flow rate discussed in section 6.5.2.2, these
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6.5.3 Comparison of detection limits (He vs Ar)

In order to quantify any gains made due to the addition of 50% He to the Ar outer gas
stream, the detection limits for *Se and "3Se were determined. These were calculated as 3
times the standard deviation of 10 consecutive determinations of a 1% HNOj; blank
solution. Table 6.2 presents the detection limits for an Ar plasma and a 50% He plasma and

shows that a 2-fold improvement in the detection limit for "®Se was achieved.

g Qe
100% Ar ' 50% He 100% Ar 50% He
sd (n=10) - 0.85 0.19 0.10
Detection Limit (3c) | - 2.56 0.58 0.30

Table 6.2 Comparison of detection limits for "*Se and ®Se determined using a 100% Ar

plasma and a 50% He plasma.

' The detection limits reported using a 100% Ar plasma were determined during the study
detailed in Chapter 2. This initial work did not evaluate the "°Se isotope due to the severe
interference from Ar polyatomic species, hence a detection limit for "Se in the presence of

100% Ar is unavailable,

This successful improvement in the detection limits with 50% He:50% Ar in the
outer gas stream compared with 100% Ar, is most probably attributed to the fact that He
has a larger ionisation potential than Ar which in turn results in a more ionising plasma and
an improvement in sensitivity. However He plasmas have a lower gas kinetic temperature

than Ar plasmas hence a the combination of both He and Ar in the gas streams is favoured.
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6.6 Trifluoromethane Addition

Trifluromethane (CHF3) gas has been successfully used as a chemical modifier with
ETV-ICP-MS procedures'®'® where it has been shown to improve signals, reduce
memory effects, and aid the reduction of matrix components. When CHF; is heated it
forms free fluroine radicals which can combine with the analyte under investigation or
other matrix components to form more volatile fluorides. Truscott and co-workers'™
reported 10-fold and 50-fold improvements in the signal intensities of 2®U and *’Th
respectively, when CHF; gas was introduced during the pyrolysis stage of the ETV
temperature program. Alvarado and Erickson'® also used CHF; as a modifier for the
determination of uranium and thorium and again reported signal enhancements and

significant improvements in detection limits.

6.6.1 CHF; addition to the Ar nebuliser gas

Initial work using CHF; as a gaseous modifier during the development of the ETV
procedure (Chapter 2, section 2.3) had been unsuccessful with a large amount of carbon
build up on the furnace tube and ETV contact cylinders, with no improvement in signal.
The CHF; was therefore introduced directly into the nebuliser gas stream. The plasma
conditions were initially set up following the optimised conditions detailed in Chapter 2,
i.e. RF power 1150W, Ar nebuliser gas at 1.201 min™' and Ar outer gas at 0.80 | min™'. The
CHF; was gradually added to the nebuliser gas stream. Initially only 0.1% CHF; was
added but this resulted in a complete loss of signal. The CHF; content was then increased
to 1% and a 10ng g'I Se standard injected, at RF powers of 1150W and 1000W, but this
again resulted in a complete loss of signal. As with the work performed earlier, a large

amount of carbon was deposited around the end of the injector and on the torch and cones.
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This proved difficult to remove. Due to this lack of success no further work was

performed.

6.7 Conclusions

The work detailed in this chapter, has looked at the potential role of mixed gas
plasmas in the determination of Se, and in particular the effect of combining nitrogen and
helium with a conventional Ar plasma. The gases have been introduced via the nebuliser
and outer gas streams, and as an alternative gas stream through the ETV instrumentation.
The principal aim of this work was to reduce the Ar polyatomic interferences on the 76 and
78 selenium isotopes. Experiments with nitrogen addition via the nebuliser, outer and ETV
alternative gas streams were favourable with a significant decrease in the background level
of a 1% HNO; blank solution. This may be due to the competitive formation of ArN"
resulting in a reduction in the formation of ArAr" and hence a decrease in the background
levels for the 76 and 78 selenium isotopes. A second explanation may be that a reduction
in the ionisation temperature of the plasma on the introduction of nitrogen brings about a
reduction in the intensities of the polyatomic species as they require more energy for
ionisation than the analytes of interest. However despite the successful reduction of the

background signals the overall sensitivity of the system was significantly compromised.

Similar experiments were then performed with the addition of He to both the
nebuliser and outer gas streams. The introduction of He to the nebuliser gas stream was
unsuccessful with a significant decrease in the signal of both a 1% HNOQO; blank solution
and a 10ng g Se standard with no improvements in the S/B ratio of any of the isotopes
monitored. Combination of He with the Ar outer gas stream was however more successful.

As with the earlier experiments a decrease in both the blank and Se standard signals with
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the additionof He was observed, however improvements inithe S/B ratios were also:noted.
IthirﬁiShtidﬂ: of the individual plasina parameters: theri énhariced the, S/Biratios further,
resulting in’ a 2-fold. improvement iin the ‘detection limit of "2Se:with:50% He in‘the Ar
otiter gast .

This investigation has shown’how the introduction of both' Nj. and He gas to .an Ar-
ICP «caii reduce the background levels of "*Se .and 7*Se due to interference from Ar
polyatomic :species, and. how «careful optimisation ‘of 'the plasma iconditions: can result. in

improved detection limits:,
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7. CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The aim of this study was to evaluate the analysis of both environmental and clinical
samples using ICP-MS instrumentation for the determination of total selenium. Selenium is
an essential trace element whose presence in the body above or below an optimum level
has been linked with numerous health implications such as heart disease, rheumatoid
arthritis, cirrhosis of the liver and cancer. Poor sensitivity and severe interferences
resulting from both the sample matrix and the argon plasma hamper the measurement of
this analyte by I[CP-MS making it difficult to achieve precise and accurate results. The
purpose of this study was therefore to investigate ways of overcoming these analytical
problems with a view to improving the methodology currently available for the

determination of Se in both environmental and clinical samples.

During this work a novel method for the interference free determination of selenium
by ETV-1CP-MS has been developed. Many of the inherent problems associated with the
measurement of this analyte by [CP-MS are eliminated with the application of the carefully
optimised ETV temperature program and modifier system. Through the further
development of the procedure to encompass the technique of isotope dilution analysis and
the rigorous optimisation of each parameter to achieve the optimum isotope ratio
measurement, results of the highest accuracy and precision have been achieved. This is
demonstrated through the analysis of several certified reference materials where the
significant improvements in accuracy and precision achievable with the IDMS procedure

compared with the non-IDMS procedure are confirmed.
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The significant advantages of the developed ETV procedure have been further
illustrated through comparison with two established techniques (hydride generation and the
use of organic solvents with pneumatic nebulisation) traditionally employed to overcome
the interference issues associated with the determination of selenium. The comparison
covered all aspects of the analytical procedures such as interference removal, sample pre-
treatment requirements, overall analysis time, analytical performance characteristics and
uncertainty. Similar performance characteristics such as stability, linearity and detection
limits are achievable with each of the methods. The most significant differences were with
the sample pre-treatment requirements and speed of analysis, with the ETV procedure
having the simplest preparation stage and the fastest total analysis time. The advantages of
this straight forward approach are further reflected in the comparison of the uncertainty
estimates where the uncertainty for the ETV procedure is significantly lower than the

estimates determined for both the HG and PN sample introduction methods.

The method comparison included an evaluation of the accuracy and precision of each
procedure through the analysis of four certified reference materials. Good results were
obtained with all of the methods with the majority of the results falling within the certified
limits, The best results with the smallest uncertainty were obtained with the ETV-ID-ICP-
MS procedure illustrating the improvements in accuracy and precision that can be achieved

with this technique.

An investigation into the effect of combining nitrogen and helium with a
conventional Ar plasma was also undertaken. The gases were introduced via the nebuliser
and outer gas streams, and as an alternative gas stream through the ETV instrumentation.
Initial experiments with nitrogen addition via the nebuliser gas were favourable with a
significant decrease in the background level of a 1% HNO; blank solution with the

introduction of 4% N,. However closer examination of the signal obtained for a 10ng g
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Se solution indicated that this also decreased in a similar manner. Further work involving
N, addition to the outer gas and ETV alternative gas streams was equally unsuccessful with
a significant decrease in the background levels of the 76 and 78 isotopes, resulting in a

significant compromise of the overall sensitivity of the system.

The introduction of He to the nebuliser gas stream was also unsuccessful with no
improvements in the S/B ratio of any of the isotopes monitored. Combination of He with
the Ar outer gas stream was however more successful with improvements in the S/B ratios
of both the 76 and 78 isotopes. Optimisation of the individual plasma parameters enhanced
the S/B ratios further resulting in a 2-fold improvement in the detection limit of "*Se with
50% He in the Ar outer gas.

Overall this investigation demonstrated how the introduction of both N, and He gas
to an Ar ICP can significantly reduce the background levels of "Se and ™Se due to
interference from Ar polyatomic species, and how careful optimisation of the plasma

conditions can result in improved detection limits.

7.2 Future Work

The use of mixed gas plasmas for the elimination of argon polyatomic interferences
produced some encouraging results with the introduction of nitrogen to the nebuliser gas
stream and helium to the outer gas stream. An extension of this work to investigate the
effect of adding both of these gases to the individual gas streams simultaneously would be
advantageous, i.e adding 4% nitrogen to the argon nebuliser gas and 50% helium to the
outer gas. This could build on the improved detection limits already achieved with 50%
helium in the outer gas by further reducing the intensities of the polyatomic species due to

the lower tonisation temperature of the plasma in the presence of nitrogen.
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An alternative approach to interference elimination would be to use a double-
focusing magnetic sector ICP-MS. This technique allows operation in much higher mass
resolution modes than conventional quadrupole instruments, and as such permits resolution
of the analyte of interest from the interfering species. For the determination of selenium,
this would need to be performed in the highest resolution mode possible, as the 76, 77, 78
and 80 isotopes require resolutions between 7000 and 9500 in order to achieve separation
from the major argon polyatomic interferents. This could potentially allow for the
interference free determination of the more abundant isotopes thus leading to
improvements in detection capabilities. However sensitivity problems due to low ion

transmittance would have to be addressed.

The advent of the new generation of ICP-MS instruments equipped with either a
collision cell or a reaction cell provides an alternative approach to interference elimination
that could also be considered. Elimination of the argon polyatomic species may be
achieved by gas phase chemical reactions and/or collisional dissociation with the
introduction of a gas such as helium, hydrogen or methane. This provides the potential to
analyse the most abundant selenium isotope, ¥*Se, which suffers from major interference
from the ‘Ar*°Ar* polyatomic species. The interference free determination of this isotope
could lead to dramatic improvements in the detection limits provided by current

procedures.
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