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Abstract:- The inductively coupled plasma mass
spectrometry (ICP-MS) owns the necessary ability to run
elemental ultra-trace detection, as well as to elucidate
temporally overlapping chromatographic peaks. In
geochemistry, environmental and clinical studies of trace
elements, ICP-MS plays a very important role in all its
variants. In its versatility, ICP-MS has increased the
scope of research as well as, together with new and
improved methodologies for sample preparation, has
changed the direction of interest and filled knowledge
gaps in elemental and isotopic characterization. ICP-MS
is the best detector with low detection limits, mass
selectivity, large dynamic ranges, high sensitivities,
isotope ratio capacities, and high throughput in
traditional speciation analysis. With the aid of ICP-MS,
the struggle to look for an outstanding form of
guantification, such as drugs and proteomics, has come
substantially close to an end. In short, ICP-MS will play a
more and more significant role in pharmaceutical,
biomedical, soil, clinical, forensic, and food research.
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1. BACKGROUND OF ICP-MS

A. Fundamentals of ICP-MS

Inductively coupled plasma mass spectrometry (ICP-
MS) has the superior detection capacities, commonly for the
rare-earth elements, due to this characteristics, geochemical
analysis labs were early adopters of ICP-MS technology. It
was first introduced by R.S. Houk and colleagues in 1980,
then put on the market in 1983 [1]. ICP-MS has been
commonly used in many fields as well as one of the most
important advances in analytical science nowadays. When the
first commercial instrument appeared, the application that was
first implemented into geological science research quickly
spread to other areas, including chemical, clinical, nuclear,
semiconductor, environmental, and research laboratories. This
is particularly the case in the semiconductor industry, as ICP
mass spectrometry is used as a method of analysis for high-
purity material quality control, where demands grow with
time. The method is also intended to be applicable to the study
of trace quantities of hazardous metals, and ICP-MS is
recently used with different environmental legislation giving
response to the standards of stricter environmental and
drainage. For special studies, ICP-MS can be combined with
many types of sample separation or introduction techniques,
which are included as capillary electrophoresis, high-
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performance liquid chromatography, laser-assisted sample
introduction, gas chromatography, low-pressure
chromatography, and so on [2]. ICP-MS has many benefits,
including ICP Atomic Emission Spectroscopy, over other
elemental research methods such as atomic absorption and
optical emission spectrometry (ICP-AES) [3].

B. Operations of ICP-MS

ICP-MS is composed of ionization source, a sampling
interface, ion lens, mass analyzer, and a sensitive detector [2].
A high temperature inductively coupled plasma (ICP) sourceis
coupled to a mass spectrometer in an ICP-MS. The atoms of
the elements in the sample are transformed by the ICP source
to ions. The ions are then isolated by a mass spectrometer and
detected. The Argon gas is used as a plasma source that flows
through the ICP torch's concentric channels. The radio
frequency (RF) load coil is connected to an RF generator. As
power from the generator is supplied to the load coil, at the
end of the torch, oscillating electrical and magnetic fields are
created. Electrons are removed from the argon atoms when a
spark is added to the argon flowing through the ICP torch,
producing argon ions. In the oscillating fields, these ions are
trapped and collide with other argon atoms, causing an argon
discharge or plasma[4].

Usually, the sample is released into the ICP plasma as an
aerosol, either by aspirating a liquid or dissolved solid sample
into a nebulizer or by using a laser to directly turn solid
samples into an aerosol [4].When injected into the ICP torch,
the sample aerosol is completely desolvated and the aerosol
components are first transformed into gaseous atoms and then
ionized at the end of the plasma atoms. The most significant
characteristics of argon ICP plasma are the high temperature
between 6000-10000 K, the ions produced are usually positive
ions, M* or M?*, and the capabilities of the detection technique
that may differ with the sample introduction technique used.
The ability to detect will differ with the sample matrix, which
the degree of ionization that occurs in the plasma is affected or
enable species to develop that may interfere with the
determination of the analyte. Once the ions are formed from
elemental species in the sample, they are then moved through
the interface cones into the mass spectrometer [2].

The ions are separated when they reach the mass
spectrometer by their mass-to-charge ratio (m/z). The most
commonly used kind of mass spectrometer is the quadrupole
mass filter. Four rods are arranged in this form (1 c¢cm in
diameter and 15-20 cm long). The alternating AC and DC
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voltages are applied to opposite pairs of the rods in a
quadrupole mass filter. The quadrupole mass filter is
essentially a successive filter, with the settings varying at a
time for each particular m/z. However, the voltages on the
rods can be adjusted at a very quick rate. The outcome is that
up to 2400 amu per second can be isolated by the quadrupole
mass filter. That is why the ICP-MS quadruple is also known
to have multi-elemental analysis properties at the same time.
The ability to filter ions in their m/z enables ICP-MS to
provide isotopic details since there are different masses of
different isotopes of the same element. Once the ions are
separated by their m/z, an effective detector must then detect
or count them. The detector in ICP-MS is Dual Electron
Multiplier. The main aim of the detector is to convert the
number of ions that hit the detector into an electrical signal
that can be measured using calibration standards and is
correlated with the number of atoms in the sample of that
element.

1. APPLICATIONS OF ICP-MS

ICP-MS is a plasma source with mass spectrometers in
the same instrument to generate elemental and isotopic
analytes. The ICP-MS has the ability to minimize matrix
effects, multi-element capability, improved sub-nanogram per
liter limits of detection (LODs), instrumentation robustness,
and comfort offered by easy-to-use software. However, the
matrix often poses a challenge to precise analysis in real
sample analysis. In the case of high ion transfer spectrometers,
this has been partly solved using advanced sample
introduction techniques and solution dilution. In clinical, geo-
and enviro analysis, and isotope research, ICP-MS plays a
growing role in. It provides a simple way to assess the
concentration levels of low-abundance elements and metal
speciation by sub-nanogram per liter. It is irreplaceable to
examine the influx of trace elements in hydrological
processes, element movement in waste disposal deposits, soil
horizons, aquifers, the aquatic ecosystem and biological
uptake [5].

A. ICP-MS application in determining mercury (Hg) in soil
Mercury (Hg) is regarded as one of the most toxic
contaminants correlated with its bioaccumulation properties
and methylation processes in some biological systems [6].In
certain parts of the environment, such as water, air, soil and
sediment, mercury may be present. The presence of Hg in the
soil can be caused by natural causes, such as geological
sources, or by anthropogenic activities, such as the
combustion of fossil fuels, industrial emissions and the use of
fertilizers in agriculture [7, 8, 9, 10]. The background mercury
level in the soil is very low, varying from 0.02 to 0.6 pg g?,
depending on the form of soil[11].The need, along with its
associated complexity, to define mercury in environmental
samples is much more considered. Most methods require the
decomposition of samples requiring the use of concentrated
acids; this takes significant time and is responsible for the loss
of analytes. A simple electrothermal vaporization (ETV)
method combined with ICP-MS can be used to evaluate Hg by
direct solid sample analysis [12].ICP-MS has a broad linear
calibration range and a lower limit of detection (LOD) than
atomic absorption spectroscopy (AAS), and is more
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appropriate for evaluating Hg. The ETV system consists of a
high-power glass chamber lamp fitted with solenoid valves to
monitor the pyrolysis and vaporization processes of argon gas
flow. The analyte vapor is collected in this method through a
glass tube placed just above the sample, preventing the
deposition of the analyte on the chamber wall and thereby
reducing the memory effect. Soil analysis by ETV-ICP-MS
prevents the use of reagents and the production of residues,
which complies with the guidelines for green chemistry. The
grounded samples are analyzed directly by ETV-ICP-MS. For
both analysis methods, sampling, drying and grinding times
are the same. Thus, the proposed method can be used for
routine analysis, where the analysis time of around 60 s per
sample, the threat of contamination, the loss of analytes and
the generation of residues are considerably decreased matched
with the techniques requiring sample extraction for the
determination of Hg by nebulization-ICP-MS [11].

B. Whole blood selenium (Se) determination by ICP-MS

Selenium (Se) is an essential micronutrient for
cardiovascular health and fertility, thyroid function and cancer
prevention [13, 14, 15, 16].Se is integrated into manyseleno
proteins and has antioxidant properties. Se concentrations vary
greatly in human blood[17] and depend on either the regional
availability of Se, which determines the content of the element
in foodstuffs, or the supplementation of individual persons or
farms[17, 18, 19, 20].Seafood, poultry, cereals and grains are
among the richest sources of Se. The low intake of Se can
increase certain cancers, increase cardiovascular disease
incidence, Impairing the immune system, impairing
development, improving thyroid dysfunction and impairing
male fertility. Toxicity of Se, on the other hand, causes fatigue
and harm to nervous system, tooth decay, gastrointestinal
disorders, liver failure, loss of hair and nails, and skin lesions,
[21].

ICP-MS has attracted much more attentions in recent
years for calculating trace amounts of Se [22, 23]. Bunch and
co-workers[21] successfully developed total whole blood Se
analysis with a sample preparation using ICP-MS with a
collision cell. Samples were easily collected from healthy
adults (76 percent female) between 19 and 64 years of age
after at least 8 hours. Whole blood aliquots (1 mL) were
preserved at -70 °C in acid washed cryogenic vials before
analysis. The ICP-MS calculation of Se was initially afflicted
by polyatomic interference, which is an artifact of the
ionization techniques used. Polyatomic interference usually
accounts for the sample matrix, sample diluent, and/or inert
gas used during ionization. Argon (“°Ar,*), which interferes
with the most abundant isotope of selenium (8°Se*), is an
example of polyatomic interference [24].Improvements in
technology, such as magnetic sector filters, improved
resolution of mass spectrometry and reaction cells, have
minimized the existence of interference. Not all interference
can, however, be avoided. For example, Gadolinium, a
contrast agent for MRI studies, is known to cause ICP-MS Se
measurement interference with [25].
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C. ICP-MS usage in determinig iodine in polyamides

Due to their low cost, mechanical strength, reusability,
and thermal and chemical resistance, polyamides are widely
used in the automotive industry [26].For example, these
polymers are used for the housing of electronic devices that
Serve as pressure or temperature sensors in the exhaust gas and
in the intake of gas for the motors. Several stabilizers, such as
phenolic compounds, amines, but also metal derivatives, such
as mixtures of copper (1) iodide and potassium iodide or
bromide, are used to limit thermo-oxidative degradation of the
polyamide[27].0ne of the most common is the mixture of
Cul/KX (X =1 or Br, but the use of thermal stabilizers
containing Cul/KX might present a risk of corrosion in
electronic devices as revealed by many studies and research in
recent years, even without direct physical contact [28].

Digestion in the nitric acid medium and dilution of the
resulting ammonia solution, followed by ICP-MS
examination, can be used to assess the iodine in polyamides
(PA). The 0.9 mg kg? quantification limit helps us to verify
PA raw material pellets to certify their low iodine content.
[28].ICP-MS is applied to calculate very low levels of iodine
in polyamides in contrast to other analytical methods that can
be used to assess the iodine content in polyamides, such as ion
chromatography [29].1t is also verified that the digestion
method used in closed reactor using nitric acid medium, which
is usually used in laboratories, may be used in ammonia
medium prior analysis for polyamides providing a dilution of
the digestion solution. It provides an easy alternative with
absorbent solutions to combustion techniques (MIC,
pyrolysis).For checking molded pieces, this technigque can also
be applied.This ensures that the iodine content in PA is very
low, given the probablethreat of corrosion of the electronic
components associated with the release of this element[28].

D. Usage of ICP-MS coupled with liquid chromatography for
thallium analysis in tobaccos

Thallium (TI) and its compounds have been described as
potentially toxic to living things[30].The acute toxicity of
TI(11) to mammals, for instance, is greater than that of Hg(l1),
Cd(Il) and Pb (11) [31].1t is therefore of great importance to
identify the species of Tl in environmental and biological
samples. Thallium is mainly released into the environment as
zinc, cadmium and lead processing waste, coal burning [32]
and also as a result of its use in recent high-technology
applications [33].Thallium determination is recorded in
environmental samples such as serum, water and soil at the ng
mL* level using a ratiometric phosphorescent probe
[34].Dispersive solid phase micro extraction (DSPME)
techniques are developed for the preconcentration and
determination of thallium from a variety of samples [35,
36]. Thallium is present in two oxidation states in the aquatic
system, TI(I) and TI(I) (111). The two species of TL are toxic.
However, TI(II1) is more poisonous and TI(l) is less toxic and
more stable.Due to successful soil extraction, tobacco
produces high concentrations of Tl [37].
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Highly sensitive analytical methods must be available to
determine the TI species in environment. Chen and
colleagues[37] applied a rapid and simple ICP-MS coupled
with a liquid chromatographic detector to the speciation study
of thallium in tobacco and cigarette ash samples. Effluent
from the column of the HPLC is supplied to the ICP-MS
nebulizer for determination of TI. Detection limits in the
nanogram range can be reached for both TI(I) and TI(I1I)
compounds based on peak height. The extraction of Tl from
the ash sample is enhanced by the addition of HF. The tobacco
extraction efficiency of Tl is between 98-110%. The HPLC-
ICP-MS  specification analysis of tobacco samples
demonstrates a suitable agreement with the total TI
concentration achieved by ICP-MS analysis of fully dissolved
samples. Consequently, the ICP-MS technique works well
with better limits of detection and minor retention times in
speciation of Tl species with good analytical feasibility.

E. ICP-MS application in determining trace antimony
species in water

Antimony (Sb) is an omnipresent element which has
long been commonly used in many industrial applications,
such as batteries, semiconductors and fireproof textiles. Owing
to its toxicity and biological effects, antimony has been
identified a priority pollutant[38, 39, 40].The permissible limit
of antimony approved by the US Environmental Protection
Agency (EPA) in drinking water is 6 pug L™[10, 41].However,
studies by speciation reported that the position of antimony
inan environmental or biological system is critically dependent
on its chemical forms[42].For instance, inorganic antimony
species are more toxic than organic species, and inorganic
trivalent or Sb(lIl) species are 10 times more toxic than Sh(V)
species[43].

Manyanalytical techniques such as atomic absorption
spectrometry [44], atomic emission spectrometry [45], atomic
fluorescence spectrometry [46], and mass spectrometry [47],
have been employed for the quantitative determination of
antimony species. Nonetheless, the quantification of antimony
species based on ICP-MS typically involves the use of a
separation process before detection, as ICP-MS is unable to
distinguish between the species of a given element [48]. In
order to apply separation process, techniques such as solid
phase extraction, liquid-liquid extraction and magnetic solid
phase extraction (MSPE) using octyl-immobilized silica-
coated magnetic Fe3Os nanoparticles as an adsorbent
combined with ICP-MS for speciation in environmental
waters of Sb(lll) and Sh(V), are applied. Sb(lll) forms a
hydrophobic ~ complex  of  ammonium  pyrrolidine
dithiocarbamate (APDC) and is retained on nanoparticles of
C8-Fe304/Si0Oz, while Sb(V) remains a free species in an
aqueous solution. At lower pH, hydrophobic APDC
complexes are formed by both Sb species (total Sb), retained
on the adsorbent. This suggested method is simple, reliable
and sensitive and can be used in environmental waters without
any pre-reduction or pre-oxidation activity for the speciation
of Sb(lll) and Sh(V)[49].
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11. ADVANCES IN ICP-MS APPLICATIONS

A. Application of liquid chromatography couped to ICP-MS
in determining arsenic species in fish

In nature, arsenic is found in numerous species that can
be categorized as inorganic and organic arsenic. As (l1l) and
As (V) are inorganic arsenic species, while p-
hydroxyphenylarsonic acid (PHA), 4-aminobenzenearsonic
acid (ASA), monomethylarsonic acid (MMA), arsenobetaine
(AsB), and arsenocholine (AsC), are important organic arsenic
species (NAPP) [50, 51, 52, 53].The species of arsenic
originates from pollutants that are metabolized into many
types of arsenic resulting from a number of industrial
manufacturing methods, various household waste materials,
animal drugs and fodder [54].1ts toxicity varies because of its
oxidation state, physicochemical properties and biological
activities of different organisms [55].The inorganic arsenic
species are highly toxic [56], with the most toxic and
suspected human carcinogen being As (111) [57, 58]. Although
the toxicity of As(V) is relatively high [59], organic arsenic is
less harmful and is therefore known to be hypotoxic or non-
toxic. However, arsenic species can be transformed by
metabolism in the human body, and organic arsenic can be
converted into other arsenic species in animals [51]. For
instance, in chickens receiving fodder containing ROX, a
variety of arsenic species can be identified. ROX can
accumulate and turn in the animal, commonly used as an
animal growth additive in fodder or as a medicine, resulting in
waste water emissions that affect the environment[60].

Zhao and his colleagues [61] have established a
profound, modest and fastprocess for the instantaneous
analysis of 11 arsenic species in less than 17 minutes using
high-performance liquid chromatography coupled with ICP-
MS. The detection limit (LD) of the method was in the range
of 0.11-0.59 g kg*. Repeatability values were in the range of
1.1-7.6% for spiked actual fish samples. Accuracy has been
determined based on the analysis of spiked real fish samples at
five concentration levels. The range of recoveries were 91—
106%. In a pilot study, the validated method was used to
analyze real fish samples, the main arsenic species present in
the analyzed samples was organic arsenic particularly AsB,
detecting only a trace amount of inorganic arsenic.

B. Analysis of polybrominated diphenyl ethers in mussels
and fish usinggas chromatography coupled to ICP-MS
Polybrominated diphenyl ethers (PBDESs) have been on
the market since the 1960s and are a category of chemicals. In
various consumer products like electrical devices, plastics,
construction materials and textiles, they have been commonly
used as flame retardants [62]. PBDEs do not form chemical
bonds with the flame retardant product matrix and can be
easily leached into the environment during the manufacture
and use or disposal of the products containing them [63,
64].PBDEs are seen in sediments, soils, surface water, waste
sludge, outdoor or indoor air, house dust and biota, their
occurrence has been demonstrated globally [65, 66, 67,
68].Samples taken from the deep ocean and remote locations
in the Arctic [8] and Antarctic environments [69] can also be
detected. PBDEs belong to a class of persistent organic
contaminants that are hydrophobic, poorly degradable and
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appear to adsorb particulate matter, bioaccumulate in fatty
tissues and bio-magnify across the food web.They are
commonly found in various marine species and mammals
[70], including humans, where blood, adipose tissue and breast
milk have been detected. Studies have shown that exposure to
PBDEs in laboratory animals and humans can cause adverse
health effects, including disruption of growth and immune and
endocrine (for example, thyroid hormone) systems, as well as
neurodevelopmental delays [71, 72].The manufacture and use
of technical penta-, octa- and deca-BDE mixtures has
therefore been limited by EU law [73] and partly prohibited in
the USA.

Soxhlet extraction[68, 74, 75], accelerated solvent
extraction [76, 77, 78], ultrasound-assisted extraction [79] or
microwave-assisted extraction [76, 80] have been used to
extract PBDEs from fish and mussel tissue sample matrices in
recent years. Using advanced instrumental techniques, the
quality of PBDEs is evaluated with high sensitivity after
extraction.Almost exclusively applied are those focused on
gas chromatography (GC) separation of PBDEs [81] coupled
with various highly developed detector systems, such as high
resolution mass spectrometry [80, 82], negative chemical
ionization mode of mass spectrometry [68, 79, 83] or electron
capture detectors [75, 76, 77]. Alternatively, for the detection
of GC-separated PBDEs, ICP-MS can be used [84].

Novak and his colleagues [86] determined six
polybrominated diphenyl ether (PBDE) congeners, BDE 28,
BDE 47, BDE 99, BDE 100, BDE 153 and BDE 154, by
means of a sincere and sensitive analytical method based on
gas chromatography coupled to ICP-MS in samples of mussel
and fish tissue. They were washed with minimal solvent
consumption bypassing the extract through a column filled
with Florisil. PBDESs have been quantified by GC-ICP-MS in
the organic phase. Strong agreement was reached between the
results' defined and certified principles. The wet weight-based
limits of detection (LODs) were in the ranges of 0.003-0.009
ng g for all six PBDEs samples. The recovery range was
94%-105%.

C. ICP-MS wusage in determining ultra-trace plutonium
isotopes in human urine

Plutonium is considered as extremely harmful Because
of its chemical toxicity and the radioactivity of its major
isotopes 2Py, 2°Py, and 2*'Pu. They have a strong affinity to
accumulate long-term health risks in the liver and bones and
thus posture once incorporated into the human body [87]. For
instance, occupational exposure to Pu generally comes from
inhalation [88, 89].It was also verified that during radiological
incidents and events, Airborne Pu was released [90, 91].0n
June 6, 2017, 5 workers recently encountered internal
radiation exposure due to inhalation of airborne Pu while
testing nuclear fuel materials at a Japan Atomic Energy
Agency (JAEA) nuclear research facility. Again, this accident
highlighted the need for a rapid assessment of Pu's level of
exposure for radiation protection and medical intervention
purposes. Although biological dosimetry is usually used to
assess external exposure, in vivo or in vitro bioassays can be
used to evaluate internal contamination, particularly for alpha
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and beta emitters, one of the simplest and most
straightforward in vitro methods of urinalysis [92].

For the study of Pu isotopes (**°Pu, 2*%Pu, and 2**Pu) in
small-volume urine bioassays (20 mL and 100 mL) using a
highly sensitive sector field-ICP-MS, Ni and colleagues [93]
established a rapid method with enhanced 238U
decontamination. This technique involves acid digestion, co-
precipitation, extraction chromatography, and sector-field-
ICP-MS measurement. Parameters that had a fair effect on
analytical efficiency were extensively reviewed. The method
obtained a high decontamination factor of 22U (3.8 x 10°) and
the recovery of 2*2Pu was stable with an average value of 72.7
+ 5.5% for 20 mL and 100 mL urine bioassays. The limits of
detection for %Py, 24°Pu, and 2**Pu by the method were in the
range of 0.002-0.019 fg mL* for all urine samples.

V. CONCLUSION

The inductively coupled plasma mass spectrometry
(ICP-MS) owns the necessary ability to run elemental ultra-
trace detection, as well as to elucidate temporally overlapping
chromatographic peaks. In geochemistry, environmental and
clinical studies of trace elements, ICP-MS plays a very
important role in all its variants. In its versatility, ICP-MS has
increased the scope of research as well as, together with new
and improved methodologies for sample preparation, has
changed the direction of interest and filled knowledge gaps in
elemental and isotopic characterization. ICP-MS is the best
detector with low detection limits, mass selectivity, large
dynamic ranges, high sensitivities, isotope ratio capacities, and
high throughput in traditional speciation analysis. With the aid
of ICP-MS, the struggle to look for an outstanding form of
quantification, such as drugs and proteomics, has come
substantially close to an end. In short, ICP-MS will play a
more and more significant role in pharmaceutical, biomedical,
soil, clinical, forensic, and food research.
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