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ABSTRACT

An Inductively Coupled Plasma Mass Spectrometer was procured for trace

elemental determination in diverse samples. Since its installation a number of analytical
measurements have been carried out on different sample matrices. These include
chemical quality control measurements of nuclear fuel and other materials such as
Uranium metal. Uranium Peroxide, ADU. Th02, U02; isotopic composition of B. Li;

chemical characterization of simulated Th02 + 2%U02 fuel; Sodium Zirconium

Phosphate and trace metallic elements in Zirconium; Antarctica rock samples and wet
phosphoric acid. Necessary separation methodologies required for effective removal of
matrix were indigenously developed. In addition. a rigorous analytical protocol, which
includes various calibration methodologies such as mass calibration, response calibration.
detector cross calibration and linearity check over the entire dynamic range of 109

required for quantitative determination of elements at trace and ultra trace level. has been
standardized. This report summarizes efforts of RACD that have been put in this
direction for the application ofICP-MS for analytical measurements.
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1. INTRODUCTION 
Chemical characterization of nuclear materials in terms of major, minor 

constituents and trace impurities is the backbone of nuclear technology. The trace 
impurities may affect the performance of nuclear fuels and structural materials by 
lowering the desired burn-up and compromising the integrity and mechanical strength if 
they exceed specified concentration. To ensure that the nuclear reactors operate safely 
without any breakdown it is essential to adopt appropriate QA/QC measurements and 
suitable analytical techniques and methodologies for the precise, accurate and fast 
determination of the constituents concerned in nuclear and other materials. These QA/QC 
measurements are an essential and integral part of the nuclear industry. 

Majority of nuclear reactors in the world use uranium dioxide as the fuel material. 
Uranium and plutonium oxides and carbides have been used as fuel materials in the fast 
breeder reactors [1]. Metallic fuels (U-Al-Zr, U-Pu-Zr-Al, U(AlSi)3 and U-Mo) and 
nitrides are considered as the advanced fuels . All these materials have stringent 
specifications with respect to metallic and non metallic impurities [1-7]. The permissible 
specification limits for different elements have been arrived at based on different criteria 
depending on the way the fuel behaviour is affected by the presence of that trace element 
to ensure maximum designed burn-up of the fuel. These criteria include neutron capture 
cross-section of the trace impurity, its chemical compatibility with fuel, fission products 
as well as with the clad material/its constituents at the reactor operating conditions. 

Other than nuclear fuels, the material (s) to be used for fuel cladding, coolant 
channels and fixtures in various types of reactors should be pure and conform to the laid 
down specifications to avert any detrimental effects such as corrosion and hence 
mechanical strength failure. Zirconium alloys and stainless steel are used as structural 
material in the nuclear reactors [8-10]. Their choice arises from the fact that they possess 
adequate strength, high temperature stability, low corrosion rate and low affinity for 
neutrons. Boron, cadmium and hafnium are used in control rod assemblies.  

Presence of certain impurities (Co, Sb) in the fuel / coolant channels can lead to 
the formation of activation products (60Co, 124, 125Sb) which are hard gamma emitters and 
lead to high radiation exposure of personnel in the reprocessing stage. These activation 
products may migrate from the fuel to the primary coolant channel thereby enhancing the 
dose rate in the surrounding areas as well.  

A number of trace metals are specified in the fuel materials like UO2, PuO2 and 
ThO2 on the basis of their neutronic (B, Cd, REE’s), chemical (Ni, Cr, Mn, etc.) and 
metallurgical properties (W, Mo, etc.) [11]. Therefore trace metal characterization of 
nuclear fuels is an integral component of quality assurance programme of fuel 
fabrication. 

Traditionally optical spectroscopic techniques and mass spectrometric techniques 
have been employed for trace elemental assay. Particularly atomic emission spectroscopy 
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[12–17], in combination with different optical sources (dc-arc, spark, and ICP) has been 
extensively employed for trace metallic assay of fuel materials. 
 Each naturally occurring element has a unique and simple pattern of nearly 
integer mass to charge ratio corresponding to its stable isotopes, so allowing easy 
identification of the elements in the sample. The number of registered ions from a given 
isotope depends directly on the concentration of the relevant element in the sample, so 
quantification is straight forward. Mass spectrometric analysis has been playing an 
important role in the nuclear fuel cycle especially for checking the enrichment, for 
certifying the amounts of fissile and fertile isotopes in the fuel, for the determination of 
burn-up, etc. TIMS is an established technique for the determination of isotopic 
composition with a high degree of precision [18]. In conjunction with isotope dilution, it 
is also possible to determine concentration. How ever, TIMS is a single element or at the 
most oligo-elemental analysis technique. Simultaneous multi-elemental analysis is not 
possible with TIMS. The spark source MS [19-20] is a versatile instrument which can be 
used for the simultaneous determination of major, minor and trace constituents but lacks 
in precision.   
 Inorganic samples, although usually in the form of relatively simple molecules, 
require complete vaporization and dissociation before their constituent atoms can be 
ionized  and mass – analyzed for quantification purposes. Such samples are often 
refractory and difficult to volatilize, and once vaporized, consist of very strongly bound 
molecules. Relatively large amounts of energy are thus required to bring inorganic 
samples into suitable state for ionization, and this is difficult to achieve in vacuum 
because the rate of collision with the ambient gas is low. In the plasma operating at 
atmospheric pressure, gas temperatures of 6000K or more are achieved and, because of 
the relatively long resident time of the analyte (of the order of few milliseconds) in 
plasma, energy transfer to the sample is very efficient. Sample introduction from solution 
in ICP-MS is very simple and fast, so that a high throughput was possible. 

The Inductively Coupled Plasma has made a major impact in analytical atomic 
spectrometry because of its multi elemental capabilities, high throughput and high 
detection limits. The property of efficiently producing ionic species from most samples 
and the reduced interference effects compared with other techniques allows access to 
most elements in the periodic table. Owing to the simple quantification procedure of the 
aqueous solution, ICP-MS is being increasingly used for the characterization of solid 
samples after sample dissolution. ICP-MS is now widely used for the determination of 
elements in trace and ultra trace levels in a spectrum of matrices.  The limits of detection 
for chemical elements using ICP-MS is in the range of ng g-1 to pg g-1. The plasma 
though dynamic in nature is in local thermal equilibrium and the precision of analysis 
achieved is comparable and in most cases better than other techniques at trace 
concentration level. 



3 
 

The elemental and isotopic capabilities of ICP-MS makes it ideally suited for the 
analysis of materials of nuclear origin. The low detection limits provided by the 
technique allow the use of very dilute samples with reduced radiation risks for the 
operator compared with other atomic spectrometric techniques used currently in the 
nuclear field [21]. The ICP-MS technique can be used to determine both stable and 
radioactive nuclides simultaneously and can discriminate between natural and artificial 
sources by use of isotopic abundances, which is an added advantage over other optical 
spectroscopic techniques.  

At very low concentration level the statistical fluctuations of the analyte signal 
severely hampers the precision of analysis. It is necessary to carry out the chemistry in a 
very clean laboratory and the use of extremely pure and certified standards, reagents and 
solvents to ensure achievable detection limit. In the case of nuclear materials the absence 
of  matrix matched certified reference materials (CRMS) necessitates validation of 
methodology by (a) carrying out recovery studies and/or (b) comparing the result with 
another complementary analytical technique to attain a reasonable level of confidence in 
the analytical results.  One of way of realizing this is through participation in inter-
laboratory comparison experiment for the development of CRMS of Thorium and 
Uranium oxides.  

In this report, we describe our experience in working with this instrument for the 
last ten years for determination of trace metallic elements in variety of nuclear and 
structural materials. The challenge is the presence of a heavy matrix element (U, Th, Zr) 
that has to be taken into account for the development of analytical methodologies for 
ICP-MS because of possible matrix interferences. For the analysis of nuclear materials, 
where impurities to be determined are in trace level, it is necessary to separate the matrix 
because firstly the concentration of total dissolved solids should be < 0.1% in the solution 
to be analyzed by ICP-MS and  secondly the presence of heavy matrix leads to non-
spectroscopic interference in the quantification of light elements. Matrix separation is 
normally achieved by solvent extraction, ion exchange, precipitation methods or their 
combination. The ideal separation technique employed for matrix separation should not 
extract the trace elements of interest and should require minimum number of steps to 
achieve the desired separation. This necessitates adoption and standardization of an 
effective separation strategy to reduce the matrix concentration to such a level that it is 
rendered insignificant and simultaneously ensure reproducible recovery of the analytes of 
interest. 
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2. INSTRUMENTATION  
 

A detailed description of the ICP-MS instrument can be found in the literature 
[22-40]. Here we attempt to describe the basic principles and instrumentation generally 
used in ICP-MS.  
 
2.1  ION SOURCE - INDUCTIVELY COUPLED PLASMA (ICP) 
 

Plasma is a fourth state of matter. Plasmas are gases having significant fraction of 
their atoms or molecules ionized but are macroscopically neutral. The techniques used for 
interfacing the plasma source (ICP) to a mass spectrometer were first developed by Dr. 
Alan Gray [41-42] who demonstrated that excellent detection limits could be obtained 
and isotope ratios could be determined by ionizing solution samples in atmospheric 
pressure plasma and extracting the resulting ions into a mass spectrometer. 
An atmospheric inductively coupled plasma is formed when an inert gas usually argon, is 
introduced into a quartz torch (Fassel torch) [43] that consists of three concentric tubes of 
varying diameter. The inner tube carries the sample aerosol (nebulizer gas) in a flow of 
argon, the intermediate (auxillary gas), which forms and sustains the plasma and the outer 
(cool gas) that cools the torch as shown in Figure 1.  

 
 
Figure 1. Plasma Torch 

 
 

On entering the torch the argon gas is seeded with electrons by initial excitation 
with a tesla coil. Radiofrequency energy is applied to the three turns of a coaxial water 
cooled induction copper coil surrounding the torch. The high frequency current flowing 
in the induction coil generates oscillating magnetic fields whose lines of force are axially 
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oriented inside the quartz tube and follow closed elliptical paths outside the tube. Induced 
magnetic fields, in turn, induce electrons in the gas to flow in closed annular paths inside 
the quartz torch. These electrons (eddy current) are accelerated by the time varying 
magnetic field collide with the neutral argon atoms and ionize them (e- + Ar → Ar+ + 2e-) 
and resistive heating occurs. Then through the process of radiative recombination the 
argon ions are recombined with electrons to lead to excited argon atoms and a significant 
optical background in the UV region (e- + Ar+ → Ar +hυ). The ions, electrons and neutral 
atoms continuously collide and as long as the rf field and gas flow is maintained the 
plasma is sustained. A typical diagram of ICP-MS system is shown in the Figure 2. The 
tangential flow of gas into the torch creates a vortex that weakens the base of the plasma. 
This enables the easy punching of the plasma by the nebulizer gas flow, which carries the 
sample into the centre of the plasma. The majority of the rf power is coupled into the 
outer region of the gas flow, which leads to a skin effect whereby the outer regions of the 
plasma are hotter than the central channel. The centre of the plasma is heated by 
conduction, convection and radiative transfer of energy from the skin [44]. 
 

 
Figure 2. ICP-MS system 

 
The resulting plasma is a dense annular shaped ball of highly excited electrons, 

ions, metastable and neutral species. The operating temperature of an ICP is between 
5000 to 10000 K [45]. Figure 3 shows some approximate temperatures at various 
positions in the plasma. Measurements of plasma temperature by optical means generally 
show  gas temperature of about 6000 K in the central channel, while excitation 
temperatures are found to be 7000 – 7500 K and the ionization temperature about 8000 K 
at 10 mm beyond the load coil. 



6 
 

 
Figure 3. Temperature profile of plasma 

 
The ICP source has two roles. The first is the volatilization, dissociation and 

atomization of the sample to be analyzed in order to obtain free analyte atoms, usually in 
the ground state, and the second is a partial ionization of the analyte atoms and the 
excitation of the atoms and ions to higher energy states. The plasma acts as a reservoir of 
energy provided by the rf field and transfers this energy to the analyte. It should be noted 
that the atomization of a sample is a relatively long process (few milliseconds), while 
ionization and excitation are very fast process.  
Various ionization processes [46-47] have been suggested resulting from species that are 
obtained during the plasma generation. The main modes of ionization by ICP [48] are 

1) Charge transfer ionization: Ar+ + M → M+ + Ar 
2) Thermal ionization: M + e- (fast) →M+ + e- (slow) +  e- (slow) 
3) Penning ionization M + Arm → M+ +Ar + e-  

Arm is metastable argon. 
 
In the ICP the major mechanism by which ionization occurs is thermal ionization. The 
degree of ionization of an element can be calculated from the Saha equation: 
 

⎛ ⎞−
⎜ ⎟⎜ ⎟
⎝ ⎠

⎛ ⎞2π
⎜ ⎟
⎝ ⎠

EIP
kT

3
2

e
2

m kT
h

+ +

0 0
e

M 1 Q= e
M n Q

 

 
 
Where M+, ne and M0 are the number densities of the ions, free electrons and neutral 
atoms respectively, Q+ and Q0 are the ionic and atomic partition functions, respectively, 
me is the electron mass, k is the Boltzmann constant, T is the temperature, h is the 
planck’s constant and EIP is the first ionization energy of the element.  

At such high temperatures (5000 to 10000K) using the above equation it has been 
calculated that most of the elements in the periodic table that have first ionization 
energies of less than 9 ev are  singly ionized to the extent of 90% and there is negligible 
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molecular species or doubly charged ions. Ions are produced in a reproducible manner 
and ion characteristics of dissolved solids are formed. Hence multi-elemental analysis can 
be carried out by ICP-MS [49]. 

For effective penning ionization and charge transfer to occur, the energy of the 
colliding species should be similar to the ionization energy of the analyte atom. From the 
above processes it is easy to see how the extent to which an analyte is ionized can be 
influenced. Simply by changing the plasma gas, the three ionization processes can be 
influenced greatly. 

 Most elements are efficiently ionized in the high temperature (7500 K) 
atmosphere of the normal analytical zone and it is generally the region from which ions 
are sampled in ICP-MS. The position of the normal analytical zone is dependent on the 
aerosol gas flow rate and, to a lesser extent, on the power supplied to the coil. 
The gas that is commonly used to generate the plasma is argon. Like any noble gas, argon 
is a mono-atomic element with high ionization energy (15.76 eV), has metastable energy 
states (11.55 and 11.75 ev) and is chemically inert. Consequently argon has the capability 
to excite and ionize most of the elements of the periodic table. No stable compounds are 
formed between argon and the analytes. Argon is also the cheapest noble gas as its 
concentration in air is ~ 1% 
 
2.2 SAMPLE INTRODUCTION 
 

There are several well known approaches to introducing samples into an ICP. The 
particles must be 10 µm or less in diameter to be atomized in the plasma. Gaseous 
samples meet this criterion and can be injected directly. For samples in solution form 
nebulisation is necessary to create the particles of desired size (aerosols). Concentric 
glass pneumatic (Meinhard ) nebulisers is frequently used [50-51]. A diagram of such 
nebuliser is shown in Figure 4. It consists of an outer glass tube through which gas 
(typically argon) flows at a rate of 0.5 – 1.5 L min-1. The gas rushing across the end of the 
inner tube causes a drop in pressure, which leads to the liquid sample being drawn 
through the sample tube. The principle of operation of a pneumatic nebulizer is the 
interaction of a high velocity gas stream with a slower flow of analyte solution. Energy is 
transferred from the gas to the liquid stream causing disruption of the liquid stream into 
aerosol. This process is known as Venturi effect. This is an automatic process, i.e. the 
sample is sucked up automatically. Best long term stability of meinhard nebulisers is 
generally obtained with a pump, however, and a pump is of course necessary to remove 
the waste solution from the spray chamber. The solution uptake rate can be controlled by 
adjustment of the pump speed and through the choice of pump tubing. The main 
drawback of such nebulisers is that they are blocked very easily if solutions with high 
dissolved solids content are analyzed and requires the total dissolved solid concentration 
in the liquid sample is less than 0.1%.  
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The aerosol from the nebuliser is allowed to pass through a water cooled Scott 
double pass spray chamber which acts as a drop size filter. The purpose of the spray 
chamber is to ensure that only the smallest solution droplets (less than 10 µm diameter) 
reach the plasma, so keeping the loading of the plasma uniform for blank, standard and 
sample. A cooling water jacket is provided on the spray chamber to lower the water 
loading in the plasma. The improved temperature stabilization of the spray chamber 
obtained allows the instrument sensitivity to stabilize more quickly. A typical spray 
chamber is shown in the Figure 5. The sample aerosol is heated to a temperature of 
approximately 10000 K in the plasma, resulting in as series of process involving de-
solvation, vaporization, dissociation, atomization and ionization in the analytical zone of 
the plasma. Another function of the spray chamber is to dampen noise originating from 
the peristaltic pump. 

The nebulisation efficiency of the pneumatic nebuliser combined with spray 
chamber is only 1 to 2 % which is a constraint on the sensitivity of the instrument. 

 
Figure 4. Pneumatic nebulizer 

 
 

 
 
   Figure 5. Spray Chamber 
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2.3 ION SAMPLING/EXTRACTION 
 

The ICP reaches temperatures of 5000 – 10000 K at its core, operates with 10 -20 
L/min of argon support gas and, of course, operates at atmospheric pressure. The mass 
spectrometer, on the other hand, operates at 10-5 to 10-6 Torr or below and, obviously, 
cannot be subjected to the heat of the plasma. The coupling is achieved by interposing an 
interface between the two. The differentially pumped interface [52] between the ICP and 
mass spectrometer is a critical part of any ICP-MS system. The interface essentially 
consists of two orifices [28, 53-54] and a slide valve to produce three stage expansion 
chambers – an initial expansion stage (1 torr), an intermediate stage (10-3 torr) and an 
analyzer stage (10-6 torr). The first orifice, known as the sampler cone, is a water cooled 
metal cone with a circular hole of ~ 1.0 mm diameter [27]. A second metal cone known 
as the skimmer (0.75 mm dia) is placed behind the sampler and divides an initial 
expansion chamber (1 torr) from the vacuum region that contains the focusing ion lenses 
(10-3 torr) and the quadrupole mass analyzer (10-6 torr).The sampler is immersed in the 
normal analytical zone of the plasma, 5-15 mm from the rf load coil. Because the sampler 
is able to accept gases from the axial channel of the plasma over a cross-section of around 
two to three times the orifice diameter, a sizeable fraction of the central plasma channel is 
sampled. On passing through the sample orifice, from the atmospheric pressure to an area 
of lower background pressure, the gas expands adiabatically, which causes a decrease in 
gas density and kinetic temperature, the enthalpy of the source gas is converted into 
directional flow and the gas temperature drops. The gas flow speed increases and exceeds 
the local speed of sound and a supersonic, free jet is formed. The free jet structure is 
approximately conical in shape with its apex originating at the sampler orifice. The base 
of the cone is called the Mach disc [55] and this is the region where the sampled gas 
collides with the background gas, causing the gas flow to become subsonic and the gas 
kinetic temperature to rise again. The area between the sampler orifice and the Mach disc 
is known as the zone of silence. It is thought that in the zone of silence the sampled gas is 
representative of the plasma gas, so it is in this region that the second orifice, called 
skimmer is placed. The sampler and skimmer are machined from pure nickel, a metal 
which has good thermal conductivity and mechanical robustness, and reasonable 
resistance to commonly used acids. Typical lifetimes of these cones are 500 hours and 
vary with concentration of the solutions being analyzed. Once skimmed, the ions are 
extracted and focused using a series of electrostatic lenses. 

 
2.4  ION FOCUSING. 
 

Beyond the skimmer, the extracted gas enters a region where the pressure is low 
enough to ensure that the mean free path becomes longer than the system dimensions and 
the flow becomes random. It is usual to operate the extraction cone and skimmer at 
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ground potential and the process of forming the ion cloud behind the latter is purely an 
aerodynamic one. In order to collect as many ions as possible into a beam to pass into the 
mass analyzer, the skimmer is followed by a series of electrostatic lenses. Before the lens 
a slide valve is used, which enables the path into the high vacuum region to be closed off 
behind the skimmer. When this is shut, the aperture and skimmer may both be removed 
without interfering with the pressure in the vacuum region. This valve is then not 
reopened until the pressure in the extraction stage is re-established.  
The ion focusing lenses are crucial for the overall sensitivity of the instrument because 
scattered ions will not be detected. Ion focusing is achieved by subjecting the charged 
ions to constant electric fields. The system consists of a number of axially symmetric 
electrostatic lens elements on the system axis and lens supply unit. The ion lens system 
usually includes a photon stop on the axis to prevent direct photons and energetic neutral 
species from the plasma reaching the ion detector and contributing to the background.  
 
2.5  MASS ANALYZER. 
 

The mass analyzer sorts the ions extracted from the ICP source according to their 
mass to charge ratio [56]. The mass spectrum is a record of the relative numbers of the 
ions of different m/z, which is characteristic of the analytes present in the specimen.  
The function of the mass analyzer is to separate the ions according to their mass to charge 
ratio. Successful operation, of the mass analyzer requires a collision free path for ions. To 
achieve this, the pressure in the analyzer section of the spectrometer is maintained below 
10-6 torr vacuum [57]. Once in the analyzer the ions are sorted into discrete m/z values 
depending on the energy, momentum and velocity of the ions. 
The ion beam produced after the ion lens system is cylindrical in cross section and 
contains ions of a mean energy of 0 – 30 eV with an energy spread of about 5 eV. Such 
an ion beam is well suited for analysis by a quadrupole mass analyzer [58] which 
typically give unit mass resolution over a mass range up to m/z = 300, usually sufficient 
to completely separate adjacent elemental peaks (one mass unit apart). Quadrupoles are 
used for various reasons: they are small in size, they are tolerant of high operating 
pressures and ion energy spreads of up to 10 eV, the selected masses may be scanned 
rapidly at rates up to 300 mass units per second [28] and they transmit a large fraction of 
the injected ion beam. Quadrupole mass analyzers are essentially sequential instruments, 
although they can be used to rapidly scan the entire mass range in one second. 
An introduction to Quadrupole mass spectrometry can be found in Roboz [59] and a 
detailed treatment is given by Dawson [60]. 
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Figure 6. Quadrupole Mass Analyzer 
 

The quadrupole consists of four parallel electrically conducting molybdenum rods 
in a square array as shown in Figure 6. In practice this is approximated by four parallel 
cylindrical rods mounted precisely at the corners of a square at a distance 2r0 from each 
other, with opposite rods electrically connected. The pairs are provided with a DC 
voltage, one pair being held at +U volts and the other set at –U volts. One pair of the rods 
is supplied with an rf voltage (+Vcosωt) and the second set with an rf voltage out of 
phase by 1800 (-Vcosωt). These results in the formation of an oscillating hyperbolic field 
(φ) in the area between the rods (z axis). 
 

+ ω −
ϕ =

2 2

(x,y,z,t) 2
0

(U VCos t)(x y )
r

 

 
  

On entering the quadupole mass analyzer in the z axis the ions undergo oscillation 
in the xz and yz plane. In the x axis the positive rod voltages +U produce a potential 
valley tending to stabilize the trajectories of higher mass ions which are less able to 
follow the swings of the varying rf field; the net result is a high pass mass filter. In the y 
axis the opposite occurs; negative rod voltages –U produce a potential hill which 
defocuses all ions. If a suitable frequency is selected the lighter ions can be caught as 
they move down the steady potential hill and are stabilized by the varying rf voltage; the 
result is a low pass mass filter. The combination of x and y trajectories therefore result in 
a band pass mass filter. The stable motion of ions of a particular m/e is given by the 
stable solution of mathiew equations i.e,  at a particular value of the amplitudes of AC 
and DC potential, only ions of a particular value of m/e undergo stable oscillation while 
other ions are deflected away from the axis and are lost by striking the rods. By varying 
the amplitudes of AC and DC potentials the mass scan is achieved. The resolution of the 
quadrupole is determined by the ratio of the AC and DC amplitudes which is kept 
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constant. All scanning is electronic and the mass transmitted increases linearly with the 
magnitude of DC and RF voltages, resulting in a linear mass scale. 
In order to obtain a good resolution it is important that ions travel along the axis of the 
rods with velocities whose magnitudes are such that the ions perform a minimum of five 
to six oscillations in the quadrupole. This requires that the ions enter the analyzer rod 
system with low mean ion energy, typically of a few eV. The energy of the ions at the 
quadrupole entrance is mainly due to the difference in DC potential between the source of 
the ions, the plasma and the rod system. Since the potential of the plasma above the 
extraction aperture is determined by the plasma excitation and operating parameters, it is 
usual to provide an adjustable mean DC level for the analyzing rods about that of the 
aperture ( which is usually ground), known as the pole bias. This enables the potential 
drop between the plasma and the rods to be set as required to give the optimum ion 
energy. 

Quadrupole peaks are rarely completely symmetrical and the abundance 
sensitivity (10-5 – 10-6) is usually worse on the low mass side. 
 
2.6 ION DETECTION 
 

Ions transmitted by the quadrupole mass filter are detected by an electron 
multiplier assembly. Sufficient electrical gain and fast response can only be obtained by 
using electron multipliers detectors, and for most purposes continuous dynode channel 
electron multipliers (channeltron) are used. They are robust, tolerant of gas pressures up 
to about 10-5 mbar, and reasonably long lived. The fully extended dynamic range system 
comprises analogue ion detection and a pulse counting technique. The frequency of the 
output pulses is related to the true ion count rate emerging from the quadrupole by 
expressions which depend upon the operating mode in use. 
At the concentration levels of analyte below 1µgmL-1 the number of analyte ions entering 
the mass analyzer in an ICP-MS system is very small, typically giving beam currents at 
the end of the analyzer of less than 1 x 10-13 A and for such low signal the detector is 
operated at high gain. The random or instrumental background is also extremely small, 
typically only a few ions per second. Ultimate detection limits are then determined only 
by the counting statistics of the random background counts. The full advantage of the 
sensitivity of the technique, which is largely due to this very low background, can only be 
exploited by counting individual ions (pulse counting mode), and this is the normal mode 
of operation of ion detectors used.  

At higher concentration of analytes these detectors exhibit counting fatigue due to 
high count rates and are operated in a mean current mode (analogue mode) at lower gain 
which can give a linear response up to about 1 µA for higher ion densities. 
The standard channel electron multiplier comprises a narrow, curved leaded glass tube of 
approximately 1 mm in internal diameter and approximately 70 mm in length and has a 
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flared end. The multiplier is offset from the axis of the instrument to reduce the detection 
of stray photons. The tube has a resistive coating, consisting of a series of metal oxides, 
of typically 108 Ohms along its entire length. When a positive ion strikes the inner 
coating, the collision results in the ejection of one or more secondary electrons from the 
surface. These electrons are accelerated down the tube by the potential gradient and 
collide with the wall, resulting in further electron ejection. Hence, an exponential cascade 
of electrons rapidly builds up along the length of the tube, eventually reaching saturation 
towards the end of the tube. The multiplier tube is curved and electrons are drawn down 
the tube by the potential gradient established by the resistivity of the glass. The tube is 
curved to stop electron feedback. A typical diagram of the channel electron multiplier is 
shown in the Figure 7. 

 

 
Figure7. Electron Multiplier 

 
The modes of operation of the channeltron detector are briefly described below. 

a) Pulse Counting Mode of The Detector 
In the pulse counting mode a high voltage within the range -2600 to -3500 V is 

applied to the multiplier resulting in a large electron pulse and a consequent gain of 107 to 
108 over the original ion collision. The electron pulses are read at the base of the 
multiplier and are approximately 50 – 100 mV and 10 ns in duration. 
 
b) Analogue Counting Mode of The Detector  

In analogue counting mode the applied voltage is between -500 to -1500 V 
resulting in a gain of only 103 to 104 so that the multiplier does not become saturated. The 
electron pulses are read at the collector electrode where they are amplified and averaged 
over a short time interval to allow rapid data acquisition.  
 
c) Dual Counting Mode of the Detector 

The greatest sensitivity is achieved with the detector in pulse counting mode, but 
the detector will become saturated at counting rates above 106 Hz, which are encountered 
when the analyte is at a high concentration in the sample. If the detector is switched into 
analogue mode it is less sensitive but can be used for analyte concentrations that are 
much higher, typically up to three orders of magnitude higher than for pulse counting. In 
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cases where the sample solution contains different analytes of varying concentrations 
right from ppb to ppm, the detector is operated in both pulse counting and analogue 
mode. Such dual mode of operation results in an extremely large linear dynamic range of 
up to nine orders of magnitude, but requires that two analytical scans be made to acquire 
all the data. 
 
2.7 DATA ACQUISITION 
 

It is usual to use a one minute integrating period for an analysis in which between 
60 to 600 individual scans may be accumulated in the memory for display and data 
processing. Apart from the conventional scanning mode a peak hopping mode may be 
chosen, with the mass set on a series of peaks in succession so that maximum use is made 
of the integrating time. 

 
2.8  BRIEF DESCRIPTION OF THE INSTRUMENT USED 
 

A VG Plasma Quad PQ 2 (V.G.) ICP-QMS has been in use for the last 10 years 
for providing QC /QA for a variety of materials. Details of this instrument can be found 
in the references [61-62]. The sample flow uptake is controlled by a peristaltic pump and 
a meinhard nebulizer is used for producing the aerosols. The plasma is induced in a 
Fassel torch which is a quartz tube 18 mm o.d. and about 100 mm long. The rf generator 
is a free standing commercial unit which can generate up to 2000 W at the industry 
standard frequency of 27.12 MHz and the power is stabilized to better than 1%. The 
frequency is crystal controlled. The vacuum in the three differentially pumped regions is 
achieved by a combination / conjunction of Rotary and Turbo-molecular pumps and the 
vacuum are measured by Pyrani and Penning Gauges. The Quadrupole analyzer used in 
this instrument is the SX300 in which the rods have a length of 230 mm and a diameter of 
12 mm. The channel electron detector in dual mode is used for detection. 
 
3. THE ANALYTICAL REQUIREMENTS OF ICP-MS 
 

Plasma is an efficient source of energy and most of the elements of the periodic 
table could be ionized to the extent of 90% or more making this technique amenable to 
multi-elemental trace and ultra trace analysis with ultimate detection limits. However the 
presence of  matrix  may lead to high background, spectral interference, suppression or 
enhancement of analyte signal, memory effects and cooling of the plasma at the interface 
due to boundary layer resulting in the formation of molecular ions and refractory oxides 
which invariably choke the sampler orifice. For precise trace elemental analysis it is 
therefore necessary to investigate and understand these parameters and whenever possible 
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necessary efforts are made either to eliminate or minimize them. A brief description of 
these parameters are given below. 
 
3.1 BOUNDARY LAYER FORMATION IN ICP-MS. 
 

The flowing plasma plume gas gets deflected around the orifice of sampler cone. 
An aerodynamically stagnant layer of gas is formed between the flowing plume and the 
sampler orifice resulting in the formation of space charge sheath or electrical double layer 
due to the separation of the fast moving negatively charged electrons and the slow 
positively charged bulky ions. This composite boundary layer [24] is in contact with the 
relatively cool sampler. The temperature in the boundary layer (1000K) is intermediate 
between the plume (5000 –6000K) and the sampler temperature (500K). Ion extraction 
into the vacuum system therefore occurrs only after transport through the boundary layer 
that would take 1-2 ms and involve 106 collisions. 

Such collisions in a medium temperature environment facilitated ion-electron 
recombination, ion-neutralization at the sampler walls, charge exchange, ion neutral 
attachment (cluster formation) and condensation of solid deposits at the sampler orifice 
[28, 63-65]. 

Solid deposition in the orifice of sample cone is primarily caused by formation of 
non-volatile metal oxides in relatively cool stagnant gas of the boundary layer. 
Progressive deposition at the sampler tip restricts the useful life of the cone [66]. To 
avoid this problem the total dissolved solid concentration of the solution is therefore kept 
approximately at <0.1% and this is achieved by 

1) The concentrated solution is diluted before subjecting to analysis by ICP-MS. 
2) If dilution lowers the analyte concentration below the detection limit of the 

instrument then separation of analyte from matrix is required (matrix separation). 
 
3.2 INHERENT BACKGROUND IN PLASMA 
  

The prominent species formed in the plasma in absence of analytes/solution 
(background peaks) [67-68] are given in the Table 1.  
 
Table 1. Background peaks for a blank solution. 

 
 
 
 
 
 
 
 

 

Mass Background Interference with
32 O2

+ 32S+ 

40 Ar+ 40Ca+ 
41 ArH+ 41K+ 

54 ArN+ 54Fe+ 
56 ArO+ 56Fe+ 

80 ArAr+ 80Se+ 
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The peaks observed in the plasma on nebulizing dilute acid solutions (~1%) like HNO3, 
HCl, HClO4, H2SO4 are given in Table 2. 
 
Table 2. Some background ions observed from mineral acid solvents. 
  
Acid Ions M/n Overlaps with 
 
 
HNO3 

N+ 14 ------------------- 
ArN+ 54 54Fe+, 54Cr+ 
NO+ 30 30Si+ 
N2+ 28 28Si+ 

 
 
 
 
HCl, HClO4 

Cl+ 35, 37 ---------------------
ClO+ 51 51V+ 
 53 53Cr+ 
ArCl+ 75 75As+ 
 77 77Se+ 
ClO2

+ 67 67Zn+ 
 69 69Ga+ 

 
 
 
 
H2SO4 

S+ 32, 33, 34 ---------------------
SO+ 48 48Ti+ 
 49 49Ti+ 
 50 50Ti+, 50Cr+, 50V+ 
SO2

+ 64 64Zn+, 64Ni+ 
 65 65Cu+ 
 66 66Zn+ 

 
 

From the Table 2 it is seen that nitric acid is the preferred solvent for ICP-MS 
because it contains only the H, O and N containing species, which are present in the 
plasma and entrained gases in any case and there is no interfering species beyond mass 
number 54. Other acids i.e., HCl, HClO4 and H2SO4 yield complicated background 
generating interfering polyatomic ions.  
 
3.3 INTERFERENCES  
 

Interferences in ICP-MS are of three types – spectroscopic, non spectroscopic and 
memory effects. A brief definition of each of them and the means to overcoming them are 
given. 
 
Spectroscopic Interferences are of the following types 
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a) Background peaks due to reagents: The use of impure reagents give rise to 
interferences at the mass numbers to be investigated. Interference from 
background peaks can be overcome by subtracting the counts of the elements in 
the sample from the blank. The addition of same amount of reagents in the analyte 
and blank should be carefully maintained. 

 
b) Isobaric interference: They are contributed by the presence of elements or 

compounds having the same mass number as the analyte of interest, for eg.  
 
Different elements        54Fe+          54Cr+ 

               144Nd+        144Sm+ 
Compounds         56ArO+       56Fe+ 
           112MoO+       112Cd+ 
 
Isobaric interference can be overcome by selecting a different isotope of the 

concerned element or employing interference correction equations [69]. 
Suppression or enhancement of the analyte signal due to the presence of matrix is 

known as Non spectral interference [70-72]. Consider the determination of trace amount 
of boron in uranium matrix. Boron being a light element will have lower momentum 
compared to uranium atoms/ions. In the boundary layer where the ions undergo 106 
collisions before entering the expansion chamber, boron will be scattered by collision 
with uranium ions. This will result in suppression of the boron signal making quantitative 
determination of the latter erroneous. Hence it becomes imperative to remove boron from 
the uranium matrix chemically to quantify boron by ICP-MS. Alternatively the presence 
of matrix may lead to enhancement of the analyte signal due to scattering e.g., as in the 
determination of trace amounts of Indium in Cadmium matrix.  

Memory effects arise due to the deposition of the analytes or their comounds at the 
sampler or skimmer orifice or at the focusing lenses and may continue to show some 
signal at the analyte mass even after removal of the analyte solution. The memory effects 
can be minimized by rinsing the system with blank solution (1% HNO3) for about a 
minute or two so that the deposited traces are eliminated. 
 
4. PERFORMANCE  
 
  Concentric nebulizers at a sample uptake rate of 1 mL/min and nebulization 
efficiency of 1% produce a concentration of sample ions of about 106 cm-3 in the plasma 
for a solution having analyte concentration of 1 ng/mL. Such a concentration results in a 
count rate of approximately 106 counts/sec with an instrumental extraction efficiency of 
10-4%. The background count rate is usually between 10 to 50 counts/sec, or a 
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concentration equivalent from 0.01 ng/mL  to 0.05 ng/mL.  A typical spectra of 1% 
HNO3 blank is shown in Figure 8.  
 

 
 

Figure 8. Spectra of 1% HNO3 blank 
 

The sample is normally introduced to the nebulizer at a controlled rate by a 
peristaltic pump. Between samples, 1% nitric acid solution is introduced to minimize 
memory effects. When the uptake tube is transferred to a sample, the response appears a 
few seconds after the sample reaches the nebulizer and reaches a steady level in about 20 
seconds.  

The molecular ions are not present in the plasma itself but are formed during the 
extraction process. Such peaks are found only between 17 and 80 daltons, and many of 
them are very small equivalent to sample concentrations of less than 1 ng/mL.  For 
ultratrace analysis, MiliQ water (18MΩ) and suprapur reagents are necessary. Special 
care should be taken in the sample preparation stage to avoid contamination. In so far as 
possible, high acid concentrations should be avoided in the solution to be analyzed by 
ICP-MS, and whenever possible the sample solutions should be made up in 1% nitric 
acid. When an interference cannot be avoided, the analysis may still be completed, 
although with a lower precision, by subtracting the response from a blank solution of the 
same acid concentration.  

With a relatively uniform response across the periodic table and with a uniform 
background level of 10 -50 counts/s, it is expected that detection limits are similar for 
most elements within the limitations of isotope abundance and high ionization energy for 
some elements. Practically, at low mass there is additional background from molecular 
peaks and from contamination and therefore detection limits below 80 daltons are poorer 
(ppb) compared to higher masses (ppt to sub ppb).  

The dual mode of detector operation enables the linear dynamic range of the 
instrument to exceed nine orders of magnitude. 
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In ICP-MS generally quadrupole mass analyzer is used which is capable of fast 
mass scanning giving 200 to 400 scans per minute, covering the entire mass range, 
thereby making this technique extremely fast. A typical sample analysis in ICP-MS take 
one minute for data acquisition with an additional 1 minute for rinsing and 1 minute for 
uptake exhibiting the high sample throughput of this technique. 

 
5. EXPERIMENTAL 
 
5.1 INSTRUMENT CALIBRATION  
 

The ICPMS is calibrated to ensure that the results obtained from it are accurate in 
all respects. A stock solution (10 μg/ml) containing Li, Be, Al, Ti, Co, Sr, In, La, Bi, and 
U  covering the entire mass range was prepared, from individual master standard of 1000 
μg/ml concentration. This stock solution was used for the preparation of 100 ng/mL 
standard solution as and when required and was used for the calibration of the instrument.    
A brief discussion of each calibration technique is given below. 
 
a) Mass Calibration 
 

In the mass calibration of the instrument, the out put of quadrupole is matched 
with software generated mass spectrum. This ensures that the masses measured by the 
instrument are accurate with respect to the standard spectrum. Mass calibration is done 
daily. A typical mass calibration plot is shown in the Figure 9. 
 

  
  
  Figure 9. Mass calibration plot 
 
 
 



20 
 

b) Detector  Cross Calibration 
 

The ICPMS is equipped with a channeltron detector which can be operated in 
dual mode i.e. pulse counting mode (PC) and analog mode. These two modes are decided 
by the concentration of particular mass being detected and there is automatic switch over 
from PC mode to analog mode when the count exceeds 106 Hz.  
During detector calibration the system software matches the analog output of the detector 
to the pulse counting output of the detector across the selected mass range. Detector 
calibration is done weekly.  A typical detector cross calibration plot is shown in Figure 
10. 

  
 
  Figure 10. Detector  cross calibration  
 
c) Detector Response Calibration 
 

The out put from detector is not same for the entire mass range even if all the 
masses are present at the same concentration level. This is mainly due to the fact that the 
ionization and extraction efficiency is not same over the entire mass range and the 
number of ions produced for various elements depends on isotopic abundance of the 
particular isotope being monitored and the mass number of the isotope. It is therefore 
essential to have a response plot over the entire mass range. Response calibration is done 
weekly. A typical detector response calibration plot is shown in Figure 11. 
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   Figure 11. Response Calibration 
 
5.2 OPTIMIZATION OF INSTRUMENTAL PARAMETERS 
 

The sensitivity (cps/ppb) depends on various parameters like RF power, cool gas 
flow rate, auxiliary gas flow rate, nebuliser gas flow rate, viscosity of solution, plasma 
torch position, and voltage applied on extraction plate and focusing lenses.  

The plasma operating parameters were optimized by varying one parameter and 
keeping the other parameters fixed. A 100 ng/mL standard solution containing five 
elements (Co, In, La, Bi and U) was prepared fresh from the master and was used for 
optimizing the instrumental parameters.  The counts for various masses were measured at 
each setting and the parameter was then varied. The counts were plotted against the 
values of the operating parameters. Conditions for minimization of background signal, 
for ArO+ at mass number 56, was also optimized.  
 
a) Effect of RF Power 

The RF power was varied from 800 W to 1500 W with an increment of 50 W, 
keeping other parameters fixed, and counts for various masses were measured at each 
setting and were plotted against the RF as shown in Figure 12.  It can be seen from the 
plot that for most of the masses the maxima lies between 1100-1200 W of RF power and 
hence 1150 W power was fixed for subsequent measurements.  
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  Figure 12. Variation of Rf power 
  
b) Effect of Nebulizer Gas Flow 

The nebulizer gas flow was varied from 0.7L/min to 1.2 L/min with an increment 
of 0.1 and the counts for various masses were measured. The values were plotted as 
shown in the Figure 13. It can be inferred from the plot that the maxima lie at 1.00 L/min 
and this value was used in the measurements.  
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 Figure 13. Variation of nebulizer gas flow rate 
 
 c) Effect of Auxillary Gas Flow 

The auxillary gas flow was varied from 0.6L/min to 1.2 L/min with an increment 
of 0.1. The plot of count versus the auxillary gas flow rate is shown in the Figure 14. The 
maximum lies at 0.8 L/min and this value was used in the subsequent measurements.  
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 Figure 14. Variation of auxillary gas flow rate 
 
d) Effect of Cool Gas Flow 

The cool gas flow was varied from 15 L/min to 20 L/min with an increment of 0.5 
and the counts for various masses were measured. The plot of count versus the cool gas 
flow rate is shown in the Figure 15. The maximum lies at 18 L/min and this value was 
used in the subsequent measurements. 
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   Figure 15. Variation of cool gas flow rate 
 
e)  Study on Time Dependence of Background Signal at Mass No. 56. 

The molecular ion interferences due to the nebulizer gas (Ar) severely 
compromises the multi-elemental capabilities of ICP-MS. This problem is prominently 
reflected in the determination of 56Fe+ mass peak where the ArO+ molecular ion peak 
interferes. It has been observed that the blank signal at mass number 56 fluctuates 
severely and compromises the quantitative determination of 56Fe+ as identical background 
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signal is not maintained when the blank and the sample solutions are analyzed in the ICP-
MS. Cold plasma conditions and the shielded plasma torch have been resorted  [73] to 
eliminate this interference. In our laboratory, we studied the formation and stability of 
this background signal due to   ArO+ ion. It is seen that after about 60 minutes into the 
analysis sequence the signal becomes stable and reproducible [74-75]. When iron peak 
was monitored after this period, the results were found to be reproducible and the blank 
corrections could be carried out accurately. Figure 16 shows the plot of the counts at 
mass number 56 with time for a blank 1% HNO3 solution. 
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 Figure 16. Variation of counts at mass no. 56 of a blank solution with time 
 
5.3 GENERAL PROCEDURE OF SAMPLE PREPARATION 
 

A known weight of the sample, for analysis or characterization, preferably 500mg 
to 1g is taken. The balance to be employed should have high accuracy and precision to 
avoid introducing any weighing errors. Uranium based materials (metal, oxide, peroxide, 
etc.) are converted to stoichiometric U3O8 by heating it to 8500C in a muffle furnace for 
an hour. Depending upon the nature of the material, different acids or their combinations 
is employed for their dissolution. Sometimes it is necessary to use an oxidizing agent 
such as hydrogen peroxide to catalyze the dissolution. The dissolution of ThO2 requires 
the use of HF whose removal is essential prior to analysis by ICP-MS. A good choice of 
the dissolution procedure for the ICP-MS analysis is more critical than for any other 
techniques of atomic spectroscopy. For example, if vanadium or arsenic is to be 
determined, then hydrochloric acid must be avoided, because of the well known 
interferences occurring at the most abundant masses (isotopes) of these analytes. As most 
of the nuclear materials are refractory oxide their dissolution in conventional hot plate is 
a cumbersome task with repeated addition of the reagents to ensure complete dissolution 
and there is always some loss due to sputtering or due to escape of volatile constituents. 
To overcome such impediments and to reduce the contribution of the constituents or 
interferences from the reagents we have used the Microwave digestion system 
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(Multiwave 3000, Anton Paar). The result is complete dissolution of the matrix, use of 
minimum amount of the reagents and attainment of high detection limits and minimizing 
errors of method. Matrix separation is essential as the solution to be analyzed by ICP-MS 
should have < 0.1% TSD. Matrix separation by solvent extraction, ion exchange or 
precipitation is carried out in a reproducible manner to avoid any operational error 
creeping in. The sample solution to be analyzed by ICP-MS should be completely free of 
organic matter as their presence in small amounts may affect the operating conditions of 
the plasma and linearity of the calibration will not hold for the sample. The presence of 
trace amount of organic reagents in the aqueous phase is removed by filtering through 
Whatman 542 filter paper. The final solution meant for ICP-MS is made up in a known 
volume in 1 to 4% HNO3. All analyses are repeated independently five times to estimate 
the precision. Procedure blanks realized in the same conditions as samples have to be 
performed and their values subtracted from the results. The separation of the matrix 
below the tolerable limit ensures that non spectroscopic interferences are kept at bay. The 
external calibration technique is used for the quantification when the number of trace 
constituents in a given matrix is large. The internal standard technique is used when the 
numbers of analytes are limited and they have more or less the same characteristic 
chemical properties. The accuracy of the method is determined by the use of certified 
reference material. In the absence of CRM, standard addition and a complimentary 
analytical technique is used to establish the analytical methodology. We present below 
the analytical methodology followed in the determination of trace metallic constituents in 
a host of materials by ICP-MS in a concise and pragmatic way. 
 
6. APPLICATIONS  
 
6.1  NUCLEAR TECHNOLOGY 
 
6.1.1 Fuels 
 
a) Participation in Inter Laboratory Comparison Experiment (ILCE) for the 

determination of trace impurities in uranium matrix. 
  
The DAE inter-laboratory Comparison programme was started in the year 1998 for 

the purpose of achieving uniformity in the analysis of uranium oxide materials by 
utilizing analytical techniques like ICP-AES, ICP-MS, AAS, and DC arc carrier 
distillation. The inter-laboratory comparison experiments were conducted to arrive at the 
following:  
 

1) Validation of 30% TBP/CCL4 and 0.2M TOPO as a bias free chemical separation 
method equally suitable for rare earths and common metals in uranium oxide. 



26 
 

2) Preparation and characterization of two U3O8 materials which can be treated as 
certified reference materials (CRM) I and II with varying amounts of trace 
impurities. These CRMS will meet a long-standing need of the DAE to have its 
own certified nuclear materials. 

 
We participated in the second phase of ILCE where two U3O8 samples containing 

varying amount of trace analytes, relevant to nuclear materials, were analyzed by 
different techniques including ICP-MS. The matrix separation was carried out by the 
nodal procedure (TBP/TOPO). Recovery studies were carried out to establish the 
separation procedure. The results reported, as given in Table 3, by our laboratory 
employing ICP-MS were in good agreement with the grand average [76]. These U3O8 
samples were declared as Certified reference Materials. 
 
Table 3 : Results of ILCE of Uranium oxide IV and V. 
 
Elements ILCE IV (μg/g) ILCE V (μg/g) 
Al 30.50 81.60 
Cr 45.05 6.96 
Mn 12.43 12.94 
Co 6.39 0.17 
Ni 13.79 5.45 
Cu 7.47 0.95 
Zn 7.73 9.40 
Mo 24.80 6.18 
Sm 0.26 0.19 
Eu 0.27 0.045 
Gd 0.21 0.21 
Dy 0.16 0.19 
 
 
b) Participation in ILCE for the determination of trace impurities in thorium 

matrix. 
  

A similar exercise for preparation, characterization of certified reference materials in 
thoria and establishing a nodal separation procedure for matrix removal was undertaken 
in which various laboratories participated using different analytical techniques for 
quantification of trace metallic elements. Two separation procedures – 40% TBP in 
CCL4 and 30% Cyanex in xylene were used and recovery studies were also undertaken. 
It was found after analysis by all the participating laboratories that the percentage 
recoveries of the trace elements of interest by TBP were 90-100% whereas those by 
Cyanex were not consistent. Hence 40% TBP in CCl4 was declared as the nodal 
separation procedure.  
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The concentration of the trace elements in four samples THO2-MOS, THO2-S, 
THO2-D, THO2-B, separated by TBP followed by analysis employing ICP-MS were in 
good agreement with the grand average [11]. The results are given in Table 4. These four 
materials were declared as CRMs. 
 
Table 4: Results of ILCE  experiments on ThO2 analysis for trace elements 
Method of separation: TBP extraction. 
 
Elements  Tho2-B 

(μg/g of Th) 
Tho2-D 
(μg/g of Th) 

Tho2-S 
(μg/g of Th) 

Tho2-MOS 
(μg/g of Th) 

Mg 7.43 64.73 102.10 36.25 
Al 12.37 60.63 45.01 12.49 
V 0.16 2.27 1.06 1.58 
Cr 26.36 34.51 21.16 51.32 
Mn 9.08 15.87 10.48 16.54 
Fe 74.09 192.07 120.33 205.00 
Ni 12.84 67.83 33.79 37.64 
Cu 3.75 111.06 67.35 65.75 
Mo 3.34 154.20 83.96 87.07 
Cd 0.05 2.38 1.25 1.29 
Sb <0.01 1.59 1.61 1.35 
Ce 0.91 11.84 5.70 6.72 
Sm 0.25 1.53 0.85 1.02 
Eu 0.02 0.29 0.14 0.18 
Gd 0.20 1.17 0.67 0.95 
Dy 0.07 0.89 0.46 0.54 
Er <0.01 0.77 0.29 0.39 
 
c) Characterization of the simulated fuel of ThO2. 

 
With a view to understanding thermo-physical behavior of thoria based fuel 

during irradiation, simulated fuels of ThO2 + 2% UO2 containing varying amounts of Sr, 
Y, Zr, Mo, Ru, Ba, La, Ce, and Nd as their oxides, corresponding to various atom % 
fission, were prepared synthetically by Applied Chemistry Division. These samples were 
to be certified by ICP-MS with respect to amount of different dopant elements present 
after preparation and sintering stage. About 100 mg of solid sample was dissolved by 
HNO3+ HF mixture and diluted in 1% HNO3, after evaporating HF, so as to have thorium 
concentration less than 1mg/mL. The concentration of various elements was determined 
using ICP-MS by external calibration technique. The results are given in Table 5. Ba and 
Sr were found to be less than the expected values indicating that these elements were lost 
in the form of volatile oxides during sample preparation. This was reported to the 
concerned division and they took the necessary precaution during preparation of the 
second lot so that there was no loss of these two elements and this was further confirmed 
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by analysis of the fresh samples by ICP-MS. However Zr and Ru were always 
significantly lower than the expected values indicating either loss during preparation 
stage or incomplete dissolution of their oxides during sample preparation for ICP-MS 
analysis. 
 
Table 5: Results of dopants in ThO2+ 2% UO2 Sim Fuel.  
 

Sr. 
No. 

Element Doped Amount 
 (μg/g) 

Concentration in 
Green Pellet 

 (μg/g )  

Concentration in 
Sintered pellet 

(μg/g)  
1 Sr 973 955 850 
2 Y 499 500 462 
3 Zr 2723 106 119 
4 Mo 1772 1600 1426 
5 Ba 791 635 449 
6 La 776 760 714 
7 Ce 1868 1870 1777 
8 Nd 3383 3200 2855 

 
 
d)  Establishment of an analytical methodology for the determination of Traces of 

Thorium in Uranium.  
 

Thorium is not a specification in PHWR fuel. However in fast reactors traces of 
thorium in the fuel has to be below a specific limit [77] due to the formation of 232U. The 
daughter products of the 232U create radiation hazard in the finished products even after 
reprocessing of the spent fuel. The determination of trace amounts of Thorium in the fuel 
is necessary for which a sensitive analytical technique is desired having low detection 
limit and least matrix interferences. Inductively Coupled Plasma Mass Spectrometer is 
considered to be the best technique which has all these merits with the only limitation 
that the total amount of dissolved solids should be less than 0.1%. It is therefore essential 
to separate traces of thorium from the Uranium matrix for its determination by ICP-MS 
[78] and validate the separation procedure for the quantitative recovery of Thorium.  

A number of extractants such as tributylphosphate, trioctyl phosphine oxide, organo-
phosphoric acid, etc., have been reported for the extraction of thorium and uranium. 
Organic solutions of high molecular weight amines and amine salts have been shown to 
be excellent extractants for uranium [79] from aqueous solutions. In hydrochloric acid 
medium, thorium does not form anionic chloro species appreciably whereas uranium 
forms anionic uranyl complexes in the same medium and this difference in properties of 
the two is utilized for a clean separation of the two elements. Moore [80] employed 20% 
Triisooctylamine dissolved in xylene for the rapid extraction of uranium (VI) from 
hydrochloric acid solution. In the present work solvent extraction procedure using 20% 
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aliquat 336 (Tri-Octyl Methyl Ammonium Chloride) in xylene  was used for removal of 
uranium matrix. Aliquat 336 was chosen because of higher Kd value for uranium relative 
to other quaternary amines [81] and also it does not lead to gel formation at the interface 
if the uranium concentration exceeds 60 mg/mL when compared to Triisooctylamine. In 
order to achieve a higher decontamination factor of thorium from uranium a second 
separation step using anion exchange (AG 1X4 resin) was carried out to reduce the total 
matrix concentration ~ 5 ppm . 
Recovery studies were carried out by standard addition and it was found that matrix 
separation by aliquat 336 yielded a recovery of >92% for thorium with good precision 
3.2%. The results are given in Table 6. To validate the analytical procedure a 
complimentary tracer technique was employed where 234Th (γ: 63 KeV) was used for 
carrying out the recovery study. The percentage recovery by the tracer technique was ~ 
95% and reproducible thereby establishing the separation procedure [82]. The results of 
this exercise is given in Table 7. 
 
Table 6: The Results for Tests of Addition/Recovery for Thorium Determination 
(Sample Volume: 25 mL, N= 10). 
 
Analyte Added (μg) Found (μg) *Recovery (%) 
Th (IV)
 
 
  

     0  0.021 ± 0.001  ------ 
4.85  4.71± 0.14  96.7 ± 3 
2.43 2.32 ± 0.07  94.6 ± 3  
1.30  1.28± 0.05 96.9 ± 4 
0.50  0.48 ± 0.02  92.0 ± 4 

* Recoveries after blank (from U matrix) correction.  
 
Table 7: Results of recovery of Th from Uranium matrix by tracer technique. 
  
Sample Counts (N=3) 

for 300 seconds    
% Recovery 

Reference 63215 ± 248   - 
Sample 1 59253 ± 230 93.7 
Sample 2 58562 ± 260  92.6 
Sample 3 58737 ± 254 92.9 
Sample 4 59136 ± 273 93.5 
Sample 5 58654 ± 257 92.8 
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e) Determination of trace metallic impurities in ADU and other uranium based 
materials. 

  
Ammonium Di-Uranate is the intermediate material for the fabrication of uranium 

based nuclear fuels. It is imperative that the ADU samples qualify the stringent CQC with 
respect to trace impurities before being processed further. The general approach for CQC 
for ADU is to convert it to stoichiometric U3O8 by heating in a muffle furnace at 8500 C 
and dissolve 1 g of the sample in nitric acid and the molarity was adjusted to 4M.  The 
uranium matrix was removed by a nodal separation procedure as discussed above. The 
resulting aqueous solution was made up in 25 ml of 1% nitric acid. This solution was 
analyzed for trace impurities (Al, Cr, Mn, Fe, Ni, Cu, Gd, Dy, Cd, Sm, Eu, and Mo) by 
ICP-MS using the external calibration technique.  
Similar procedure is being followed for the CQC of metal, powders and peroxide. A 
typical result of the trace impurities in ADU, Uranium Peroxide  and Uranium - 2% 
Molybdenum powder are given in Table 8, Table 9 and Table 10. 
 
Table 8: A typical result of trace elements in ADU. 
 
Sr. 
No. 

Elements Concentration 
(μg/g w.r.t.U) 

1 Al 16.19 
2 Cr 7.22 
3 Mn 3.14 
4 Fe 159.5 
5 Ni 5.56 
6 Cu 5.53 
7 Gd 0.10 
8 Dy <0.02 
9 Cd <0.02 
10 Sm <0.02 
11 Eu <0.02 
12 Mo 6.56 
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Table 9: Results of trace impurities in Uranium Peroxide. 
 
Sr. No. Elements concentration (μg/g) 

1 Al 58.1 
2 Cr 8.4 
3 Mn 14.2 
4 Fe 67.8 
5 Ni 9.5 
6 Cu 1.1 
7 Zn 0.28 
8 Dy 0.41 
9 Cd 0.06 
10 Mo 0.45 
11 Mg 80.4 
12 Ca 4.2 
13 V 25.6 
14 Sb <0.02 
15 Ce 1.5 
16 Sm 0.22 
17 Eu <0.02 
18 Er 0.20 

 
Table 10: Results of trace impurities in Uranium- 2%Molybdenum powder. 
 
Sr. No. Elements concentration (μg/g) 

1 Al 66 
2 Cr 55 
3 Mn 41 
4 Fe 46 
5 Ni 45 
6 Cu 15 
7 Gd <0.02 
8 Dy <0.02 
9 Cd 2 
10 Sm 0.55 
11 Eu <0.02 

 
6.1.2  Structural and Other Nuclear  Materials 
 
a) Determination of trace impurities in Zircoloy.  
 Zircoloy is used as cladding material for most of the thermal reactors. Presence of 
impurities above specification can affect neutron economy, change the physico-chemical 
behavior of the clad and produce activation products. A method based on Inductively 
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Coupled Plasma Mass Spectrometry has been standardized for the determination of trace 
impurities in Zircoloy. 

The matrix separation was achieved by precipitating Zr with 16 % mandelic acid 
as zirconium mandelate in 6M HCl medium. The average recovery of some elements viz. 
Co, La, Ce, Nd, Sm, Eu, Gd, Dy, Yb, and Lu was about 85% with good precision. The 
results are given in Table 11. 
 
Table 11: Results of Recoveries of trace elements from Zirconium matrix.  
 

Elements Avg. % Recovery Stdev. 
Co 81.17 ±2.39 
La 79.72 ±4.37 
Ce 84.82 ±3.01 
Nd 87.21 ±3.02 
Sm 83.09 ±3.43 
Eu 84.13 ±1.90 
Gd 84.26 ±1.65 
Dy 84.43 ±1.60 
Yb 79.82 ±3.15 
Lu 79.28 ±3.27 

 
b) Determination of metallic impurities in high purity Ni, high purity Gd2O3, high 

purity Al2O3 and Zr-Nb Alloy. 
  

Many metals and alloys are used in nuclear industry as clad and as structural 
materials. High purity nickel is used as an alloying element to enhance the corrosion 
resistance of the desired alloys. High purity Gd2O3 and Al2O3 are used for the fabrication 
of GdAlO3, which is used as one of the burnable poison in the reactor for fine control of 
reactivity. Zirconium based alloys (Zircaloy II and IV, Zr –Nb) finds wide application as 
cladding materials for their corrosion resistance, good mechanical strength and low 
neutron absorption cross-section.  
The purity of these materials should be impeccable and were analyzed by ICP-MS for the 
following metallic elements. 
  
Mg, Mn, Co, Cu, Zn, Cd, Pb & Bi in high purity Ni. 
Y, Sm, Eu & Tb in high purity Gd2O3. 
B, Al, Ti, Cr, Mn, Co, Cu, Zn, Mo, Gd, Dy, Sm, Eu, Cd, La & Ce in high purity Al2O3. 
 Nb and Cu in Zr-Nb Alloy. 
The results are given in Table 12, Table 13, Table 14 and Table 15. 
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Table 12: Results of trace impurities in high purity Nickel. 
 

Sr. No. Elements Concentration μg/g 
1 Mg 200 
2 Mn 835 
3 Co 498 
4 Cu 15.4 
5 Zn 2.7 
6 Cd <0.2 
7 Pb <0.2 
8 Bi <0.2 

 
Table 13: Results of trace impurities in high purity Gd2O3. 
 

Sr.No. Elements Concentration (μg/g) 
1 Y 4.12 
2 Sm <0.02 
3 Eu 2.5 
4 Tb 10.9 

 
Table 14: Results of trace impurities in Alumina Powder. 
 

Sr.No. Elements K-4 (μg/g) K-5 (μg/g) 
1 Y <0.02 <0.02 
2 Sm <0.02 <0.02 
3 Eu <0.02 <0.02 
4 Gd 20.8 35.4 

 
Table 15: Concentration of Nb and Cu in Zirconium –Niobium Alloy (borated). 
 
 BPR-34 BPR-56 
Wt.% of Nb 1.01 ±0.02 1.08±0.02 
Conc. of Cu (μg/g) <0.5 <0.5 
 
c) Homogeneity study of GdAlO3 by ICP-MS 
  

GdAlO3 is used as a burnable poison and during its preparation from Gd2O3 and 
Al2O3 there is a probability of formation of Gd4Al2O9 which exists as a separate phase. 
The Gd/Al weight ratio (about 5.8) in GdAlO3 is one of the important criteria from the 
stoichiometry consideration. The presence of Gd4Al2O9 phase leads to volume expansion 
and phase in-homogeneity. X-ray diffraction is normally employed to confirm the 
presence of different phases provided their abundances are more than 5% and the phases 
should be crystalline.  XRD could not be used for the present work, as the specification 
for Gd4Al2O9 phase in GdAlO3 is less than 5%.  
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GdAlO3 is a highly refractory material and not soluble in mineral acids whereas 
the compound Gd4Al2O9 is easily soluble. The difference in solubility between the two is 
utilized for their separation followed by quantification of Gd4Al2O9 in GdAlO3 employing 
ICP-MS. 
 
d) Isotope ratios of Boron 
 

Boron and its compounds are used as neutron absorber in nuclear reactors to 
control reactivity. It has got two isotopes 10B (σ = 3840 b) and 11B (σ = 0.005 b) with 
their natural abundances as 19.90 % and 80.10 % respectively. In thermal reactors natural 
boron is used where as in fast reactors enriched boron is used. It is therefore necessary to 
measure isotopic composition of boron before its use in reactor. 
Generally Thermal Ionisation Mass Spectrometer (TIMS) is the preferred technique for 
precise and accurate (better than 0.1%) measurements of isotopic ratios. Magnetic sector 
ICP-MS with multi-collector has been widely employed for isotopic ratio measurements 
[83-85] and precision and accuracy comparable to that of  TIMS is possible. Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) with quadrupole mass analyzer could also 
be used for the purpose where the requirement in the precision and accuracy are not that 
demanding [86-88]. 

ICPMS was used for boron isotope ratio measurement and various instrumental 
(R.F. power, cool gas flow, auxiliary gas flow and nebuliser gas flow) and experimental 
(sample solution concentration, sample solution flow rate, peak scanning and peak 
jumping mode of data acquisition and dwell time) parameters were optimsed to achieve 
the best possible precision and accuracy of IC determination.  
It was found that the precision and accuracy of measurement was poor while using peak 
scanning mode whereas with peak jumping mode it was possible to get a precision of 1% 
or better on atom ratio determination of boron if the concentration of boron in the 
solution is 1-2 µg/ml and the dwell time of 5 –10 sec is employed.  

Figure 17 gives a typical mass spectrum recorded for a boron sample with a dwell 
time of 10 sec for 10B and 5 sec for 11B in peak jumping mode. It is clear from the flat top 
of the peaks that the ion current is steady during data acquisition.  Table 16 gives the 
results of the isotopic composition of boron in Chromium di-boride and Boron Carbide 
samples. 



35 
 

  
 
  Figure 17. Mass spectrum of boron 
 
 
Table 16: Isotopic Composition of Boron . 
 
Sr.No. Sample Atom percent of 10B 
1 Chromium di-boride 19.8 ± 0.2 
2 Boron Carbide 20.0 ± 0.2 
3 Boron Carbide 19.8 ± 0.2 
4 Boron Carbide 19.6 ± 0.2 
 
 
6.1.3  Alternate Source of Uranium 
 
a) Determination of trace metals in Weak Phosphoric acid.  

 
Wet Phosphoric acid (WPA) is an alternative source of Uranium and attempts are 

under progress for its recovery. Generally solvent extraction method is employed 
followed by stripping of metals after valency adjustment either by oxidizing or by 
reducing agents. The presence of metals capable of exhibiting multiple oxidation states 
may affect the recovery of Uranium from WPA. Therefore it is essential to have an idea 
about the trace metals present in WPA in order to standardize flow sheet for the recovery 
of uranium.  

The green acid, after charcoal treatment, received from RCF, Mumbai was 
suitably diluted with 1% HNO3 and analysed for V, Cr, Ni, Co, Cu, As, Ce, Nd, Sm, Gd, 
Dy, Pb, U, Zn, Mo, Sr, Y, Cd, La, and Th employing ICP-MS using external calibration 
technique and the results are given in Table 17 . 
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Table 17: Results of trace impurities in Wet Phosphoric Acid. 
 
Sr. 
No. 

Element Conc. (μg/ ml) in H3PO4 before 
charcoal treatment 

Conc. (μg/ ml) in H3PO4 after 
charcoal treatment 

1 V 54.5 60.0 
2 Cr 85.7 77.8 
3 Ni 17.7 12.8 
4 Co 0.6 0.7 
5 Cu 16.2 16.9 
6 As 3.3 4.5 
7 Ce 3.0 2.1 
8 Nd 1.7 1.1 
9 Sm <0.5 <0.5 
10 Eu <0.5 <0.5 
11 Gd 0.7 <0.5 
12 Dy <0.5 <0.5 
13 Pb 0.6 <0.5 
14 U 78.6 79.2 
15 Zn 181.6 143.7 
16 Mo 3.4 3.1 
17 Sr 12.8 44.5 
18 Y 13.1 12.2 
19 Cd 6.4 4.6 
20 La 3.0 2.4 
21 Th 1.6 1.5 

 
 
6.1.4  Waste Management 
 
a) Characterization of sodium zirconium phosphate (NaZr2P3O12) 

(In collaboration with Institute of Science, Mumbai). 
 
Vitrification of nuclear waste is a challenge faced by the nuclear industries. In this 

context the feasibility of using NZP matrix for waste vitrification was studied. Initially 
single element (Cs/Sr/Ru/Te) was doped in the NZP matrix by microwave heating to 
4500C followed by sintering at 10000C in a muffle furnace. In the second stage more than 
one element was doped in NZP matrix. The aim of this study was to account for the 
evaporation loss of these dopant elements from the matrix during their preparation and 
sintering stage and subsequent leaching studies employing Inductively Coupled Plasma 
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Mass Spectrometer. The above-mentioned four elements were chosen as they are the 
main products of nuclear fission reaction.  

It was observed that the amount of the substituted elements in the matrix 
containing only one element was almost same after microwave heating at 4500C. Among 
the doped elements Sr and Ru were retained nearly quantitatively in NZP sintered at 
10000 C while there was significant loss of Cs and Te. These loses were found to be 
reduced considerably when two or more elements were introduced in NZP 
simultaneously. However in the case of doping multiple elements in NZP, it was 
observed that there was loss of Cs in any combination containing Ru.  

The sintered NZP matrices containing one or more than one elements were also 
subjected to leaching studies. These pellets were leached in milli-Q water and saturated 
brine solution at room temperature and also at 900C for twenty-eight days. The elements 
leached in the milli-Q water were estimated by ICP-MS and following observations were 
made. 
 

1. Leaching is maximum when single dopants are added in NZP.  
2. Among the dopants Cs is found to leach to the maximum extent in deionized 

water at room temperature followed by Te. The leaching of Sr is considerably less 
whereas there is virtually no leaching of Ru from Ru doped NZP. 

3. The concentration of the dopants determined in the solution leached for 28 days 
showed retention of the elements to the extent of 90%. 

4. In 80% brine solution the leaching rate of Cs increase initially and becomes 
constant after two weeks whereas the leaching rate of Sr was found to be lower 
compared to that in pure de ionized water at room temperature. However the 
leaching rate of Sr increases in brine solution at 900C. 

 
6.2  Environmental  
 
a) Characterization of Antarctica rock samples 
  

Twelve rock samples collected from different topographical locations in 
Antarctica by Geological Survey of India were sent to BARC for characterization with 
respect to uranium and thorium. Investigations reveled that the rocks were primarily of 
silicate type. The samples grounded to fine particulates and 100 mg of each sample was 
dissolved in concentrated H2SO4 and the silicon matrix was removed as its volatile 
fluoride. These samples were then analyzed by ICP-MS for uranium, thorium and other 
trace constituents. Due to the lack of certified reference material, synthetic standards of 
34-elements of 50, 100, 200 and 500ng/ml were prepared. The external calibration 
technique was utilized for the analysis of these samples. It was found that all these 
samples had appreciable levels of Al, Mg, Ca, Ti, Cr, Mn, Ni, and Sr. One of the sample 
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had around 0.1% of Pt while two others had 0.03%. Analysis revealed the presence of 
Thorium in four samples (9, 77, 271 and 10 ppm) and uranium in four samples (10, 584, 
140 and 24 ppm). The results are given in Table 18. 
 
Table 18: Results of trace elements in Antarctica Rock Samples (μg/g). 
 
Ele Rock

1 
Rock
2 

Rock 
3 

Rock 
4 

Rock
5 

Rock 
7 

Rock 
8 

Rock 
9 

Rock 
10 

Rock 
11 

Rock 
12 

Mg 118 1659 - 850 378 6588 - 2074 3362 728 587 
Ti 4716 1591

0 
1.80 % 5798 2963 2.81 % 2.51 % 2.94 % 1.15 % 1426 2500 

Cr 3672 299 473 282 1014 3552 770 207 1241 2631 297 
Mn 1215 620 6343 176 291 5718 6952 2767 2229 506 527 
Ni - - 700 40 75 - 748 - 293 - 56 
Co - - 19 - - 11 32 - 6 - - 
Cu - - 23 - - 50 229 - 21 - - 
Zn 111 451 500 135 11 941 947 1263 378 362 - 
Sr 176 64 170 133 152 212 487 352 73 223 97 
Y - 9 41 - - 10 18 - 30 - 6 
Mo - - 11 17 11 - - - - - 6 
Ba 239 60 122 113 205 231 291 119 205 49 192 
La - 5 99 - 4 72 64 1089 67 - - 
Ce - 37 227 - 9 65 66 2877 134 - - 
Nd - 11 87 - - 11 19 560 49 - - 
Sm - - - - - - - 40 - - - 
Gd - - - - - - - 98 - - - 
Dy - - - - - - - 10 - - - 
Pt 139 108 1151 158 246 91 160 - 447 28 350 
Pb 51 4 - - 16 5 147 - 5 - - 
Bi - - - - - - 23 - - - - 
Th 2 - 9 - - - 77 271 10 - - 
U 10 - - - - - 584 - 140 24 - 
 
 
b) Participation in ILCE on the determination of trace metallic elements in 

Singapore Rain water employing ICP-MS 
   

We collaborated with the National University of Singapore [89] by participating in 
the round Robin experiments for preparing certified rainwater reference material. 
The rainwater sample was pre-concentrated and finally taken in 1% HNO3 before 
performing ICP-MS analysis. Standard solutions of varying concentration containing As, 
Cd, Cu, Co, Mn, Ni, and Pb were prepared freshly from the stock solution. Concentration 
of above mentioned elements in the rain water samples were determined using three point 
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calibration employing ICP-MS. Six such replicate measurements were carried out and the 
results reported by our laboratory were in good agreement with the results reported by 
other participating laboratory employing other instrumental techniques. The results are 
given in Table 19. 
 
Table 19: Results of ILCE of Singapore Rain water 
 
Elements By our Instrument (μg/Kg) Certified Values (μg/L) 
As 0.17 ± 0.05 0.14  ± 0.03 
Cd 0.18 ± 0.07 0.066 ± 0.023 
Pb 2.3 ± 0.5 2.23 ± 0.41 
Cu 6.3 ± 0.8 4.44 ± 0.42 
Mn 4.5 ± 0.8 1.21 ± 0.30 
Co 0.06 ± 0.03 0.084 ± 0.024 
Ni 3.9 ± 0.7 1.10 ± 0.15 
Zn 18.9  ± 1.8  15.5 ± 2.3 
 
c) Determination of trace elements in soil and medicinal plants of Mangalore 
        (In collaboration with Mangalore University). 
 
 Mangalore, an important region of Southwest coast of India has become a region 
of major industrial activities. Soil is an important parameter of the environment as it is a 
good indicator of industrial pollution. As soil is the main source of trace elements for 
plants both as micronutrients and pollutants, the trace elements uptake from soil by plant 
needs to be studied. With this view some plant and associated soil samples have been 
collected and were analyzed for trace elements using ICP-MS.  
 The soil samples from the region were collected following standard procedure. 
Initially about forty sampling stations were identified in a radius of about 10 km.  Then at 
each sampling location about 1 square meter area was marked for sample collection.  
The soil samples were finely powdered using mortar and pestle and about 0.1 gm of each 
sample was digested with a mixture of HNO3 + HClO4 + HF on a hot plate to remove 
silica and organic matter.  The solution was filtered through Whatmann 541 filter paper 
and the final volume was made in 25 ml volumetric flask using 1% HNO3 for ICP-MS 
analysis. The trace elements in each of the samples were quantified by ICP-MS 
employing the external calibration technique.  
 Forty plant samples (Azadirachta indica and Ocimum sanctum) from the same 
locations were collected in order to study uptake of elements in the soil by different type 
of plants. These  two types of plants are very commonly available in the environment of 
the region and are widely used for the preparation of ayurvedic medicines. Leaf, stem and 
root of each plant sample was collected and converted to ash. About 0.5 g of the ash was 
digested in a mixture of HNO3 + HClO4 (2:1). The solution was filtered through 0.45 
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micron filter and each solution was made in 25 ml volumetric flask using 1% HNO3 for 
ICP-MS analysis.   
The following observations were made after analysis: 
 

1) All the soil samples were found to be rich in Titanium (mg/g) and the associated 
plant sample had lower level of Ti in µg/g range. 

2) Presence of toxic elements like As, Hg and Pb (~30µg/g) in the soil samples and 
< 10 µg/g in the corresponding plant samples. 

3) Pre-concentration of Rb and Sr in all the plant samples. In some plant samples 
pre-concentration of Ni and Cu was also observed. 

4) Presence of Rare Earth Elements in low levels in soil and almost negligible in 
plant. 

5) Rare metals were below detection limit for almost all the soil and plant samples. 
6) Presence of trace amount of Uranium and Thorium in the soil samples. 
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