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Introduction 

Inductively coupled plasma/optical emission spectrometry 

(ICP/OES) is a powerful tool for the determination of metals in a 

variety of different sample matrices With this technique, liquid 

samples are injected into a radiofrequency (RF)-induced argon 

plasma using one of a variety of nebulizers or sample introduction 

techniques. 

The sample mist reaching the plasma is quickly dried, vaporized, 

and energized through collisional excitation at high temperature. 

The atomic emission emanating from the plasma is viewed in 

either a radial or axial configuration, collected with a lens or mirror, 

and imaged onto the entrance slit of a wavelength selection 

device. 

Single element measurements can be performed cost effectively 

with a simple monochromator / photomultiplier tube (PMT) 

combination, and simultaneous multi element determinations are 

performed for up to 70 elements with the combination of a 

polychromator and an array detector. 

The analytical performance of such systems is competitive with 

most other inorganic analysis techniques, especially with regards 

to sample throughput and sensitivity. 

The ICP was developed for optical emission spectrometry (OES) 

by Fassel et al. At Iowa State University in the US and by Green 

field et al. At Albright & Wilson, Ltd. In the UK in the mid-

1960s.1;4;5/ The first commercially available ICP/OES instrument 

was introduced in 1974. The ICP is now not only the most popular 

source for OES but it is also an excellent ion source for inductively 

coupled plasma mass spectrometry (ICPMS) / ICP/OES is a 

proven commercial success, and the future is still bright for ICP-

based spectroscopic techniques. 

Detectability has been continuously and dramatically improved 

over the past 35 years. Detection limits, for example, have 

improved by a factor of four to six orders of magnitude for many 

elements. Nevertheless, research and commercial opportunities 

for the further development of ICP/OES remain intriguing. 
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Theory and Characteristics 

As shown in the figure, the so - called ICP ‘‘torch’’ is usually an 

assembly of three concentric fused-silica tubes.  

 

 

 

These are frequently referred to as the outer, intermediate, and 

inner gas tubes. A water-cooled, two- or three-turn copper coil, 

called the load coil, surrounds the top section of the torch, and is 

connected to a RF generator. 

The outer argon flow sustains the high temperature plasma, and 

positions the plasma relative to the outer walls and the induction 

coil, preventing the walls from melting and facilitating the 

observation of emission signals. The plasma under these 

conditions has an annular shape.  

When RF power (typically 700 - 1500 Watts) is applied to the load 

coil, an alternating current moves back and forth within the coil, or 

oscillates, at a rate corresponding to the frequency of the 

generator. This frequency is either 27 or 40 megahertz (mhz). This 

RF oscillation of the current in the coil causes RF electric and 

magnetic fields to be set up in the area at the top of the torch. With 

argon gas being swirled through the torch, a spark is applied to the 

gas causing some electrons to be stripped from their argon atoms. 

These electrons are then caught up in the magnetic field and 

accelerated by them. Adding energy to the electrons by the use of 

a coil in this manner is known as inductive coupling. These high-

energy electrons in turn collide with other argon atoms, stripping 

off still more electrons. This collisional ionization of the argon gas 

continues in a chain reaction, breaking down the gas into a plasma 
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consisting of argon atoms, electrons, and Argon ions, forming what 

is known as an inductively coupled plasma (ICP) discharge. 

The ICP discharge is then sustained within the torch and load coil 

as RF energy is continually transferred to it through the inductive 

coupling process. 

 

 

 

Cross section of an ICP torch and load coil depicting an ignition 

sequence. 

A: Argon gas is swirled through the torch. 

B: RF power is applied to the load coil  

C: A spark produces some free electrons in the argon. 

D: The free electrons are accelerated by the RF fields causing 

further ionization and forming plasma. 

E: The sample aerosol-carrying nebulizer flow punches a hole in 

the plasma. 

 

The ICP discharge appears as a very intense, brilliant white, 

teardrop-shaped discharge at the base, the discharge is toroidal, 

or "doughnut-shaped" because the sample carrying nebulizer flow 

literally punches a hole through the center of the discharge. The 

body of the "doughnut" is called the induction region (IR) because 

this is the region in which the inductive energy transfer from the 

load coil to the plasma takes place. This is also the area from 
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which most of the white light, called the argon continuum, is 

emitted. Allowing the sample to be introduced through the 

induction region and into the center of the plasma gives the ICP 

many of its unique analytical capabilities. 

The functions of the ICP discharge or the plasma at this point are 

several folds. 

The first function of the high temperature plasma is to remove the 

solvent from, or desolvate, the aerosol, usually leaving the sample 

as microscopic salt particles. The next steps involve decomposing 

the salt particles into a gas of individual molecules (vaporization) 

that are then dissociated into atoms (atomization). 

 

 

 

These processes, which occur predominantly in the preheating 

zone (PHZ) shown in Figure (2-3), are the same processes that 

take place in flames and furnaces used for atomic absorption 

spectrometry.  
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The second function is excitation and ionization. 

 In order for an atom or ion to emit its characteristic radiation, one 

of its electrons must be promoted to a higher energy level through 

an excitation process. Since many elements have their strongest 

emission lines emitted from the ICP by excited ions, the ionization 

process may also be necessary for some elements. The excitation 

and ionization processes occur predominantly in the initial 

radiation zone (IRZ) and the normal analytical zone (NAZ). The 

NAZ is the region of the plasma from which analyte emission is 

typically measured.  
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System and Instrumentation major Components 

The Optima 5000 consists of three major components: the 

spectrometer, the ICP source and Sample Introduction System. 

 

 

The Sample Introduction System consists of the following 

assemblies: 

 Nebulizers and Spray Chamber. 

 Auto sampler. 

 Peristaltic Pump. 

 The ICP Source consists of the following assemblies: 

 RF Generator and Torch Compartment assemblies 

 RF Control Electronics 

 

The Spectrometer consists of the following assemblies: 

a. The Transfer Optics module. 

b. The Input module. 

c. The UV Detector module. 

d. The VIS Detector module. 

 

The Sample Introduction System 

A sample introduction system is used to transport a sample into 

the central channel of the ICP as either gas, vapor, aerosol of fine 

droplets, or solid particles. 
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Nebulizers 

Nebulizers are devices that convert a liquid into an aerosol that 

can be transported to the plasma . Many forces can be used to 

break up a liquid into an aerosol; however, only two have been 

used successfully with an ICP, pneumatic forces and ultrasonic 

mechanical forces. 

The type of pneumatic nebulizer most commonly used for ICP-

OES, is the concentric nebulizer. In this nebulizer, the solution is 

introduced through a capillary tube to a low-pressure region 

created by a gas flowing rapidly past the end of the capillary. The 

low pressure and high-speed gas combine to break up the solution 

into an aerosol. 

 

 

 

A second type of pneumatic nebulizer is the cross-flow nebulizer. 

The operation of cross-flow nebulizers is often compared to that of 

a perfume atomizer. Here a high speed stream of argon gas is 

directed perpendicular to the tip of a capillary tube (in contrast to 

the concentric or micro-concentric nebulizers, where the high-

speed gas is parallel to the capillary). The solution is either drawn 

up through the capillary tube by the low-pressure region created by 

the high-speed gas or forced up the tube with a pump. 
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The third type of pneumatic nebulizer used for ICP-OES is the 

Babington nebulizer. 

This nebulizer was originally developed as a way to nebulize fuel 

oil for industrial burners. The Babington nebulizer works by 

allowing the liquid hole shears the to flow over a smooth surface 

with a small hole in it. High-speed argon gas emanating from the 

sheet of liquid into small drops.  

In ultrasonic nebulization, liquid sample is pumped onto an 
Oscillating piezoelectric transducer. The oscillations break the 
sample into a fine aerosol, so aerosol formation Is independent of 
nebulizer gas flow. The efficiency of an Ultrasonic nebulizer is 
typically between 10% and 20%, at least 10-fold greater than 
typical pneumatic nebulization. More samples will reach the ICP, 
providing detection limits which are usually 10 times lower than 
pneumatic nebulization. 
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Pumps  

Some of the nebulizers discussed here require that the solution be 

pumped into the nebulizer, the Babington types, including the V-

groove, and the ultrasonic, While the concentric and some cross-

flow nebulizers can naturally draw the solution into the nebulizer by 

a process known as aspiration, a pumped flow is useful for these 

nebulizers also, With a pumped solution, the flow rate of the 

solution into the nebulizer is fixed and is not as dependent on 

solution parameters such as viscosity and surface tension. The 

controlled flow rate of liquid also allows for more rapid wash out of 

the nebulizer and spray chamber. Peristaltic pumps, such as the 

one shown in the Figure, are almost exclusively the pumps of 

choice for ICP-OES applications. These pumps utilize a series of 

rollers that push the sample solution through the tubing using a 

process known as peristalsis. The pump itself does not come in 

contact with the solution, only with the tubing that carries the 

solution from the sample vessel to the nebulizer. Thus, the 

potential for contamination of the solution that may exist with other 

types of pumps is not a concern. 

 

 

 

The special tubing used with a peristaltic pump must be 

compatible with the sample that is passing through it. Most types 

of peristaltic pump tubing are compatible with weakly acidified 

aqueous media. Pumping strongly acidic solutions or organic 

solvents, however, usually requires the use of tubing made of 

specific materials. 

ICP-OES instrument Operator’s Manuals often include guidelines 

for selection of the proper tubing. If this information is not provided, 

the analyst should consult chemical resistivity tables to select the 
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proper pump tubing when strong acids or organic solvents are to 

be pumped. 

 

Spray chambers 

Once the sample aerosol is created by the nebulizer, it must be 

transported to the torch so it can be injected into the plasma. 

Because only very small droplets in the aerosol are suitable for 

injection into the plasma, a spray chamber is placed between the 

nebulizer and the torch. 

 

 

Some typical ICP spray chamber designs are shown in Figure 3-

10. The primary function of the spray chamber is to remove large 

droplets from the aerosol. A secondary purpose of the spray 

chamber is to smooth out pulses that occur during nebulization, 

often due to pumping of the solution.  

 

PRODUCTION OF EMISSION TORCHES 

The torches used today in ICP-OES are very similar in design and 

function to those reported by Fassel in the early days of ICP-OES. 

As shown schematically in Figure, the torches contain three 

concentric tubes for argon flow and aerosol injection. The spacing 

between the two outer tubes is kept narrow so that the gas 

introduced between them emerges at high velocity. 
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This outside chamber is also designed to make the gas spiral 

tangentially around the chamber as it proceeds upward. One of the 

functions of this gas is to keep the Quartz walls of the torch cool 

and thus this gas flow was originally called the coolant flow or 

plasma flow but is now called the "outer" gas flow. For argon ICPs, 

the outer gas flow is usually about 7 - 15 liters per minute. 

The chamber between the outer flow and the inner flow sends gas 

directly under the plasma toroid. This flow keeps the plasma 

discharge away from the intermediate and injector tubes and 

makes sample aerosol introduction into the plasma easier.in 

normal operation of the torch, this flow, formerly called the auxiliary 

flow but now the intermediate gas flow, is about 1.0 L/min. The 

intermediate flow is usually introduced to reduce carbon formation 

on the tip of the injector tube when organic samples are being 

analyzed. However, it may also improve performance with 

aqueous samples as well. With some torch and sample 

introduction configurations, the intermediate flow may be as high 

as 2 or 3 L/min or not used at all. 

The gas flow that carries the sample aerosol is injected into the 

plasma through the central tube or injector. Due to the small 

diameter at the end of the injector, the gas velocity is such that 

even the 1 L/min of argon used for nebulization can punch a hole 

through the plasma. Since this flow carries the sample to the 

plasma, it is often called the sample or nebulizer flow but in 

present terminology, this flow is known as the inner gas flow.  

Furthermore, this flow acts as the carrier gas for solid aerosols 

from spark ablation and laser ablation sample introduction 

techniques. 
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Radiofrequency Generators 

The radio frequency (RF) generator is the device that provides the 

power for the generation and sustainment of the plasma discharge. 

This power, typically ranging from about 700 to 1500 watts, is 

transferred to the plasma gas through a load coil surrounding the 

top of the torch. The load coil, which acts as an antenna to transfer 

the RF power to the plasma, is usually made from copper tubing 

and is cooled by water or gas during operation. Most RF 

generators used for ICP-OES operate at a frequency between 27 

and 56 mHz.  

The specific frequency used for an ICP-OES instrument is partially 

determined by those frequencies that the U. S. Federal 

Communications Commission (FCC) and similar agencies 

worldwide have designated for scientific and industrial use 

traditionally, most ICP generators were operated at 27.12 mHz. 

However, an increasing number of instruments now operate at 

40.68 mHz because of improvements in coupling efficiency and 

reductions in background emission intensity realized at this 
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frequency. Frequencies greater than 40 mHz also have been used 

but have not been as successful commercially. 

There are two general types of RF generators used in ICP 

instruments. Crystal-controlled generators use a piezoelectric 

quartz crystal to produce an RF oscillating signal that is amplified 

by the generator before it is applied at the load coil.  

The proper electrical parameters, such as output impedance, 

needed to keep the generator operating efficiently are controlled 

by a matching network that utilizes manual or automatic (servo 

mechanical) components.  

The speed and accuracy of this matching network are critical to the 

operation of this type of generator. Free-running generators, on the 

other hand, operate at an oscillation frequency that is dependent 

not only on the electronic components of the generator circuitry but 

also on conditions within the plasma discharge. Recent advances 

in generator design have taken advantage of this dependency 

through the design of a free-running ICP generator that 

automatically adjusts the generator output power to compensate 

for certain changes in the plasma. In addition, free-running 

generators can generally be made from simpler. 

 

Collection of Emission 

The emission radiation from the region of the plasma known as the 

normal analytical zone (NAZ) is sampled for the spectrometric 

measurement. Until recently, the analytical zone was observed 

from the side of the plasma operating in a vertical orientation as 

shown in Figure .This classical approach to ICP spectroscopy is 

referred to as a radial or side-on viewing of the plasma. In the early 

1990’s, a new "look" at the normal analytical zone of the ICP was 

commercialized. The plasma is rotated to a horizontal position and 

the zone is observed from the end of the plasma as illustrated in 

Figure. This configuration has become known as an axial or end-

on viewing of the ICP. Recently, instruments that combine both 

radial and axial viewing, called dual view, have been introduced.  
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The advantages associated with each of these configurations will 

be discussed on page 3-29 no matter whether the ICP is a side-on 

or end-on viewing type configuration, the radiation is usually 

collected by a focusing optic such as a convex lens or a concave 

mirror. This optic then focuses the image of the plasma onto the 

entrance slit of the wavelength dispersing device or spectrometer. 

In some side-on configured instruments, the focusing optic is used 

in conjunction with mirrors that allow measurement of emission at 

different heights within the plasma. This viewing height adjustment 

makes the instrument more flexible, although it is not necessary for 

most analyses. (For end-on viewing ICPs, the ability to measure 

the emission at different heights is immaterial for most 

applications. However, the ability to adjust the mirror simplifies 

Torch alignment.) 

 

The Detection of Emission: 

1. PMT: 

The photomultiplier tube (PMT) is a radiation detector in which the 

incident radiation falling on a photocathode causes the emission of 

primary electrons (outer photoelectric effect) which are released 

into the surrounding vacuum resulting from the applied dynode 

voltage each primary electron is accelerated so rapidly that when it 

strikes a dynode two to ten secondary electrons are emitted, 

leading to a cascade effect. 



 درجة ثالثة - ICP-OES  المسار الوظيفي لوظيفة كيميائي مياه
 

 

 

 16 االدارة العامة لتخطيط المسار الوظيفي –بالشركة القابضة  البشريةقطاع تنمية الموارد 

 

 

2. Solid-State Detectors: 

Three generic, advanced solid-state detectors with high sensitivity 

and resolution for spectroscopic applications have been developed 

the photodiode array (PDA), the charge-injection device (CID) and 

the charge-coupled device (CCD). The CID and CCD devices are 

based on the light-sensitive properties of solid-state silicon and 

belong to the broad class of silicon-based devices called charge 

transfer devices (CTD). To illustrate the principals associated with 

CTDs, a block of very high purity crystalline silicon is considered 

(Onto this silicon substrate is grown. an insulating layer of silicon 

dioxide (SiO2). As shown in the pictorial, each silicon atom in the 

substrate is bonded to its adjacent silicon atom in a three 

dimensional lattice.  
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The silicon-silicon bond may be broken by energy of sufficient 

strength such as photons with visible or ultraviolet wavelength. 

 

 

 

Wavelength Dispersive Devices.  

The next step in ICP-OES is the differentiation of the emission 

radiation from one element from the radiation emitted by other 

elements and molecules. The discrimination of this emission may 

be done in several ways. The physical dispersion of the different 

wavelengths by a diffraction grating is by far the most common. 

Other devices less commonly used include prisms, filters and 

interferometers. Since, up to the early 1990’s, most ICP-OES 

analyses were carried out using diffraction grating-based 

dispersive devices, the following discussion will be limited to more 

conventional instruments based on their use. (However, there is an 

additional wavelength dispersive device, called an Echelle grating 

that has become an important component in ICP instruments of 

the 1990’s. Therefore, a separate section has been devoted to 

echelle gratings and instrument configurations designed around 

this component.) 

 

Echelle Grating-Based ICP Instrumentation Wavelength 

Dispersive Devices. 

In addition to the classical dispersing device, the diffraction grating, 

there is another optical component, the prism, which disperses 

polychromatic radiation into its characteristic wavelengths. In fact, 

the instrument used by Kirchhoff and Bunsen in the early 1860’s to 

detect the four new elements, Cs, Rb, Ti, and in, incorporated a 
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prism to disperse the polychromatic radiation from the Bunsen 

flame into monochromatic radiation. 

In recent years, it has been shown that certain advantages may be 

obtained by combining the characteristics of two dispersing 

systems such as a diffraction grating and a prism or two diffraction 

gratings.  

 

 

 

The two optical components are positioned perpendicular to each 

other.  

One of the dispersing devices is, in general, an Echelle grating 

which is a very course grating in comparison to the normal 

diffraction grating as described on Page (3-18). The Echelle 

grating separates the polychromatic radiation by wavelengths and 

produces multiple, overlapping spectral orders.  

The second dispersing device, either a grating with a ruling density 

greater than 350 g/mm or a prism, separates or cross disperses 

the overlapping orders into a two dimensional pattern called an 

Echello gram. A typical optical configuration for this Echelle type of 

spectrometer is illustrated in Figure (3-24). A two dimensional 

display results at the exit plane wavelength in one direction and 

spectral order in the other as shown in Figure echelle grating-
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based spectrometers offer some distinct advantages over the 

conventional spectrometers described on page (3 – 18). Firstly, the 

optics results in very good efficiency in each of the spectral orders. 

Conventional diffraction gratings are generally optimized at a 

particular wavelength, called the blaze wavelength, and for a 

particularly order which is usually the first order. Secondly, the 

system has excellent resolution since it is generally used in the 

higher spectral orders. (Resolution enhancements are exhibited 

with increasing order.) Because of the use of higher orders with 

better resolution, the physical size of the instrument may be 

reduced thus producing a small instrument footprint. 
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   تم اإلعداد بمشاركة المشروع األلمانيGIZ 
  مشاركة السادة و:- 
 شركة مياه الشرب والصرف الصحى بالفيوم  سناء أحمد اإلله/ د 

 شركة مياه الشرب والصرف الصحى بالفيوم        شعبان محمد على/ د 

 شركة مياه الشرب والصرف الصحى بالغربية        حمدى عطيه مشالى   / د 
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