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Abstract 

Spectroscopy is one of the most widely used technique for estimation of compounds at atomic and molecular level by determining 

their energy states by studying the light absorbed or emitted when they change states. Inductively coupled plasma optical emission 

spectrometry (ICP OES) is a powerful tool for the determination of many elements in a variety of different sample matrices. With this 

method, 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. The present review highlights the principle, 

various components of ICP-OES instrumentation, interferences, advantages and applications of ICP-OES in various fields.  

Key words: Spectroscopy, ICP-OES, plasma, nebulizers, detectors, interferences, applications. 

 

1. Introduction 
 
           Inductive Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) is one of the most common techniques used for 

elemental analysis. Its high specificity, multi-element capability and good detection limits result in the use of the technique in a large 

variety of applications. All kinds of dissolved samples can be analyzed, varying from solutions containing high salt concentrations to 

diluted acids. 

 

            Generally in emission spectroscopy, a sample is normally excited by thermal energy. Atoms in the sample absorb thermal 

energy causing outer orbital electrons to become excited from their ground state to higher orbital energy level. After a short lifetime 

the excited electrons return to the ground state. Simultaneously, electromagnetic radiations (normally in the form of light in the UV-

visible region) are emitted. The emitted radiation can be easily detected when it is in the vacuum ultraviolet, ultraviolet, visible, and 

near infrared regions. A plasma source is used to dissociate the sample into its constituent atoms or ions, exciting them to a higher 

energy level. They return to their ground state by emitting photons of a characteristic wavelength depending on the element present. 

This light is recorded by an optical spectrometer. When calibrated against standards the technique provides a qualitative and 

quantitative analysis of the sample. 

 

2. About Plasma 

A plasma is an electrically neutral, highly ionized gas that consists approximately equal numbers of positive and negative ions. Most 

analytical plasmas operate with pure argon or helium, which makes combustion impossible. It is electrically conductive and is affected 

by magnetic fields. Sometimes described as the fourth state of matter (the other three being solid, liquid and gas). Plasmas are 

characterized by their temperature, as well as their electron and ion densities. Analytical plasmas typically range in temperature from 

600 to 8,000 K. Plasma gas a low density. It differs from ordinary gas in being a good conductor of electricity and being affected by 

a magnetic field. 
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3. Principle of ICP-AES 

In the ICP-AES a plasma source is used to make specific elements emit light, after which a spectrometer separates this light in the 

characteristic wavelengths. Sample introduction in which a solid sample is normally first dissolved and mixed with water. The sample 

solution is transformed into an aerosol by a so-called nebulizer. The bigger droplets are separated from the smallest in a specially 

spray chamber. The smallest droplets (1-10 μm) are transferred by an argon flow into the heart of the ICP-AES, the argon plasma. 

The bigger droplets (>90%) are pumped to waste. When the aerosol droplets enter the hot area of the plasma they are converted into 

salt particles by desolvation. 

 

 
Fig.1 Process that takes place when a sample droplet is introduced into an ICP discharge 

 

These salt particles are split into individual molecules that will subsequently fall apart to atoms and ions. In the plasma, even more 

energy is transferred to the atoms and ions, promoting the excitation of their electrons to higher energy levels. When these excited 

atoms and ions return to their ground state or to lower excitation states they will emit electromagnetic radiation in the ultra-

violet/visible range of the spectrum. Each excited element emits specific wavelengths (λ), i.e. has a typical emission spectrum. The 

intensity of the radiation is proportional to the element concentration. 

 
4. Inductively Coupled Plasma Characteristics 

The main analytical advantages of the ICP over other excitation sources originate from its capability for efficient and reproducible 

vaporization, atomization, excitation, and ionization for a wide range of elements in various sample matrices. This is mainly due to 

the high temperature, 6000-7000 K, in the observation zones of the ICP. This temperature is much higher than the maximum 

temperature of flames or furnaces (3300 K). The high temperature of the ICP also makes it capable of exciting refractory elements, 

and renders it less prone to matrix interferences. Other electrical-discharge-based sources, such as alternating current and direct current 

arcs and sparks, and the MIP, also have high temperatures for excitation and ionization, but the ICP is typically less noisy and better 

able to handle liquid samples. In addition, the ICP is an electrodeless source, so there is no contamination from the impurities present 

in an electrode material. Furthermore, it is relatively easy to build an ICP assembly and it is inexpensive, compared to some other 

sources, such as a LIP. The following is a list of some of the most beneficial characteristics of the ICP source. 

 High temperature (7000-8000 K) 

 High electron density (1014-1016 cm-3) 

 Appreciable degree of ionization for many elements 

 Simultaneous multi-element capability (over 70 elements including P and S) 

 Low background emission, and relatively low chemical interference 

 High stability leading to excellent accuracy and precision 

 Excellent detection limits for most elements (0.1-100 ng mL-1) 

 Wide linear dynamic range (LDR) (four to six orders of magnitude) 

 Applicable to the refractory elements 

 Cost-effective analysis. 
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5. INSTRUMENTATION 

Various parts of the plasma emission spectroscopy are 

A. Plasma sources 

B. Radio frequency generator 

C. Sample Introduction by Nebulizer 

D. Spray chamber 

E. Dispersion and Detection methods 

F. Computers and processors 

 
Fig.2 Major components and layout of a typical ICP-ES instrument 

A. Plasma source 

      The purpose of the torch is to 

(1) evaporate the solvent (usually water) from the analyte salts, 

(2) atomize the atoms in the salt (break the ionic bonds and form gaseous state atoms), and 

(3) excite or ionize the atoms. 

 

 
Fig :3 Schematic of an ICP torch. 

 

An ICP is plasma that is powered by a coil, this coil is in fact the primary winding of a transformer, the plasma is the secondary 

winding. “Inductively coupled” in ICP is a result of the coupling of the induction coil and the electrons. The copper induction coil 

serves as the “primary winding” of the radiofrequency transformer and the “secondary winding” is the oscillating electrons and cations 

in the plasma; the two “windings” are thus coupled together because the second winding depends on the presence of the first. Argon 

gas is directed through a torch consisting of three concentric tubes made of quartz or some other suitable material, as shown in Figure 

3. A copper coil, called the load coil, surrounds the top end of the torch and is connected to a radio frequency (RF) generator. 
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B.  Radio Frequency Generator 

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. In most ICP instruments 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 plasma consisting of argon atoms, electrons, and argon ions, 

forming what is known as 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. The other type of plasma sources in the poly 

diagnostic lab is light sources. In cooperation with Philips, research is done on several kinds of lamps, of which the QL lamp is the 

most important one. The big advantage of this kind of lamps is that it lacks electrodes, so that the lifetime is only limited by the 

electronic circuitry, which is much longer (60.000 hours) than that of traditional gas discharge lamps. 

 

C.  Sample Introduction by Nebulizers 

After successful ignition of the torch, samples are introduced into the system through the nebulizer. Upon entry into the plasma, the 

solvent evaporate and salts form. Then, these compounds decompose as they move farther into the hotter portions of the plasma. This 

heat also causes complete excitation of atoms and leads to higher detection limits, compared to FAES where the extent of excitation 

is element and flame temperature-dependent. All three states (solid, liquid, gas) have been successfully introduced into an ICP. 

Although both aqueous and nonaqueous solvents have been utilized, the most commonly analyzed sample is cations in solution. For 

solutions, a nebulizer is used to convert the liquid stream into an aerosol consisting of particles that are 1–10 µm in diameter. Direct 

injection of liquids into the plasma would either extinguish the plasma or cause the atoms to be improperly desolvated, making 

excitation and emission less efficient. 

 

Five common sample introduction devices for solution samples are discussed below. 
 

I. Pneumatic Nebulizer 

  
               Fig:4 Concentric tube nebulizer                                               Fig:5 Angular or cross flow nebulizer 
 

The most commonly used nebulization devices are pneumatic nebulizer. They comprise a jet of compressed gas (the nebulization gas) 

aspirates and nebulizes the solution. Two common types are Concentric tube nebulizer and Angular or cross flow nebulizer. The 

transport of solution to the nebulizer tip is known as aspiration. With the concentric nebulizer the nebulization gas flows through an 

opening that concentrically surrounds the capillary tube, causing a reduced pressure at the tip and thus suction of the sample solution 

from the container (Bernoulli effect).  
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In the angular or cross-flow nebulizer, a flow of compressed gas over the sample capillary at right angles produces the same Bernoulli 

effect and aspirates the sample. In most cases the flow of solution is laminar, and the aspiration rate is proportional to the pressure 

drop along the capillary and to the fourth power of the capillary diameter; it is inversely proportional to the viscosity of the solution. 

The nebulizing gas flows through an orifice that surrounds the sample-containing capillary concentrically. In the angular or crossed-

flow nebulizer the nebulizing gas flows over the sample capillary at right angles and causes aspiration and nebulization of the sample 

solution. Both pneumatic nebulizers have a jet of compressed gas aspirates and nebulizes the solution. A spray chamber separates 

large droplets from small droplets. The latter are carried into the plasma or flame, while the former are drained away. The nebulizer 

can be made of glass or metal. 

 

II. Frit Nebulizer 

 
Fig: 7 Frit Nebulizer 

Figure 7 illustrates a glass-frit nebulizer. The sample solution is pumped to the frit membrane, which consists of a porous man-made 

material similar in texture to coral. Argon passes through the membrane and causes the sample to form an aerosol spray. Frit nebulizers 

have efficiencies as high as 90% with excess sample being drained. The system is equipped with a wash solution inlet to clean the frit 

membrane and avoid memory effects. 

 

III. Ultrasonic Nebulizer 

 
Fig:8 Ultrasonic nebulizer 

Ultrasonic nebulizers are used to provide more sample delivery to the plasma and thus improve detection limits. An ultrasonic 

generator surface, usually a piezoelectric crystal that rapidly vibrates to generate sonic energy, when the sample is pumped to the 

Crystal through a small plastic tube is used to create extremely fine droplets that, at low flow rates, are completely transferred to the 

plasma (unlike considerably lower efficiencies from pneumatic nebulizers). The vibrations of the crystals cause the droplets to break 

up into smaller particles, which are transported to the plasma. Larger aerosol drops are drained. 

 

IV. Electrothermal Vaporizer 

Electrothermal vaporization, which is illustrated in Figure 9, has been used for both solid and liquid samples. For liquids a finite 

quantity is placed in a graphite furnace, which is subsequently heated electrically. The resulting vaporized sample is sent to the plasma 

for analysis. The temperature in the sample is ramped from a relatively low temperature (e.g., 110oC), which drives off the solvent, to 

a higher temperature (e.g., 2000 oC), which causes the remaining solid to vaporize. 
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Fig:9 Electrothermal vaporization 

 

 

V.  Hydride Generator 

 
Fig:10 Hydride generator 

 

The most widely used alternative technique is hydride generation. With this technique, the sample, in dilute acid, is mixed with a 

reducing agent, usually a solution of sodium borohydride in dilute sodium hydroxide. The reaction of the sodium borohydride with 

the acid produces atomic hydrogen. The atomic hydrogen then reacts with the Hg, Sb, As, Bi, Ge, Pb, Se, Te, and Sn in the solution 

to form volatile hydrides of these elements. These gaseous compounds are then separated from the rest of the reaction mixture and 

transported to the plasma. 

 

The reasons for the vast improvement in sensitivity for these elements are 

1) The sample introduction rate for the hydride generator is often as much as ten times the rate for a pneumatic nebulizer, and 

2) The efficiency with which the volatile hydrides are delivered to the plasma is near 100%, compared to the 1 - 5% efficiency when 

using a pneumatic nebulizer and spray chamber. 
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D. Dispersion and Detection Methods 

  

 
Fig:11 Monochromators 

 

There are three common devices used for the separation or dispersion of light: gratings, prisms, and monochromators. A 

monochromator, on the other hand, normally uses only one exit slit and detector. Monochromators are used in multi element analyses 

by scanning rapidly, or slewing, from one emission line to another. With polychromators, each emission line can be observed during 

the entire sample introduction period, and theoretically more samples can be analyzed in a shorter period of time. 

 

There are four basic types of detector systems: 

i. Photomultiplier tubes (PMTs), 

ii. Photo diode arrays (PDAs), 

iii. Charge coupled devices (CCDs) and 

iv. Charge injection devices (CIDs). 

 

i. Photomultiplier tubes (PMTs) 

 
Fig:12 Photocathode, dynode and anode layout of a photomultiplier tube 

  

The most widely used detector for ICP-OES is the photomultiplier tube or PMT. The PMT is a vacuum tube that contains a 

photosensitive material, called the photocathode, that ejects electrons when it is struck by light. These ejected electrons are accelerated 

towards a dynode which ejects two to five secondary electrons for every one electron which strikes its surface. The secondary electrons 

strike another dynode, ejecting more electrons which strike yet another dynode, causing a multiplicative effect along the way. Typical 

PMTs contain 9 to 16 dynode stages. The final step is the collection of the secondary electrons from the last dynode by the anode. As 
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many as 106 secondary electrons may be collected as the result of a single photon striking the photocathode of a nine-dynode PMT. 

The electrical current measured at the anode is then used as a relative measure of the intensity of the radiation reaching the PMT. 

 

ii.  Photo diode arrays (PDAs) 

The next generation involves the use of a one-dimensional solid state detector called photodiode array. The PDA, which is is similar 

to a PMT in that the detectors are in a fixed position, but the PDA detectors are smaller and less expensive. As a result, more detectors 

can be incorporated into a single instrument. 

 

iii. Charge coupled devices (CCDs) 

A charge coupled device is an extension of solid state detector technology into two dimensions (e.g., 300 by 500 pixels). Combining 

a prism and grating with a CCD allows for multi element analysis using more than 1 wavelength per element. Each pixel discharges 

a current proportional to the energy striking it. CCDs commonly use a grating in conjunction with a prism to disperse the spectral 

radiance as a function of energy and order in two dimensions. 

 

 

 

iv. Charge injection devices (CIDs) 

Charge Injection Devices (CIDs) may be randomly interrogated to determine the amount of charge that has been accumulated during 

a measured time to which the device has been exposed to light. With the advent of high speed microprocessors, individual pixels may 

be examined even during the integration time to determine the accumulated charge. This process of examining the contents does not 

destroy the contents and, hence, is known as a non-destructive read-out mode. This is an inherently higher noise level or dark current 

than, for example, a CCD, and requires cooling to liquid nitrogen temperatures to effectively decrease this noise. The dark current of 

any device is the electronic current that flows in a detector when operating voltages are applied but no light is present. 

 

6. Interferences: 

Any chemical or physical process that adversely effects the measurement of the radiation of interest can be classified as interference. 

The interference of plasma emission spectroscopy starts with sample preparation and extent to the plasma operating conditions. 

 

There are four various types of interferences present they are 

a. Spectral interferences 

b. Nebulizer interferences 

c. Chemical interference and 

d. Ionization interference. 

 

a. Spectral interferences Spectral interferences can be common in PES. They can occur in high temperature plasmas as opposed 

to flame-based systems given the complete excitation and subsequent emission of all compounds in the sample. They can be 

divided into 3 different classes 

 

The first type is spectral line coincidence when resolution of the monochromator of the system is too poor to separate the analyte line 

from a matrix line. It also occurs when two or more elements in the matrix emitting radiation at the same wavelength. E.g. Cu at 

515.323nm and Ar at 515.139nm. The use of monochromators with higher resolution eliminates spectral interferences can minimize 

the effect. 

 

The second type of interferences occurs when a wavelength of interest overlaps completely with a nearby “broadened line wing”. 

This can be solved by monitoring a secondary emission line for that particular element. Most instruments use a background correction 

technique to overcome this type of interference. 

 

The third type involves the formation of undesired species( e.g. ions and metal oxides) For example some metals are extremely 

sensitive to small plasma fluctuations in terms of their relative neutral atoms and ion densities. The atom of an specific element (e.g. 

Fe) has a different emission spectra than one of its ions (e.g. Fe+, Fe+2 etc..) This can be avoided by adjusting the temperature of 

plasma 
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b. Nebulizer interferences: It can arise from physical and chemical differences between reference standards and samples, or 

between samples, such as the inconsistence presence of matrix salts and organic compounds or different viscosities and surface 

tension of the liquid. Each of these can be overcome by the use of standard addition calibration techniques but at a significant 

increase in the cost of analysis (primarily due to labor costs). For low ionic strength samples, nebulizer interferences are less 

prominent. 

 

c. Chemical interferences: These are common in FAAS and FAES but are less common or practically nonexistent in PES due to 

the relatively high temperature of the plasma, long residence time in the plasma, and inert atmosphere of the Ar plasma. 

 

d. Ionization interferences Usually only occur for easily ionized elements such as alkali and alkaline earth elements. The net result 

of ionization interferences is an increase or decrease in the intensity of emission lines for these elements. Only few ionization 

interferences occur for these elements in PES. 

 

 

 

7. Advantages 

             ICP Emission Spectrometry offers the following advantages. 

 High sensitivity (on the ppm and ppb level). 

 Little chemical interference between elements. 

 Wide analysis density range (dynamic range). 

 Excellent stability and reproducibility. 

 The ability to analyze many elements simultaneously. 

 

Applications 

1) Biological and Clinical 

Reveals more information regarding the roles and behaviors of trace elements in biological systems, ICP-OES has become an 

important tool in the area of biological and clinical applications. Useful to find out the contamination of samples prior to their analysis. 

Various examples of ICP-OES are 

 Determinations of Cr, Ni and Cu in urine. 

 Determination of Al in blood.  

 Determination of Cu in brain tissue. 

 Determination of Se in liver.  

 Determination of Ni in breast milk. 

 Determination of B, P and S in bone. 

 Determination of trace elements in oyster and tuna tissues. 

 

2) Metals 

Widely for the determination of major, minor and trace elemental constituents in metals and related materials. The technique is used 

for analysis of raw materials, production control, and quality control for final products. Examples analysis of low alloy steels for As, 

B, Bi, Ce, La, P, Sn and Ta; high-precision determination of Si in steels; determination of contaminants in high-purity Al; and analysis 

of superconducting materials for trace contaminants. 

 

3) Organics 

Analysis of organic solutions by ICP-OES is important not only for analyzing organic-based materials such as petroleum products but 

also for a wide variety of other applications.  

The various examples includes 

 Solvent-extracted geological materials for trace elemental composition; 

 Determination of lead in gasoline; 

 Determination of Cu, Fe, Ni, P, Si and V in cooking oils; 
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 Analysis of organophosphates for trace contaminants; and 

 Determination of major and trace elements in antifreeze. 

 

4) Environmental and Waters 

Many of these applications, such as analyses of soils, sediments, and animal and plant tissues. The analysis of water can be the simplest 

of all ICP-OES applications, depending on the type of water being analyzed and the required measurement levels and protocols. 

Examples of environmental PES applications include 

 Various water quality analyses as required by the U.S. Environmental Protection Agency; 

 Determination of Fe, Cd, Cu, Mo, Ni, V, and Zn in seawater; 

 Determination of phosphorus in municipal wastewater; 

 Determination of heavy metals in inner-city dust samples. 

 

 

5) Agricultural and Foods 

The ICP-OES technique has been applied to the analysis of a large variety of agricultural and food materials. Types of samples include 

soils, fertilizers, plant materials, feedstuffs, foods, animal tissues, and body fluids. Analysis of these materials are required to determine 

levels of essential nutrients as well as levels of toxic elements in the materials. 

Examples include 

 Determination of trace metals in beer and wine; 

 Analysis of infant formula for Ca, Cu, Fe, Mg, Mn, P, K, Na and Zn; 

 Determination of 14 elements in peanuts; and 

 Analysis of soils for toxic metal contamination. 

6) PES is widely used in minerals processing to provide the data on grades of various streams, for the construction of mass balances. 

7) PES is often used for analysis of trace elements in soil, and it is for that reason it is often used in forensics to ascertain the origin 

of soil samples found at crime scenes or on victims etc. 

8) It is also fast becoming the analytical method choice for the determination of nutrient levels in agricultural soils. This information 

is then used to calculate the amount of fertiliser required to maximize crop yield and quality. 

9) Analysis of glass. 

10) Monitoring elements of interest in process solutions. 

11) Quantitative analysis of traces of catalyst in polymers. 

12) Quantitative analysis of contaminations in thin layers. 

 

Conclusion:  

 

ICP/OES is one of the most powerful and popular analytical tools for the determination of trace elements in a various of sample types.  

Liquid and gas samples may be injected directly into the instrument, while solid samples require extraction or acid digestion so that 

the analytes will be present in a solution. There has been increasing interest in the determination of trace elements and heavy metals. 

Many methods such as atomic absorption spectrometry, inductively coupled plasma optical emission spectrometry (ICP OES) and 

inductively coupled plasma mass spectrometry (ICP MS) have been applied successfully. Among these techniques, ICP OES is now 

commonly used, and offers many advantages such as simple operation, a rapid analysis time, good detection limits, and a wide 

analytical dynamic range. 
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