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Abstract 

Simultaneous Multi-Element Atomic Absorption Spectrometer (SIMAA 6000) has been 

used to determine groups of elements (up to four) simultaneously, by using 2-operating and 4-

operating modes. A direct, simple, fast and accurate methodology for the simultaneous multi-

element determination have developed. Compromised conditions (e.g. temperature program 

and use of universal modifier) for the multi-element mode have been determined. The 

temperature program has been carefully optimized for the multi-element mode taking into 

account all analytes to be determined. The optimization depends on the elements to be 

determined simultaneously and the matrix. Also, a universal powerful matrix modifier has 

been used in order to increase the stability of the elements (especially the volatile elements). 

This has permitted the use of a common temperature program including volatile and less 

volatile elements. The Pd+Mg mixture modifier has stabilized the high and mid volatile 

elements. For less volatile elements, the modifier had no stabilization effect on these 

elements. But the modifier in this case has prevented the formation of refractory compounds 

which increase the volatilization process of these elements. Ir coating of the tube or platform 

has extended significantly the tube lifetime. The sensitivity values for the multi-element 

determination were comparable to those of the single-element. The decreasing in sensitivity 

values is a result of using higher atomization temperature in the multi-element mode and/or 

decreasing the lamp intensities. The detection limits values of the multi-element 

determination were higher than those of the single-element which is mainly as a result of 

decreasing the lamp intensities in the multi-element mode compared to the single-element 

mode. Another effect which could cause the higher detection limits is the use of higher 

atomization temperature. The operational conditions (the temperatures, use of modifier, and 

the operating mode) have affected the absorption signals of the elements. This effect has 

appeared in terms of increasing or decreasing the appearance time, peak height, and peak 

width. The accuracy of the methods was tested by analyzing number of certified materials and 

the concentrations obtained were in good agreement with certified values 
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1 Introduction to Multi-Element Graphite Furnace Atomic 
Absorption Spectrometry 

1.1 Review 

Atomic Absorption Spectrometry (AAS) was developed for rapid element determination 

and it is now widely used for the determination of trace elements in many various materials. 

Different atomization techniques as flame, graphite furnace, hydride, and cold vapour have 

been developed and studied. This technique has become a very powerful one, especially for 

routine works, in hundreds of laboratories around the world1. 

In the last decades, additional demands on the spectroscopic element determination have 

become more and more important. These demands include high sample throughput, short total 

analysis time, and reduction of consumption of reagents and consumables1. Graphite furnace 

atomic absorption spectrometry (GFAAS), also known as electrothermal atomic absorption 

spectroscopy (ETAAS), is a suitable and widely used technique to determine elements at trace 

levels2, 3. For many elements, GFAAS offers detection limits superior to those of inductively 

coupled plasma atomic emission spectroscopy (ICP-AES). Moreover, sample consumption in 

GFAAS is much lower than of ICP-AES meaning that experiments can be conducted on a 

microscale level, consuming lower quantities of expensive standards and generally less 

amounts of waste4. GFAAS is particularly advantageous in the analysis of complex samples. 

Removal of solvent, pyrolysis, and atomization can be carried out in discrete steps permitting, 

particularly with the aid of chemical modification, selective removal of matrix components. 

Thus freedom from interferences can be attained in many cases. The analytical performance 

of GFAAS with respect to complex matrices has been demonstrated by a wealth of practical 

investigations5-8. In addition, GFAAS offers high selectivity and sensitivity, capability for 

direct analysis with minimal sample preparation, solid sampling and easily operating or 

handling2. 

Compared with atomic emission spectroscopic technique, GFAAS suffers from the very 

beginning from the fact that it has been developed as a single-element technique. The multi-

element determination is possible in sequential manner only. Thus, due to the usual length of 

the electrothermal programs (sometimes several minutes), its main drawback is a time-

consuming analysis. Another main disadvantage of GFAAS over emission methods is the 

poor dynamic range of about two orders of magnitude only (up to 10 in some ICP-AES 
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realizations). This calls often for frequent dilution of the sample, operations which lower 

sample throughput and consequently the global productivity of the analysis9. 

Many different multi-element instruments have been used for the simultaneous multi-

element determination of trace metals, such as Inductively Coupled Plasma incorporating 

Atomic Emission Spectrometry (ICP-AES)10, or Mass Spectrometry (ICP-MS)11, X-ray 

Fluorescence Spectrometry12, Cathodic Stripping Voltammetry (CSV)13, and Multi-Element 

Graphite Furnace Atomic Absorption Spectrometry (GFAAS)14-19. The most important 

commercially available multi-element instruments for trace elemental determination are ICP-

based. The applicability of ICP-based instruments has been limited by difficulties in dealing 

with high salt concentrations and the need for relatively large sample volumes. Consequently, 

separation or preconcentration of analyte from matrix prior to the measurement is necessary. 

Although ICP-MS has been emerged as a method with a power of detection which is at least 

comparable to that of GFAAS, the MS detector is rather complex and expensive20. 

Since 1960s a variety of multi-element AAS techniques have been developed and 

performed. Both line and continuous sources have been used, various optical dispersion 

systems, and several types of detectors have been tested5, 21-36. In recent years, owing to the 

availability of several commercial multi-element GFAAS instruments (four types at least), the 

analytical potential of GFAAS has increased37.  

At present, the most updated commercial instrumentation is a line source simultaneous 

spectrometer38, equipped with Transversely Heated Graphite Atomizer (THGA) with 

integrated platform, Zeeman-effect background corrector, and solid-state detector, making 

possible the operation under Stabilized Temperature Platform Furnace (STPF) conditions39. 

This instrument allows simultaneous determination up to six elements40. 

1.2 Basic Features of the GFAAS 

1.2.1 System Design 

The general construction of a GFAAS system is shown schematically in Figure  1.1. The 

most important components are a radiation source (line source) which emits the spectrum of 

the analyte element; an electrothermal atomizer, in which the atoms of the element to be 

analyzed are formed; a monochromator for the spectral dispersion of the radiation with an exit 

slit for selection of the resonance line; a detector permitting measurement of radiation 

intensity, followed by an amplifier and a readout device that presents a reading. In addition, 

modern instruments are equipped with a background correction method. 
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Figure  1.1 Diagram of the basic components of a GFAAS 
 

 
 
 
 

1.2.2 Temperature Program 

An analysis of an aqueous sample is begin by either injecting or spraying 10-100 µl of 

the sample through the dosing hole into the graphite tube. The tube is then heated through a 

series of steps under a particular purge gas. A sample furnace program is presented in Table 

 1.1. These steps are as follows: drying, pyrolysis, atomization, and cleaning. 

 
 

Table  1.1 Normal furnace program for SIMAA 6000 instrument 

Step 
Temperature 

(oC) 
Ramp Time 

(s) 
Hold Time 

(s) 
Gas Flow 
(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis Variable* 10 20 250 

Atomization Variable* 0 5 0 

Clean-out 2450 1 3 250 
*depend on the element. 

1.2.2.1 Drying Step  

The purpose of the drying step is to remove any solvent from the sample. The sample 

must be dried slowly. If the tube is heated too rapidly, the solvent may boil and splatter 

through the dosing hole, resulting in analyte loss. With the transversely heated graphite 

atomizer (THGA), which is used in this work, a two step drying procedure has been used. 

110oC with a ramp of 1s and a hold time of 30s, followed by 130oC with a 5s ramp and 30s 

hold initially heats the platform and solvent, then removes the solvent vapour from the system 

and ensures even and smooth drying. 
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1.2.2.2 Pyrolysis Step 

After drying, the sample is subjected to one or more thermal pre-treatment steps to 

reduce matrix constituents prior to atomization. This decreases the possibility of chemical 

interferences and reduces the magnitude of the background signal. For many elements, the use 

of a matrix modifier improves the analysis. The modifier salt is added to the sample in high 

concentration, transforming the analyte into a more well-defined compound. The matrix 

modifier can either stabilize the analyte element in order to permit a higher pyrolysis 

temperature or make the matrix more volatile for more effective pyrolysis41. The optimal 

pyrolysis temperature should be empirically determined by plotting the integrated absorbance 

versus temperature (pyrolysis curve). The optimal pyrolysis temperature is as high as possible 

without loss of the integrated absorbance signal. A typical pyrolysis curve is shown in Figure 

 1.2. 

1.2.2.3 Atomization Step 

During the atomization step, the tube is rapidly heated to the atomization temperature. 

This rapid heating atomizes the chemical compounds, creating an atomic vapour inside the 

furnace. Elements in the atomic vapour then absorb light from the line source. The change in 

light intensity can then be measured using a photomultiplier tube or other types of 

photodetectors. During the atomization step the internal gas flow is switched off. The 

temperature selected for atomization should be high enough to guarantee complete 

volatilization of the analyte element. The optimal temperature depends upon the properties of 

the compound in which the element resides. A plot of integrated absorbance versus 

atomization temperature (atomization curve) should reveal a point where maximum 

absorbance occurs at minimum temperature. The typical atomization curve is shown in Figure 

 1.2. The shape of the peak can also indicate whether the atomization temperature should be 

raised or lowered. Increasing the temperature will cause the analyte to vaporize more quickly, 

improving a broad, tailing peak, as in Figure  1.3 
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Figure  1.2 Pyrolysis and atomization curves 

                         
 
 
 

Figure  1.3 Effect of the atomization temperature [(a) 1800oC, (b) 2000oC, (c) 2200oC and (d) 2400oC] on 
the absorbance profiles of tellurium42 

 
 

1.2.2.4 Cleaning Step 

Before running the next sample introduction, the tube is heated to a high temperature for 

3s with internal gas flow to ensure complete removing of analyte atoms. Residual sample 
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remaining in the tube interfere the subsequent atomization. In the THGA furnace, a clean-out 

step of 2400oC to 2500oC is used. A clean-out step higher than 2500oC for long periods (>5s) 

may decrease tube lifetime. 

1.2.3 Background Correction 

Often, in the course of atomization, broad band light absorbing or light scattering 

species are generated. To generate an absorbance curve that truly reflects absorbance from 

analyte atoms, a background correction method needs to be employed. The three most 

common methods are the use of a continuum source (Deuterium Lamp), self-absorption, and 

the Zeeman-effect. 

1.2.3.1 Continuum Source 

To correct for background absorbance using a continuum source such as deuterium 

lamp, a rotating chopper is employed to alternately pass light from the deuterium lamp and 

the line source through the sample. If the slit width of the monochromator is wide enough, 

absorbance of continuum light by the atomic vapour will be minimal, and a change in signal 

from the deuterium source will reflect a change in background absorbance. Therefore, a 

background subtracted absorbance signal can be determined43. The background absorption 

(BG) – determined with the deuterium arc lamp – is subtracted from total absorption (AA+BG) 

determined with the HCL or EDL. The result of this calculation is the correct analyte 

absorption (AA), if: 

- The optical beams for the two sources have the same spatial intensity distributions in the 

furnace 

- The background attenuation is homogeneous over the optical bandwidth of the 

monochromator. This is usually the case for background originating from scattering but not 

always for background by molecular absorption and never for atomic absorption. 

- The intensities of the two light sources are similar enough that can be handled by the 

instrument electronics. 

1.2.3.2 Self-Reversal Methods 

A background correction method that does not employ a second light source is the self-

reversal method. When a high current is applied to a hollow cathode lamp, the energy of the 

excited species becomes high enough to form a cloud of atoms that are not excited. These 

unexcited atoms absorb the light emitted from the excited atoms, resulting in the effect known 
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as self-reversal, illustrated in Figure  1.4. At high current, the output peak is considerably 

broadened and the intensity at peak centre is reduced. To use this method to correct for 

background effects, the light source is alternately held at high and low current. When the light 

source is at low, the total absorbance is acquired. When the light source is at high current, the 

absorbance due to the background is obtained. Using this information, a background corrected 

absorbance signal can be calculated43. In comparison with two sources method, the 

determination of background absorbance is performed with much more similar spectral 

resolution in the two measurement phases. There are significant disadvantages, however: 

- The lifetime of any HCL is reduced when currents much higher than the standard operating 

current are used. 

- Line profiles for moderately refractory and refractory elements show only a minor dip; the 

remaining absorbance is much smaller than AA and the detection limits may deteriorate when 

the background corrector is used. 

- The significantly higher stray light level results in curvature of the calibration function even 

at relatively low absorbance values. 

- The background must not be structured to such an extent that it can not be considered 

constant over the spectral width of the broadened emission profile. 

Instruments with a background corrector based on the line-reversal or Smith-Hieftje Principle 

are therefore used only for some analyte elements and are always equipped with additional 

continuum source background corrector. 

1.2.3.3 Zeeman-Effect  

Another commonly used method of background correction employs the Zeeman Effect. 

Although, there are several methods of employing Zeeman background correction, a simple 

example will be provided here. When a source of atomic absorption or emission lines is 

placed in a magnetic field, these lines are split to energies slightly higher and lower than the 

absorption or emission wavelength. The lines are also split into differing polarities, depending 

on how the magnetic field is applied. An example of normal Zeeman splitting is shown in 

Figure  1.5. In the simplest case the ground state is split into two levels. The excited state is 

split as well. During electron excitation, 4 transitions should theoretically be possible: low-

low, low-high, high-low, and high-high. In the first and in the fourth case the transition 

energies are the same as those without the magnetic field, in the other cases the energies are 

higher or lower. The wavelength difference between the transitions is small, but in the case of 
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a 1 T field, large enough to shift the so called σ-profiles far enough that the overlap of these 

components with the emission profile is minimized. The absorbance of the central profile (the 

so called π component) is still half of the absorbance without the magnetic field but due to the 

magnetic field it can only absorb light of a certain direction of polarization. This depends on 

the direction of the magnetic field. If the field is parallel to the propagation direction of the 

light beam, the resonance wavelength can not be absorbed at all, if the field is perpendicular 

to the light beam, only the light polarised parallel to the magnetic field can be absorbed by the 

π component. This phenomenon named the Zeeman Effect. It is used in the longitudinal 

version (magnetic field parallel to the light beam) as well as in a transverse version (magnetic 

field perpendicular to the light beam). The Zeeman Effect can be used to correct for 

background absorbance by chopping the line source with a polarizing chopper and applying a 

magnetic field to the graphite furnace. With this configuration, the line source alternates at 

polarity σ and π, whereas the central absorbance line is fixed by the magnetic field at polarity 

π. Light from the source can only be absorbed by the analyte when it is in the correct polarity. 

Therefore, Io is obtained when the source is emitting at polarity σ, and I is obtained when the 

source is emitting at polarity π. Because I and Io are being measured closely in time, any 

broad band absorption or scattering species present in the furnace will affect the signal of both 

I and Io
43. The function of the Zeeman background corrector is neither limited to a wavelength 

range nor by the properties of the lamp. It will even rapidly correct for fluctuations in source 

intensity as the same source is measured with and without the analyte absorption. 

The Zeeman Effect principle works only if the background absorption is unaffected by 

the magnetic field. This is probably true for light scattering in general and it is true for 

molecules as well. It is true for metals only if the split of the matrix atomic line profiles in the 

magnetic field does not result in an overlap with the analyte emission profile. 

However, for the Zeeman Effect correction, as with each of the common background 

correction methods, although background is measured closely in time with analyte absorbance 

signal, none of the listed methods provide truly simultaneous background correction. 
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Figure  1.4 Self-reversal background correction 

 
 
 
 
 
 

Figure  1.5 Normal Zeeman-effect splitting 

                   
 
 
 
 

1.2.4 Atomization Mechanism & Stabilization in Graphite Furnace 

The atomization can emanate from either molecules or atoms, according to the nature of 

the sample and the behaviour of the analyte element. If it emanates from molecules, 

atomization can be either a simple thermal decomposition (dissociation) of a compound, or 

the reduction of an oxide on the glowing graphite surface. If atomization emanates from the 

elemental form, it can be either desorption or volatilization. Because of the small quantity and 

wide distribution of the sample, boiling as the atomization mechanism can be excluded by 

deduction.44. 

Sturgeon et al.45 investigated atomization mechanisms on the basis of a 

thermodynamic/kinetic approach. They identified three possible pathways by which gas phase 

atoms may be formed: carbon reduction of the analyte oxide with subsequent sublimation of 

the metal, thermal dissociation of the metal oxide, and thermal dissociation of the metal 

chloride. In later work, Sturgeon and Chakrabarti46, 47 refined their procedure and proposed 

four mechanisms: 

(1) Reduction of the solid oxide on the graphite surface according to: 
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MO(s)  →  M(l)  ↔  ½ M2(g)  →  M(g)    

where M: Co, Cr, Cu, Fe, Mo, Ni, Pb, Sn, and V. 

(2) Thermal decomposition of solid oxide according to:  

MO(s)  →  M(g) + ½ O2(g)   

where M: Al, Cd, and Zn. 

(3) Dissociation of oxide molecules in the vapour phase according to: 

MO(s)  ↔  MO(g)  →  M(g) + ½ O2(g)   

where M: Cd, Mg, Mn, and Zn. 

(4) Dissociation of halide molecules in the vapour phase according to: 

MX(s)  →  MX(l)  →  MX(g) + X(g) 

 

 

where M: Cd, Fe, Zn and X: Cl. 

Reactions (1) and (2) requiring intimate contact with the graphite surface depend 

strongly on the rate of heating used for atomization. Reactions (3) and (4), in contrast, are via 

dissociation in the vapour phase and should therefore depend strongly on the temperature of 

the inert gas and whether the graphite surface is in thermal equilibrium with the gas phase44. 

When the sample is in the form of nitrate or sulphate, the metal oxide usually results on 

heating; even when the sample is in the form of halide, this may still be true, because 

hydrolysis to oxygen-containing species frequently occurs in this case45. 

During the investigation on the formation and transport of atoms in graphite furnace, 

Smets48 found two groups of elements for each. For the formation of atoms, the rate-

determining step is either the reduction of the oxide on carbon, volatilization of the metal 

released by reduction of the oxide on carbon. He found that the only exception was 

aluminium, for which he assumed a vapour phase dissociation of AlO. For the transport of 

atoms from the furnace, Smets also proposed two mechanisms. Elements such as Ag, As, Au, 

Bi, Hg, Pb, Se, and Zn are transported by diffusion from the tube. The integrated absorbance 

is directly proportional to the integrated rate of formation of atoms. The gas stream through 

the tube has a considerable influence on the sensitivity for these elements. In contrast, 

elements such as Ba, Be, Ca, Cr, Cu, Fe, K, Li, Mn, Mo, Na, Ni, Sr, U, and V are not 

transported from the tube by diffusion. They are repeatedly volatilized and condensed in a 

type of short-range distillation resulting from the prevailing temperature gradient or specific 

“sticking probability”. In this respect the formation of stable carbides or intercalation 

compounds with graphite can be considered. An alteration in the gas flow rate has no marked 

M(g) X(g) 
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influence on the sensitivity for these elements. Resulting from longer residence time of the 

atoms in the radiation beam, the peaks generated are clearly broader and consequently the 

integrated absorbance higher. 

In graphite furnaces of the Massmann type, the furnace is not in equilibrium with 

respect to either volume or time at the moment of atomization. At the tube wall, the element is 

volatilized and atomized while the temperatures of the graphite tube and the inert gas continue 

to change. If the element is determined in a different matrix, it can be volatilized and 

atomized at another temperature. The peak shaped atomization signal will consequently be 

shifted on the time axis. This means that the absorption signals for both samples will be 

different, both in peak height and peak area, even when the concentration of the analyte 

element is the same44. Slavin et al.39 combining a number of already recommended procedures 

into one package and thus improving the properties of Massmann type furnaces. First of all, it 

is important that the graphite tube is heated as quickly as possible to the required final 

temperature. At the same time, atomization of the analyte element is delayed by use of the 

platform proposed by L,vov et al.49. The graphite tube can attain the final temperature and the 

inert gas in the tube has time to reach this temperature before the platform reaches the 

atomization temperature and the analyte element is volatilized. It is naturally important that 

the inert gas stream through the tube is interrupted during or even better slightly before 

atomization. If the inert gas is in thermal equilibrium with the tube wall at the moment of 

atomization, no further expansion of the gas takes place, thus avoiding a further loss of atoms. 

Transport of atoms from the tube is then only via diffusion. A further important criterion for 

achieving thermal equilibrium in a Massmann furnace at the moment of volatilization is that 

the temperature step from the thermal pretreatment temperature to the atomization 

temperature should not be too large. Slavin39 quotes a temperature of 1000oC, which should 

not be exceeded if possible. If matrix modification41 is used in addition, it is often possible to 

raise the thermal pretreatment temperature, and it is possible to meet the requirement of a 

temperature step less than 1000oC for most elements. 

1.3 Simultaneous Multi-Element Graphite Furnace AAS Systems 

At the end of the 1980s, several commercial systems have become available1. 

Commercial multi-element AAS systems are available from Hitachi (Danburg, CT) since 

1988, Thermo Jarrel Ash (Franklin, MA) since 1990, Leeman Labs (Chelmsford, MA) since 

1993, and Perkin-Elmer (Norwalk, CT) since 19945, 35, 50-54. A review on multi-element AAS 

in general is available55. Harnly56 also reviewed multi-element AAS with a continuum source. 
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1.3.1 Line Source Multi-Element Systems 

Hollow cathode lamps (HCLs) and electrodeless discharge lamps (EDLs), which are the 

most widely used line sources, commonly, require that one lamp be used for each element. 

The multi-element HCL and multi-element EDL were proposed and widely used beginning in 

the mid-1990s57. Although still available, multi-element lamps are not widely used. This is 

primarily due to the reduced sensitivity of the element in the multi-element lamp compared to 

the element in a single-element lamp57. Multi-element HCLs are mostly studied for elements 

with similar properties and are usually limited to between two and four elements57. Studies on 

the use of line sources for multi-element atomic absorption measurements14-19, 27, 33, 58-60 have 

been reported where the superiority in sensitivity and detection limits were easily retained as 

against the continuum source60. Several systems have been developed. The following 

description lists several of these commercial systems. 

1.3.1.1 Model Z-9000 from Hitachi 

Since the late of 1980s, Hitachi has marked a simultaneous multi-element system, 

model Z-900051, 57. The system utilized Zeeman background correction and used four HCLs 

focused simultaneously through the atomizer. Four photomultiplier tubes (PMTs) allowed for 

continuous monitoring of each element. The Z-9000 Hitachi system can analyze four elements 

in one furnace firing. The multi-element system offers the following advantages over the 

single-element or dual-element systems. These include: high sample throughput; shorter 

analysis time; saving on consumables; expansion of dynamic working range; internal 

standards; and smaller required working sample51, 57. Yasuda et al.61 used the Z-9000 to 

investigate the expansion of the dynamic range using peak height measurement and a new 

data-processing method. The working range was extended between a factor of one to two 

orders of magnitude. Optimization of parameters for multi-element determinations Cd, Pb, 

and Zn indicated that higher heating rates and rapid atomization produced reliable results. 

1.3.1.2 AA Scan 4 from Thermo-Jarrell Ash 

Thermo-Jarrell Ash Corporation has developed an instrument, the AA Scan 4, capable 

for simultaneous determination of four elements in a graphite furnace4, 57, 62. The instrument 

employs multiple light sources but only a single monochromator and PMT. To analyze 

different lines, a mirror is placed on a galvanometer to sequentially transmit light from each 

line source into the instrument. In a similar fashion, the monochromator grating is also on a 

galvanometer to sequentially focus the analytical wavelengths from each source onto the PMT. 
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This instrument was capable of simultaneously determining four elements using self-reversal 

background correction57. The AA Scan 4 has been used to successfully determine Cd and Pb 

in certified blood samples63. 

1.3.1.3 Analyte 5 (Leeman Labs) 

Leeman Labs have introduced Analyte 5 simultaneous graphite furnace AA system50. 

The Analyte 5 is capable of simultaneous determination of several elements using multiple 

light sources. The instrument employs a reverse polychromator to combine the source beams 

and notch filters to achieve wavelength discrimination for a single PMT detector. Background 

correction is performed by self-reversal64. This instrument is limited in flexibility because the 

elements to be studied must be specified when the instrument is manufactured65. 

1.3.1.4 SIMAA 6000 from Perkin-Elmer 

The most recent simultaneous multi-element GFAAS system which appeared on the AA 

market is the SIMAA 6000 from Perkin-Elmer. This instrument presents several innovations: 

dedicated echelle polychromator optics in a tetrahedral configuration (TEP), solid-state 

(multi-channel) detector, and transversely heated graphite furnace atomizer (THGA) with 

longitudinal Zeeman background correction9. The SIMAA 6000 allows simultaneous 

determination of up to four elements (up to six using multi-element hollow cathode lamps). In 

the next chapter, we have described the basic features of this system in details. 

1.3.2 Continuum Source Multi-Element Systems 

The use of a continuum source as a light source was proposed and used to overcome the 

problems associated with multi-element lamps. The most common light source used in these 

systems is a xenon arc lamp4. Several systems have been designed. The most significant 

difference in these systems is the choice of spectrometer and detector. With the advent of fast, 

sensitive array detectors, much of the research in continuum source atomic absorption has 

focused on using array detectors to measure atomic signal4. A disadvantage of the continuum 

source is that the spectral bandpass is much greater than that of the hollow cathode lamp line 

profile widths and the intensity can be unstable57. This results in decreased sensitivity, higher 

detection limits, and a reduced linear range57. Harnly et al.66 developed a multi-element 

system based on a xenon arc (300 W) continuum source and an echelle polychromator 

modified for wavelength modification, which has been named SIMAAC (Simultaneous Multi-

element Atomic Absorption with continuum source). The system was capable of analysing up 

to 16 elements at one time, using double-beam operation and background correction. 
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Detection limits were found to be comparable to those of single-element systems (AAS) for 

many elements. A major drawback, however, was lack of sensitivity below 280 nm57. 

1.3.3 Summary 

Several graphite furnace spectrometers capable of simultaneous multi-element 

determinations have been developed. Each of these multi-element systems has distinct 

advantages over conventional line source GFAAS (LS-GFAAS). Both the continuum and 

multiple line source systems demonstrate the ability to monitor multiple elements 

simultaneously with detection limits and sensitivities approaching those of conventional 

single-element systems. However, the drawbacks of each system and the lack of standard 

multi-element analytical methodology demonstrate the need for continual research in the field 

of simultaneous multi-element GFAAS. 
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2 SIMAA 6000 Design and the Multi-Element Compromised 
Conditions 

2.1 Overview 

In this chapter, the basic features of the SIMAA 6000 system have been described. 

These include Echelle Polychromator Optics with a Tetrahedral Configuration (TEP), 

Transversely Heated Graphite Atomizer (THGA) integrated platform, and Solid-State (Multi-

channel) Detector. TEP optical system allows the instrument to determine up to six elements 

simultaneously, significantly reducing analysis time. The THGA integrated platform with 

longitudinal Zeeman-Effect background corrector and Solid-State detector allow the 

instrument to operate under Stabilized Temperature Platform Furnace (STPF)39. 

SIMAA 6000 has been used for various multi-element determinations with acceptable 

performance9, 17, 20, 40, 67-84, keeping the main features of GFAAS: high sensitivity, low 

detection limits, reduced sample requirements, and the possibility to carry out in situ sample 

decomposition inside the graphite furnace. Table  2.1 presents a summary of these applications. 

In the multi-element determination, numbers of compromised conditions have to be 

optimized. These compromised conditions do not follow the best conditions compared with 

the single element measurements because each element has its own optimized setting of 

parameters which are different from the other elements. In this chapter, we have described 

these parameters which can affect the output of the analysis compared with the single-element 

determination. 

2.2 Basic Features of SIMAA 6000 System 

The basic components of SIMAA 6000 system from Perkin-Elmer is diagrammed in 

Figure  2.1. Four HCLs or EDLs from Perkin-Elmer can be used as a radiation source to 

simultaneous determination of four elements (or six elements using multi-element HCLs or 

EDLs). A transversely heated graphite furnace with integrated platform is used for 

atomization. An echelle polychromator in a tetrahedral configuration (TEP) is used to separate 

wavelengths. The detector in this system is a solid-state detector. 
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Table  2.1 Multi-Element analytical procedures developed by SIMAA 6000 

Element Sample Chemical Modifier LD (mgl-1) Mo (pg) Ref. 
Mn 
Se Serum Pd+Mg 0.65 

5.0 
6.0 
46 67 

Cu 
Fe 
Zn 

Serum - 
4.0 
2.2 
0.4 

26 
16 
2.7 

68 

As 
Cu 
Mn 
Sb 
Se 

Drinking water Pd+Mg 

0.7 
0.2 
0.6 
0.3 
0.9 

39 
17 
60 
43 
45 

69 

Al 
As 
Cu 
Fe 
Mn 
Ni 

Fuel ethanol Pd+Mg 

1.2 
2.5 
0.2 
1.6 
0.2 
1.1 

37 
73 
31 
16 
45 
9.0 

70 

Bi 
Pb Wine Pd+Mg - 

0.9 
- 

45 71 

Cu 
Mn 
Mo 

Sea water Pd+Mg and 5% H2 
0.4 
0.7 
1.2 

- 
- 
- 

72 

Cr 
Mn Urine Mg 0.08 

0.16 
7.8 
4.6 74 

Cd 
Pb Wine Pd+Mg 0.03 

0.8 
0.6 
33 75 

As 
Cd 
Ni 
Pb 

Atmospheric particulate matter Pd+Mg 

0.26 
0.02 
0.97 
4.3 

37 
2.2 
28 

1400 

76 

Al 
Cr 
Cu 
Mn 

Urine Pd+ 5% H2 

0.06 
0.05 
0.08 
0.06 

- 
- 
- 
- 

77 

Cr 
Mo 
V 

Bismuth tellurite optical crystals - 
1.1 
4.9 
6.7 

7.5 
20 
58 

78 

Cd 
Pb Foodstuffs NH4H2PO4+Mg 0.04 

0.93 
1.5 
37 79 

As 
Bi 
Sb 
Se 
Te 

Water Ir 

0.82 
0.04 
0.26 
0.29 

- 

177 
91 
107 
90 
- 

80 

Cd 
Cr 
Cu 
Ni 
Pb 

Potable and surface water Pd+Mg 

0.1 
1 
1 
1 
1 

- 
- 
- 
- 
- 

81 

Mo 
V Seawater NH4H2PO4+Mg 0.35 

0.32 
- 
- 82 

Cr 
Ni Serum - 0.05 

0.2 
- 
- 83 

Cd 
Pb Blood NH4H2PO4 

0.2 
4.5 

- 
- 83 

Cd 
Pb Urine NH4H2PO4 

0.06 
2.6 

- 
- 83 

Cu 
Mn Seawater Pd+Mg 0.07 

0.10 
1.5 
37 20 

Cd 
Pb 
Co 
Cu 

Soil and sediment - 

0.001 
0.1 
0.05 
0.02 

0.44 
22 
22 
35 

9 

Cd 
Pb Whole blood Pd+Mg - 

- 
- 
- 84 

Co 
Mn Urine Mg 0.18 

0.09 
- 
- 17 
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Figure  2.1 Schematic diagram of the basic components of SIMAA 6000 

 
 
 
 
 

2.2.1 Furnace Design (Transversely Heated Graphite Atomizer THGA) 

The HGA (Heated Graphite Atomizer) furnace was a development of the system 

originally described by Massmann67, 85. This design has been improved continually; however, 

it was known that three were several fundamental limitations to this design. The temperature 

distribution along the graphite tube in an HGA furnace is not uniform due to the contact of the 

tube ends with the water cooled contact cylinders. Although atomization from the L,vov 

platform and using a preatomization cool-down step can minimize or delay this temperature 

distribution, it is still present. This non-isothermal temperature distribution in the Massmann 

type furnaces leads to memory effects for refractory elements, gas phase interferences, and 

matrix condensation at the cooler tube ends9, 86. 

The THGA furnace, which is used with SIMAA 6000, evolved from the side-heated 

constant temperature graphite furnace described by Frech et al87. The transverse heated 

graphite tube design provides a uniform temperature distribution over the entire tube length. 

This means that the tube end reach the same temperature as the tube centre. Under these 

conditions, the formation of free atoms is optimum and recombination of atoms to molecules, 

the loss of atoms, and condensation on the cooler tube ends, which can produce memory 

effects, are affectively avoided. 
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The two types of graphite furnace and the temperature distribution are shown in Figure 

 2.2 and Figure  2.3, respectively. However, the sensitivity achieved with THGA is not so good 

as with longitudinally heated atomizer where characteristic masses achieved are two to three 

times lower9, 88-91. This is mainly due to reduced length of the observation volume9. 

The graphite furnace is heated by applying a known voltage across the tube and letting 

the resistance create the heat required. The temperature is raised to the specified atomization 

temperature as rapidly as possible (typically up to 2000oC/s). Because the heat rate is faster 

than with conventional voltage controlled heating, the tube is closer to thermal equilibrium 

prior to sample atomization. Lower atomization temperatures may be feasible for many 

elements, which will help to increase tube life time. The THGA tube has an integrated L,vov 

platform, Figure  2.4, which is heated solely by radiation. The rapid heating of low mass 

integrated L,vov platform leads to maximum atomization efficiency and lower atomization 

temperatures92. 

2.2.1.1 The Stabilized Temperature Platform Furnace (STPF) 

It was first proposed by W. Slavin, D. Manning, and G. Carnrick39 and includes the 

following conditions: 

1) Fast instrument electronics to follow the absorption profile 

2) Signal integrations rather than peak height. Since the rate of vaporization of an analyte 

often depends upon the matrix, thus when the matrix of the standards and samples differ, the 

peak height absorbances can differ. The use of integrated absorbance helps to correct for 

differing rates of vaporization. 

3) Accurate background correction, which is necessary to remove absorption signals that are 

not due to the analyte. Zeeman background correction has been of particular importance in 

achieving improved performance with the graphite furnace. 

4) Rapid furnace heating to guarantee that the graphite tube is heated to the preselected 

temperature in the shortest time possible. The faster the heating rate the longer the period for 

thermal stabilization before the analyte is volatilized off the platform. 

5) L,vov platforms and pyrolytically coated graphite tubes to delay the atomization of the 

analyte as long as possible. During that delay, the graphite tube and the inert gas are directly 

heated by conduction. The L,vov platform is primarily heated indirectly by radiation from the 

tube walls. This produces a time lag which allows the system to approach thermal equilibrium 

before the analyte is atomized. 
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6) Gas stop during atomization to give the highest sensitivity and thermal stabilization. 

7) Use of matrix modifier to stabilize the analyte so that higher pyrolysis temperature can be 

used and remain on the platform until later in the atomization step. 

All of these mutually dependent parameters should be used to take full advantage of the 

STPF concept, which leads to maximum analyte signal and minimum interferences92. 

 
 
 
 

Figure  2.2 Temperature distribution in a Massmann-type furnace 

 
 
 
 
 

Figure  2.3 Temperature distribution in a transverse heated furnace 
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Figure  2.4 Schematic diagram of a THGA with integrated platform 

 
 
 
 
 

2.2.2 The Tetrahedral Echelle Polychromator Optical System (TEP) 

The selectivity in GFAAS, defined as the ability to distinguish between two elements, is 

due to the fact that the measurement beam originates from sources which emit only a narrow 

line spectrum of the element (elements) of interest. If this light is transmitted through the 

atomizer by means of mirrors or lenses, and imaged a second time on a photosensitive cell, 

atom specific absorption can be detected. Generally, GFAAS is more complicated: the lamps 

in reality emit a spectrum of resonant and nonresonant lines, mixed with lines from other 

elements and from the fill gas of the lamp. In the atomizer a number of atoms, molecules, and 

particles are generated, the analyte atoms usually being only a small fraction – less than a 

thousandth – of the total absorbing species. Furthermore a lot of light is emitted in the 

atomizer which reaches the detector. Therefore, the line used for the measurement must be 

isolated by a monochromator or polychromator. 

In a typical monochromator, the radiation which was imaged on the entrance slit is 

collimated onto a grating and separated into wavelengths (dispersed) depending on the angle 

of the grating relative to the incoming light only a specific part of the spectrum is transmitted 

through the exit slit onto the detector. The wider the exit slit of a given monochromator, the 

broader is the wavelength window reaching the detector. At the same time, the dimensions of 

the entrance and exit slits determine the amount of light reaching the detector. There are 

number of parameters that affect the resolution of monochromator: the number of lines per 

mm on the grating surface, focal length (the distance from the slits to the collimating mirror), 

and the blaze angle. 

The detectors used (photomultiplier tubes) could be easily positioned behind the exit slit. 

Changing from line to next require a change of lamp and the setting of the new wavelength 
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with the help of a stepper motor driven grating and, in some cases, a change of the width of 

the entrance slit. Another way is to keep the grating fixed and to select the wavelength using 

one of a number of exit slits each positioned at the point at which a particular wavelength 

reaches the focal plane of the spectrometer. This will require a detector behind each of the 

slits and will be relatively complicated and expensive. It offers, however, the possibility of 

reading out a number of lines at the same time so that we speak of a polychromator rather 

than a monochromator. 

Due to recent improvements in solid state detector technology, it has become feasible to 

combine a number of photosensitive spots on a one dimensional array or two dimensional 

surfaces. These can act both as wavelength selectors (comparable to an exit slit) and detectors. 

An echelle polychromator is designed to disperse light in two dimensions. An echelle 

polychromator system, shown in Figure  2.1, combines these features. Echelle polychromator 

contains two dispersive elements, in this case, a prism and a grating. The echelle grating is for 

the main dispersion and a quartz prism for the cross-dispersion. A grating is used under a very 

flat angle towards the incoming light with a relatively wide spacing of about 10 µm between 

grooves. Thus radiation is dispersed efficiently into very high orders resulting in very high 

resolution. However the spectra in many orders are superimposed. Therefore the orders must 

be separated by a second dispersive element in a direction perpendicular to that of the main 

dispersion. The resulting spectra are two-dimensional. The light from up to four HCLs or 

EDLs is combined via a beam combiner and then focused using toroidal mirrors through the 

THGA furnace. The light beam is then passed through the entrance slits into the TEP. From 

the lower collimating mirror the light is passed through the dispersion prism and onto the 

echelle grating. The light is passed back through the prism and upper camera mirror focuses 

the light onto the focal plane and the solid state detector. Rectangular photosensitive areas 

corresponding to the image of the entrance slit are positioned for – in this case – 60 

wavelengths. In normal operation, the spectrum is generated and read out without any 

scanning within the optical system. If a wavelength for which no sensitive area has been 

positioned on the detector is required, the echelle can be shifted in two dimensions relative to 

the detector by tilting the camera by means of stepper motors. Thus light of any wavelength 

can be made to fall on a photosensitive area of the detector. The polychromator becomes a 

monochromator93. 
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2.2.3 Solid-State Detector 

The task of a detector is to transform radiation into an electric current. The most widely 

used tool for this purpose is a photomultiplier. The output current of a photomultiplier is 

converted to a voltage and amplified in conventional solid state circuitry yielding an electric 

signal. The combination of photomultiplier and amplifier should provide linear response of 

signal to light intensity over at least three orders of magnitude. This type of detectors seems to 

be the ideal photon capturing for optical spectroscopy. However, the device is relatively bulky 

and provides no wavelength selective reading. The wavelength must be limited by the 

monochromator exit slit. Thus light with wavelength within only one spectral window will be 

measured. 

The trend in chemical analysis, however, is to obtain as much information per 

measurement as possible. The information content of a measurement can be increased if a 

solid state detector providing many photosensitive spots or areas on a semiconductor chip is 

used. The technology for solid state detection has progressed dramatically. A solid state 

detector for simultaneous multi-element AAS is shown in Figure  2.5. 

The detector basically consists of a silicon wafer with photosensitive rectangular spots 

(photodiodes). The electrical charge is generated by impact of photons at the interface 

between a silicon dioxide (SiO2) and a p+ layer doped with boron. The electric charges are 

transported rapidly in an electric field gradient to the PN junction of the photodiode. The 

individual diodes are connected to individual low noise, low power consumption charges 

amplifiers located at the chip. In this type of detector any group of eight diodes can be 

monitored simultaneously. As the quantum efficiency in the most important wavelength range 

between 200 nm and 500 nm is higher by a factor of between 2 and 5 than that of a typical 

photomultiplier, and AAS usually is shot noise limited, the use of a well-designed solid state 

detector results in significantly improved signal-to-noise performance. The main advantages 

solid state detectors, however, are the compact dimensions and great flexibility of 

application93. 
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Figure  2.5 Solid-state detector for simultaneous multi-element determinations 

 
 
 
 
 

2.3 Compromised Conditions for Simultaneous Multi-Element 

Determinations 

A potential hindrance to simultaneous multi-element determination by GFAAS is the 

necessity of using compromise furnace temperatures for multiple analytes. When GFAAS is 

used for single-element determinations, all experimental and instrumental parameters are 

optimized for one analyte. Consequently, the best optimized conditions, like the pyrolysis and 

atomization temperatures, are used. On the other hand, in the case of multi-element analysis 

other aspects are coming up. Because of the fact that the sample is heated only once in the 

atomization unit and all elements are atomized and hence measured under the same conditions, 

the adoption of compromised conditions for multi-element determinations are required. 

Depending on the suite of elements to be determined, the compromise parameters may be 

dramatically different than individually optimized single-element conditions. The questions of 

interest are: 

• How severely will the sensitivity and the detection limit of the volatile elements be 

degraded using an atomization temperature suitable for the least volatile element? 

• How severely will the chemical and spectroscopic interferences be increased using a 

pyrolysis temperature suitable for the most volatile element94? 

• How severely will the sensitivity and the detection limit be affected using a 

combination radiation from a series of lamps (HCLs or EDLs) or multi-element lamps? 

Since multi-element lamps are problematic and combining the radiation from a series 

of lamps leads to reduced intensities and poorer signal-to-noise ratios (SNRs)64. 
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Perkin-Elmer reports the detection limits for SIMAA 6000 in single-element and 

multi-element mode, Table  2.2, which are comparable to their previous single-element 

instrument, the 4100ZL95, 96. 

• Another criterion that may affect the multi-element determinations is the wide range 

concentration of the elements in a real sample which may recall dilution for some 

elements in the sample. This dilution can decrease the concentration of the other 

elements to or less than the detection limit which reduce the possibility of measuring 

these elements simultaneously. 

 
 
 

Table  2.2 Comparison between the single-element and multi-element detection limits (µg.l-1) 
SIMAA 6000 Element Zeeman 4100ZL Single-element mode Four element mode 

As 10 0.16 0.2 
Cd 0.4 0.003 0.006 
Cr 2 0.01 0.02 
Cu 5 0.1 0.17 
Mn 2 0.01 0.03 
Mo 4 0.03 0.06 
Pb 3 0.1 0.2 
Se 15 0.23 0.54 
Tl 6 0.23 0.3 
V 6 0.06 0.1 

 
 
 

2.3.1 Pyrolysis and Atomization Temperatures 

In the traditional, single-element mode of operation, the furnace temperatures for the 

drying, pyrolysis, and atomization steps are optimized for the element to be analyzed and the 

sample matrix. In the drying and pyrolysis steps, temperatures, gas type and flow, and 

chemical additives (matrix modifiers) are selected to provide reproducible drying and to 

remove or minimize the effect of matrix compounds which provide chemical and/or 

spectroscopic interferences. In the atomization step, the temperature and gas flow are selected 

which optimize the analytical sensitivity. Thus, selection of temperature is critical to the 

optimization of sensitivity and the minimization of interferences. In contrast, simultaneous 

multi-element determinations demand compromise furnace temperatures. The degree of 

compromise is a function of the suite of elements to be determined. The more extreme 

between the least and most volatile elements are, the less space there is for compromise. Thus, 

Cd and Pb dictate that the pyrolysis temperature to be less than 450oC (without a modifier) 

and B and Ti dictate that the atomization temperature to be close to 2500oC if these elements 

are to be included in the determination94, and there is little space for change in these 



 43

temperatures. The limitation of a low pyrolysis temperature which is suitable for the most 

volatile element may restrict the ability to remove troublesome background which is a result 

from the chemical and spectroscopic interferences. 

The first detailed investigation into the use of compromise multi-element furnace 

temperatures by Harnly and Kane97, examined the variation of peak height and peak area 

(integrated) sensitivities as a function of the atomization temperature for a conventional, 

longitudinal-heated graphite furnace (model HGA-2100, Perkin-Elmer Corp., Norwalk, CT, 

USA). It was determined that, with or without a platform, a maximum pyrolysis temperature 

of 500oC and a minimum atomization temperature of 2700oC were necessary for a suite of 

nine elements (Co, Cr, Cu, Fe, Mn, Mo, Ni, V, and Zn). The maximum pyrolysis temperature 

(500oC) was determined by Zn and the minimum atomization temperature (2700oC) was 

determined by Mo and V. With these parameters, the peak area sensitivity of Zn was reduced 

by 50% (as compared to the maximum sensitivity at an atomization temperature of 1500oC) 

for platform atomization and by less than 5% for atomization from the wall. Another 

investigation by Berglund98 examined the use of a commercially available transversely heated 

graphite atomizer (THGA), with palladium as matrix modifier, for the simultaneous 

determination of 8 elements (Ag, Cd, Co, Cr, Mn, Mo, Pb, and V) using a single set of 

atomization parameters. The use of palladium allowed a pyrolysis temperature of 9000C and 

the use of a transversely heated furnace made possible an atomization temperature of 2400oC 

and dramatically reduced memory between atomizations (compared with a longitudinally 

heated furnace). Experimentally determined characteristic masses, for atomization at 2400oC, 

were compared with calculated values for the same temperature and with calculated values for 

optimal, single-element temperatures. They showed that the loss in sensitivity ranged from 

10%-20% for Cd, Co, Cr, Pb, and V and was negligible for Ag, Mn, and Mo. Then the biggest 

concern in the multi-element GFAAS is the loss in sensitivities and detection limits of volatile 

elements atomized at temperatures which are much higher than those used in the single-

element mode94. The loss in sensitivity and detection limits of volatile elements can be 

explained as a result of analyte volatilizing before the final furnace temperature is reached and 

an increase in the absorption coefficient at higher temperatures64, 94. The high sensitivities at 

lower temperatures are also accompanied by broader peaks and longer integration times. 

2.3.2 Chemical Modification 

Matrix modification is the addition of a reagent (the modifier) in excess to the solution 

to be measured in GFAAS to convert the analyte element into a phase of higher 
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thermostability and/or to increase the volatility of interferences. The aim of analyte and 

matrix modification in GFAAS is to permit high enough pyrolysis temperatures to remove the 

bulk of interferences during thermal pretreatment of the sample without losing any analyte 

element prior to the atomization stage. To make the application of modifiers generally 

acceptable in GFAAS a number of requirements are expected to be met particularly for 

routine work. Among those are: 

(i) The analyte element should be stabilized to as high a pyrolysis temperature as 

possible, hopefully at least 1000oC, to allow volatilization of the bulk of interferences. 

(ii) The modifier should be applicable to as many elements as possible for simplicity 

reasons. 

(iii) The modifier should be available in high purity, and not contain the analyte element(s) 

in measurable concentrations. 

(iv) The modifier should not contain an element at high concentration which has to be 

determined at trace levels in the furnace at later time. 

(v) The modifier should not markedly reduce the life time of graphite tubes. 

(vi) The modifier should not produce excessive background attenuation around the 

wavelength of the analyte element99. The use of modifiers became an essential part of 

ETAAS with the introduction of the stabilized temperature platform furnace concept 

(STPF)39, 100. 

The concept and the term matrix modification were introduced into GFAAS by Ediger41. 

Among the reagents, he proposed the addition of nickel to decrease the volatility of arsenic 

and selenium, and the addition of ammonium phosphate to stabilize cadmium. Ediger also 

proposed to add ammonium nitrate to sea water samples to allow removal of sodium chloride 

at lower pyrolysis temperatures at which the analyte element is not yet volatile. Other 

modifiers proposed in later years were molybdenum101, lanthanum102, phosphoric acid103, 104, 

magnesium nitrate105, potassium dichromate106 and several others. 

In 1992, Welz and co-workers proposed the mixture Pd(NO3)2 + Mg(NO3)2 as an 

universal modifier for 21 elements, including Al, Bi, Cd, Cu, Mn, Pb, Sb, and Se100. It was 

possible to increase pyrolysis and atomization temperatures without analyte loss, and similar 

furnace heating conditions could be used for all the elements107.This modifier mixture was 

also used by Hinds et al.108, 109 for the determination of lead in soil slurries. They found that 

the addition of magnesium avoided the low recoveries that occurred if palladium was used 
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alone109, and this agreed with observations made by Schlemmer and Welz99. Shan and Ni110 

suggested that a thermally stable compound or alloy is formed between palladium and lead. 

Schlemmer and Welz99 reported that most analytes are stabilized to about 1200oC by 

palladium. This is very close to the appearance temperature of palladium (1250oC), so they 

suggested that the analyte is embedded in the palladium matrix or forms an alloy. Further 

evidence for the formation of intermetallic species was presented by Wendl and Mueller-

Vogi111, who used X-ray diffraction spectrometry to study the use of palladium on 

modification of lead. They identified Pd3Pb2 and Pd3Pb at a pyrolysis temperature of 820oC, 

but only Pd3Pb at 1127oC. Shan and Wang112 used X-ray photoelectron spectroscopy to obtain 

binding energies suggestive of Pd-Pb and Pd-Bi bonds. Scanning electron microscopy has 

shown selenium and palladium to physically associate with each other on the graphite 

furnace113, and X-ray analysis revealed selenium: palladium ratio of 1. Styris et al.114 used 

mass spectroscopy to confirm compound formation between selenium and palladium in a 

graphite furnace. They suggested that dissociation of the compound is followed by trapping of 

elemental selenium at high energy retention sites created by palladium. Retteberg and 

Beach115 reported that near stoichiometric amounts of palladium had a signal delaying effect 

on tin, lead, and cadmium, which provided further evidence for compound formation. They 

suggested also that palladium must be in its free metallic form to act as a modifier and 

reducing agents enhance the decomposition of palladium oxide. H. Qiao and K. W. Jackson107 

have studied the effects of palladium and mixtures containing palladium on the absorbance 

characteristics of Pb, Tl, Cd, Se, Mn, and Co. They described a physical mechanism of 

palladium in the analyte modification and during the furnace heating; the analyte dissolves in 

molten palladium and may combine with it chemically. The addition of magnesium increases 

the speed of diffusion by causing palladium to form smaller droplets, and hence produces 

sharper absorbance peaks107. 

For simultaneous multi-element determinations, this mixture has been widely used20, 67, 

69-72, 75, 76, 81, 84. Indeed, in simultaneous multi-element GFAAS the modifier and the heating 

program of the atomizer is common for all analytes. So, the optimum conditions should be 

selected as a compromise between required sensitivity and precision. With this modifier the 

compromise conditions for some groups of elements became more close to the optimum 

conditions for each element. 

The normal modifier may be previously mixed with the sample (analytical solution) or 

separately injected into the graphite tube, either before or after the sample (analytical 

solution). Alternatively, the modifier can be present in the graphite tube as metal coating116. 
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This type of modifier is called the permanent modifier. Permanent chemical modification 

usually consists in the introduction of a large amount of chemical modifier solution on the 

platform or on to the tube wall, followed by a stepwise drying-pyrolysis stage. This results in 

coating of the graphite surface with the thermally fixed modifier117, 118. Some advantages have 

been attributed to the use of permanent modifiers, such as simplicity, shorter time of 

determination, and fewer contamination problems116. However, the most emphasized property 

is that the modifier may remain in the tube for several hundred heating cycles, not needing to 

be introduced together with each aliquot of sample119, which can significantly extend tube life 

time120. 

Tubes coated with Pd, Ir, and Rh were used in the determination by GFAAS of Cd, Mn, 

Pb, V, and Se120 and also determination of As and Sb121. Good results were obtained for As, 

Se, and Pb using Ir-coated tubes in electrothermal vaporization-inductively coupled plasma 

mass spectrometry122. Platinum group elements (Ir, Pd, Pt, Rh, and Ru) as well as carbide-

forming elements (Zr, Nb, Ta, and W) have been used to cover the graphite tube to collect 

gaseous hydrides and Hg vapour. Mixtures of elements of the platinum group were used as a 

permanent coating in the determination by hydride generation-atomic absorption spectrometry 

of Cd123, Te124, Sb, As, Bi, Cd, Pb, Tl, Sn, and Se125 and As and Sb126. 

2.4 Important Terms 

AAS is used as a relative analytical method. This means that the absorbance of an 

unknown sample is compared with the absorbances of so called blank solution – which 

represents the contamination level introduced by the laboratory environment and all reagents 

added to standards and samples – and with the absorbances of solutions containing known 

concentrations of the element(s) to be determined, the so-called reference solutions. The result 

of this instrument calibration is a blank absorbance value and a relation between analyte 

concentrations and absorbance values, the calibration curve. This relationship, the slope of the 

calibration curve, should be fairly constant within narrow boundaries for a given experimental 

setup. 

2.4.1 Sensitivity and Characteristic 

The slope of the analytical curve is termed the sensitivity S. 

S = ∆A / ∆C 

where: ∆A: change in absorbance and ∆C: change in concentration. 
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It is used to check the correct function of the instrument on the one hand, and/or to 

recognize erroneous standard solutions or chemical conditions. In order to be able to quickly 

check on the sensitivity without the necessity to establish a calibration curve and in order to 

define sensitivity in absolute terms, the normalized reciprocal sensitivity, the so-called 

characteristic mass mo was defined. Characteristic mass is defined as the mass of analyte 

which gives an integrated absorbance of 0.0044. The characteristic mass can be calculated 

using the following equation: 

mo = (v / slope) × 0.0044 

where: v: the volume of injected volume in µl (which is 20 µl in this study). And it can be 

quantified in the linear range of the analytical curve by measuring the integrated absorbance 

of a reference solution and using the following equation: 

mo = (v × C × 0.0044) / A 

where: C: the concentration of a reference solution in pg/µl and A: the integrated absorbance. 

The characteristic mass is now a well established parameter used to validate the 

function of radiation source, spectrometer, sample introduction system, and graphite furnace 

including the graphite tube. If one of the components of the systems is not working properly, 

the characteristic mass will certainly be out of the range of about ±20% of the published value. 

The characteristic mass will depend on the experimental setup, the accuracy of the sample 

volume introduced, the linearity of the calibration function, the atomization efficiency, the 

atomization temperature, and the quality of the radiation source. 

2.4.2 The Detection Limits 

It should be noted that, while the magnitude of the absorbance signal can be predicted 

from the value given for characteristic concentration, no information is given on how small of 

an absorbance signal can be measured. Therefore, it is not possible to predict the maximum 

measurable concentration from a known characteristic concentration value. To determine this 

quantity, more information on the nature of the measured absorbance signal must be 

considered. 

The smallest measurable concentration of an element will be determined by the 

magnitude of absorbance observed for the element (characteristic concentration) and the 

stability of the absorbance signal. An unstable or noisy signal makes it more difficult to 

distinguish small changes in observed absorbance which are due to small concentration 

differences, from those random variations due to baseline noise. 
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The term detection limit incorporates a consideration of both signal size and baseline 

noise to give an indication of the lowest concentration of an element which can be measured. 

The detection limit is defined by the IUPAC as the concentration which will give an 

absorbance signal three times the magnitude of the baseline noise. The baseline noise may be 

statistically quantitated typically by making 10 or more replicate measurements of the 

baseline absorbance signal observed for an analytical blank, and determining the standard 

deviation of the measurements. The detection limit is then defined as the concentration which 

will produce an absorbance signal three times the standard deviation of the blank. The 

detection limit can be calculated from the following equation: 

DL = (3 × σ) / slope 

Where: σ is the standard deviation of 10 (or more) replicates of the blank. 

Routine analytical measurements at the detection limit are difficult, due to the fact that, 

by definition, noise makes up a significant percentage of the total measurable signal. For good 

precision, it is necessary to limit routine analytical work to concentrations higher than the 

detection limit. 
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3 Aims 

This work is aimed to develop and evaluate a fast, reliable, and comparable (in terms of 

detection limits and sensitivity) to the single-element analytical methodology for the 

simultaneous multi-element determination of trace and ultra trace elements in biological 

samples by multi-element atomic absorption system. 

• Study the effects of the operational conditions (temperatures, modifiers, operating 

modes) on the absorption signals of the elements and the sensitivities of the calibration 

curves. 

• Determination of detection limits and characteristic mass of a selected number of 

elements after optimization of experimental conditions of single-element 

determination. 

• Study the influence of different matrix modifiers on the multi-element determinations 

comparing with the single-element determinations. 

• Determination of best compromised conditions for the multi-element modes using two 

operating modes (2- and 4-element modes) and determination of detection limits and 

characteristic mass values. Comparison of results of single-element and multi-element 

mode. 

• Minimizing matrix effects in multi-element modes for element determination of urine 

reference material. 

• Application of simultaneous measurements for analysis of different biological samples 

using certified reference materials. 
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4 Experimental Section 

4.1 Instrumentation 

All simultaneous multi-element determinations were performed with a SIMAA 6000 

system (Simultaneous Multi-element Atomic Absorption Spectrometer) equipped with a 

longitudinal Zeeman-effect background correction, an AS-72 autosampler, an Echelle optical 

arrangement, and a Solid-state detector (Perkin-Elmer GmbH, Bodenseewerk, D-88647 

Überlingen). A transversely heated graphite atomizer (THGA) tubes (with and without end-

capped) with an integrated platform were used throughout this work. A THGA with end-

capped was used for the multi-element determination of Al, Be, Cr, and V. The whole system 

was controlled by means of AA WinlabTM control software running under Microsoft 

WindowsTM. High-purity argon (99.998 %, Air Liquid Deutschland GmbH) was used as the 

purge gas. The rate of flow of the inert gas was 250 ml.min-1. This flow was stopped during 

atomization. The lamps used were HCLs and EDLs from Perkin-Elmer. The lamp type of 

each element and the setting parameters for each lamp were summarized in Table  4.1. The 

integrated absorbance of the atomic absorption signal was used for the determination. 

 
 
 
 

Table  4.1 The lamp types and setting parameters for each lamp 
Element Wavelength (nm) Band pass (nm) Lamp type Lamp current (mA) 

Al 309.3 0.7 HCL 25 
Be 234.9 0.7 HCL 30 
Cr 357.9 0.7 HCL 25 
Cu 324.8 0.7 HCL 15 
Bi 223.1 0.2 EDL 380 
Cd 228.8 0.7 EDL 230 
Mn 279.5 0.2 HCL 20 
Pb 283.3 0.7 HCL 10 
Sb 217.6 0.7 EDL 380 
Se 196.0 2.0 EDL 290 
Tl 276.8 0.7 HCL 6 
V 318.4 0.7 HCL 40 

 
 
 
 

4.2 Reagents and Standard Solutions 

All solutions were prepared with high purity de-ionized water (18.2 MΩ) obtained from 

a Milli-Q water purification system (Millipore GmbH, Schwalbach, Deutschland). 

Analytical reagent-grade HNO3 65% (KMF Laborchemie Handels GmbH, Lohmer, 

Deutschland) was purified by sub-boiling distillation. 
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High purity standard reference solutions (1.000 g.l-1) from Bernd Kraft GmbH, 

Duisburg-Deutschland, were used to prepare the analytical stock solutions which are kept in a 

refrigerator. A list of the standard reference solutions used is shown in Table  4.2. 

 
 
 
 

Table  4.2 Standard reference solutions 
Element Concentration Type Source Matrix  

Al 1.000 g.l-1 ICP/AAS Standard Solution Bernd Kraft GmbH 0.5 mol.l-1HNO3 

Cr 1000 ± 3 µg.ml-1 High-Purity Standards Charleston SC 29423 2% HNO3 

Mg 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH 0.5 mol.l-1 HNO3 

Pd 1.000 g.l-1 ICP-Standard Bernd Kraft GmbH As Mn(NO3)2 in 1 mol.l-1 HNO3 

Mn 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH 0.5 mol.l-1 HNO3 

Be 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH 0.5 mol.l-1 HNO3 

Se 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH SeO2 in 0.5 mol.l-1 HNO3 

Pb 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH 0.5 mol.l-1 HNO3 

Cu 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH As Cu(NO3)2 in 0.5 mol.l-1 HNO3 

Tl 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH As TlNO3 in 0.5 mol.l-1 HNO3 

Sb 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH As SbCl3 in 5 mol.l-1 HCl 

Bi 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH As Bi(NO3)3 in 1 mol.l-1 HNO3 

V 1.000 g.l-1 AAS-Standard Bernd Kraft GmbH As NH4VO3 in 1 mol.l-1 HNO3 

Cd 1.000 g.l-1 ICP/AAS Standard Solution Bernd Kraft GmbH 0.5 mol.l-1 HNO3 

Ir 1.000 g.l-1 ICP-Standard Bernd Kraft GmbH As H2(IrCl6) in 1.0 mol.l-1 HCl 

 
 
 
 

The reference solutions for calibration and determination were prepared daily by 

appropriate dilution of the stock solution with 0.2% HNO3. 

The temperature program that has been used for the determination of the elements in 

single- and multi-element modes is shown in Table  4.3. Different pyrolysis, atomization, and 

cleaning temperatures depending on the elements, operating modes, matrix modifier, and 

sample have been used.   

The chemical modifier solutions used were Pd(NO3)2, Mg(NO3)2, and Ir. In each 

measurement, 20 µl sample or standard solution, 5 µl 1.000 g.l-1 Pd solution, and 3 µl 1.000 

g.l-1 Mg(NO3)2 solution were injected into the graphite tube at 20oC. In the simultaneous 

determination of Al, Be, Cr, and V, only 5 µl of 1.000 g.l-1 Mg(NO3)2 was injected with the 

sample into the graphite tube. In the case of the multi-element determination by using a 

permanent modifier, the tubes were prepared by pipetting 20 µl of a 1.000 g.l-1 of Ir, as 

chloride, and submitting the tube to the temperature program shown in Table  4.4114. The 

entire procedure, that is, the pipetting and heating, was repeated 25 times. 
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Table  4.3 Temperature program for SIMAA 6000 system 

Step 
Temperature 

(oC) 

Ramp Time 

(s) 

Hold Time 

(s) 

Gas Flow 

(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis variable 10 20 250 

Atomization variable 0 5 0 

Clean-out variable 1 3 250 

 
 
 

Table  4.4 Temperature program for the metal coating 
Step Temperature (oC) Ramp (s) Hold (s) Ar flow rate (ml.min-1) 

1 90 5 30 250 

2 140 5 30 250 

3 1000 10 10 250 

4 2000 0 5 0 

5 20 1 10 250 

 
 
 
 

4.3 Sample Preparation 

The accuracy of the methods was confirmed by analyzing different certified reference 

materials. The certified reference materials are shown in Table  4.5. 

 
 
 
 

Table  4.5 Certified reference materials 
Certified Material LOT Source 

Trace Element Urine Sample 0511545 Seronorm 

Lyphocheck Urine Metals Control- Level 1 69061 BIO-RAD 

Bovine Liver NIST-SRM 1577b National Institute of Standards and Technology 

Pig Kidney BCR-CRM 186 Institute for Reference Materials and Measurements 

Pork Liver GBW 08551 National Research Centre for Certified Reference Materials 

Tea GBW 08505 National Research Centre for Certified Reference Materials 

 
 
 
 

4.3.1 Trace Elements Urine Sample (Seronorm 0511545) 

Exactly 5 ml de-ionized water was added to the sample and let it stand for 30 min, and 

then transfer it to a plastic tube. The sample was then kept in a refrigerator at -20oC for later 

use. Before use, the sample was diluted 1:4 with 0.2% HNO3. 
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4.3.2 Lyphocheck Urine Metals Control-Level 1 (69061) 

The same procedure was applied as Seronorm sample except that, 25 ml de-ionized 

water was added and the sample was diluted 1:1 before use. 

4.3.3 Pork Liver (GBW 08551), Pig Kidney (BCR-CRM 186), and Bovine 
Liver (NIST-SRM 1577b) 

The samples were digested as described by Ronald Treble127. Firstly, the samples were 

dried at 80oC for 4 h. and stored in desiccators before use. 0.5069 g (GBW 08551), 0.5218 g 

(BCR-CRM 186), and 0.5129 g (NIST-SRM 1577b) dried samples were allowed to digest in 

5 ml concentrated distilled HNO3 for a period of 72 h. at room temperature. The 

digested/acidified samples were transferred into 50 ml volumetric flask and diluted to the 

mark with de-ionized water. Before use, each sample was diluted as required. 

4.3.4 Tea Sample (GBW 08505) 

The sample was digested as described by Yin Ming128. The sample firstly was dried at 

80oC for 4 h. in a clean oven and stored in desiccators before use. A sample portion of 1.0217 

g was weighed into a beaker and moistened with pure water. 10 ml HNO3 and 2 ml HClO4 

were added in sequence. After standing overnight, the sample was evaporated to nearly 

dryness on a hotplate at 200oC. The resulting residue was treated with 0.5 ml concentrated 

HNO3 and some water, and then heated gently for 5 min till the solution turned clear. This 

solution was rinsed into a 50 ml volumetric flask and diluted to the mark with de-ionized 

water. The sample was diluted as required before use. 

4.4 Contamination Control 

All glassware, micropipette tips, autosampler cups, and polypropylene containers were 

acid washed with 10% (v/v) HNO3 for 24 h. and thoroughly rinsed five times with distilled 

water before use. All solutions and samples were daily prepared in 0.2% (v/v) HNO3. 
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5 Results and Discussions  

5.1 Overview 

In this chapter, we have firstly optimized the parameters for the single-element 

determinations. These conditions include the pyrolysis and atomization temperatures which 

have been determined with and without modifiers. Three types of modifiers have been used; 

Mg(NO3)2 modifier, the Pd+Mg mixture modifier and Ir-permanent modifier. From the 

optimized parameters, the sensitivities, the characteristic masses, and the detection limits have 

been determined. 

Secondly, the compromised conditions for the multi-element determinations have been 

determined and then used to determine the sensitivities, the characteristic masses, and the 

detection limits. 

To test the accuracy of our methods, the compromised conditions have been used to 

analyze number of certified reference materials. Also the effect of strong matrix on these 

compromised conditions has been studied by using urine reference material from Seronorm 

which has been diluted because of the high concentration of the elements. 

5.2 Single-Element Determinations without Modifier 

GFAAS is the most useful and powerful analytical techniques for the determination of 

trace elements because it offers fast analysis time, low sample consumption, low cost, and the 

most important high sensitivity and detection limits. These favourable features have to be 

retained if we use this technique for the simultaneous multi-element determinations. Some of 

these features, like analysis time, sample volume, and cost will be even improved with the 

multi-element mode. On the other hand, sensitivity and detection limits could be affected 

because multi-element determinations require the adoption of compromised conditions for 

instrumental and experimental parameters. These compromised conditions can cause loss of 

sensitivity and high detection limits depending upon the elements, to be simultaneously 

determined, and the matrix. In general, for simultaneous determinations, the more elements 

are selected, the more complicated it is to find the analytical compromised conditions 

adjustments, avoiding degradation of the sensitivity and repeatability129. In our research, we 

have selected the elements according to this basis. In the single-element determinations, we 

have started the study without a modifier and then we have made the study using different 

types of modifiers. All the optimizations have been made with the aqueous solutions. 
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Firstly, we can divide our elements into three groups of elements, according to the 

pyrolysis and atomization temperatures without any modifier: 

i) Volatile elements: Cd, Bi, Pb, and Se 

ii) Mid-volatile elements: Sb, Cu, and Mn 

iii) Less-volatile elements: Cr, Al, Be, and V 

From the pyrolysis and atomization curves for these elements, Figure  5.1, we will see 

that the highest pyrolysis temperatures which can be used for the first group; the volatile 

elements; were as follows: 200, 300, 450, and 550oC for Se, Cd, Bi, and Pb respectively. In 

other words, the lowest atomization temperatures were: 1200, 1300, 1400, and 1500oC for Cd, 

Bi, Pb, and Se respectively. The pyrolysis temperature for selenium was limited to 200oC 

without modifier because of the formation of volatile selenium compounds as the oxides SeO 

and SeO2, which are volatilized at temperatures higher than 130oC, impairing the thermal 

treatment efficiency114. For Bi, bismuth oxide Bi2O3 (which is formed after the drying step) is 

reduced to a volatile suboxide at active sites on the graphite surface which is further reduced 

to metallic Bi upon colliding with the surface again. The volatile suboxide is responsible for 

metal losses during pyrolysis step130. Cadmium is a high volatile element131 and as suggested 

by Sturgeon and Chakrabarti46 the atomization of Cd in electrothermal atomizers takes place 

by the dissociation of the oxide CdO, the reduction of CdO by carbon being 

thermodynamically unfavourable. Thus the melting and sublimation temperatures of CdO are 

the most critical factors influencing Cd peak formation131. Lead is also a volatile element but 

less than cadmium. After the drying step, PbO is formed as a decomposition of the lead nitrate 

or hydrolysis of the chloride. Pb atoms are formed from the reduction of PbO which is 

favourable at 1040 K45. Double peak has been observed for Pb. Double peaks for Pb and other 

relatively volatile metals, such as Cd and Zn, have been reported for a variety of sample types 

and atomizer designs132-139. Several researchers have studied the Pb system and have offered 

some theoretical models for the production of double peaks. McLaren and Weeler134 proposed 

that the two peaks observed for Pb result from the formation of the massicot and litharge 

dimorphic of PbO on the atomizer surface. It is assumed that these two dimorphic forms of 

PbO can be formed on the surface of the atomizer during the pyrolysis step and that this is the 

cause of the double peaks that occur for Pb. Both Fuller140 and Regan and Warren136 have 

reported that the condition of the graphite surface has an affect on the extent to which 

interferences are observed. The implication is that two distinct release mechanisms lead to the 

two peaks observed for Pb and that the condition of the graphite surface, i.e., whether the 
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furnace is new or old, determines the extent to which either mechanism occurs. Holcombe et 

al.139 have concluded that the presence of O2 in a graphite atomizer can have a profound effect 

on the atomizer surface, which in turn changes the release mechanism for Pb. It has been 

suggested that the formation of atomic vapour of the analyte is often preceded by the 

reduction of the metal oxide by the graphite surface. Two major types of active sites on 

graphite provide different mechanisms for PbO reduction and Pb vaporization. Deactivation 

of these sites by the chemisorptions of O2 causes a shift to the secondary release mechanism. 

The two release mechanisms account for the double peaks and appearance temperature shifts 

which are observed for Pb. 

For the second group, and from the pyrolysis and atomization curves, we will see that 

the highest pyrolysis temperatures which can be used were: 900, 1100, and 1200oC for Sb, Cu, 

and Mn respectively. While the lowest atomization temperatures can be used were: 1600, 

1700, 2000oC for Mn, Sb, and Cu respectively. From the pyrolysis curve for Sb (Figure  5.1), 

we see that Sb is thermally stable up to 500oC and above this temperature the absorption 

signal starts to decrease gradually with increasing temperature. L. Pszonicki141 suggested that 

antimony is present in the solution in the form of antimonous acid and decomposed during the 

drying and early pyrolysis stages to oxide and successively reduced to elemental antimony 

that sublimes at temperatures above 500oC. For manganese, Frech and Lundberg142 suggested 

that the thermal dissociation of MnO as the mechanism of atom formation in ETAAS. The 

result obtained by Aggett and Sportt143 was coincident with that of Frech and Lundberg. MnO 

is present on the graphite surface irrespective of whether it has been introduced as the chloride 

or the nitrate. For copper, upon heating, an aqueous solution of copper nitrate is converted 

into copper oxide (CuO) before the furnace attains the appearance temperature of 1450 K45, 46. 

Upon further heating, CuO is reduced by carbon to free Cu, which then sublime to gaseous 

atoms. Because the heat of desorption of copper from the graphite surface is approximately 

equal to that of sublimation of copper, the correlation between the experimentally observed 

enthalpy and the heat of sublimation is reasonable144. According to the thermodynamic 

calculations144 the small amount of copper may vaporize totally at a temperature below the 

melting point of copper without passing through the liquid phase. 

Finally the third group includes Al, Be, Cr, and V. These elements are less volatile than 

the others and they are usually called refractory elements because they formed very stable 

compounds with the carbon (carbides). From the pyrolysis curves, the maximum pyrolysis 

temperatures can be reached were as follows: 1000, 1400, 1500, and 1700oC for Be, Cr, Al, 

and V respectively. The highest pyrolysis temperatures indicate the formation of carbides. 
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Wendl and Müller-Vogt145, using X-ray results, have shown that both V and Cr form carbides, 

VC and Cr3C2 respectively. Firstly, V2O3 and Cr2O3 are formed. The oxides are reduced to 

carbides at temperatures higher than 1300 and 1500 K, respectively. These carbides start to 

decompose into the elements at temperatures higher than 2000 and 1700-1800 K, 

respectively145. The evaporation of V from VC was also described by Storms and McNeal146, 

and the onset of the decomposition of Cr3C2 at temperatures higher than 1500 K by Lux and 

Eberle147. Therefore, the losses of atomizable V and Cr during the pyrolysis step are due to 

gas phase transport of the elements and VO and Cr2O3 could not be detected in the gas phase 

of the tube by molecular absorption in the temperature between 1700 and 2200 K145. In the 

case of beryllium, Majidi et al.148 have suggested that atoms are formed from reduction of 

BeO by the furnace wall or thermal dissociation of a carbide. BeO has an extremely high 

boiling point, which means that the reduction of BeO by the furnace wall material, not 

thermal dissociation is the mechanism for beryllium atom formation148. Prell et al.149 reported 

that carbides were detected mass-spectrometrically in the form of Be2C, BeC2, Be2C2, and 

Be2C4. Therefore, two mechanisms have been concluded for the atomization. For aluminium, 

Cathum144 has suggested that the reduction of aluminium oxide is responsible for atoms 

formation. This oxide is produced from low-temperature thermal dissociation of the 

aluminium nitrate solution. Sturgeon et al.45 interpreted the two energies that they obtained for 

aluminium atomization as an indication that Al2O3(g) dissociate thermally, that the resulting 

AlO(g) also dissociate, and that both dissociations provide free aluminium. Another possible 

mechanism for the formation of gaseous aluminium atoms is by autocatalytic reduction of 

aluminium oxide by gaseous carbides, such as Al4C3 that may form during atomization144. 

The lowest atomization temperatures which can be used for these elements were as follows: 

2300, 2300, 2300, and 2500oC for Al, Be, Cr, and V respectively. In the case of V, the 

sensitivity increases with increasing the atomization temperature. But with SIMAA 6000, the 

maximum temperature be attained is 2600 and with this temperature the life time of the tube 

will decrease. For that reason we have decided to use 2500oC as the atomization temperature 

for V. 

The pyrolysis and atomization curves for all elements without modifier and the 

optimum pyrolysis and atomization temperatures for all elements without modifier are shown 

in Figure  5.1 and Table  5.1 respectively. 
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Figure  5.1 Pyrolysis and atomization curves with and without modifier in the single-element mode 
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Table  5.1 The pyrolysis and atomization temperatures without modifier in the single-element mode 
Element Pyrolysis Temperature (oC) Atomization Temperature (oC) 

Al 1500 2300 

Be 1000 2300 

Bi 450 1300 

Cd 300 1200 

Cr 1400 2300 

Cu 1100 2000 

Mn 1200 1600 

Pb 550 1400 

Sb 900 1700 

Se 200 1500 

V 1700 2500 
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5.3 Single-Element Determination with Modifier 

From the results above (previous section), addition of a matrix modifier is very 

important because of the high volatility of some elements (e.g. Se, Cd, Bi) and the large 

difference in thermal stability (in terms of pyrolysis and atomization temperatures) between 

the elements (the high volatile and the refractory elements) which plays a very important role 

for multi-element determinations. As the difference in the thermal stability is increased, the 

difficulty to find compromised conditions between these elements is increased. The use of 

matrix modification increases the stability of the volatile element which permits the use of 

higher pyrolysis and atomization temperatures. This will lead to a common temperature 

program for a wide variety of elements. 

The mixture of palladium and magnesium nitrate has been widely used for simultaneous 

multi-element determinations by SIMAA 600040. It is claimed as universal chemical modifier 

due to thermal stability improvement for 21 elements100. We have used this mixture as a 

modifier in our work. It has increased the pyrolysis temperature of the volatile elements 

compared with previously determined without modifier. Zhe-Ming150 found that for the 

medium and low volatility elements (Mn and Mo), palladium has less stabilizing effect. For 

aluminium, magnesium nitrate has been recommended151-153. This matrix modifier facilitates 

the formation of stable aluminate and prevents the loss of aluminium as the volatile 

chloride154. The mechanism of the aluminium atomization in the presence of magnesium 

nitrate has been attributed to the embedment of aluminium in the magnesium oxide formed 

from the nitrate and the vaporization of aluminium is prevented105. The stabilization of both 

aluminium and beryllium by magnesium nitrate are similar and has been published155-157. 

Pd(NO3)2 and Mg(NO3)2 have been used as modifiers for the determination of chromium in 

urine158-160. Oliveira74 has found that the best recovery and repeatability results were obtained 

for 3 µg magnesium nitrate. For that we have used magnesium nitrate in the simultaneous 

multi-element determination of Al, Be, Cr, and V. The optimizations with this modifier in the 

single-element mode for these elements have been carried out. 

The use of permanent chemical modifiers allows increases the graphite tube lifetime, 

eliminates volatile impurities during the thermal coating process, decreases the detection 

limits, reduce the total heating cycle time, and minimize the high purity chemical 

consumption. The use of pre-reduced noble metal permanent modifiers such as Pd, Rh, Ru, Pt, 

and Ir161-167, carbide forming elements (W, Zr, Nb, Ta)168, 169, and mixed carbide forming 

elements (W, Zr) with Ir125, 170, 171 have been applied successfully for trapping of hydride-
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forming elements in ETAAS. In our study, we have used Ir as a permanent modifier for the 

simultaneous multi-element determinations which include: Cd, Bi, Pb, Se, and Sb. The 

optimizations using this modifier in the single-element mode for theses elements have been 

carried out. 

Firstly, we have studied the effect of each modifier on the elements in single-element 

mode. According to the stabilization effect of the modifier we have selected our groups in the 

multi-element mode. 

5.3.1 With Pd(NO3)2 + Mg(NO3)2 Modifier 

The main purpose of using chemical modification in ETAAS is to stabilize the elements 

to a pyrolysis temperature as high as possible in order to remove the sample matrix efficiently 

in the thermal pre-treatment step hence less interferences are encountered in the final 

atomization process. However, chemical modification is more frequently applied to the 

stabilization of elements of high and medium volatility. 

From the pyrolysis curves (Figure  5.1), the pyrolysis temperature of the volatile 

elements (Se, Cd, Bi, Pb), and Sb were 400-1000oC higher in the presence of Pd+Mg modifier 

than those obtained with no modifier which are similar to those reported by Welz et al.100. The 

stabilizing effect of this modifier on these elements, which results from the formation of a 

chemical compound or of an inter-metallic phase and/or from an imbedding effect (as we 

have discussed in section  2.3.2), is not limited to the pyrolysis step but also increases the 

atomization temperature as in Figure  5.1. At higher atomization temperatures, the diffusion 

losses of these elements are higher so that lower integrated absorbances are obtained100 (also 

see Figure  5.1). For mid-volatile elements (Cu and Mn) and less volatile elements (Cr), except 

Be, the differences were 100-200oC. In the case of relatively low volatile elements, the 

appearance temperature of which are near to or even higher than that of Pd, the stabilizing 

effect of the later on the analytes will not be significant because palladium will vaporize at the 

same time with, or even earlier than the analyte150. These elements exhibit a high thermal 

stability by themselves. The important action of the modifier was not so much a further 

increase in the thermal stability of the analyte element but control of the chemical 

environment. This means that the modifier protected the analyte element from the formation 

of volatile compounds with matrix constituents. For beryllium, higher pyrolysis temperature 

(1600oC) has been obtained with Pd+Mg modifier than without modifier (1000oC). But the 

pyrolysis curve with this modifier is similar to that with magnesium nitrate modifier 



 64

indicating the same stabilization effects which are due to magnesium nitrate. There is no 

significant stabilization of palladium on beryllium for the same reason as Cu, Mn, and Cr. 

The optimized pyrolysis and atomization temperatures in the presence of this modifier 

have been used to determine the characteristic masses and detection limits for the elements 

and the values have compared with those in multi-element mode. The detection limits were 

calculated as three times the standard deviation of ten replicate measurements of each blank. 

The calibration curve for each element in the presence of this modifier is shown in Figure  5.2. 

       
       

Figure  5.2 Calibration curves of the elements with Pd+Mg modifier in the single-element mode 
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5.3.2 With Magnesium Nitrate (Mg(NO3)2) Modifier 

We have used this modifier (5 µg Mg(NO3)2) in the simultaneous multi-element 

determination of Al, Be, Cr, and V using end-capped tubes. This modifier has been 

recommended for the stabilization of Al, Be155-157, and Cr158-160. The most stabilizing effect 

has been observed for beryllium (about 600oC). For aluminium and chromium, the 

stabilization effect was in the range 100-200oC. However, for aluminium, the sensitivity was 

higher than that without modifier which has also been reported by Shan154. The increase in the 

sensitivity can also be attributed to the use of the end-capped tube. With this tube, the 

diffusional of the atomic vapour out of the tube are lowered and the sensitivity improved by a 

factor of 1.3-1.5 according to the element9. For vanadium, no stabilization effect has been 

observed (Figure  5.1). But generally; for all elements, the absorbance peaks have become 

sharper than without modifier and even with Pd+Mg modifier in the case of Al, Cr, and Be. 

Since we have used Mg(NO3)2 for the multi-element determination for this group of element, 

therefore, the optimum conditions (the pyrolysis and atomization temperatures) in the single-

element mode have been determined. The optimum conditions with this modifier have been 

used to determine the characteristic mass and detection limit for these elements and the results 

are compared with those in multi-element mode. The calibration curves for these elements are 

shown in Figure  5.3. 
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Figure  5.3 Calibration curves of the elements with Mg modifier in the single-element mode 
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5.3.3 With Ir-permanent Modifier  

Iridium is rather a refractory element with high melting (2410oC) and boiling (4527oC) 

points. These temperatures are significantly higher than the corresponding figures for 

palladium usually employed as universal chemical modifier (1552 and 2927oC)118. Tsalev et 

al.125 have found that during a simulated clean-out step, Ir losses start at temperatures higher 

than 2200oC. Therefore, Ir absorbance signals were much more strongly depressed on 

pyrolytically coated platforms than those of Pd. This means that Ir is better retained on the 

graphite surface, making it a promising permanent modifier. 

In this work, the tube was coated with 500 µg Ir by pipetting 20 µl of a 1.000 g.l-1 

solution of Ir, as chloride, and submitting the tube to the temperature program shown in Table 

 4.4. The entire procedure was repeated 25 times. We have tested this modifier with the 

volatile elements (Se, Cd, Bi, Pb, and Sb). The optimum pyrolysis and atomization 

temperatures obtained from pyrolysis and atomization curves for these elements are compared 

with the values of multi-element mode. The pyrolysis and atomization curves with this 

modifier are shown in Figure  5.1. For, Bi, Pb, Sb, and Se, higher pyrolysis temperatures; 

compared to that with Pd+Mg modifier, can be used. Also, higher atomization temperatures, 

especially for Sb, are required and this means more stabilization effect with this modifier will 

be obtained. For Cd, there was no change in the pyrolysis and atomization temperatures. But 

there was an increase in the appearance time. Broad absorbance, compared with Pd+Mg 

modifier, for Sb has been observed. At the same time, there are decrease in the sensitivity for 

these elements, except for Cd and Se, which can be a result from the higher atomization 

temperature that have been used with this modifier comparing with the other modifier 

(Pd+Mg modifier). At higher atomization temperatures, diffusion losses of elements are 
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higher so that lower integrated absorbances are obtained; hence, the mo values are higher than 

those obtained with Pd+Mg modifier. The optimum pyrolysis and atomization temperatures 

have been used to determine the characteristic masses and detection limits and the results are 

compared with those in multi-element mode. The calibration curves are shown Figure  5.4.  

 
 

Figure  5.4 Calibration curves of the elements with Ir-permanent modifier in the single-element mode 
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5.4 Multi-Element Determinations with 2-Operating Mode 

As in any multi-element technique, SIMAAS requires compromised conditions, e.g., 

chemical modifier, pyrolysis and atomization temperatures, which can lead to significant 

sensitivity deterioration. In spite of instrumental advancements and the use of STPF 

conditions, the majority of the multi-element methods performed by SIMAAS are limited for 

few elements due to the difficulties to find out a more universal set of adjustments for the 

experimental and instrumental parameters. Even so, for 2-element operating mode, the time, 

reagent, and sample consumption are significantly reduced. 

The 2-element operating mode has smaller effect on the sensitivity of the determination. 

The multi-element lamps; either HCLs or EDLs which can be for the determination of more 

than one element, have been used in this work to study the multi-element capability of the 

system. Among of them are Cr lamp which can be used for Cr and Cu, Mn lamp which can be 

used for Mn and Cu, and Sb lamp which can be used for Sb and Bi. The groups of elements 

for multi-element mode have been selected according to the stabilization effect of the 

modifier on these elements. Also, the effects of the operating mode on the sensitivity of the 

determination have been studied and the results were shown at the end of this section. 

The compromised conditions for each group of element have been determined. The 

compromised procedures have been carried out using aqueous solutions and in the presence of 

different modifiers according to the group of elements selected. The compromised conditions, 

which are pyrolysis and atomization temperatures, have been used to determine the 

characteristic masses and detection limits for each element in the multi-element 

determinations and compared with those in the single-element determinations. 

5.4.1 Multi-Element Determination of Be, Cr, and Cu 

We have decided to determine the Cu with Be and Cr simultaneously because the Cr 

lamp can be used for Cr and Cu and that allow us to use the 2-lamp operating mode. For the 

multi-element determination of this group, we have used the mixture modifier (5 µg Pd + 3 µg 

Mg). The dependence of Be, Cr, and Cu absorbance on the pyrolysis and atomization 

temperatures was studied. The pyrolysis and atomization curves are shown in Figure  5.5. The 

optimum pyrolysis and atomization temperatures for the simultaneous determination were 

1200 and 2300oC, simultaneously. We have not increased the atomization temperature more 

than 2400oC because the lifetime of the tube will decrease. The pyrolysis and atomization 

curves were made using the following concentrations: 4 ppb Be, 10 ppb Cr and 25 ppb Cu in 

0.2% HNO3. The optimized temperature program for the multi-element determination of Be, 
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Cr, and Cu is shown in Table  4.3. The cleanout temperature was 2500oC and the hold time 

was 4s. This optimized temperature program has been used to determine the characteristic 

masses and detection limits for these elements in the multi-element mode .These values are 

compared with those in the single-element mode and shown in Table  5.2. The values of 

detection limits were not so higher comparing with the single-element mode as for the 

simultaneous determination of Al, Be, Cr, and V. This is because the use of 2-operating mode 

comparing with 4-operating mode for first group. The values of characteristic mass were 

similar to those of the single-element mode especially for Be and Cr. The higher value in the 

case of Cu can be attributed to higher atomization temperature 2300oC for multi-element 

mode comparing to 2000oC for the single-element mode. The calibration curves which have 

been used to determine the characteristic masses and detection limits are shown in Figure  5.6.  

 
Figure  5.5 Pyrolysis and atomization curves for multi-element mode in aqueous solution of Be, Cr, and Cu 

using Pd+Mg(NO3)2 as a modifier 
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Table  5.2 Comparing the single-element determinations with the multi-element mode of Be, Cr, and Cu 
(pyrolysis=1200oC, atomization=2300oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Be 1600 2300 0.026 0.030 3.9 4.4 

Cr 1500 2300 0.049 0.054 7.2 7.9 

Cu 1200 2000 0.13 0.14 19.6 21.0 
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Figure  5.6 Calibration curves of the multi-element mode in aqueous solution of Be, Cr, and Cu with 
Pd+Mg modifier 
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5.4.2 Multi-Element Determination of Bi, Sb, Cu, and Mn 

The multi-element determination of this group has been carried out using 2-operating 

mode because the Sb and Mn lamps are multi-element lamps. Pyrolysis and atomization 

curves were carried out in order to define the compromise conditions for simultaneous 

determination of Bi, Sb, Cu, and Mn, since in simultaneous detection the heating program of 

the atomizer is the same for all analytes. Shown in Figure  5.7 are the pyrolysis and 

atomization temperature curves for 100 ppb Bi, 100 ppb Sb, 25 ppb Cu, and 10 ppb Mn in 

0.2% HNO3 in the presence of 5 µg Pd+ 3 µg Mg as a modifier. In order to determine all four 

elements simultaneously, 1100 and 2000oC were chosen as an optimum pyrolysis and 

atomization temperatures, simultaneously. The optimum temperature program for the 

simultaneous determination of these elements is shown in Table  4.3. The cleanout 

temperature was 2500oC and the hold time was 4s. Calibration curves constructed from the 

aqueous standards in 0.2% HNO3; Figure  5.8, were used to determine the characteristic 

masses and detection limits of these elements in the multi-element mode and the values 

compared to those determined in the single-element mode are shown Table  5.3. The values of 

detection limits were higher for multi-element mode compared with those of single-element 

mode. For Bi and Sb were approximately three times higher and for Cu and Mn were about 

two times higher. This was because the lower light intensity produced form the lamps in 

multi-element mode comparing with single-element mode. The higher characteristic mass of 

Bi can be explained by the higher atomization temperature used in multi-element mode 

(2000oC) compared with single-element mode (1800oC). For Sb, it was not as higher as with 

Bi because the difference in the atomization temperatures was lower (100oC). 

 
 
Figure  5.7 Pyrolysis and atomization curves for multi-element mode in aqueous solution of Bi, Sb, Cu, and 

Mn using Pd+Mg(NO3)2 as a modifier 
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Figure  5.8 Calibration curves of the multi-element mode in aqueous solution of Bi, Sb, Cu, and Mn with 
Pd+Mg modifier 
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Table  5.3 Comparing the single-element mode with the multi-element determination of Bi, Sb, Cu, and Mn 
(pyrolysis=1100oC, atomization=2000oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Bi 1100 1800 0.46 1.4 67.7 80 

Cu 1200 2000 0.13 0.28 19.6 20.5 

Mn 1400 2000 0.051 0.087 5.0 5.1 

Sb 1300 1900 0.29 0.90 41.9 44 

 
 

5.4.3 Multi-Element Determination of Cu, Mn, and Se 

The multi-element determination of this group has been carried out using 2-operating 

mode because the Mn lamp is a multi-element lamp (for Mn and Cu). The pyrolysis and 

atomization curves have been constructed for 25 ppb Cu, 10 ppb Mn, and 100 ppb Se in 0.2% 

HNO3 in the presence of 5 µg Pd + 3 µg Mg as a modifier and are shown in Figure  5.9. From 

the pyrolysis and atomization curves, a pyrolysis temperature of 1200oC and an atomization 

temperature of 2000oC were used as the optimum for the multi-element determination of these 

elements. The optimum temperature program for the simultaneous determination of Cu, Mn, 

and Se is shown in Table  4.3. The cleanout temperature was 2500oC and the hold time was 4s. 

We have used the optimum temperature program to construct the calibration curves of the 

elements in 0.2% HNO3 (Figure  5.10) and from the calibration curves we have calculated the 

characteristic masses and the detection limits in the multi-element mode. The values of the 

characteristic masses and detection limits have been compares with those obtained in the 
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single-element mode (Table  5.4). The detection limits value of Se was high in the multi-

element mode compared with single-element mode. This was as a result of decreased intensity 

of Se lamp that we have observed in multi-element mode compared with single-element mode. 

For Cu and Mn, they were comparable. However, the characteristic mass values were similar 

because the atomization temperatures of single-element mode and multi-element mode were 

similar (Cu and Mn) or the difference was not so high (Se). 

 
 
 

Figure  5.9 Pyrolysis and atomization curves for multi-element mode in aqueous solution of Cu, Mn, and 
Se using Pd+Mg(NO3)2 as a modifier 
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Figure  5.10 Calibration curves of the multi-element mode in aqueous solution of Cu, Mn, and Se with 
Pd+Mg modifier 
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Table  5.4 Comparing the single-element mode with the multi-element mode of Cu, Mn, and Se 
(pyrolysis=1200oC, atomization=2000oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Cu 1200 2000 0.13 0.20 19.6 20 

Mn 1400 2000 0.051 0.070 5.0 5.2 

Se 1200 1900 0.40 1.0 58.7 58.7 

 
 

5.4.4 Multi-Element Determination of Pb and Se 

Two types of modifiers have been used for the simultaneous determination of Pb and Se. 

The first one was the mixture of palladium nitrate and magnesium nitrate (5µg Pd + 3µg Mg). 

The second one was iridium as a permanent modifier.  
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5.4.4.1 With Pd+Mg Modifier 

Pyrolysis and atomization curves were carried out in order to define the compromise 

conditions for simultaneous determination of Pb and Se. Shown in Figure  5.11 are the 

pyrolysis and atomization curves for 40 ppb Pb and 100 ppb Se in 0.2% HNO3 and using 5 µg 

Pd + 3 µg Mg as a modifier. The effects of the pyrolysis and atomization temperatures are 

studied (shown in Figure  5.11). From pyrolysis and atomization curves and the absorption 

signals shapes, we have decided to use 1000 and 1900oC as an optimum pyrolysis and 

atomization temperatures, respectively for the simultaneous determination of Pb and Se using 

Pd+Mg modifier. The optimum temperature program for the simultaneous determination of 

Pb and Se is shown in Table  4.3. The cleanout temperature was 2400oC and the hold time was 

3s. Calibration curves constructed from the aqueous standards in 0.2% HNO3; Figure  5.12, 

were used to determine the characteristic masses and detection limits of these elements in the 

multi-element mode and the values compared to those determined in the single-element mode 

are shown Table  5.5. The detection limits values were comparable to those of single-element 

mode. Small differences can be attributed to the multi-operating mode. The differences in 

characteristic mass values were higher for Pb comparing with Se. This was a result of 

decreased sensitivity in multi-element mode (0.0016) compared with single-element mode 

sensitivity (0.0019). 

 
 

Figure  5.11 Pyrolysis and atomization curves for multi-element mode in aqueous solution of Pb and Se 
using Pd+Mg(NO3)2 as a modifier 
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Figure  5.12 Calibration curves of the multi-element mode in aqueous solution of Pb and Se with Pd+Mg 
modifier 
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Table  5.5 Comparing the single-element mode with the multi-element mode of Pb and Se using Pd+Mg 
modifier (pyrolysis=1000oC, atomization=1900oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Se 1200 1900 0.40 0.64 58.7 62.9 

Pb 1000 1900 0.32 0.38 46.3 55 

 
 

5.4.4.2 With Ir Permanent Modifier 

The 500 µg iridium was thermally deposited on the graphite tube platform and used as 

permanent modifier. The concentrations of the elements that have been used to study the 

effects of the modifier on the pyrolysis and atomization curves were 40 ppb and 100 ppb in 

0.2% HNO3 for Pb and Se, respectively. From the pyrolysis and atomization curves; Figure 
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 5.13, 1200 and 2000oC were used as an optimum pyrolysis and atomization temperatures. The 

optimum temperature program is summarized in Table  4.3. The cleanout temperature was 

2400oC and the hold time 3s. Calibration curves constructed from the aqueous standards in 

0.2% HNO3; Figure  5.14, were used to determine the characteristic masses and detection 

limits of these elements in the multi-element mode and the values compared to those 

determined in the single-element mode are shown Table  5.6. The detection limits values for 

multi-element mode were comparable to those of single-element mode. The difference can be 

attributed to the use of multi-operating mode. The values of characteristic mass were same as 

of single-element mode. 

 
 

Figure  5.13 Pyrolysis and atomization curves for multi-element mode in aqueous solution of Pb and Se 
using Ir permanent modifier 
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Figure  5.14 Calibration curves of the multi-element mode in aqueous solution of Pb and Se with Ir 
permanent modifier 
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Table  5.6 Comparing the single-element mode with the multi-element mode of Pb and Se using Ir 
permanent modifier (pyrolysis=1200oC, atomization=2000oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Se 1300 2000 0.30 0.45 44.0 44.0 

Pb 1200 1900 0.17 0.33 48.9 48.9 

 
 

5.4.5 Multi-Element Determination of Bi, Sb, and Cd 

The multi-element determination of this group has been carried out using 2-operating 

mode because the Sb lamp is a multi-element lamp (for Sb and Bi). As for the simultaneous 

determination of Pb and Se, two types of modifiers have been used for the simultaneous 

determination of Bi, Sb, and Cd. The first one was the mixture of palladium nitrate and 

magnesium nitrate (5µg Pd + 3µg Mg). The second one was iridium as a permanent modifier. 

5.4.5.1 With Pd+Mg Modifier 

The dependence of Bi, Sb, and Cd absorbance on the pyrolysis and atomization 

temperatures was studied and shown in Figure  5.15. The pyrolysis and atomization curves 

were made using the following concentrations: 100 ppb Bi, 100 ppb Sb and 2 ppb Cd in 0.2% 

HNO3 in the presence of 5µg Pd and 3µg Mg as a modifier. In order to determine all three 

elements simultaneously, 700 and 1900oC were chosen as the optimum pyrolysis and 

atomization temperatures. The optimized temperature program for the multi-element 

determination of Bi, Sb, and Cd is shown in Table  4.3. The cleanout temperature was 2400oC 

and the hold time 3s. This optimized temperature program has been used to determine the 
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characteristic masses and detection limits for these elements in the multi-element mode .These 

values are compared with those in the single-element mode and shown in Table  5.7. The 

detection limits values for multi-element determination of Sb and Bi were higher than those of 

single-element determination. This was a result of decreased intensity in multi-element mode 

compared that of single-element mode. For Cd, the detection limits values were similar. This 

was because of high Cd lamp intensity which does not so affect in multi-element mode. It was 

a decrease in the sensitivity of Cd (0.0351) and Bi (0.0011) compared with of single-element 

mode (0.0417 for Cd and 0.0013 for Bi). This was an effect of using a higher atomization 

temperature comparing with single-element mode. The calibration curves which have used to 

determine the characteristic masses and detection limits are shown in Figure  5.16. 

Figure  5.15 Pyrolysis and atomization curves for multi-element mode in aqueous solution of Bi, Sb, and 
Cd using Pd+Mg modifier 
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Figure  5.16 Calibration curves of the multi-element mode in aqueous solution of Bi, Sb, and Cd with 
Pd+Mg modifier 
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Table  5.7 Comparing the single-element mode with the multi-element mode of Bi, Sb, and Cd using 
Pd+Mg modifier (pyrolysis=700oC, atomization=1900oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Bi 1100 1800 0.46 0.82 67.7 80 

Cd 700 1500 0.007 0.0085 2.1 2.5 

Sb 1300 1900 0.29 0.75 41.9 44 

 
 

5.4.5.2 With Ir Permanent Modifier 

The thermal behaviour of the elements was evaluated using pyrolysis and atomization 

curves of 100 ppb Bi, 100 ppb Sb, and 2 ppb Cd obtained in the presence of 500µg iridium 

which is thermally deposited on the graphite tube platform. The pyrolysis and atomization 

curves obtained for each element are presented in Figure  5.17. A pyrolysis of 700oC and an 

atomization of 2100oC were chosen as the optimum for the simultaneous determination of 
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these elements. The optimum temperature program for the simultaneous determination of Bi, 

Sb, and Cd with Ir permanent modifier in 0.2% HNO3 is shown in Table  4.3. The cleanout 

temperature was 2400oC and the hold time 3s. This temperature program was used to evaluate 

the characteristic mass and detection limits for these elements. The calibration curves are 

shown in Figure  5.18. The values of characteristic mass and detection limits in the multi-

element mode compared with single-element mode are presented in Table  5.8. The higher 

detection limits values of Sb (about 1.5 times) and Bi (about 2 times) can be explained as a 

result of decreased Sb lamp intensity in the case of multi-operating mode. This effect can be 

understood by comparing the two absorbance peaks. For Cd, the detection limits value was 

similar with that of single-element mode. The characteristic mass values were comparable 

with those of single-element mode. The use of Ir as a modifier increases the stabilization of 

the elements that at high atomization temperatures there are no such change in the 

characteristic mass values. 

 
 

Figure  5.17 Pyrolysis and atomization curves for multi-element mode in aqueous solution of Bi, Sb, and 
Cd using Ir modifier 
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Figure  5.18 Calibration curves of the multi-element mode in aqueous solution of Bi, Sb, and Cd with Ir 
modifier 
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      Table  5.8 Comparing the single-element mode with the multi-element determination of Bi, Sb, and Cd 
using Ir modifier (pyrolysis=700oC, atomization=2100oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Bi 1200 1900 0.50 1.00 73.3 73.3 

Cd 700 1500 0.0058 0.0067 1.7 1.96 

Sb 1500 2100 0.63 1.06 46.3 51.8 

 
 

5.5 Multi-Element Determinations with 4-Operating Mode 

In the previous section, the multi-element mode using 2-operating mode has been 

studied. In this section we are going to study 4-operating mode to see whether the sensitivity 

of the determination will be affected or not. In 4-operating mode, four elements can be used 

but simultaneously only six elements could be determined. The advantage of 4-operating 

mode is that we can determine more element (up to six) comparing to 2-operating mode. But 

this will cause the sensitivity of the determination in terms of detection limits or/and 

characteristic mass to be affected. We are going to increase the number the elements in some 

previous groups but without changing the other conditions like pyrolysis and atomization 

temperatures. 

5.5.1 Multi-Element determination of Al, Be, Cr, and V 

As we have mentioned before, in section  5.3.2, the multi-element determination of this 

group of elements have been carried out using end-capped tubes and in the presence of 5 µg 

Mg(NO3)2 as a modifier. These elements have approximately the same thermal stabilization in 

the presence of this modifier; therefore, we have decided to determine them simultaneously. 

From the pyrolysis curves, Figure  5.19, the best pyrolysis and atomization temperatures for 

the multi-element determinations are 1500 and 2500oC, simultaneously. Generally, 

atomization temperature more than 2600oC can not be used with SIMAA 6000 and with that 

temperature the lifetime of the tube will be decreased, for that reason we have decided to 

choose 2500oC as the optimum atomization temperature for the simultaneous determination of 

this group. The pyrolysis and atomization curves were made using the following 

concentrations: 30 ppb Al, 4 ppb Be, 10 ppb Cr, and 100 ppb V in 0.2% HNO3. The optimum 

temperature program for the multi-element determination is shown in Table  4.3 except the 

hold time for cleanout step was 4s and cleanout temperature 2550oC. Higher clean-out 

temperature (2550oC) and more time (4s) have been used because of the memory effects 

problems which have been observed for these elements especially Cr and V. The 
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compromised temperature program has been used to determine the characteristic masses and 

detection limits for theses elements in the multi-element mode and these are compared with 

the single-element mode values. The results are shown in Table  5.9. The detection limits and 

values in multi-element mode are higher than those of single-element mode which can be 

attributed to the compromised conditions used and the operating mode (4-mode lamp). For V, 

the main reason will be the operating mode because the atomization temperature is same as in 

single-element mode. For the other elements; Al, Be, Cr, the higher atomization temperature 

and 4-operating mode that have been used caused the higher values. The characteristic mass 

values were similar to those of the single-element mode especially for Cr and Be. The 

calibration curves which have been used to determine the characteristic masses and detection 

limits are shown in Figure  5.20. 

 
 

Figure  5.19 Pyrolysis and atomization curves for multi-element mode in aqueous solutions of Al, Be, Cr, 
and V using Mg(NO3)2 as a modifier 
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Table  5.9 Comparing the single-element mode with the multi-element mode of Al, Be, Cr, and V 
(pyrolysis=1500oC, atomization=2500oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Al 1700 2300 0.18 0.62 25.9 30.4 

Be 1600 2300 0.013 0.021 1.9 2.0 

Cr 1500 2300 0.032 0.081 4.7 4.7 

V 1700 2500 0.47 0.83 46.3 48.9 
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Figure  5.20 Calibration curves of the multi-element mode in aqueous solution of Al, Be, Cr, and V with 
Mg modifier 
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5.5.2 Multi-Element Determination of Be, Cr, Cu, and Mn 

The dependence of Be, Cr, Cu, and Mn absorbance on the pyrolysis and atomization 

temperatures was not studied because we have used the same conditions as the multi-element 

determination of Be, Cr, and Cu (1200 and 2300o as an optimum pyrolysis and atomization 

temperatures, respectively). The solutions were prepared in 0.2% HNO3 in the presence of 

5µg Pd and 3µg Mg as a modifier. This optimized temperature program has been used to 

determine the characteristic masses and detection limits for these elements in the multi-

element mode. These values are compared with those in the single-element mode and shown 

in Table  5.10. The calibration curves are shown in Figure  5.21. The increasing in the detection 

limits values is higher comparing with 2-operating mode. By comparing the values with those 

of single-element mode, the values were higher by 3.5 and 2.5 times for Cu and (Be, Cr, and 

Mn). The values of the characteristic mass were also higher comparing with those of 2-

operating mode. The increasing in characteristic mass values comparing with single-element 

mode was by 32%, 23%, 18%, and 30% for Be, Cr, Cu, and Mn, respectively. The decreasing 

in lamps intensity can cause the increase in detection limits and characteristic values. In the 

case of Cu and Mn, there is another effect, which is the atomization temperature. 
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Table  5.10 Comparing the single-element mode with the multi-element determination of Be, Cr, Cu, and 
Mn using Pd+Mg modifier (pyrolysis=1200oC, atomization=2300oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Be 1600 2300 0.026 0.066 3.9 4.9 

Cr 1500 2300 0.049 0.121 7.2 8.9 

Cu 1200 2000 0.130 0.474 19.6 23.2 

Mn 1400 2000 0.051 0.133 5.0 6.5 

 
 

Figure  5.21 Calibration curves of the multi-element mode in aqueous solution of Be, Cr, Cu, and Mn with 
Pd+Mg modifier 
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5.5.3 Multi-Element Determination of Bi, Sb, Cu, Mn, and Se 

The dependence of Bi, Sb, Cu, Mn, and Se absorbance on the pyrolysis and atomization 

temperatures was not studied because we have used the same conditions as the multi-element 

determination of Bi, Sb, Mn, Se, and Cu (1100 and 2000o as an optimum pyrolysis and 

atomization temperatures, respectively). The solutions were prepared in 0.2% HNO3 in the 

presence of 5µg Pd and 3µg Mg as a modifier. This optimized temperature program has been 

used to determine the characteristic masses and detection limits for these elements in the 

multi-element mode. These values are compared with those in the single-element mode and 

shown in Table  5.11. The calibration curves are shown in Figure  5.22. From the values of 

detection limits, there were high increases comparing with single-element mode. The 

increases were in the range from about 4 times (Bi) to 12 times (for Mn) which are higher 

than those of 2-operating mode. However, the increasing in the characteristic mass values was 

not as in detection limits. By comparing with single-element values, the increasing in 
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characteristic mass values was by 18%, 5%, 32%, 11%, and 25% for Bi, Cu, Mn, Sb, and Se, 

respectively. 

 
 

Table  5.11 Comparing the single-element mode with the multi-element determination of Bi, Cu, Mn, Sb, 
and Se using Pd+Mg modifier (pyrolysis=1100oC, atomization=2000oC) 

LOD (ppb) Characteristic mass (pg) 
Element Pyrolysis (Single) 

(oC) 
Atomization (Single) 

(oC) 
Single Multi Single Multi 

Bi 1100 1800 0.46 1.91 67.7 80.0 

Cu 1200 2000 0.13 0.56 19.6 20.5 

Mn 1400 2000 0.051 0.61 5.0 6.6 

Sb 1300 1900 0.29 1.30 41.9 46.3 

Se 1200 1900 0.40 1.75 58.7 73.3 

 
 

Figure  5.22 Calibration curves of the multi-element mode in aqueous solution of Bi, Cu, Mn, Sb, and Se 
with Pd+Mg modifier 
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5.5.4 Multi-Element Determination of Bi, Pb, Sb, and Se 

The dependence of Bi, Sb, Pb, and Se absorbance on the pyrolysis and atomization 

temperatures was not studied because we have used the same conditions as the multi-element 

determination of Pb and Se (1000 and 1900o as an optimum pyrolysis and atomization 

temperatures, respectively). The solutions were prepared in 0.2% HNO3 in the presence of 

5µg Pd and 3µg Mg as a modifier. This optimized temperature program has been used to 

determine the characteristic masses and detection limits for these elements in the multi-

element mode. These values are compared with those in the single-element mode and shown 

in Table  5.12. The calibration curves are shown in Figure  5.23. The values of detection limits 

are obviously higher than those of single-element mode. The increasing of detection limits 

values is in the range between 3-4 times which is a result of decreasing the lamp intensities. 

This effect can be seen by comparing the absorbance peaks. However, the characteristic 

values are comparable with those of single-element values, except Pb, and they were in the 

range 5-90%. For Pb, the sensitivity has been too affected by using the multi-element mode 

(0.0019→0.0016→0.0010). This is an indication of the effect of operating mode not only on 

detection limits but also on characteristic mass. 

 
 
Table  5.12 Comparing the single-element mode with the multi-element determination of Bi, Pb, Sb, and Se 

using Pd+Mg modifier (pyrolysis=1000oC, atomization=1900oC) 
LOD (ppb) Characteristic mass (pg) 

Element Pyrolysis (Single) 
(oC) 

Atomization (Single) 
(oC) 

Single Multi Single Multi 

Bi 1100 1800 0.46 1.50 67.7 73.3 

Pb 1000 1900 0.32 0.90 46.3 88.0 

Sb 1300 1900 0.29 1.20 41.9 44.0 

Se 1200 1900 0.40 1.38 58.7 67.7 
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Figure  5.23 Calibration curves of the multi-element mode in aqueous solution of Bi, Cu, Mn, Sb, and Se 
with Pd+Mg modifier 
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5.6 The Effect of the Operating mode and the Use of Modifier on 

Absorption Signals and Sensitivity 

In this section, the effects of the operating mode and the modifiers on the absorption 

signal and sensitivity have been studied. The absorption signals for each element have been 

compared for different situations in terms of appearing time, peak height, and band width. The 

sensitivity values have been also compared. 

5.6.1 Aluminium (Al) 

The absorption signals of Al in different modes and with and without modifier are 

shown in Figure  5.24. 

 
 

Figure  5.24 Absorption signals of aluminium 
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As be seen, the absorption signals are different depending on experimental conditions. 

By comparing a (single, without modifier) with b (single, with Mg modifier), the signal 

becomes sharper (smaller bandwidth) which indicates the ease of Al atoms atomization in 

presence of Mg modifier. The modifier may prevent the formation of refractory compounds 

(e.g. carbides). The peak height also increases (from about 0.22 to about 0.5).  

By comparing b with c (multi, in presence of Be, Cr, and V), however, the slight 

increase in peak height of multi-element determination (to about 0.60) comparing to that of 

single-element (about 0.50) is due to higher atomization temperature (2500oC) which needed 

in the multi-element mode. The higher atomization causes analyte atoms to be faster atomized. 

The sensitivity decreases with increasing the number of elements to be determined in the 

multi-element determination [0.0034(1-element) → 0.0029(4-element)]. 

5.6.2 Beryllium (Be) 

The absorption signals of Be in different modes and with and without modifier are 

shown in Figure  5.25. 

 
 

Figure  5.25 Absorption signals of beryllium 
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As be seen for figures, the absorption signals depend on the operational conditions. 

From a (single, without modifier), b (single, with Mg modifier, end-capped tube), and d 

(single, with Pd+Mg modifier, normal tube), the signal becomes sharper (smaller band width) 

which indicates the ease of releasing Be atoms (faster atomization). The presence of the 

modifier may prevent the formation of refractory compounds (e.g. carbides). The peak height 

increases [from about 0.07 to about 0.3 (with Mg and using end capped tubes) and to about 

0.21 (with Pd+Mg)]. However, the sensitivity is higher using the end capped tubes than with 

normal tubes [0.0455 → 0.0227]. This is due to the diffusional losses of the atomic vapour out 

of the tube are lowered and consequently the sensitivity improved.  

By comparing b with c [multi, Mg modifier, in presence of (Al, Cr, V)], the peak height 

increases (to about 0.90) because of the use of higher atomization temperature (from 2300oC 

to 2500oC) which is needed in multi-element determination. With increasing the atomization 

temperature, the evaporation process increases. The sensitivity also decreases with increasing 

the number of element to be determined (0.0455 → 0.0439). This is due to the decrease of 

lamp intensity in multi-element mode. 

By comparing d with e (in presence of Cr and Cu) and f (in presence of Cr, Cu, and Mn), 

however, the peak height slightly decreases with increasing the number of element to be 

determined. The sensitivity decreases with increasing the number of elements to be 

determined [0.0227(1) → 0.0198(3) → 0.0181(4)]. 
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5.6.3 Bismuth (Bi) 

The absorption signals of Bi in different modes and with and without modifier are 

shown in Figure  5.26. 

 
 

Figure  5.26 Absorption signals of bismuth 
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From the absorption signals a (single, without modifier) with b (single, with Pd+Mg 

modifier) and d (single, with Ir modifier), the signal becomes slightly sharper (smaller 

bandwidth) and the appearing time increases also (from 0.5s to 0.9s). This is due formation of 

stable compounds between Bi atoms and the modifiers. The peak height, however, decreases 

slightly [from about 0.16 to about 0.1 (Ir modifier)] which causes the sensitivity to decrease 

[0.0012 with Pd+Mg modifier to 0.0011 with Ir modifier].  

By comparing b with c (presence of Cu, Mn, and Sb), e (presence of Cd and Sb), f 

(presence of Cu, Mn, Sb, and Se), and g (presence of Pb, Sb, and Se), the signal becomes 

sharper (smaller bandwidth) and the peak height increases with the atomization temperature 

[e.g. about 0.14 (single, 1800°C) and about 0.30 (multi, 2000°C] which is due to faster 

atomization of analyte atoms at higher atomization temperatures. However, the peak height 

decreases with increasing the number of element to be determined which can be related to 

lamp intensity [about 0.30 (4-element) and about 0.24 (5-element)]. No significant change in 

sensitivity values with increasing the number of elements to be determined and the 

atomization temperature (e.g. 0.0011 for 4- and 5-element determination at 2000°C). 

By comparing d with h [multi (presence of Cd and Sb), with Ir modifier], the signal 

becomes sharper (smaller bandwidth) and the peak height increases (0.10 → 0.30) which is 

due to the increase of atomization temperature (1900°C → 2100°C). However, the sensitivity 

does not affect. 

5.6.4 Cadmium (Cd) 

The absorption signals of Cd in different modes and with and without modifier are 

shown in Figure  5.27. 

 
 

Figure  5.27 Absorption signals of cadmium 
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As be seen from absorption signals a (single, without modifier) and b (single, with 

Pd+Mg modifier), the presence of the modifiers does not change the appearance time and the 

peak width. However, the peak height decreases (from about 0.25 to about 0.17) in presence 

of the modifiers which leads to lower sensitivities values. This could be to the formation of 

stable compound with the modifier which needs higher atomization temperature to completely 

atomize (1200°C → 1500°C). However, by comparing signals a with d (single, with Ir 

modifier), the signal becomes sharper and the peak height slightly decreases. The sensitivity 

with Ir modifier is higher than with Pd+Mg modifier (0.0417 → 0.0513) but no stability 

difference in terms of pyrolysis and atomization temperatures and appearing time. The Cd 

atoms are more volatilized in presence of Ir modifier than in presence of Pd+Mg modifier.  

By comparing the signals b with c [multi (with Sb and Bi), Pd+Mg modifier] and d with 

e [multi (Sb and Bi), with Ir modifier], the signals become sharper and the peak height 

increases [0.17 → 0.25 and 0.20 → 0.28] which is due to higher atomization temperature used 

in multi-element determination [1500°C → 1900°C and 2100°C]. This is due to faster 

atomization of analyte atoms at higher atomization temperatures. The sensitivity decreases 

with increases the element to be determined [0.0417 (1) → 0.0351 (3) using Pd+Mg modifier 

and 0.0513 (1) → 0.0449 (3) using Ir modifier]. 
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5.6.5 Chromium (Cr) 

The absorption signals of Cr in different modes and with and without modifier are 

shown in Figure  5.28. 

 
 

Figure  5.28 Absorption signals of chromium 
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By comparing the signals a with c [multi (presence of Be and Cu)] and f [multi 

(presence of Be, Cu, and Mn)], the peak height and sensitivity decrease with increasing the 

number of element to be determined [peak height: 0.22 → 0.12 and sensitivity: 0.0122 → 

0.0099] which is due to the decreasing of lamp intensity in multi-element determination. 

From the signals d and e [multi (Al, Be, and V)], the peak height is higher in multi-

element mode than in single-element mode because higher atomization temperature is used 

(2300°C → 2500°C). However, the sensitivity decreases with increasing the number of 

element to be determined [0.0188 (1-element) → 0.0186 (4-element)]. 

5.6.6 Copper (Cu) 

The absorption signals of Cu in different modes and with and without modifier are 

shown in Figure  5.29. 

 
 

Figure  5.29 Absorption signals of copper 
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By comparing the absorption signals a (without modifier) and b (with Pd+Mg modifier), 

slight decrease in peak width and no change in peak height can be seen. This could cause the 

sensitivity to be decreased. The sharpness of the peak indicates increasing the volatilization 

process of Cu atoms in presence of the modifier.  

By comparing the signal b with the signals c (multi with Bi, Mn, and Sb), d (multi with 

Be and Cr), e (multi with Bi, Mn, Sb, and Se), f (multi with Mn and Se), and g (Be, Cr, and 

Mn), the signal becomes sharper (smaller bandwidth) and the peak height increases with 

increasing the atomization temperature [e.g. about 0.15 (1-element) at 2000oC to about 0.30 

(3-element) at 2300oC] which is due to increase atomization process at higher atomization 

temperature. However, the peak height and the sensitivity decreases with increasing the 

number of elements to be determined [peak height: 0.30 (3-element) → 0.12 (4-element)], 

sensitivity: 0.0042 (3-element) → 0.0038 (4-element)] which could be attributed to the 

decrease in lamp intensity. Slight decrease in sensitivity with increasing the atomization 

temperature has been observed [e.g. 0.0044 (at 2000°C) → 0.0042 (at 2300°C)].  

5.6.7 Manganese (Mn) 

The absorption signals of Mn in different modes and with and without modifier are 

shown in Figure  5.30. 

 
 

Figure  5.30 Absorption signals of manganese 
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As be seen from the absorption signals, the signals depend on the operational conditions. 

By comparing the signal a (single without modifier) with b (single with Pd+Mg modifier), the 

signal becomes broader (larger bandwidth) which indicates the formation of stabilized 

compound between Mn and the modifier delays the atomization of Mn atoms. The peak 

height decreases (from about 0.30 to about 0.17) in presence of Pd+Mg modifier which results 

in decreased sensitivity.  

By comparing the signal b with the signals c (multi with Cu and Se), d (Cu, Bi, and Sb), 

e (Cu, Bi, Sb, and Se), and f (multi with Be, Cr, and Cu), the peak height and sensitivity 

decrease with increasing the number of element to be determined [peak height: 0.28 (4-

element) → 0.20 (5-element), sensitivity: 0.0172 (4-element) → 0.0134 (5-element)] which a 

result of decrease the lamp intensity. The signal becomes sharper and the peak height 

increases with increasing the atomization temperature [0.028 (2000°C) → 0.32 (2300°C)]. 

With increasing atomization temperature, the signal becomes sharper because the fast 

atomization of atoms at higher atomization temperature. The sensitivity decreases with 

increasing the atomization temperature [0.0172 (2000°C) → 0.0135 (2300°C)]. There is also 

an increase in peak height with increasing the pyrolysis temperature [0.17 (1400°C) → 0.21 

(1200°C) → 0.28 (1100°C)]. This can be attributed to the decrease of modifier action at lower 

pyrolysis temperature. 
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5.6.8 Lead (Pb) 

The absorption signals of Pb in different modes and with and without modifier are 

shown in Figure  5.31. 

 
 

Figure  5.31 Absorption signals of lead 
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By comparing the signal b with the signals c (multi with Se) and f (multi with Bi, Sb, 

and Se), the sensitivity and the peak height decrease with increasing the number of elements 

to be determined [sensitivity: 0.0019 (1-element) → 0.0016 (2-element) → 0.0010 (4-

element), peak height: 0.16 (1-element) → 0.12 (2-element) → 0.08 (4-element)]. This can be 

attributed to decreased lamp intensity in multi-element determination. 

By comparing the signal d with the signal e (multi with Se in presence of Ir modifier), 

the peak height increases (0.13 → 0.20) and the signal becomes sharper (smaller bandwidth) 

as a result of increasing the atomization temperature. no change in sensitivity value can be 

seen (0.0018). 

5.6.9 Antimony (Sb) 

The absorption signals of Sb in different modes and with and without modifier are 

shown in Figure  5.32. 

 
 

Figure  5.32 Absorption signals of antimony 
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By comparing the signal a (single without modifier) with the signals b (single with 

Pd+Mg modifier) and d (single with Ir modifier), the signal becomes broader and the 

appearing time increases (from about 0.5s to about 1s) in presence of the two modifiers which 

is a result of the stabilization effect of these modifier. However, the peak height decreases 

(from about 0.80 to about 0.40 with Pd+Mg and to about 0.20 with Ir) in presence of the 

modifiers. The signal is sharper and the peak height is larger in the presence Pd+Mg 

compared to Ir modifier. This could be due to the formation of more stable compound in 

presence of Ir. The higher atomization [2100°C (Ir) → 1900°C (Pd+Mg)] and pyrolysis 

[1500°C (Ir) → 1300°C (Pd+Mg)] temperatures in presence of Ir modifier can explain this 

stability. 

By comparing the signal b with the signals c (multi with Cu, Mn, and Bi), e (multi with 

Bi and Cd), g (multi with Cu, Mn, Bi, and Se), and h (multi with Bi, Pb, and Se), the peak 

height decreases with increasing the number of element to be determined [0.33 (4-element) → 

0.29 (5-element)] which as a result of decreasing the lamp intensity. Also, the peak height 

decreases with decreasing pyrolysis temperature and the signal becomes broader [0.20 (700°C, 

3-element) → 0.25 (1000°C, 4-element) → 0.40 (1300, single-element)]. The Sb atoms 

become more volatile at pyrolysis temperatures near to 1300°C. The sensitivity decreases 

slightly with increasing the number of elements to be determined [0.0021 (single-element) → 

0.0020 (3-element) and 0.20 (4-element) → 0.0019 (5-element)]. 
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By comparing the signals d and f, the peak height [0.18 (single, 1500°C) → 0.13 (multi, 

700°C)] and the sensitivity [0.0019 (single, 1500°C) → 0.0017 (multi, 700°C)] decrease with 

increasing the number of elements to be determined. The decreasing in pyrolysis temperature 

has a strong effect on the absorption signal. The Sb atoms atomize more easily at pyrolysis 

temperature near to 1500°C. 

5.6.10 Selenium (Se) 

The absorption signals of Se in different modes and with and without modifier are 

shown in Figure  5.33. 

 
 

Figure  5.33 Absorption signals of selenium 
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As be seen, the absorption signals are different at different operational conditions. By 

comparing the signal a (single without modifier) with the signals b (single with Pd+Mg 

modifier) and c (single with Ir modifier), the signal becomes broader and the appearing time 

increases (from 0.5s to 1s) in presence of two the modifiers which indicates the stabilization 

effect of the modifiers. The Se atoms need higher temperature to be atomized and they are 

stable to higher pyrolysis temperature (1200°C with Pd+Mg and 1300°C with Ir). The peak 

height also decreases in presence of the modifiers [0.22 (without modifier) → 0.15 (Pd+Mg) 

and 0.18 (Ir). The sensitivity is higher using Ir as a modifier than with Pd+Mg modifier 

(0.0020 and 0.0015). 

By comparing the signal b with the signals d (multi with Pb), e (multi with Cu and Mn), 

f (multi with Cu, Mn, Sb, and Bi), and g (Bi, Sb, and Pb), the peak height increases [from 

about 0.15 (single, 1900°C) to about 0.28 (multi, 2000°C)] with increasing the atomization 

temperature which due to faster atomization of analyte atoms at higher atomization 

temperatures. However, the peak height decreases with increasing the number of element to 

be determined [0.28 (3-element) → 0.17 (5-element)] due to the decreasing in lamp intensity. 

The sensitivity decreases with increasing the number of elements to be determined [0.0015 

(single) → 0.0014 (2-element) → 0.0013 (3-element)]. 

By comparing the signals c and h (multi with Pb), the peak height decreases [from 0.18 

to 0.14] and the peak width slightly increases. In the multi-element determination, lower 

pyrolysis temperature has been used [1300°C → 1200°C]. The Se atoms atomize more easily 

at pyrolysis temperature of 1300°C. No change in the sensitivity has been observed (0.0020). 

5.6.11 Vanadium (V) 

The absorption signals of Se in different modes and with and without modifier are 

shown in Figure  5.34. 
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Figure  5.34 Absorption signals of vanadium 

 

 
 
 

By comparing the signals a and b, the signal becomes sharper in presence of the 

modifier. The addition of modifier prevents the formation of refractory compounds like 

carbides. However, the peak height decreases (from about 0.15 to about 0.10) in presence of 

the modifier which results in decreased sensitivity.  

By comparing the multi-element determination signal (c), the signal sharpness and peak 

height are increased which indicates increasing the atomization process. The sensitivity 

decreases with increasing the number of elements to be determined [0.0019 (single) → 0.0018 

(4-element)]. 

5.7 Summary of Multi-Element Determination 

From the results of the previous sections: 

 By using the multi-operating mode, more than one element (up to six) can be 

determined in one run. The multi-element capability of the system can be used by 

applying multi-element lamps since four lamps only can be inserted. This will decrease 

the measurement time and sample and standard volume. The cost of analysis will be 

finally improved using multi-element mode. 
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 The use of multi-element mode requires an optimization of instrumental and 

experimental parameters. These conditions include the pyrolysis and atomization 

temperatures, the use of modifier, and the operating mode. 

 The use of multi-operating mode and compromised conditions cause loss of 

sensitivity and increase of detection limits. The degradation of sensitivity and detection 

limits depends on group of elements to be determined simultaneously. However, the 

multi-operating mode will affect mainly the detection limits and this effect will 

increase by increase the number of elements and/or use higher operating mode. For 

some elements, e.g. Pb, this will affect also the sensitivity. The reason of this effect is 

the reduction of lamp intensities. Table  5.13 shows the effect of operating mode on 

detection limits and characteristic mass. The atomization temperatures in all modes (2-

and 4-mode) are same as in single-element mode. From Table  5.13, the detection limits 

values have increased in multi-operating mode compared to single-element mode and 

the amount of increasing depends on the element. However, the characteristic mass 

values can increase in multi-element mode but this increasing is less than as with 

detection limits.   

 The atomization temperature will affect mainly the sensitivity of determination. By 

using higher atomization temperature, the volatile elements will volatilize before the 

final furnace temperature is reached and this will lead to loss of sensitivity of volatile 

elements. The detection limits can also be affected. The increase in characteristic mass 

values as a result of increasing atomization temperatures were not as high as with 

detection limits values (Table  5.13).  

 For further study, 2-operating mode will be used which give more sensitive results 

than 4-operating mode (except multi-element determination of Al, Be, Cr, and V). The 

2-operating mode is still having the advantages of multi-element determination over 

single-element like the analysis time and costs. 

 The use of modifier affects the absorption signals of elements in terms of peak width, 

appearing time, and peak height. However, this effect depends on element. Generally, 

the peaks become sharper for the less volatile because the modifier prevents the 

formation refractory compounds during the pyrolysis step resulting in increasing the 

atomization process. No change or broader signals for mid- and high volatile elements. 

The broader signals are a result of formation of stable compounds between the 

elements and the modifier. Higher pyrolysis and atomization temperatures for high 
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volatile elements can be applied in the presence of the modifier. The use of modifier, 

also, causes the peak height to decrease for volatile elements and to increase for less 

volatile (except V). 

 By increasing the number of element to be determined, the peak height decreases as 

a result of decreasing the lamp intensities in the multi-element mode. 

 By changing the pyrolysis temperature in the multi-element mode compared to the 

single-element mode, the peak height and peak width could be affected which is 

related to the interaction between the analyte atoms and the modifier. 

 
 

Table  5.13 The effect of operating mode on detection limits and characteristic mass values 
1-lamp mode 2-lamp mode 4-lamp mode Element D.L. (µg/l) C.M. (pg) D.L. (µg/l) C.M. (pg) D.L. (µg/l) C.M. (pg) 

Be 0.026 3.9 0.030 4.4 0.066 4.9 
Cr 0.049 7.2 0.054 7.9 0.121 8.9 
Cu 0.13 19.6 0.20*/0.28** 20*/20.5** 0.56 20.5 
Mn 0.051 5.0 0.070*/0.087** 5.2*/5.1** 0.61 6.6 
Pb 0.32 46.3 0.38 55.0 0.90 88.0 
Sb 0.29 41.9 0.75 44.0 1.20 44.0 
Se 0.40 58.7 0.64 62.9 1.38 67.7 

*Three elements have been determined  
**Four elements have been determined 

 
 

5.8 The Effect of the Urine Matrix on the Multi-Element 

Determination 

Urine is actually a highly complex matrix, consisting of high levels of both organic and 

inorganic substances. The majority of the constituents are either waste products of cellular 

metabolism or products derived directly from certain foods that are eaten. The most important 

organic substances are urea, uric acid, and creatinine. Urea is a product formed by the liver 

from ammonia and carbon dioxide. Uric acid is an end-product of the oxidation of purines in 

the body. Creatinine is a hydrated form of creatine. The principle inorganic constituents of 

urine are chlorides, phosphate, sulphates, and ammonia. Sodium chloride is the predominant 

chloride and makes up about half of the inorganic substances. Since ammonia is toxic to the 

body and lacking in plasma, there is very little of it normally present in fresh urine. Urine is 

also one of the main routes of excretion and can be used for toxicological and therapeutic 

investigations172-174. However, the large salt peptide content of urine with its low trace 

element concentrations leads to considerable difficulties in the analysis. The constituents of 

the urine may affect the peak shape, absorbance time, and peak area. The use of the matrix 
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modification improved the precisions of the determination but it could not possible to 

eliminate all of the background; however, it can be reduced. 

In our work, we have used standard reference urine sample from Seronorm (LOT 

0511545) to study the effect of the matrix on the pyrolysis and atomization curves of the 

simultaneous multi-element determination of our elements. Since the concentrations of most 

elements in the reference material were high, we have diluted it (1:4), which has also reduced 

the concentration of the interferences. The resulting temperature program has been used to 

evaluate the concentrations of the elements in different types of reference materials (including 

the urine reference material). The concentration of all components in Seronorm urine sample 

is listed in Table  5.14. 

 
 

Table  5.14 The analytical values of Seronorm Trace Elements Urine 
Component Analytical value Component Analytical value 

Aluminium (Al) 100 µg/l Potassium (K) 1775 mg/l 
Antimony (Sb) 99.9 µg/l Selenium (Se) 58.6 µg/l 
Arsenic (As) 142 µg/l Silicon (Si) 5.5 µg/l 

Beryllium (Be) 4.9 µg/l Silver (Ag) 26 ng/l 
Bismuth (Bi) 20.1 µg/l Sodium (Na) 2303 mg/l 
Bromine (Br) 2.0 mg/l Strontium (Sr) 106 µg/l 

Cadmium (Cd) 4.6 µg/l Sulphur (S) 548 mg/l 
Chloride (Cl) 127 mmol/l Tellurium (Te) 25.3 µg/l 

Chromium (Cr) 19.7 µg/l Thallium (Tl) 9.26 µg/l 
Cobalt (Co) 10.0 µg/l Tin (Sn) 54.6 µg/l 
Copper (Cu) 72 µg/l Titanium (Ti) 21.0 µg/l 
Fluorine (F) 4.0 mg/l Vanadium (V) 25.2 µg/l 

Iodine (I) 304 µg/l Zinc (Zn) 1141 µg/l 
Iron (Fe) 12.3 µg/l Creatinine 97.9 mg/dl 
Lead (Pb) 40.3 µg/l 1-Hydroxypyrene 55 µg/l 

Lithium (Li) 10.2 µg/l Formic acid 10.8 mg/l 
Magnesium (Mg) 70.1 mg/l Phenol 300 mg/l 
Manganese (Mn) 12.3 µg/l Mandelic acid 490 µg/l 

Mercury (Hg) 40.7 µg/l Tetracloroethylene 1000 µg/l 
Molybdenum (Mo) 49.3 µg/l Trichloroacetic acid (TCA) 350 µmol/l 

 
 

5.8.1 Multi-Element Determination of Al, Be, Cr, and V 

The diluted reference material (1:4) has been spiked with 10 ppb Al, 2 ppb Be, 6 ppb Cr, 

and 80 ppb V. 20 µl diluted spiked reference material has been injected with 5 µg Mg(NO3)2 

as a modifier into the atomizer each time during this study. The effect of the matrix on the 

pyrolysis and atomization curves has been studied and the results are shown in Figure  5.35. 

For the first part, the pyrolysis curves, the absorption signals were studied at an atomization 

temperature of 2500oC. The atomic absorption signals remained approximately constant as the 

pyrolysis varied from 800-1500oC for Be and Cr, from 800-1600oC for Al, and from 800-
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1700oC for V. When the temperature increased above 1500oC, the absorption signal randomly 

decreased for Be and Cr due to the volatilization of these elements. In order to determine all 

these elements simultaneously, 1500oC was chosen as an optimum pyrolysis temperature. The 

effects of atomization temperature were studied at a pyrolysis temperature of 1500oC and 

shown in Figure  5.35. For Al, Be, and Cr, the atomic absorption signal increased with 

increasing atomization temperature and has its maximum and best precision at 2300oC. 

However, for V, the absorption signal increased with increasing atomization temperature until 

2500oC.  Because the lifetime of the tube will decrease above 2500oC and with SIMAA 6000 

we can not use atomization temperature more than 2600oC, we have decided to use 2500oC as 

an optimum atomization temperature for the multi-element determination of this group. The 

absorption peaks at the optimum pyrolysis and atomization temperatures are shown in Figure 

 5.36, which are similar (peak shapes and absorption time) to those obtained in the case 

without matrix (aqueous solutions). This is because the high pyrolysis temperature (1500oC) 

that can be used with these elements which resulted in minimizing the effect of the urine 

matrix. Another effect is the dilution of the urine sample that resulted also in the dilution of 

the matrix and also to the effect of the modifier which facilitates the formation of stable 

compounds and prevents the volatilization of the elements during the pyrolysis stage. 

 
 
 
Figure  5.35 Pyrolysis and atomization curves for multi-element determinations of Al, Be, Cr, and V using 
5µg Mg modifier in diluted (1:4) urine sample spiked with 10, 2, 6, 80 ppb Al, Be, Cr, and V, respectively 
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Figure  5.36 Absorbance signals of diluted (1:4) spiked urine sample at 1500oC pyrolysis and 2500oC 
atomization with 5µg Mg modifier in the multi-element determinations of Al, Be, Cr, and V 
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5.8.2 Multi-Element Determination of Be, Cr, Cu 

The diluted reference material (1:4) has been spiked with 2 ppb Be, 6 ppb Cr, and 10 

ppb Cu. 20 µl diluted spiked reference material has been injected with 5µg Pd + 3µg 

Mg(NO3)2 as a modifier into the atomizer each time during this study. The effect of the matrix 

on the pyrolysis and atomization curves has been studied and the results are shown in Figure 

 5.37. For pyrolysis curves, the absorption signals were studied at an atomization temperature 

of 2300oC and for atomization curves, the absorption signals were studied at a pyrolysis 

temperature of 1200oC. The atomic signal for Cu remained approximately constant till the 

pyrolysis temperature reached 1200oC and then started to decrease gradually. For Be and Cr, 

the atomic signal was almost constant till 1400oC and then started gradually to decrease. In 

order to determine all three elements simultaneously, 1200oC was chosen as an optimum 

pyrolysis temperature. Similarly, the effects of atomization temperature on the atomic 

absorbance are studied and shown in Figure  5.37. For Cu, the atomic absorption signal 

increased with increasing atomization temperature till 2000oC at which it had its maximum 

value. For Cr and Be, they had their maximum at atomization of 2200 and 2300oC, 

respectively. Hence we decided to choose 2300oC as an optimum atomization temperature for 

the simultaneous determination of these elements. The absorption peaks at the optimum 

pyrolysis and atomization temperatures are shown in Figure  5.38. From the comparing 

between the pyrolysis and atomization curves and the absorption peaks in the case of aqueous 

solutions and diluted urine sample; in terms of absorption time and peak shape, there was no 
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matrix effect on the multi-element determination of these elements which can be attributed to 

the high pyrolysis temperature (1200oC) that minimize the matrix interferences and the effect 

of the modifier which prevented the loss of the elements as volatile compounds. 

 
 

Figure  5.37 Pyrolysis and atomization curves for multi-element determinations of Be, Cr, and Cu using 
5µg Pd + 3µg Mg modifier in diluted (1:4) urine sample spiked with 2, 6, 10 ppb Be, Cr, and Cu, 

respectively 
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Figure  5.38 Absorbance signals of diluted (1:4) spiked urine sample at 1200oC pyrolysis and 2300oC 
atomization with 5µg Pd + 3µg Mg modifier in the multi-element determinations of Be, Cr, and Cu 
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5.8.3 Multi-Element Determination of Bi, Sb, Cu, and Mn 

The diluted reference material (1:4) has been spiked with 80 ppb Bi, 10 ppb Cu, 6 ppb 

Mn, and 80 ppb Sb. 20 µl diluted spiked reference material has been injected with 5µg Pd + 
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3µg Mg(NO3)2 as a modifier into the atomizer each time during this study. Pyrolysis and 

atomization curves were carried out in order to define the compromise conditions for the 

simultaneous determination of these elements in the presence of the matrix, since in 

simultaneous detection the heating program of the atomizer is the same for all analytes. 

Shown in Figure  5.39 are the pyrolysis and atomization curves for diluted spiked urine sample 

in the presence of Pd+Mg modifier. The dependence of the atomic absorption of Bi, Sb, Cu, 

and Mn with varying pyrolysis temperatures were evaluated at 2000oC atomization 

temperature. The atomic absorption values for Bi remained approximately constant between 

600 and 1000oC and started to decrease gradually above 1000oC. For Cu, the absorption 

signal remained approximately constant till 1200oC and decreased gradually. For Sb and Mn, 

the atomic absorption remained almost constant until 1300oC and then gradually decreased. In 

order to determine all four elements simultaneously, 1000oC was chosen as an optimum 

pyrolysis temperature. The effects of atomization temperature on the atomic absorption of the 

elements were studied at 1000oC pyrolysis temperature. The atomic absorption for Bi 

increased with increasing temperature until 1600oC and then remained approximately constant 

when varying atomization temperature from 1600 to 1800oC. For Sb, it increased until 1800oC 

and then remained constant until 2000oC. The atomic absorption for Cu and Mn reached its 

maximum at 2000oC. For the simultaneous determination of these elements, we have decided 

to choose 2000oC as an optimum atomization temperature. The atomic absorption peaks at the 

optimum pyrolysis and atomization temperatures are shown in Figure  5.40. From the 

absorption peaks, Bi and Sb were more affected by the urine matrix because the appearances 

of their signals were more closely to the background signal. Welz et al.100 reported that the 

integrated absorbance signal of bismuth is decreased by about 20% by NaCl concentrations 

higher than 1g.l-1. For Sb, they100 found that the peak shape for Sb was broadened and the 

peak height suppressed by 40% in the presence of 30 g.l-1 NaCl while the integrated 

absorbance changed by less than 5% at the same NaCl concentration (30g.l-1). However, only 

about 20mg.l-1 sulphate decreased the integrated absorbance by 10%. This is probably due to 

gas phase interference100. The signals of Cu and Mn were similar to those without matrix (in 

aqueous solutions). 
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Figure  5.39 Pyrolysis and atomization curves for multi-element determinations of Bi, Cu, Mn, and Sb 
using 5µg Pd + 3µg Mg modifier in diluted (1:4) urine sample spiked with 80, 10, 6, 80 ppb Bi, Cu, Mn, 

and Sb, respectively 
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Figure  5.40 Absorbance signals of diluted (1:4) spiked urine sample at 1000oC pyrolysis and 2000oC 
atomization with 5µg Pd + 3µg Mg modifier in the multi-element determinations of Bi, Cu, Mn, and Sb 
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5.8.4 Multi-Element Determination of Cu, Mn, and Se 

The diluted reference material (1:4) has been spiked with 10 ppb Cu, 6 ppb Mn, and 80 

ppb Se. 20 µl diluted spiked reference material has been injected with 5µg Pd + 3µg 

Mg(NO3)2 as a modifier into the atomizer each time during this study. Pyrolysis and 

atomization curves were carried out in order to define the compromise conditions for the 

simultaneous determination of these elements in the presence of the matrix, since in 

simultaneous detection the heating program of the atomizer is the same for all analytes. The 
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dependence of the atomic absorption of Cu, Mn, and Se with varying pyrolysis temperatures 

were evaluated at 2000oC atomization temperature and shown in Figure  5.41. From the 

pyrolysis curves, the absorption signal obtained for Se remained constant as the pyrolysis 

temperature increased until 900oC and then gradually decreased with increasing the 

temperature. For Cu and Mn, the absorption signals remained approximately constant until 

1200 and 1300oC, respectively. For the simultaneous determination of the elements, 900oC 

was chosen as an optimum pyrolysis temperature. A decreased in pyrolysis temperature found 

for selenium in diluted urine sample (900oC) compared to that in aqueous solution (1200oC) 

which has been also reported by G. Schlemmer and B. Welz99. They found that slight 

selenium losses were observed in biological materials if pyrolysis temperature above 900oC 

were used. J. L. Fischer175 reported that an increase of the amount of phosphate in the sample 

was accompanied with increasing losses of selenium. This phosphate interference observed 

when selenium is determined with palladium modifiers, can be explained by decreasing the 

number of active palladium sites necessary to stabilize selenium in the presence of 

phosphate175. The dependence of the atomic absorption of Cu, Mn, and Se with varying 

atomization temperatures were evaluated at 900oC pyrolysis temperature and shown in Figure 

 5.41. From the atomization curves, the atomic signals of Se, Cu, and Mn increased with 

increasing atomization temperature and reached their maximum at atomization temperature of 

2000oC. For the simultaneous determination, 2000oC was chosen as the optimum atomization 

temperature. The absorption peaks of the elements at the optimum pyrolysis and atomization 

temperatures are shown in Figure  5.42. From the absorption peaks, a decrease in the 

integrated absorbance signal of selenium has been observed. B. Welz et al.100 reported that 

potassium sulphate had very pronounced influence on selenium when a pyrolysis temperature 

of 1000oC was used. 0.1 µg of SO4
-2 reduced the integrated absorbance signal by more than 

10% and the influence increased to 25% suppression in the presence of 3g.l-1 and finally the 

selenium signal disappeared entirely if the concentration of SO4
-2 was increased further100. 

Lowered integrated absorbance observed for Se can be explained by molecular interference, 

which occurs due to the vaporization of SO4
-2 decomposition products, such as SO3, SO2, and 

SO40. High concentrations of NaCl can cause increasing suppression of the integrated 

absorbance signal100. For Cu and Mn, a small decrease in the integrated absorbance signal 

have been observed compared to those obtained in the simultaneous determination of Bi, Sb, 

Cu, and Mn. This can be attributed to a less pyrolysis temperature (900oC) that has been used. 

If low pyrolysis temperatures are applied, expulsion and gas phase reaction between the 
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elements (Mn and Cu) in the atomization step are very likely176. NaCl depressive interference 

on Mn was reported at pyrolysis temperature between 800-900oC.  

 
 

Figure  5.41 Pyrolysis and atomization curves for multi-element determinations of Cu, Mn, and Se using 
5µg Pd + 3µg Mg modifier in diluted (1:4) urine sample spiked with 10, 6, 80 ppb Cu, Mn, and Se, 

respectively 
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Figure  5.42 Absorbance signals of diluted (1:4) spiked urine sample at 900oC pyrolysis and 2000oC 
atomization with 5µg Pd + 3µg Mg modifier in the multi-element determinations of Cu, Mn, and Se 
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5.8.5 Multi-Element Determination of Pb and Se 

Two types of modifiers have been used to simultaneous determination of Pb and Se in 

urine reference material. 
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5.8.5.1 With 5µg Pd + 3µg Mg Modifier 

The diluted reference material (1:4) has been spiked with 40 ppb Pb and 80 ppb Se. 20 

µl diluted spiked reference material has been injected with 5µg Pd + 3µg Mg(NO3)2 as a 

modifier into the atomizer each time during this study. Pyrolysis and atomization curves were 

carried out in order to define the compromise conditions for the simultaneous determination 

of the two elements in the presence of the urine matrix, since in simultaneous detection the 

heating program of the atomizer is the same for all analytes. The dependence of the atomic 

absorption of Pb and Se with varying pyrolysis temperatures were evaluated at 1900oC 

atomization temperature and shown in Figure  5.43. The absorption signals was approximately 

constant as the pyrolysis temperature varied from 600-1000oC for Pb and Se. The atomic 

absorption values decreased correspondingly above 1000oC. In order to determine the 

elements simultaneously, 1000oC was chosen as an optimum pyrolysis temperature. For Se, 

the absorption signal was affected by the urine matrix (compared with the determination of Se 

in aqueous solutions) for the same reasons that we have discussed before. For Pb, sharper 

absorbance peak compared to the aqueous solution and decreased appearance time have been 

observed. However, the integrated absorption values are approximately similar indicating 

effective removing of the interferences in the presence of the modifier. The effects of the 

atomization temperature are studied at pyrolysis temperature of 1000oC (shown in Figure 

 5.43). The absorption signals for Pb and Se increased with increasing temperature below 

1900oC. Above this temperature, the absorption signals remained approximately constant. 

Therefore, we have decided to use 1900oC as an optimum atomization temperature for the 

simultaneous determination of Pb and Se. The absorption peaks of the elements at the 

optimum pyrolysis and atomization temperatures are shown in Figure  5.44. 
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Figure  5.43 Pyrolysis and atomization curves for multi-element determinations of Pb and Se using 5µg Pd 
+ 3µg Mg modifier in diluted (1:4) urine sample spiked with 40, 80 ppb Pb and Se, respectively 
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Figure  5.44 Absorbance signals of diluted (1:4) spiked urine sample at 1000oC pyrolysis and 1900oC 
atomization with 5µg Pd + 3µg Mg modifier in the multi-element determinations of Pb and Se 
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5.8.5.2 With Ir Permanent Modifier 

The 500µg iridium was thermally deposited on the graphite tube platform and used as 

permanent modifier. The diluted reference material (1:4) has been spiked with 40 ppb Pb and 

80 ppb Se. 20 µl diluted spiked reference material has been injected into the atomizer each 

time during this study. Pyrolysis and atomization curves were carried out in order to define 

the compromise conditions for the simultaneous determination of the two elements in the 

presence of the urine matrix, since in simultaneous detection the heating program of the 

atomizer is the same for all analytes. From the pyrolysis curves; Figure  5.45, the atomic 

absorption signals remained approximately constant as the pyrolysis temperature varied from 

400-800oC and from 400-1000oC for Pb and Se, respectively. Above these temperatures, the 

absorption signals decreased with increasing the pyrolysis temperature. A pyrolysis 

temperature of 800oC was chosen as the optimum. A decreased in the pyrolysis temperature 

comparing with the determination of these elements in the aqueous solution (1200 and 1300oC 

for Pb and Se, respectively) can be seen. We can also see that the sensitivity for the 
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simultaneous determination of Pb and Se in the presence of this modifier is decreased 

comparing with that in the presence of Pd+Mg modifier. M. Hoenig et al.118 reported that for 

masses of Ir > 300µg, a decrease of approximately 10% in sensitivity was observed for Pb, Cd, 

Cr, and Ni. This depressive effect with increasing amounts of such chemical modifiers has 

also been observed by other authors161. From the atomization curves; Figure  5.45, the atomic 

absorption signals increased with increasing the temperature as the atomization temperature 

varied from 1200-1700oC and from 1200-2000oC for Pb and Se, respectively. Above 1800oC, 

the absorption signal of Pb remained approximately constant. For the simultaneous 

determination, we have decided to choose 2000oC as an optimum atomization temperature. 

The absorption peaks of the elements at the optimum pyrolysis and atomization temperatures 

are shown in Figure  5.46. 

 
 
Figure  5.45 Pyrolysis and atomization curves for multi-element determinations of Pb and Se using 500µg 

Ir permanent modifier in diluted (1:4) urine sample spiked with 40, 80 ppb Pb and Se, respectively 
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Figure  5.46 Absorbance signals of diluted (1:4) spiked urine sample at 800oC pyrolysis and 2000oC 
atomization with 500µg Ir permanent modifier in the multi-element determinations of Pb and Se 
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5.8.6 Multi-Element Determination of Bi, Sb, and Cd 

As for the simultaneous determination of Pb and Se, two types of modifiers have been 

used for the simultaneous determination of Bi, Sb, and Cd in urine reference material. 

5.8.6.1 With 5µg Pd + 3µg Mg modifier 

The diluted reference material (1:4) has been spiked with 80 ppb Bi, 80 ppb Sb, and 2 

ppb Cd. 20 µl diluted spiked reference material has been injected with 5µg Pd + 3µg 

Mg(NO3)2 as a modifier into the atomizer each time during this study. The dependence of Bi, 

Sb, and Cd absorbance on the pyrolysis temperature at 1900oC atomization temperature was 

studied and shown in Figure  5.47. The atomic signal for Cd remained approximately constant 

till the pyrolysis temperature reached 600oC and then started to decrease. Oliveira et al.177 

found that 550oC was the best pyrolysis temperature obtained for the determination of 

cadmium in urine in the presence of Pd+Mg modifier. This can be attributed to the 

volatilization of Cd as chloride. The formation and volatilization of CdCl2 occurred before the 

interaction between Cd and Pd on the graphite tube surface. Oliveira et al.40 found that Cl- 

ions in low amounts damaged the thermal stabilization obtained for Cd in presence of the 

W+Rh as permanent chemical modifier. For Bi and Sb, the atomic signal was almost constant 

till 1000oC and 1300oC, respectively, then started gradually to decrease. In order to determine 

all three elements simultaneously, 600oC was chosen as an optimum pyrolysis temperature. 

Similarly, the effects of atomization temperature on the atomic absorbance are studied and 

shown in Figure  5.47. The effect of the atomization temperature was studied at the pyrolysis 

of 600oC. For Cd, the atomic absorption signal increased with increasing the temperature as 

the atomization temperature varied from 1000-1400oC and then started to decrease gradually 

due to increased diffusional losses of analyte atoms under high atomization temperatures. For 

Bi, the atomic absorption signal increased with increasing atomization temperature and had its 

maximum at atomization temperature between 1600-1700oC and then started to decrease. Sb 

atomic absorption signal had its maximum at approximately 1800oC atomization temperature. 

By taking into account the atomic signal, 1900oC was chosen as an optimum atomization 

temperature for the simultaneous determination of the elements. The absorption peaks of the 

elements at the optimum pyrolysis and atomization temperatures are shown in Figure  5.48. 
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Figure  5.47 Pyrolysis and atomization curves for multi-element determinations of Bi, Sb, and Cd using 
5µg Pd + 3µg Mg modifier in diluted (1:4) urine sample spiked with 80, 80, and 2 ppb Bi, Sb, and Cd, 

respectively 
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Figure  5.48 Absorbance signals of diluted (1:4) spiked urine sample at 600oC pyrolysis and 1900oC 
atomization with 5µg Pd + 3µg Mg modifier in the multi-element determinations of Bi, Sb, and Cd 
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5.8.6.2     With Ir Permanent Modifier 

The 500µg iridium was thermally deposited on the graphite tube platform and used as 

permanent modifier. The diluted reference material (1:4) has been spiked with 80 ppb Bi, 80 

ppb Sb, and 2 ppb Cd. 20 µl diluted spiked reference material has been injected into the 

atomizer each time during this study. The dependence of Bi, Sb, and Cd absorbance on the 

pyrolysis temperature at 1900oC atomization temperature was studied and shown in Figure 

 5.49. The atomic signal for Cd remained approximately constant till the pyrolysis temperature 
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reached 600oC and then decreased rapidly. For Bi and Sb, the atomic signal was almost 

constant till 900oC and 1200oC, respectively, then started gradually to decrease. A decreased 

in the pyrolysis temperature comparing with the determination of these elements in the 

aqueous solution (700, 1200 and 1500oC for Cd, Bi, and Sb, respectively) can be seen. C. G. 

Magalhães et al.178 found that with iridium applied in solution together with the urine sample, 

the best pyrolysis temperature was 900oC but the sensitivity was analogous with that obtained 

using Pd+Mg modifier. They178 found also with Ir+Rh permanent modifier that the best 

pyrolysis temperature was 900oC. Using W+Rh permanent modifier, Oliveira et al.177 reported 

400oC as the best pyrolysis temperature for the determination of Cd in urine sample. E. 

Bulska et al.179 determined Sb in biological samples using different types of modifiers and 

fond that iridium stabilized antimony to higher temperature when compared with palladium, 

but significant decrease in absorbance value of 23% was observed. In order to determine all 

three elements simultaneously, 5500oC was chosen as an optimum pyrolysis temperature. The 

effect of the atomization temperature was studied at the pyrolysis of 550oC. For Cd, the 

analytical atomic absorption was high at 1000oC (the less atomization temperature can be 

used) and the signal peak was too broad. Above 1000oC the signal peak start to become 

sharper and the integrated absorbance value to decrease gradually. For Bi, the atomic 

absorption signal increased with increasing atomization temperature and had its maximum at 

atomization temperature between 1400-1500oC and then started to decrease. Sb atomic 

absorption signal had its maximum at approximately 1800oC atomization temperature. For the 

simultaneous determination of the elements, 1900oC was chosen as an optimum atomization 

temperature. The signal absorption peaks at the optimum pyrolysis and atomization 

temperatures are shown in Figure  5.50. 
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Figure  5.49 Pyrolysis and atomization curves for multi-element determinations of Bi, Sb, and Cd using 
500µg Ir permanent modifier in diluted (1:4) urine sample spiked with 80, 80, and 2 ppb Bi, Sb, and Cd, 

respectively 
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Figure  5.50 Absorbance signals of diluted (1:4) spiked urine sample at 550oC pyrolysis and 1900oC 
atomization with 500µg Ir permanent modifier in the multi-element determinations of Bi, Sb, and Cd 
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5.9 Analysis of Certified Reference Materials 

Number of certified reference materials was used to test the simultaneous determination 

methodologies that we have developed. The optimum pyrolysis and atomization temperatures 

that have been developed using urine matrix were used to analyze the reference materials. In 

all measurements, 20 µl of sample which contains spiked concentrations from each element 

was injected into the graphite tube. The modifier was injected in a separate step into the tube. 

The standard addition curves were used to analyze the reference materials. In each 
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measurement, except the first one, the sample was spiked with different concentrations of the 

elements in order to get the standard addition curve for each element. The peak area of the 

atomic absorption signal was used for the determination and each experimental value is the 

average of five determinations. Generally, the analyzed values for all elements in all reference 

materials were within the range of certified values. 

5.9.1 Multi-Element Determination of Al, Be, Cr, and V 

The accuracy of the multi-element determination of this group was confirmed by the 

analysis of the following certified reference materials: Trace Element Urine Sample from 

Seronorm, Lyphocheck Urine Metals Control- Level 1 from BIO-RAD, Bovine Liver from 

National Institute of Standards and Technology, and Pork Liver from National Research 

Centre for Certified Reference Materials. Each sample has been diluted according to the 

concentration of the elements in the sample.  

5.9.1.1 Trace Element Urine Sample from Seronorm (0511545) 

The sample was diluted (1:4, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample and 5 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution were injected into the 

graphite tube at 20oC. The temperature program is summarized in Table  5.15.  

 
 
 
Table  5.15 Optimum Temperature Program for Simultaneous Determination of Al, Be, Cr, and V in Urine 

reference sample from Seronorm 

Step 
Temperature 

(oC) 

Ramp Time 

(s) 

Hold Time 

(s) 

Gas Flow 

(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis 1500 10 20 250 

Atomization 2500 0 5 0 

Clean-out 2550 1 4 250 

 
 
 

The standard addition curves for each element are shown in Figure  5.51. The standard 

addition curves with good linearity (R2 = 0.9991, 0.999, 0.9994, and 0.9994 for Al, Be, Cr, 

and V, respectively) were used to determine the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.16. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 96.3, 98.0, 101.0, and 96.8% for Al, Be, Cr, and V, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 
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were in the range: 2.5-4.8% for Al, 0.8-2.6% for Be, 1.0-1.6% for Cr, and 1.4-7.4% for V. 

Detection limits were calculated as three times the standard deviation of ten replicate 

measurements of the blank. The detection limits (LOD) and the characteristic mass were 

determined and given in Table  5.17. 

 
 
Figure  5.51 The standard addition curves in the multi-element determination of Al, Be, Cr, and V in urine 

reference sample from Seronorm 

 
 

 
 

Al

y = -6E-05x 2 + 0,004x + 0,0992 
R2 = 0,9991 

0,00 

0,03 

0,06 

0,09 

0,12 

0,15 

0,18 

0 5 10 15 20 25 
Con. (µg/l
)

A
.s 

Be

y = 0,0554x + 0,0535 
R 2= 0,999

0,00 

0,03 

0,06 

0,09 

0,12 

0,15 

0,18 

0,00 0,50 1,00 1,50 2,00 2,50

Con. (µg/l)

A
.s 

 



 133

 
 

 
 
 
 

Table  5.16 The results of simultaneous determination of Al, Be, Cr, and V in urine reference sample from 
Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Al 96.3 100 94-106 88-112 
Be 4.8 4.9 4.7-5.1 4.5-5.3 
Cr 19.9 19.7 18.4-21.0 17.1-22.3 
V 24.4 25.2 23.8-26.6 22.4-28.0 

 
 

Table  5.17 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Al, Be, Cr, and V in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Al 0.96 31.4 2.5 
Be 0.022 1.6 2.6 
Cr 0.11 4.5 1.4 
V 0.83 48.9 7.4 

*For five sample measurements. 
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5.9.1.2 Lyphochek Urine Metals Control Level 1 from BIO-RAD (69061) 

The sample was diluted (1:1, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample and 5 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution were injected into the 

graphite tube at 20oC. There were no certified values for beryllium and vanadium, there fore, 

the sample has been spiked with them before the dilution. The optimum temperature program 

was as in Table  5.15. 

The standard addition curves for each element are shown in Figure  5.52. The standard 

addition curves with good linearity (R2 = 0.9996, 0.9998, 0.9999, and 0.9997 for Al, Be, Cr, 

and V, respectively) were used to evaluate the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.18. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 111.3, 91.7, 95.0, and 100.0% for Al, Be, Cr, and V, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 1.3-1.8% for Al, 0.8-2.6% for Be, 0.7-1.3% for Cr, and 0.8-2.3% for V. 

Detection limits were calculated as three times the standard deviation of ten replicate 

measurements of the blank. The detection limits (LOD) and the characteristic mass were 

determined and given in Table  5.19. 

 
 
Figure  5.52 The standard addition curves in the multi-element determination of Al, Be, Cr, and V in urine 

reference sample from BIO-RAD 
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Table  5.18 The results of simultaneous determination of Al, Be, Cr, and V in urine reference sample from 
BIO-RAD 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Acceptable range 
Al 33.4 30 24-36 
Be 1.1 1.2* - 
Cr 1.9 2.0 1.5-2.5 
V 20 20* - 

*They have been added. 
 
 

Table  5.19 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Al, Be, Cr, and V in urine reference material from BIO-RAD 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Al 0.68 28.4 1.3 
Be 0.027 2.0 2.1 
Cr 0.081 5.9 1.3 
V 0.86 62.9 0.8 

*For five sample measurements. 
 
 

5.9.1.3 Bovine Liver from National Institute of Standards and 

Technology (NIST-SRM 1577b) 

After the digestion with HNO3, the sample was transferred into 50 ml volumetric flask 

and made up to the mark with de-ionized water. Since there were no certified values for 

beryllium and chromium and the concentration of vanadium is too low for the determination, 

the sample has been spiked with the elements before the addition of de-ionized water. Before 

the simultaneous determination of Al, Be, Cr, and V, the sample was diluted (1:9, v/v) with 

0.2% HNO3. The optimum temperature program for the simultaneous determination was as in 

Table  5.15. 

The standard addition curves for each element are shown in Figure  5.53. The standard 

addition curves with good linearity (R2 = 0.9999, 0.9998, 0.9999, and 0.9999 for Al, Be, Cr, 

and V, respectively) were used to determine the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.20. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 99.4, 102.0, 96.5, and 100.0% for Al, Be, Cr, and V, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 0.4-2.8% for Al, 0.8-2.0% for Be, 0.3-5.1% for Cr, and 1.6-4.2% for V. 

Detection limits were calculated as three times the standard deviation of ten replicate 

measurements of the blank. The detection limits (LOD) and the characteristic mass were 

determined and given in Table  5.21. 
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Figure  5.53 The standard addition curves in the multi-element determination of Al, Be, Cr, and V in 
Bovine Liver sample 
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Table  5.20 The results of simultaneous determination of Al, Be, Cr, and V in Bovine Liver sample 
Element Con. Found (µg) Con. certified (µg) 

Al 1.54 1.55 
Be 0.150 0.147* 

Cr 0.250 0.259* 

V 5.00 5.00* 

*They have been added. 
 
 

Table  5.21 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Al, Be, Cr, and V in Bovine Liver sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Al 0.62 30.3 2.8 
Be 0.034 2.5 1.0 
Cr 0.088 6.4 5.1 
V 1.5 73.3 2.7 

*From five replicates 
 
 

5.9.1.4 Pork Liver from National Research Centre for Certified 

Reference Materials (GBW 08551) 

After the digestion with HNO3, the sample was transferred into 50 ml volumetric flask 

and made up to the mark with de-ionized water. Since there were no certified values for 

aluminium, beryllium, and vanadium, the sample has been spiked with the elements before 

the addition of de-ionized water. Before the simultaneous determination of Al, Be, Cr, and V, 

the sample was diluted (1:3, v/v) with 0.2% HNO3. The optimum temperature program for the 

simultaneous determination was as in Table  5.15. 

The standard addition curves for each element are shown in Figure  5.54. The standard 

addition curves with good linearity (R2 = 0.9995, 0.9999, 0.9998, and 0.9999 for Al, Be, Cr, 

and V, respectively) were used to determine the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.22. The 

experimentally determined concentrations were in good agreement with the certified values. 
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The analyzed values were in the range of 117.0, 96.0, 100.0, and 100.0% for Al, Be, Cr, and 

V, respectively. The relative standard deviations (RSD) of the non spiked sample 

measurements were in the range: 1.3-2.1% for Al, 0.3-3.9% for Be, 0.5-1.6% for Cr, and 1.4-

4.1% for V. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.23. 

 
 

Figure  5.54 The standard addition curves in the multi-element determination of Al, Be, Cr, and V in Pork 
Liver sample 
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Table  5.22 The results of simultaneous determination of Al, Be, Cr, and V in Pork Liver sample 
Element Con. Found (µg) Con. certified (µg) 

Al 1.17 1.00* 

Be 0.048 0.050* 

Cr 0.101 0.101 

V 2.00 2.00* 

*They have been added 

 
 

Table  5.23 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Al, Be, Cr, and V in Pork Liver sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Al 0.62 30.3 2.0 
Be 0.031 2.3 3.9 
Cr 0.082 6.0 1.6 
V 0.86 62.9 4.1 

*From five replicates 
 
 

5.9.1.5 Comparison of the results of Different Samples 

By comparing the results of the samples, the same experimental conditions; pyrolysis 

(1500oC) and atomization (2500oC) temperatures, have been used for the simultaneous 
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determinations in different types of samples with different dilutions. From the detection limits 

values, the results were similar to those of aqueous solution. The highest increased in the 

values compared to aqueous solution were as follows: 1.5 times in Seronorm urine for Al, 1.6 

times in bovine liver for Be, 1.4 times in Seronorm urine for Cr, and 2.2 times in bovine liver 

for V. The most increased in detection limits values were in the case of Seronorm urine and 

bovine liver samples which have the highest dilution factor (1:4 and 1:9, respectively). The 

results of characteristic mass, however, were comparable to those of aqueous solution and the 

increasing percentages were in the range of: - 6.6% to + 3.3% for Al, - 20% to + 25% for Be, 

- 4.3% to + 36.2% for Cr, and 0% to +49.9% for V. The lowest sensitivity values were 

obtained with bovine liver sample and the highest sensitivities with Seronorm. 

5.9.2 Multi-Element Determination of Be, Cr, and Cu 

The accuracy of the multi-element determination of this group was confirmed by the 

analysis of the following certified reference materials: Trace Element Urine Sample from 

Seronorm, Lyphocheck Urine Metals Control- Level 1 from BIO-RAD, Bovine Liver from 

National Institute of Standards and Technology, Bovine Liver from National Institute of 

Standards and Technology, and Tea sample from National Research Centre for Certified 

Reference Materials. Each sample has been diluted according to the concentration of the 

elements in the sample.  

5.9.2.1 Trace Element Urine Sample from Seronorm (0511545) 

The sample was diluted (1:4, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO2)3 and 3 µl 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. The temperature program is summarized in Table 

 5.24. 

 
 
Table  5.24 Optimum Temperature Program for Simultaneous Determination of Be, Cr, and Cu in Urine 

reference sample from Seronorm 

Step 
Temperature 

(oC) 

Ramp Time 

(s) 

Hold Time 

(s) 

Gas Flow 

(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis 1200 10 20 250 

Atomization 2300 0 5 0 

Clean-out 2500 1 4 250 
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The standard addition curves for each element are shown in Figure  5.55. The standard 

addition curves with good linearity (R2 = 0.9992, 0.9968, and 0.9981 for Be, Cr, and Cu, 

respectively) were used to determine the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.25. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 95.9, 102.0, and 101.1% for Be, Cr, and Cu, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 2.1-5.6% for Be, 0.4-2.0% for Cr, and 0.6-1.8% for Cu. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.26. 

 
 

Figure  5.55 The standard addition curves in the multi-element determination of Be, Cr, and Cu in urine 
reference sample from Seronorm 
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Table  5.25 The results of simultaneous determination of Be, Cr, and Cu in urine reference sample from 
Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Be 4.7 4.9 4.7-5.1 4.5-5.3 
Cr 20.1 19.7 18.4-21.0 17.1-22.3 
Cu 72.8 72 ±3 - 

 
 

Table  5.26 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Be, Cr, and Cu in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Be 0.042 2.5 2.1 
Cr 0.081 5.9 1.2 
Cu 0.26 18.7 1.6 

*Five replicate measurements 
 
 

5.9.2.2 Lyphochek Urine Metals Control–Level 1 from BIO-RAD (69061) 

The sample was diluted (1:1, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. There was no certified value for beryllium; 

therefore, the sample has been spiked with beryllium before the dilution. The optimum 

temperature program was as in Table  5.24. 

The standard addition curves for each element are shown in Figure  5.56. The standard 

addition curves with good linearity (R2 = 0.9998, 0.9999, and 0.9998 for Be, Cr, and Cu, 

respectively) were used to determine the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.27. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 91.7, 90.0, and 100.0% for Be, Cr, and Cu, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 
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were in the range: 1.7-4.8% for Be, 1.1-3.0% for Cr, and 1.4-2.7% for Cu. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.28. 

 
 

Figure  5.56 The standard addition curves in the multi-element determination of Be, Cr, and Cu in urine 
reference sample from BIO-RAD 

Be

y = 0,0211x + 0,0115
R2 = 0,9998

0,00

0,02

0,04

0,06

0,08

0 0,5 1 1,5 2 2,5 3 3,5
Con. (ppb)

A
.s

 
 
 

Cr

y = 0,0081x + 0,0072
R2 = 0,9999

0,00

0,02

0,04

0,06

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5

Con. (ppb)

A
.s

 
 
 



 145

Cu

y = 0,0028x + 0,0098
R2 = 0,9998

0,00

0,02

0,04

0,06

0,08

0 5 10 15 20 25

Con. (ppb)

A
.s

 
 
 

Table  5.27 The results of simultaneous determination of Be, Cr, and Cu in urine reference sample from 
BIO-RAD 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Acceptable range 
Be 1.1 1.2* - 
Cr 1.8 2 1.5-2.5 
Cu 7 7 5.3-8.8 

*added 
 
 

Table  5.28 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Be, Cr, and Cu in urine reference material from BIO-RAD 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Be 0.057 4.2 1.7 
Cr 0.074 10.9 2.8 
Cu 0.21 31.4 2.1 

*Five replicate measurements 
 
 

5.9.2.3 Tea sample from National Research Centre for Certified 

Reference Materials (GBW 08505) 

The sample was diluted (1:39, v/v) with 0.2% HNO3. For each measurement, 20 µl of 

the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. There was no certified value for 

beryllium; therefore, the sample has been spiked with beryllium before the dilution. The 

optimum temperature program was as in Table  5.24. 

The standard addition curves for each element are shown in Figure  5.57. The standard 

addition curves with good linearity (R2 = 1.0, 0.9999, and 0.9998 for Be, Cr, and Cu, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified values in Table  5.29. The 

experimentally determined concentrations were in good agreement with the certified 
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concentrations. The analyzed values were in the range of 98.0, 98.8, and 99.4% for Be, Cr, 

and Cu, respectively. The relative standard deviations (RSD) of the non spiked sample 

measurements were in the range: 1.1-6.3% for Be, 0.5-2.4% for Cr, and 0.2-1.0% for Cu. 

Detection limits were calculated as three times the standard deviation of ten replicate 

measurements of the blank. The detection limits (LOD) and the characteristic mass were 

determined and given in Table  5.30. 

 
 

Figure  5.57 The standard addition curves in the multi-element determination of Be, Cr, and Cu in Tea 
sample 
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Table  5.29 The results of simultaneous determination of Be, Cr, and Cu in Tea sample 
Element Con. Found (µg) Con. certified (µg) 

Be 0.49 0.50* 

Cr 0.81 0.82 

Cu 16.5 16.6 

*added 
 
 

Table  5.30 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Be, Cr, and Cu in Tea sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Be 0.036 3.5 6.3 
Cr 0.070 6.8 2.0 
Cu 0.28 20.5 0.2 

*Five replicate measurements 
 
 

5.9.2.4 Bovine Liver from National Institute of Standards and 

Technology (NIST-SRM 1577b) 

The sample was diluted (1:99, v/v) with 0.2% HNO3. For each measurement, 20 µl of 

the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. There were no certified values for 

beryllium and chromium; therefore, the sample has been spiked with them before the dilution. 

The optimum temperature program was as in Table  5.24. 

The standard addition curves for each element are shown in Figure  5.58. The standard 

addition curves with good linearity (R2 = 0.9999, 0.9997, and 0.9995 for Be, Cr, and Cu, 

respectively) were used to determine the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.31. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 103.2, 96.0, and 86.0% for Be, Cr, and Cu, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 
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were in the range: 2.8-9.1% for Be, 3.2-4.9% for Cr, and 1.8-3.3% for Cu. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.32. 

 
 
Figure  5.58 The standard addition curves in the multi-element determination of Be, Cr, and Cu in Bovine 

Liver sample 
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Table  5.31 The results of simultaneous determination of Be, Cr, and Cu in Bovine Liver 
Element Con. Found (µg) Con. certified (µg) 

Be 1.29 1.25* 

Cr 2.4 2.5* 

Cu 70.6 82.1 

*added 
 
 

Table  5.32 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Be, Cr, and Cu in Bovine Liver 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Be 0.05 7.3 9.1 
Cr 0.070 9.8 4.9 
Cu 0.44 32.6 3.3 

 
 

5.9.2.5 Comparison of the Results of Different Samples 

The experimental conditions; pyrolysis (1200oC) and atomization (2300oC) 

temperatures, were as same as for the simultaneous determinations in different types of 

samples with different dilutions. The detection limits values of sample results were 

comparable to those of aqueous solution. The highest increasings in the values compared to 

aqueous solution were as follows: 1.9 times in Bio-Rad urine for Be, 1.5 times in Seronorm 

urine for Cr, and 3 times in bovine liver for Cu. The most increasing in detection limits values 

was in the determination of Cu in bovine liver which has a highest dilution factor (1:99). The 

results of characteristic mass, however, were comparable to those of aqueous solution and the 

increased percentages were in the range of: - 43% to + 66% for Be, - 25% to + 38% for Cr, 

and - 11% to +55% for Cu. The lowest sensitivity values, as in multi-element determination 

of Al, Be, Cr, and V, were obtained with bovine liver sample and the highest sensitivities with 

Seronorm urine sample. 
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5.9.3 Multi-Element Determination of Bi, Cu, Mn, and Sb 

The accuracy of the multi-element determination of this group was confirmed by the 

analysis of the following certified reference materials: Trace Element Urine Sample from 

Seronorm, Lyphocheck Urine Metals Control- Level 1 from BIO-RAD, Bovine Liver from 

National Institute of Standards and Technology, and Pig Kidney from Institute for Reference 

Materials and Measurements Each sample has been diluted according to the concentration of 

the elements in the sample. 

5.9.3.1 Trace Element Urine Sample from Seronorm (0511545) 

The sample was diluted (1:4, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO2)3 and 3 µl 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. The temperature program is summarized in Table 

 5.33. 

 
 

Table  5.33 Optimum Temperature Program for Simultaneous Determination of Bi, Sb, Cu, and Mn in 
Urine reference sample from Seronorm 

Step 
Temperature 

(oC) 

Ramp Time 

(s) 

Hold Time 

(s) 

Gas Flow 

(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis 1000 10 20 250 

Atomization 2000 0 5 0 

Clean-out 2500 1 4 250 

 
 

The standard addition curves for each element are shown in Figure  5.59. The standard 

addition curves with good linearity (R2 = 0.9999, 0.9979, 0.9997, and 0.9992 for Bi, Cu, Mn, 

and Sb, respectively) were used to determine the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.34. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 97.5, 104.6, 111.4, and 105.9% for Bi, Cu, Mn, and 

Sb, respectively. The relative standard deviations (RSD) of the non spiked sample 

measurements were in the range: 0.9-2.8% for Cu, 0.7-2.3% for Mn, 1.2-2.7% for Bi, and 1.2-

4.3% for Sb. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.35. 
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Figure  5.59 The standard addition curves in the multi-element determination of Bi, Cu, Mn, and Sb in 
urine reference sample from Seronorm 
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Table  5.34 The results of simultaneous determination of Bi, Cu, Mn, and Sb in urine reference sample 
from Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Cu 75.3 72 ±3 - 
Mn 13.7 12.3 10.9-13.7 9.5-15.1 
Bi 19.6 20.1 19.0-21.2 17.9-22.3 
Sb 105.8 99.9 94.2-106 88.5-111 

 
 

Table  5.35 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cu, Mn, and Sb in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Cu 0.29 16.9 2.8 
Mn 0.12 4.8 2.3 
Bi 1.4 67.7 2.7 
Sb 0.90 44 2.1 

*For five replicates 
 
 

5.9.3.2 Lyphochek Urine Metals Control–Level 1 from BIO-RAD (69061) 

The sample was diluted (1:1, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. There was no certified value for bismuth; 

therefore, the sample has been spiked with bismuth before the dilution. The optimum 

temperature program was as in Table  5.33. 

The standard addition curves for each element are shown in Figure  5.60. The standard 

addition curves with good linearity (R2 = 0.9998, 0.9999, 0.9997, and 0.9999 for Bi, Cu, Mn, 

and Sb, respectively) were used to determine the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.36. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 101.7, 105.7, and 99.9% for Bi, Cu, and Sb, 
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respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 0.5-1.5% for Cu, 1.2-3.1% for Mn, 0.6-5.8% for Bi, and 0.9-4.6% for Sb. 

Detection limits were calculated as three times the standard deviation of ten replicate 

measurements of the blank. The detection limits (LOD) and the characteristic mass were 

determined and given in Table  5.37. 

 
 

Figure  5.60 The standard addition curves in the multi-element determination of Bi, Cu, Mn and Sb in 
urine reference sample from BIO-RAD 
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Table  5.36 The results of simultaneous determination of Bi, Cu, Mn, and Sb in urine reference sample 
from BIO-RAD 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Acceptable range 
Cu 7.4 7 5.3-8.8 
Mn 1.7 <3.5 - 
Bi 12.2 12* - 
Sb 16.3 16.4 13.1-19.6 

*added 
 
 

Table  5.37 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cu, Mn, and Sb in urine reference material from BIO-RAD 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Cu 0.34 25.1 0.5 
Mn 0.11 6.7 3.1 
Bi 1.5 88 5.8 
Sb 1.1 55 4.6 

*Five replicates 
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5.9.3.3 Pig Kidney from Institute for Reference Materials and 

Measurements (BCR-CRM 186) 

The sample was diluted (about 1:28.5, v/v) with 0.2% HNO3. For each measurement, 20 

µl of the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. There were no certified values for 

bismuth and antimony; therefore, the sample has been spiked with them before the dilution. 

The optimum temperature program was as in Table  5.33, except that the pyrolysis temperature 

could be increased to 1100oC. 

The standard addition curves for each element are shown in Figure  5.61. The standard 

addition curves with good linearity (R2 = 0.9999, 0.9998, 0.9998, and 0.9997 for Bi, Cu, Mn, 

and Sb, respectively) were used to determine the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.38. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 100.0, 95.8, 98.6, and 100.7% for Bi, Cu, Mn, and 

Sb, respectively. The relative standard deviations (RSD) of the non spiked sample 

measurements were in the range: 0.4-2.2% for Cu, 1.2-2.3% for Mn, 1.5-3.5% for Bi, and 1.1-

3.8% for Sb. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.39. 

 
 
Figure  5.61 The standard addition curves in the multi-element determination of Bi, Cu, Mn and Sb in Pig 

Kidney sample 
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Table  5.38 The results of simultaneous determination of Bi, Cu, Mn, and Sb in Pig Kidney sample 
Element Con. Found (µg) Con. certified (µg) 

Bi 14.5 14.5* 

Sb 14.6 14.5* 

Cu 15.9 16.6 

Mn 4.38 4.44 
*added 
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Table  5.39 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cu, Mn, and Sb in Pig Kidney 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Cu 0.32 23.2 2.2 
Mn 0.13 6.4 1.6 
Bi 1.5 73.3 3.5 
Sb 1.1 44 3.8 

*Five replicates 
 
 

5.9.3.4 Bovine Liver from National Institute of Standards and 

Technology (NIST-SRM 1577b) 

The sample was diluted (1:99, v/v) with 0.2% HNO3. For each measurement, 20 µl of 

the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. There were no certified values for 

bismuth and antimony; therefore, the sample has been spiked with them before the dilution. 

The optimum temperature program was as in Table  5.33, except that the pyrolysis temperature 

could be increased to 1100oC. 

The standard addition curves for each element are shown in Figure  5.62. The standard 

addition curves with good linearity (R2 = 0.9998, 0.9997, 0.9997, and 0.9996 for Bi, Cu, Mn, 

and Sb, respectively) were used to determine the concentration of the elements in the sample. 

The results are summarized and compared with the certified concentrations in Table  5.40. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 103.0, 87.2, 98.1, and 100.6% for Bi, Cu, Mn, and 

Sb, respectively. The relative standard deviations (RSD) of the non spiked sample 

measurements were in the range: 0.5-1.9% for Cu, 1.1-3.5% for Mn, 1.4-3.4% for Bi, and 1.8-

3.6% for Sb. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.41. 
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Figure  5.62 The standard addition curves in the multi-element determination of Bi, Cu, Mn and Sb in 

Bivine Liver sample 
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Table  5.40 The results of simultaneous determination of Bi, Cu, Mn, and Sb in Bovine Liver sample 
Element Con. Found (µg) Con. certified (µg) 

Bi 51.5 50.0* 
Sb 50.3 50.0* 
Cu 71.6 82.1 

Mn 5.3 5.4 
*added 

 
 

Table  5.41 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cu, Mn, and Sb in Bovine Liver 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Cu 0.41 30.3 1.9 
Mn 0.13 7.3 3.2 
Bi 1.5 88 3.4 
Sb 1.1 46.3 3.6 

*For five replicates 
 
 

5.9.3.5 Comparison of the results of Different Samples 

The pyrolysis temperature was as same as the simultaneous determinations in aqueous 

solution (1100oC) except the urine samples form Seronorm and Bio-Rad (1000oC). The 

detection limits values of sample results were comparable to those of aqueous solution. The 

highest increasings in the values compared to aqueous solution were as follows: 1.5 times in 

bovine liver and pig kidney for Cu, 1.5 times in bovine liver for Mn, nearly same values in all 

samples as in aqueous solution for Bi, and 1.2 times in bovine liver for Sb. Generally, the 

values were similar to those of aqueous solution. However, the highest increases in detection 

limits values were in bovine liver which has a highest dilution factor (1:99). The results of 

characteristic mass, however, were comparable to those of aqueous solution and the increased 

percentages were in the range of: - 18% to + 48% for Cu, - 6% to + 43% for Mn, - 15% to + 

10% for Bi, and 0% to +25% for Sb. The lowest sensitivity values, as in multi-element 
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determination of Al, Be, Cr, and V, were obtained with bovine liver sample, except for Sb 

which was in Bio-Rad urine sample, and the highest sensitivities with Seronorm urine sample. 

5.9.4 Multi-Element Determination of Cu, Mn, and Se 

The accuracy of the multi-element determination of this group was confirmed by the 

analysis of the following certified reference materials: Trace Element Urine Sample from 

Seronorm, Lyphocheck Urine Metals Control- Level 1 from BIO-RAD, and Pig Kidney from 

Institute for Reference Materials and Measurements .Each sample has been diluted according 

to the concentration of the elements in the sample. 

5.9.4.1 Trace Element Urine Sample from Seronorm (0511545) 

The sample was diluted (1:4, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO2)3 and 3 µl 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. The temperature program is summarized in Table 

 5.42. 

 
 
Table  5.42 Optimum Temperature Program for Simultaneous Determination of Cu, Mn, and Se in Urine 

reference sample from Seronorm 

Step 
Temperature 

(oC) 

Ramp Time 

(s) 

Hold Time 

(s) 

Gas Flow 

(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis 900 10 20 250 

Atomization 2000 0 5 0 

Clean-out 2500 1 4 250 

 
 

The standard addition curves for each element are shown in Figure  5.63. The standard 

addition curves with good linearity (R2 = 0.9965, 0.9993, and 0.9994 for Cu, Mn, and Se, 

respectively) were used to determine the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.43. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 101.1, 109.8, and 101.2% for Cu, Mn, and Se, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 1.3-2.7% for Cu, 1.0-2.6% for Mn, 0.5-8.4% and for Bi. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.44. 
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Figure  5.63 The standard addition curves in the multi-element determination of Cu, Mn, and Se in urine 
reference sample from Seronorm 
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Table  5.43 The results of simultaneous determination of Cu, Mn, and Se in urine reference sample from 
Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Cu 72.8 72 ±3 - 
Mn 13.5 12.3 10.9-13.7 9.5-15.1 
Se 59.3 58.6 55.5-61.7 52.4-64.8 

 
 

Table  5.44 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Cu, Mn, and Se in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Cu 0.24 18.0 2.7 
Mn 0.09 5.4 2.6 
Se 1.7 125.7 8.4 

*For five replicates 
 
 

5.9.4.2 Lyphocheck Urine Metals Control–Level 1 from BIO-RAD (69061) 

The sample was diluted (1:1, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. The optimum temperature program was as in 

Table  5.42. 

The standard addition curves for each element are shown in Figure  5.64. The standard 

addition curves with good linearity (R2 = 0.9995, 0.9999, and 0.9998 for Cu, Mn, and Se, 

respectively) were used to determine the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.45. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 104.3 and 97.5% for Cu and Se, respectively. The 

relative standard deviations (RSD) of the non spiked sample measurements were in the range: 

0.5-2.2% for Cu, 1.3-2.9% for Mn, and 2.1-4.0% for Se. Detection limits were calculated as 

three times the standard deviation of ten replicate measurements of the blank. The detection 

limits (LOD) and the characteristic mass were determined and given in Table  5.46. 
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Figure  5.64 The standard addition curves in the multi-element determination of Cu, Mn, and Se in urine 
reference sample from BIO-RAD 
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Table  5.45 The results of simultaneous determination of Cu, Mn, and Se in urine reference sample from 
BIO-RAD 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Acceptable range 
Cu 7.3 7 5.3-8.8 
Mn 1.7 <3.5 - 
Se 75.1 77 58-96 

 
 

Table  5.46 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Cu, Mn, and Se in urine reference material from BIO-RAD 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Cu 0.17 24.4 0.5 
Mn 0.11 6.6 2.7 
Se 1.7 125.7 4.0 

*For five replicates 
 
 

5.9.4.3 Pig Kidney from Institute for Reference Materials and 

Measurements (BCR-CRM 186) 

The sample was diluted (about 1:28.5, v/v) with 0.2% HNO3. For each measurement, 20 

µl of the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. The optimum temperature program was 

as in Table  5.42, except that the pyrolysis temperature could be increased to 1000oC. 

The standard addition curves for each element are shown in Figure  5.65. The standard 

addition curves with good linearity (R2 = 0.9998, 0.9999, and 0.9999 for Cu, Mn, and Se, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.47. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 95.8, 102.4, and 96.3% for Cu, Mn, and Se, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 0.4-1.8% for Cu, 0.9-2.5% for Mn, and 1.4-5.0% for Se. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.48. 
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Figure  5.65 The standard addition curves in the multi-element determination of Cu, Mn, and Se in Pig 
Kidney sample 
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Table  5.47 The results of simultaneous determination of Cu, Mn, and Se in Pig Kidney 
Element Con. Found (µg) Con. certified (µg) 

Cu 15.9 16.6 
Mn 4.3 4.2 
Se 5.2 5.4 
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Table  5.48 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Cu, Mn, and Se in Pig Kidney 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Cu 0.23 22 1.8 
Mn 0.09 6.2 2.3 
Se 1.4 67.7 5.0 

*For five replicates 
 
 

5.9.4.4 Comparison of the results of Different Samples 

The pyrolysis temperature was not as the simultaneous determinations in aqueous 

solution (1200oC). It was 900oC for Seronorm and Bio-Rad urine samples and 1000oC for pig 

kidney sample. The detection limits values of sample results were similar to those of aqueous 

solution. The highest increasings in the values compared to aqueous solution were as follows: 

1.2 times in Seronorm and Bio-Rad urine samples for Cu, 1.6 times in Bio-Rad urine sample 

for Mn, and 1.7 times in Seronorm and Bio-Rad urine sample for Se. Generally, the values 

were similar to those of aqueous solution. The results of characteristic mass, however, were 

also comparable to those of aqueous solution, except for Se, and the increased percentages 

were in the range of: - 10% to + 22% for Cu, + 4% to + 27% for Mn, and +15% to +114% for 

Se. The lowest sensitivity values were in the determination of Se in urine samples comparing 

to aqueous solution value. This is because of high matrix effect, results from using lower 

pyrolysis temperature, which lowered the absorbance values of Se.  

5.9.5 Multi-Element Determination of Pb and Se 

The accuracy of the multi-element determination of this group was confirmed by the 

analysis of the following certified reference materials: Trace Element Urine Sample from 

Seronorm, Lyphocheck Urine Metals Control- Level 1 from BIO-RAD, Pork Liver from 

National Research Centre for Certified Reference Materials, and Tea sample from National 

Research Centre for Certified Reference Materials. The dilution of the sample was according 

to the concentration of the elements in the sample. 

5.9.5.1 Trace Element Urine Sample from Seronorm (0511545) 

We have used two types of modifiers; the mixture of Pd and Mg and Ir as a permanent 

modifier, in the multi-element determination of lead and selenium in the urine sample from 

Seronorm. The sample was diluted (1:4, v/v) with 0.2% HNO3 and 20µl of the sample was 

injected for each measurement. 5µl of 1.00 g.l-1 Pd and 3µl 1.00 g.l-1 Mg(NO3)2 were injected 

also with the sample into the graphite tube. In the case of the permanent modifier, the Ir was 

deposited into the graphite tube in a separate step. 
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5.9.5.1.1 With Pd+Mg modifier 

The temperature program is summarized in Table  5.49. 

 
 

Table  5.49 Optimum Temperature Program for Simultaneous Determination of Pb and Se with Pd+Mg 
modifier in Urine reference sample from Seronorm 

Step 
Temperature 

(oC) 

Ramp Time 

(s) 

Hold Time 

(s) 

Gas Flow 

(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis 1000 10 20 250 

Atomization 1900 0 5 0 

Clean-out 2400 1 3 250 

 
 

The standard addition curves for each element are shown in Figure  5.66. The standard 

addition curves with good linearity (R2 = 0.9986 and 0.9974 for Se and Pb, respectively) were 

used to evaluate the concentration of the elements in the sample. The results are summarized 

and compared with the certified concentrations in Table  5.50. The experimentally determined 

concentrations were in good agreement with the certified values. The analyzed values were in 

the range of 102.5 and 96.1% for Pb and Se, respectively. The relative standard deviations 

(RSD) of the non spiked sample measurements were in the range: 0.5-4.1% for Pb and 1.4-

7.2% for Se. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.51. 

 
 

Figure  5.66 The standard addition curves in the multi-element determination of Pb and Se with Pd+Mg 
modifier in Urine reference sample from Seronorm 

Se

y = 0,0008x + 0,009
R2 = 0,9986

0,00

0,01

0,02

0,03

0,04

0,05

0 5 10 15 20 25 30 35 40 45

Con. (ppb)

A
.s

 
 
 



 168

Pb

y = 0,0015x + 0,0124
R2 = 0,9974

0,00

0,01

0,02

0,03

0,04

0,05

0 5 10 15 20 25

Con. (ppb)

A
.s

 
 
 

Table  5.50 The results of simultaneous determination of Pb and Se with Pd+Mg modifier in urine 
reference sample from Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Pb 41.3 40.3 37.7-42.9 35.1-45.5 
Se 56.3 58.6 55.5-61.7 52.4-64.8 

 
 

Table  5.51 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Pb and Se with Pd+Mg modifier in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Pb 0.40 58.7 2.2 
Se 1.1 110 7.2 

*For five replicates 
 
 

5.9.5.1.2 With Ir permanent Modifier 

The temperature program was as in Table  5.49 but the pyrolysis and atomization 

temperatures were 800 and 2000oC, respectively. 

The standard addition curves for each element are shown in Figure  5.67. The standard 

addition curves with good linearity (R2 = 0.9989 and 0.9999 for Se and Pb, respectively) were 

used to determine the concentration of the elements in the sample. The results are summarized 

and compared with the certified concentrations in Table  5.52. The experimentally determined 

concentrations were in good agreement with the certified values. The analyzed values were in 

the range of 100.0 and 100.7% for Pb and Se, respectively. The relative standard deviations 

(RSD) of the non spiked sample measurements were in the range: 1.8-4.7% for Pb and 1.6-

12.4% for Se. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.53. 
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Figure  5.67 The standard addition curves in the multi-element determination of Pb and Se with Ir 
permanent modifier in Urine reference sample from Seronorm 
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Table  5.52 The results of simultaneous determination of Pb and Se with Ir permanent modifier in urine 
reference sample from Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Pb 40.3 40.3 37.7-42.9 35.1-45.5 
Se 59 58.6 55.5-61.7 52.4-64.8 

 
 

Table  5.53 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Pb and Se with Ir permanent modifier in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Pb 0.56 55 4.7 
Se 2.4 176 12.4 

*For five replicates 
 

5.9.5.2 Lyphocheck Urine Metals Control–Level 1 from BIO-RAD (69061) 

The sample was diluted (1:1, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 
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were injected into the graphite tube at 20oC. The optimum temperature program was as in 

Table  5.49. 

The standard addition curves for each element are shown in Figure  5.68. The standard 

addition curves with good linearity (R2 = 0.9999 and 0.9997 for Se and Pb, respectively) were 

used to evaluate the concentration of the elements in the sample. The results are summarized 

and compared with the certified concentrations in Table  5.54. The experimentally determined 

concentrations were in good agreement with the certified values. The analyzed values were in 

the range of 102.1 and 101.3% for Pb and Se, respectively. The relative standard deviations 

(RSD) of the non spiked sample measurements were in the range: 0.6-1.5% for Pb and 1.2-

4.4% for Se. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.55. 

 
 

Figure  5.68 The standard addition curves in the multi-element determination of Pb and Se in Urine 
reference sample from BIO-RAD 
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Table  5.54 The results of simultaneous determination of Pb and Se in urine reference sample from BIO-
RAD 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Acceptable range 
Pb 14.7 14.4 10.1-18.7 
Se 78 77 58-96 

 
 

Table  5.55 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Pb and Se in urine reference material from BIO-RAD 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Pb 0.40 58.7 0.8 
Se 1.5 146.7 1.2 

*For five replicates 
 
 

5.9.5.3 Pork Liver from National Research Centre for Certified 

Reference Materials (GBW 08551) 

The sample was diluted (1:3, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. The optimum temperature program was as in 

Table  5.49 except that the atomization temperature was 2000oC. 

The standard addition curves for each element are shown in Figure  5.69. The standard 

addition curves with good linearity (R2 = 0.9995 and 0.9998 for Se and Pb, respectively) were 

used to evaluate the concentration of the elements in the sample. The results are summarized 

and compared with the certified concentrations in Table  5.56. The experimentally determined 

concentrations were in good agreement with the certified values. The analyzed values were in 

the range of 107.4 and 100.0% for Pb and Se, respectively. The relative standard deviations 

(RSD) of the non spiked sample measurements were in the range: 1.3-6.8% for Pb and 2.4-

8.8% for Se. Detection limits were calculated as three times the standard deviation of ten 
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replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.57. 

 
 
Figure  5.69 The standard addition curves in the multi-element determination of Pb and Se in Pork  Liver 

sample 
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Table  5.56 The results of simultaneous determination of Pb and Se in Pork Liver sample 
Element Con. Found (µg) Con. certified (µg) 

Pb 0.29 0.27 
Se 0.48 0.48 

 
 

Table  5.57 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Pb and Se in Pork Liver 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Pb 0.6 44 6.8 
Se 0.8 58.7 8.8 

*For five replicates 
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5.9.5.4 Tea Sample from National Research Centre for Certified 

Reference Materials (GBW 08505) 

The sample was diluted (1:4, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. The optimum temperature program was as in 

Table  5.49. The selenium concentration below the detection limits; therefore, the sample has 

been spiked with it before the dilution. 

The standard addition curves for each element are shown in Figure  5.70. The standard 

addition curves with good linearity (R2 = 0.9999 and 0.9999 for Se and Pb, respectively) were 

used to determine the concentration of the elements in the sample. The results are summarized 

and compared with the certified concentrations in Table  5.58. The experimentally determined 

concentrations were in good agreement with the certified values. The analyzed values were in 

the range of 100.0 and 100.0% for Pb and Se, respectively. The relative standard deviations 

(RSD) of the non spiked sample measurements were in the range: 1.1-3.3% for Pb and 1.1-

6.2% for Se. Detection limits were calculated as three times the standard deviation of ten 

replicate measurements of the blank. The detection limits (LOD) and the characteristic mass 

were determined and given in Table  5.59. 

 
 
Figure  5.70 The standard addition curves in the multi-element determination of Pb and Se in Tea sample 
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Table  5.58 The results of simultaneous determination of Pb and Se in Tea sample 
Element Con. Found (µg) Con. certified (µg) 

Pb 1.08 1.08 
Se 2.5 2.5* 

*added 
 
 

Table  5.59 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Pb and Se in Tea sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Pb 0.75 73.3 3.3 
Se 1.0 73.3 6.2 

*For five replicates 
 
 

5.9.5.5 Comparison of the results of Different Samples 

With Pd+ Mg as a modifier, the pyrolysis and atomization temperatures were as same as 

for the simultaneous determinations in aqueous solution (1000 and 1900oC for pyrolysis and 

atomization, respectively). However, with Ir permanent modifier, it was 800oC for Seronorm 

urine sample and 1200oC for aqueous solution. By comparing with aqueous solution results, 

the detection limits values of Pb were more comparable than those of Se. This was also for the 

characteristic mass values. The highest increasings in detection limits values compared to 

aqueous solution were as follows: 2 times in Tea sample for Pb and 2.3 times in Bio-Rad 

urine sample for Se. The results of characteristic mass, however, were also comparable to 

those of aqueous solution, except for Se, and the increased percentages were in the range of: - 

20% to + 33% for Pb and - 7% to +133% for Se. The lowest sensitivity values were in the 

determination of Se in urine samples comparing to aqueous solution value. This was as the 

simultaneous determination of Cu, Mn, and Se in previous section. The best sensitivities for 

the two elements were in pork liver sample. 
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5.9.6 Multi-Element Determination of Bi, Cd, and Sb 

The accuracy of the multi-element determination of this group was confirmed by the 

analysis of the following certified reference materials: Trace Element Urine Sample from 

Seronorm, Lyphocheck Urine Metals Control- Level 1 from BIO-RAD, Bovine Liver from 

National Institute of Standards and Technology, Pig Kidney from Institute for Reference 

Materials and Measurements, Pork Liver from National Research Centre for Certified 

Reference Materials, and Tea sample from National Research Centre for Certified Reference 

Materials. The dilution of the sample was according to the concentration of the elements in 

the sample. 

5.9.6.1 Trace Element Urine Sample from Seronorm (0511545) 

We have used two types of modifiers; the mixture of Pd and Mg and Ir as a permanent 

modifier, in the multi-element determination of bismuth, cadmium, and antimony in the urine 

sample from Seronorm. The sample was diluted (1:4, v/v) with 0.2% HNO3 and 20µl of the 

sample was injected for each measurement. 5µl of 1.00 g.l-1 Pd and 3µl 1.00 g.l-1 Mg(NO3)2 

were injected also with the sample into the graphite tube. In the case of the permanent 

modifier, the Ir was deposited into the graphite tube in a separate step. 

5.9.6.1.1 With Pd+Mg modifier 

The temperature program is summarized in Table  5.60. 

 
 

Table  5.60 Optimum Temperature Program for Simultaneous Determination of Bi, Cd, and Sb in Urine 
reference sample from Seronorm 

Step 
Temperature 

(oC) 

Ramp Time 

(s) 

Hold Time 

(s) 

Gas Flow 

(ml.min-1) 

Dry 1 110 1 30 250 

Dry 2 130 15 30 250 

Pyrolysis 600 10 20 250 

Atomization 1900 0 5 0 

Clean-out 2400 1 3 250 

 
 

The standard addition curves for each element are shown in Figure  5.71. The standard 

addition curves with good linearity (R2 = 0.9987, 0.9986, and 0.9989 for Bi, Cd, and Sb, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.61. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 97.5, 102.2, and 95.1% for Bi, Cd, and Sb, 
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respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 1.5-12.3% for Bi, 0.5-3.3% for Cd, and 0.7-5.6% for Sb. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.62. 

 
 

Figure  5.71 The standard addition curves in the multi-element determination of Bi, Cd, and Sb with 
Pd+Mg modifier in Urine reference sample from Seronorm 
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Table  5.61 The results of simultaneous determination of Bi, Cd, and Sb with Pd+Mg modifier in urine 
reference sample from Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Bi 19.6 20.1 19.0-21.2 17.9-22.3 
Cd 4.7 4.6 4.2-5.0 3.8-5.4 
Sb 95 99.9 94.2-106 88.5-111 

 
 

Table  5.62 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cd, and Sb with Pd+Mg modifier in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Bi 0.86 62.9 12.3 
Cd 0.015 2.1 2.1 
Sb 1.1 62.9 3.7 

*For five replicates 
 
 

5.9.6.1.2 With Ir permanent modifier 

The temperature program was as in Table  5.60 but the pyrolysis and atomization 

temperatures were 500 and 1800oC, respectively. 

The standard addition curves for each element are shown in Figure  5.72. The standard 

addition curves with good linearity (R2 = 0.9997, 0.9996, and 0.9997 for Bi, Cd, and Sb, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.63. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 109.5, 106.5, and 110.5% for Bi, Cd, and Sb, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 0.9-3.6% for Bi, 0.5-2.4% for Cd, and 1.9-5.7% for Se. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 
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blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.64. 

 
 

Figure  5.72 The standard addition curves in the multi-element determination of Bi, Cd, and Sb with Ir 
permanent modifier in Urine reference sample from Seronorm 
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Table  5.63 The results of simultaneous determination of Bi, Cd, and Sb with Ir permanent modifier in 
urine reference sample from Seronorm 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Uncertainty Acceptable range 
Bi 22 20.1 19.0-21.2 17.9-22.3 
Cd 4.9 4.6 4.2-5.0 3.8-5.4 
Sb 110.4 99.9 94.2-106 88.5-111 

 
 

Table  5.64 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cd, and Sb with Ir permanent modifier in urine reference material from Seronorm 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Bi 1.5 88 3.6 
Cd 0.025 1.8 2.4 
Sb 1.3 62.9 5.7 

*For five replicates 
 
 

5.9.6.2 Lyphocheck Urine Metals Control–Level 1 from BIO-RAD (69061) 

The sample was diluted (1:1, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. No certified value for bismuth; therefore, the 

sample has spiked with bismuth before the dilution. The optimum temperature program was 

as in Table  5.60. 

The standard addition curves for each element are shown in Figure  5.73. The standard 

addition curves with good linearity (R2 = 0.9995, 0.9998, and 0.9996 for Bi, Cd, and Sb, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.65. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 102.5, 104.5, and 103.0% for Bi, Cd, and Sb, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 
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were in the range: 0.9-7.6% for Bi, 0.1-0.5% for Cd, and 1.1-5.9% for Sb. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.66. 

 
 

Figure  5.73 The standard addition curves in the multi-element determination of Bi, Cd, and Sb in Urine 
reference sample from BIO-RAD 
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Table  5.65 The results of simultaneous determination of Bi, Cd, and Sb in urine reference sample from 
BIO-RAD 

Certified 
Element Con. Found 

(ppb) Con. (ppb) Acceptable range 
Bi 12.3 12* - 
Cd 6.9 6.6 5.3-7.9 
Sb 16.9 16.4 13.1-19.6 

*added 
 
 

Table  5.66 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cd, and Sb in urine reference material from BIO-RAD 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Bi 1.0 73.3 7.6 
Cd 0.017 2.5 0.2 
Sb 0.92 67.7 5.9 

*For five replicates 
 
 

5.9.6.3 Bovine Liver from National Institute of Standards and 

Technology (NIST-SRM 1577b) 

The sample was diluted (1:9, v/v) with 0.2% HNO3. For each measurement, 20 µl of the 

diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier solution 

were injected into the graphite tube at 20oC. No certified value for bismuth and the amount of 

antimony was below the detection limits; therefore, the sample has been spiked with them 

before dilution. The optimum temperature program was as in Table  5.60 except that the 

atomization temperature was 1950oC. 

The standard addition curves for each element are shown in Figure  5.74. The standard 

addition curves with good linearity (R2 = 0.9999, 0.9994, and 0.9998 for Bi, Cd, and Sb, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified values in Table  5.67. The 
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experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 100.0, 96.2, and 98.0% for Bi, Cd, and Sb, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 1.4-4.9% for Bi, 1.5-4.7% for Cd, and 1.5-4.4% for Sb. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.68. 

 
 
Figure  5.74 The standard addition curves in the multi-element determination of Bi, Cd, and Sb in Bovine 

Liver sample 
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Table  5.67 The results of simultaneous determination of Bi, Cd, and Sb in Bovine Liver sample 
Element Con. Found (µg) Con. certified (µg) 

Bi 5.0 5.0* 

Cd 0.25 0.26 
Sb 4.9 5.0* 

*added 
 
 

Table  5.68 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cd, and Sb in Bovine Liver sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Bi 1.0 73.3 4.0 
Cd 0.01 3.0 1.5 
Sb 0.94 55 1.5 

*For five replicates 
 
 

5.9.6.4 Pig Kidney from Institute for Reference Materials and 

Measurements (BCR-CRM 186) 

The sample was diluted (about 1:28.5, v/v) with 0.2% HNO3. For each measurement, 20 

µl of the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. No certified values for bismuth and 

antimony; therefore, the sample has been spiked with them before dilution. The optimum 

temperature program was as in Table  5.60 except that the atomization temperature was 

2000oC. 

The standard addition curves for each element are shown in Figure  5.75. The standard 

addition curves with good linearity (R2 = 0.9999, 0.9996, and 0.9996 for Bi, Cd, and Sb, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified values in Table  5.69. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 100.7, 92.9, and 100.7% for Bi, Cd, and Sb, 
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respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 0.8-5.5% for Bi, 0.3-2.0% for Cd, and 1.3-4.2% for Sb. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.70. 

 
 

Figure  5.75 The standard addition curves in the multi-element determination of Bi, Cd, and Sb in Pig 
Kidney sample 
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Table  5.69 The results of simultaneous determination of Bi, Cd, and Sb in Pig Kidney sample 
Element Con. Found (µg) Con. certified (µg) 

Bi 14.6 14.5* 

Cd 1.3 1.4 
Sb 14.6 14.5* 

*added 
 
 

Table  5.70 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cd, and Sb in Pig Kidney sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Bi 1.0 73.3 5.5 
Cd 0.016 2.4 0.3 
Sb 0.79 46.3 4.2 

*For five replicates 
 
 

5.9.6.5 Pork Liver from National Research Centre for Certified 

Reference Materials (GBW 08551) 

The sample was diluted (about 1:3, v/v) with 0.2% HNO3. For each measurement, 20 µl 

of the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. No certified values for bismuth and 

antimony; therefore, the sample has been spiked with them before dilution. The optimum 

temperature program was as in Table  5.60 except that the atomization temperature was 

2000oC. 

The standard addition curves for each element are shown in Figure  5.76. The standard 

addition curves with good linearity (R2 = 0.9996, 0.9999, and 0.9999 for Bi, Cd, and Sb, 

respectively) were used to determine the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.71. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 97.5, 100.0, and 98.5% for Bi, Cd, and Sb, 
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respectively. The relative standard deviations (RSD) of the non spiked sample measurements 

were in the range: 0.8-4.8% for Bi, 0.8-2.9% for Cd, and 1.3-3.3% for Sb. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.72. 

 
 

Figure  5.76 The standard addition curves in the multi-element determination of Bi, Cd, and Sb in Pork 
Liver sample 
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Table  5.71 The results of simultaneous determination of Bi, Cd, and Sb in Pork Liver sample 
Element Con. Found (µg) Con. certified (µg) 

Bi 1.95 2.00* 

Cd 0.034 0.034 
Sb 1.97 2.00* 

*added 
 
 

Table  5.72 Detection limits, characteristic mass, and relative standard deviations for simultaneous 
determination of Bi, Cd, and Sb in Pork Liver sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Bi 1.0 73.3 4.8 
Cd 0.017 1.7 2.9 
Sb 1.0 58.7 2.9 

*For five replicates 
 
 

5.9.6.6 Tea Sample from National Research Centre for Certified 

Reference Materials (GBW 08505) 

The sample was diluted (about 1:4, v/v) with 0.2% HNO3. For each measurement, 20 µl 

of the diluted sample, 5 µl of 1.00 g.l-1 Pd(NO3)2 and 3 µl of 1.00 g.l-1 Mg(NO2)3 modifier 

solution were injected into the graphite tube at 20oC. No certified values for bismuth and 

antimony; therefore, the sample has been spiked with them before dilution. The optimum 

temperature program was as in Table  5.60. 

The standard addition curves for each element are shown in Figure  5.77. The standard 

addition curves with good linearity (R2 = 0.9999, 0.9997, and 0.9999 for Bi, Cd, and Sb, 

respectively) were used to evaluate the concentration of the elements in the sample. The 

results are summarized and compared with the certified concentrations in Table  5.73. The 

experimentally determined concentrations were in good agreement with the certified values. 

The analyzed values were in the range of 102.2, 103.0, and 96.4% for Bi, Cd, and Sb, 

respectively. The relative standard deviations (RSD) of the non spiked sample measurements 
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were in the range: 1.4-7.3% for Bi, 0.3-5.5% for Cd, and 1.7-7.3% for Sb. Detection limits 

were calculated as three times the standard deviation of ten replicate measurements of the 

blank. The detection limits (LOD) and the characteristic mass were determined and given in 

Table  5.74. 

 
 

Figure  5.77 The standard addition curves in the multi-element determination of Bi, Cd, and Sb in Tea 
sample 
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Table  5.73 The results of simultaneous determination of Bi, Cd, and Sb in Tea sample 
Element Con. Found (µg) Con. certified (µg) 

Bi 2.53 2.50* 
Cd 0.034 0.033 
Sb 2.41 2.50* 

*added 
 
 

Table  5.74 Detection limits, characteristic mass, and  relative standard deviations for simultaneous 
determination of Bi, Cd, and Sb in Pork Liver sample 

Element LOD (µg.l-1) CM (pg) RSD* (%) 
Bi 0.90 88 7.3 
Cd 0.011 3.3 5.5 
Sb 1.1 62.9 7.3 

*For five replicates 
 
 

5.9.6.7 Comparison of the results of Different Samples 

With Pd+ Mg as a modifier, the pyrolysis was not as for the simultaneous 

determinations in aqueous solution (700oC for aqueous solution and 600oC for real samples). 

However, the pyrolysis was depended on the type of sample. Seronorm and Bio-Rad urine 

and tea samples was as for aqueous solution (1900oC), bovine liver sample was 1950oC, and 

pig kidney and pork liver samples was 2000oC. With Ir permanent modifier, they were 

different from those of aqueous solution (700 and 2100oC for aqueous solution and 500 and 

1800oC for urine sample). The detection limits and characteristic mass values were 

comparable to those of aqueous solution with two modifiers. The highest increasings in 

detection limits values compared to aqueous solution (with Pd+Mg modifier) were as follows: 

1.2 times for Bi, 2 times for Cd, and 1.5 times for Sb. The results of characteristic mass, 

however, were also comparable to those of aqueous solution and the increased percentages 

were in the range of: - 21% to + 10% for Bi, - 32% to + 32% for Cd, and + 5% to +54% for 

Sb. 
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5.9.7 Summary 

All of the results obtained are within the acceptable range indicating the suitability of 

the optimized methods to determine the elements simultaneously in different types of 

biological samples. The concentrations obtained were within 90-110% of the certified values 

(except Cu in the bovine liver 86% and Al in the urine from BIO-RAD 111.3% and in the 

pork liver 117%). All the samples were diluted according to the concentrations of the 

elements in the sample. The detection limits and characteristic mass values were matrix and 

modifier dependent, but generally, they were comparable to those of aqueous solution. The 

relative standard deviation (RSD) values for all samples, which have been calculated 

according to five replicates diluted non spiked samples, were less than 10% (except Bi and Se 

values in the urine sample from Seronorm which were 12.3% and 12.4%, respectively). Good 

linear correlation coefficients for the elements were obtained except for Al in the urine sample 

from Seronorm where no acceptable linearity was obtained. 

5.10 Conclusion 

Simultaneous Multi-Element Atomic Absorption Spectrometer (SIMAA 6000) can be 

used to determine groups of elements (up to six) simultaneously, by using 2-operating and 4-

operating modes, if the temperature program has been carefully optimized taking into account 

all analytes to be determined. The optimization depends on the elements to be determined 

simultaneously and the matrix. Also, a universal powerful matrix modifier should be used in 

order to increase the stability of the elements (especially the volatile elements). This will 

permit the use of a common temperature program including volatile and less volatile elements. 

The chemical modifier selection is critical and minimization of interference effects caused by 

sample matrix must be taken into account as well as the stabilization obtained for the analytes. 

All tested chemical modifiers increased the thermal stability of the elements. The Pd+Mg 

mixture modifier stabilizes the high and mid volatile elements. The stabilization effect 

appears in using higher pyrolysis temperature (up to 1000°C comparison with the situation 

without modifier) and to some extent the atomization temperature. For less volatile elements, 

the modifier has no stabilization effect on these elements. But the modifier in this case could 

prevent the formation of refractory compounds which increase the volatilization process of 

these elements. Ir coating of the tube or platform extend significantly the tube lifetime. Also, 

Ir coating is not time-consuming and so the proposed methodology is a useful analytical tool 

for routine analysis. This work presents a direct, simple, fast, and accurate methodology for 

the simultaneous multi-element determination of group of elements (up to four) in biological 
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samples by graphite furnace atomic absorption spectrometry. The accuracy of the methods 

was tested by analyzing number of certified materials and the concentrations obtained were in 

good agreement with certified values. The sensitivity values for the multi-element 

determination were comparable to those of the single-element. The decreasing in sensitivity 

values is a result of using higher atomization temperature in the multi-element mode and/or 

decreasing the lamp intensities. The detection limits values of the multi-element 

determination were higher than those of the single-element which is mainly as a result of 

decreasing the lamp intensities in the multi-element mode compared to the single-element 

mode. Another effect which could cause the higher detection limits is the use of higher 

atomization temperature. The operational conditions (the temperatures, use of modifier, and 

the operating mode) affect more or slightly the absorption signals of the elements. This effect 

appears in terms of increasing or decreasing the appearance time, peak height, and bandwidth. 

Advantages of simultaneous multi-element analysis over single-element analysis 

include speed with the overall analysis time (the time reduction being proportional to the 

number of elements run together), and reduced consumption of reagents per sample. The 

disadvantage is reflected by the higher detection limits obtained for multi-element analysis 

when compared with single-element analysis. This can be attributed to reducing the intensities 

of the lamps as a result of the combining the radiation from them. The sensitivity could be 

damaged if the compromised parameters were not carefully optimized. For a number of 

materials, the compromise settings especially the heating program could be developed without 

any loss of sensitivity. For routine simultaneous multi-element analysis, all analytes should be 

present at low concentration levels in the sample and must lie within the working range of the 

instrumentation. This may be the main problem for simultaneous multi-element analyses of 

real samples where concentrations of analytes may be highly variable. 
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