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Abstract
Two objective functions for multi-element optimization in ICP-OES were used and compared using signal-to-background ratios as
a figure of merit. Three dimensional response surfaces were generated for a number of elements (Fe, Zn, Cu, Se, Mn, Cr, Ni and Co) to
evaluate the performance of both objective functions in locating the optimum compromise instrumental operating conditions in multielement determinations. IEC technique was used for correction of spectral interferences. Validation of the applied method was carried
out by determination of linearity (1 to 100 μg/l), accuracy, precision, detection and quantification limit for each element. Detection limit
was calculated using SBR-RSD approach. Both objective functions gave the same set of instrumental operating conditions for simultaneous multi-element determination as the best compromise.
Key words: ICP-OES; multi-element determination; objective functions; interelement correction

Introduction
Inductively coupled plasma optical emission spectrometry (ICP-OES) is a powerful technique for multi-element analysis. ICP-OES is applicable to around 73 elements and provides fast multi-element analysis with superior detection limits to atomic absorption spectrometry
(AAS) for many elements. The versatility of ICP-OES
makes it a good analytical technique for a wide variety of
applications. This versatility is due not only to the large
number of elements that can be determined rapidly at trace
levels but also to the wide variety of sample types that can
be analyzed using the ICP-OES technique (1-4).
Optimization of instrumental operating conditions in
simultaneous multi-element ICP-OES methods may improve analytical accuracy, precision and limit of detection.
The instrumental operating conditions of an ICP that may
be optimized are Rf power, nebulization gas flow rate and
observation region in the plasma. Using the conventional
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lateral viewing mode of the ICP, the net signal, sensitivity
(S) and signal-to-background ratio (SBR) are highly
dependent on these parameters. It has already been demonstrated that Rf power, nebulization gas flow rate and
the viewing height play a major role in both the energy
transferred from the plasma to the analyte species and the
residence time of the species in the plasma (2, 3). For most
of the lines alteration of instrumental operating conditions
lead not only to variable gross line signals but also to variable background values. Because the net signal and the
background are not modified in a similar way, the SBR
optimization does not correspond to that of S. The SBR is
a good figure of merit since it can be correlated to detection limits (5-7).
Optimization of simultaneous multi element analysis
requires a single value representing each set of operating
conditions corresponding to the best results for each element. Since the parameters are often linked together, an
unvaried search, which is the most common way, will
sometimes fail to determine an optimum set of conditions.
One of the most commonly used strategies for optimization
of the plasma parameters is the simplex method. Numerous
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objective functions have been proposed for the simplex
optimization procedures. We tested two approaches for satisfying the criteria required for obtaining optimum compromise conditions: (1) the maximization of the signal-background ratio; (2) the minimization of the relative standard
deviation of the background; (3) the maximization of the
ratio of atomic or ionic lines; (4) obtaining the maximum
compromise SBRs for all the elements and (5) emphasizing
the maximization of SBR of the elements close to their detection limits (2, 8-10). The first approach was Leary’s objective function based on SBRs, which is represented by the
sum of the reciprocals of the SBRs of elements studied, as
follows:
n

F = n / Σ (SBR)i-1

(1)

i=1

where n is the number of the elements studied for the
optimization and SBRi are the SBRs of each of the ith elements. This equitation generates a value, for each set of
instrumental operating conditions using the SBR of all
elements. The second tested approach was an objective
function called Combinated Ratio Method (CRM), and it
is given by:
k

F = Σ (SBR)i / Σ Rj
i=1

(2)

j=1

where n is the number of studied elements, k is (n1)+(n-2)+….+1, SBRi are the SBRs of each of the elements and Rj is the ratio of the SBRs of two given elements (j th combination), where the maximum SBR of the
two is the numerator, so that Rj >1.The CRM performs a
weighted average on the sum of the SBRs and maximizes
the individual SBRs while minimizing the difference
among these ratios.
ICP-OES is a powerful technique for multi-element analysis, but it can be affected by spectral interferences which limit the accuracy, repeatability and reproducibility of the method. Several methods for correction
of spectral interferences have been applied (2,9,11) One
of the most frequently used is the method of Interelement
Correction Factor (IEC). According to this method, Eqn 3
was applied to obtain the corrected analyte concentration:
Cc = Cu - Σ(Ki x Iic)

(3)

where Cu, Cc Fi and Iic are uncorrected analyte concentration, corrected analyte concentration, IEC factor and
interfering concentration, respectively, for each interfering element i.

The aim of our work was optimization of the method
for simultaneous multi-element determination of the following elements: Fe, Zn, Cu, Se, Mn, Cr, Ni and Co. In this
work, we compeared Leary’s objective function and CRM
by examing the factors obtained by each function and by
evaluating the performance of each function in determining the optimum instrument operating conditions. We
have also determined IEC for all suspected elements.

Experimental
Instrumentation
Measurements were made on Perkin Elmer, Optima
2000 DV ICP emission spectrometer equipped with:
Coupled Echelle monochromator; CCD (Charged coupled
devise) detector with wavelength range 165-800 nm,
Spectral band pass 0.009 nm on 200 nm, 0.,027 nm on
700 nm and radially and axially viewing on plasma; 40
MHz Rf generator with 750-1500W power. Three channel
peristaltic pump with sample uptake rate of 0.2-1.5
ml/min and ultrasound nebuliser U 5000AT was used.
Chemicals and reagents
All working solutions were prepared from standard
solutions of 1000 mg/l solutions of the element of interest
(Merck) and ICP multi-element standard solution VIII 100
mg/l (Merck). Standards solutions were diluted with 0.1
mol/l HNO3 (Merck, trace pure).

Methods
Optimization
All operating conditions were held constant except for
the observation height and Rf power. Nebulisation gas flow,
auxiliary gas flow and plasma gas flow were 0.75 l/min,
0.5 l/min, and 15 l/min respectively. The sample flow rate
was 2.5 ml/min. Axially viewing on plasma and signal
integration time of 1.0 s were used. The background for
each line was selected at 0.05 nm on both sides of each
spectral line peak. An average of the background was used
for all readings.
The observation height varied from 9.0-24.0 mm
above the top of the load coil (ATOLC) in steps of 3.0 mm
and the Rf power varied from 900-1400 W in steps of 100 W.
The SBR were determined for all eight elements (Co,
Cr, Cu, Fe, Mn, Ni, Zn and Se) at each set of operating
conditions using 10 μg/l working solutions. Spectral lines
of these eight elements studied are shown in Table 1 along
with their excitation and ionization potentials (16).

Maced. pharm. bull., 52, (1,2) 3-8 (2006)

Optimization of method for simultaneous multi-element determination of trace elements by Inductively Coupled Plasma-Optical Emission Spectrometry: Chemometric approach

Table 1. Selected analytical lines

Element (*)

λ (nm)

EP (eV)

IP(eV)

Co II

228.616

5.60

7.86

Cr II

267.716

6.18

6.76

Cu I

324.752

3.82

7.72

Fe II

259.940

4.77

7.87

Mn II

257.610

4.81

7.43

Ni II

231.604

6.39

7.63

ZnII

213.856

5.80

9.39

Se I

196.026

6.32

9.75

*(I-atomic line, II-ionic line)

Based on these SBRs, a set of operating conditions for
determination of each of the elements was made. Using
these values for the eight elements, two response surfaces
were generated, one using Leary’s objective function and
the other using CRM. The single value representing each
set of operating conditions corresponding to the best
results for each element were determined from these surfaces and used in comparison of two objective functions.
Interelement correction(IEC)
Interelement correction factors for each of the suspected interfering elements were determined. Determinations were made using standard solution of each element
(10.μg/l) in presence of interfering element in concentration of 1000 μg/l. Measurements were made on wavelength on analyte line of interest. The concentrations of the
analyte and of the interfering element were determined.
IEC factor was calculated by dividing the apparent analyte
concentration at that particular wavelength by the interfering concentration. Eqn. 3 was applied to obtain the corrected analyte concentration.

Results and discussion
It has already been told that Rf power, the nebulization
gas flow rate and viewing height play a major role in both
the energy transferred from plasma to analyte species and
in the residence time of the species in the plasma (1-4). The
Rf power is directly linked to the amount of energy transferred to the species and then it has a direct influence on
the net signal intensities and on SBR values. For most of
the lines, increasing the Rf power lead not only to higher
gross line signals but also to higher background values (1214).The role of the nebulisation gas flow rate is more complex. An increase in this rate increases the amount of analyte
and solvent introduced into the plasma, but leads to a decrease in the residence time and then in the energy transfer
Maked. farm. bilt., 52, (1,2) 3-8 (2006)
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efficiency. These two competitive effects usually result in
an optimum value of the carrier gas flow rate, which is then
a compromise between the amounts of aerosol introduced
into the plasma and the residence time of the species. In line
with the literature data, it was concluded that using ultrasound nebuliser, nebulisation gas flow rate of 0.75 l/min
gave satisfactory sensitivity value of analytical signals
(11,15,17). The effect on the location of the maximum
intensity, i.e., the viewing height where the maximum intensity could be observed, was described by Boomans (2).
The lines can be subdivided into two basic categories. One
group, atomic and ionic lines with EP < 5.8 eV and IP < 8.0 eV
(called “soft” lines after Boumans) have spatial emission
behavior that is very dependent on power, aerosol flow and
analyte excitation and ionization characteristics. The second group, ionic lines with EP > 5.8 eV and IP > 8.0 eV
(called “hard” lines after Boumans) have spatial emission
behavior that is relatively insensitive to all of the above
parameters. In all cases ion lines have hard line behavior
similar to majority atom lines. Under fixed ICP conditions
all hard lines have their peak emission at essentially the
same position in the discharge which is always higher in
the discharge than it is for soft lines (1,2,4).
In our work, the Rf power and viewing height were
studied simultaneously, i.e., for each value of viewing
height, Rf power was studied in range 900-1400 W. The
influence of Rf power and viewing height was studied on
the SBR value. The SBRs of each element at each set of
operating conditions were determined. The obtained SBRs
values have revaled that all the behaviors of analytical lines
were dependent on the Rf power and viewing height.
The maximum value of SBR for atomic lines (CuI) and
ionic lines (CoII, FeII, MnII) with EP < 5.8 eV and IP < 8.0
eV was obtained in “thermal region” on plasma. Behaviors
of these lines were strongly dependent on viewing height
value. Atomic lines (Se I) and ionic lines (CrII, NiII, ZnII)
with EP > 5.8 eV and IP > 8.0 eV had maximum SBR value
in “non-thermal” region on plasma. Measurement of SBRs
on different Rf power, has shown three different behaviors of the used analytical lines. For analytical line of CuI
(324.752), the highest SBR values were obtained for a low
Rf power (900 -1000 W); further increase of Rf power
leads to a decrease of SBR value. For analytical lines of
FeII (259.94) and MnII (257.610), the SBR values increase with increasing of Rf power in range of 900-1200 W;
further increase of Rf power leads to a decrease of SBR
values. For analytical lines of CoII (238.892), CrII (267.716),
NiII (231.604), ZnII (213.856) and SeI (196.026), the
highest SBR values were obtained for a high Rf power
(1200-1300 W); further increase of Rf power leads to small
changes of SBR value.
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values of other lines. Because of these reasons, using the
obtained SBR values for each element for each set of operating conditions, the optimum compromise instrumental
operating conditions for all elements were determined
using Leary’s function and CRM. The application of these
two objective functions produces value of factors F
(Leary’s function) and CRM factors (Combinated Ratio
Method). The highest generated value of factors indicates
the best compromise instrumental operating conditions for
determination of all of the elements. Values of factor F
(Leary’s function) and CRM factors are shown in Table 3
and Table 4 respectively.
Leary’s objective function provides the best compromise instrumental operating conditions maximizing the
total of the SBRs, but CRM puts the more emphasis on
minimizing the difference between the SBRs of investigating elements. Instead of two different approaches of
applied functions, values of obtained factors (factor F and
CRM factor), shown in Tables 3 and 4, indicate that two
functions provides the same set of operating conditions as
the best compromise (Rf power of 1300 W and observation height of 15 mm).
Analyzing emission spectra of investigating elements
(2,3,18-20), spectral interferences from analytical lines of
Cu, Fe and Mn were expected. Interelement correction
factors were determined for all analytical lines of interest.
Values of IEC are presented in Table 5.

The optimum instrumental operating conditions, which
mean the highest obtained value of SBR for each element,
are presented in Table 2.
Table 2. Optimum operating conditions for each element

Selected analytical
line (λ nm)*

Observation
height (mm)

Rf power
(W)

SBR

CoII (228.616)

15

1200

13.02

Cr II (267.716)
Cu I (324.752)

18
12

1300
1000

7.81
38.44

Fe II (259.94)

15

1200

39.95

Mn II (257.610)

12

1200

41.05

Ni II (231.604)

15

1300

14.48

ZnII (213.856)

15

1200

17.73

Se I (196.026)

18

1300

10.32

*(I-atomic line, II-ionic line)

As it can be seen in Table 2, optimum instrumental
operating values for Rf power and viewing height for each
element have different values. For example, optimized
parameters for CoII, FeII and ZnII lines have the same
value, but the use of the optimum parameters for these
lines would degrade SBR values of the MnII, CrII, CuI,
NiII and SeI lines. Similarly, the use of the optimized parameters for the CrII and SeI lines, would degrade SBR
Table 3. Values of coefficient F (according to Leary's objective function)

Rf power(W)
Observation height (mm)
6
9
12
15
18
21
24

900
0.397
0.550
1.060
2.023
3.014
3.012
2.591

1000
0.595
0.908
1.629
3.611
5.409
5.063
3.855

1100
0.995
1.639
3.966
6.541
8.519
7.575
4.770

1200
1.535
2.880
5.943
9.770
10.314
8.213
4.616

1300
1.610
3.420
7.469
10.973
8.537
6.134
3.898

1400
1.095
2.896
5.194
7.670
7.428
5.453
3.174

Table 4. Values of coefficient CRM (according to Combinated ratio method)

Rf power (W)
Observation height (mm)
6
9
12
15
18
21
24

900

1000

1100

1200

1300

1400

0.050
0.074
0.136
0.267
0.405
0.426
0.379

0.076
0.117
0.210
0.485
0.762
0.788
0.524

0.130
0.214
0.538
0.930
1.291
1.285
0.810

0.236
0.391
0.829
1.470
1.693
1.547
0.763

0.226
0.497
1.187
1.198
1.527
1.084
0.620

0.156
0.440
0.857
1.402
1.388
0.943
0.486
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Table 5. Magnitude of IEC factors used to correct spectroscopic interferences

Interfering element

Cu

Fe

Mn

Ki

Ki

Ki

Co II (228.616)
Cr II (267.716)

1.08x10-4
6.78x10-5

1.38x10-3
5.45x10-3

2.45x10-4
2.05x10-3

Cu I (324.752)

/

1.47x10-5

8.03x10-5

Fe II (259.940)

2.95x10-5

/

1.07x10-2

Mn II (257.610)
Ni II (231.604)

1.37x10-5
2.23x10-5

1.36x10-2
6.95x10-3

/
7.32x10-3

Zn II (213.856)

4.89x10-2

8.75x10-4

1.67x10-2

Se I (196.026)

6.50x 10-2

9.90x10-2

6.68x10-5

Analytical line(λ, nm)

Table 6. Calibration parameters (concentration range of all elements 1 -100 μg/l)

Element

a ± SDx10

b ± SDx10

R2

LOD(μg/l)

LOQ(μg/l)

Co

0.2254±2.98

0.4845±5.67

0.9992

0.061

0.305

Cr

0.2553±3.41

0.6406±7.81

0.9979

0.045

0.225

Cu

0.1471±2.56
0.1796±2.89

0.9996

0.077

0.385

Fe

0.1142±1.72
0.2008±2.32

0.9960

0.056

0.280

Mn

0.8564±9.21

0.1644±3.14

0.9987

0.007

0.035

Ni

0.1106±1.75

0.4729±6.25

0.9996

0.080

0.400

Zn

0.8085±9.31
-0,1183±2.32

0.8290±9.71
0.31066±4.53

0.9997

0.150

0.750

0.9979

1.050

5.250

Se

-3

-3

a-intercept, b-slope, R-coeficient of correlation, LOD-limit of detection, LOQ-limit of quantification

The magnitude of the IEC factors varied considerably
from 1.37x10-5 – 1.36x10-2. Values of IEC factors have
shown: spectral interference from emission spectra of Mn
(259.373 nm, 257.610 nm and 260.568 nm emission lines)
to analytical line of Fe II (259.940 nm); spectral interference from emission spectra of Fe (259.373 nm emission
line) to analytical line of Mn II (257.610 nm); spectral
interference from emission spectra of Cu (213.597 nm,
224.700 nm emission lines) and from Mn (spectral range
250-260 nm ) to analytical line of Zn II (213.856 ); spectral
interference from emission spectra of Cu (spectral range
217-220 nm) and from Fe (spectral range 234 - 239 nm) to
analytical line of Se I (196.026 nm).
Concentrations of affected elements from spectral
interferences, Fe II (259.940 nm), Mn II (257.610 nm) and
Se I (196.026 nm), were corrected using values of IEC,
according to Eqn 3.
Validation of the optimized method for simultaneous
determination of Fe, Zn, Cu, Se, Mn, Cr, Ni and Co was
carried out by determination of linearity (in concentration
range 1-100 μg/l), accuracy, precision, detection and quantification limit for each element. Detection limit was calcuMaked. farm. bilt., 52, (1,2) 3-8 (2006)

lated using signal-to-background ratio-relative standard
deviation approach (SBR-RSD). Calibration parameters
with obtained limits of detection and limits of quantification of each investigated element are diven in Table 6.

Conclusion
ICP-OES method for simultaneous determination of
trace elements Fe, Zn, Cu, Se, Mn, Cr, Ni and Co was developed and validated. The obtained results of proposed
ICP-OES method for simultaneous determination of trace
elements have shown improved detection limits (Fe 0.056,
Zn 0.15, Cu 0.077, Se 1.05, Mn 0.007, Cr 0.045, Ni 0.08 and
Co 0.061 μg/l) which were in agreement with literature
(5,6,9,15). Optimization was made using two factorial
designs which gave the same set of instrumental operating
conditions as the best compromise. Both objective functions, Leary’s objective function and CRM method, could
easily be applied to optimization of the other instrument
parameters (e.g. gas flow rates, solution pump rate to the
nebuliser) using any group of analyte elements.
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Rezime

Optimizacija na metod za simultano multielementarno opredeluvawe
na mikroelementi so primena na induktivno spregnata plazma-opti~ka
emisiona spektrometrija: hemometriski pristap
Rumenka Petkovska*, Aneta Dimitrovska
1Farmacevtski Falultet, Univerzitet "Sv. Kiril i Metodij", Vodwanska 17, Skopje, R.Makedonija

Klu~ni zborovi: ICP-OES, mikroelementi, multielementarno opredeluvawe, objektivni funkcii,
korekcija na interferencii
Optimizacijata na metodot za simultana multielementna analiza na Fe, Zn, Cu, Se, Mn, Cr, Ni i Co so primena na
ICP-OES be{e izvr{ena so primena na dve objektivni matemati~ki funkcii. Odnesuvaweto na izbranite analiti~ki
linii pri promena na mo}nosta na radiofrekfentniot generator i visinata na zonata nad magnetniot kalem be{e
opredeleno preku utvrduvawe na zavisnosta na odnosot signal-pozadinsko zra~ewe (SBR) za site ispituvani elementi. Utvrduvaweto na prisustvo na spektralni interferencii i procenkata na nivnata zna~ajnost be{e izvr{eno so
primena na eksperimentalno - matemati~kiot model za presmetuvawe na faktor za interelementna korekcija na spektralni interferencii (IEC). Metodot be{e validiran preku opredeluvawe na linearnost (vo koncentracisko podra~je
od 1-100 μg/l), to~nost, preciznost, limit na detekcija i limit na kvantifikacija za sekoj element oddelno. Limitot
na detekcija za sekoj element be{e opredelen koristejki go pristapot na procenka na odnosot me|u signal/relativna
standardna devijacija na zadinsko zra~ewe (SBR-RSD). Rezultatite poka`uvaat deka limitite na detekcija na oddelnite elementi se vo soglasnost so dolnite granici na limitite na detekcija poznati vo literaturata (Fe 0.056, Zn 0.15,
Cu 0.077, Se 1.05, Mn 0.007, Cr 0.045, Ni 0.08 i Co 0.061 μg/l).
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