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The accurate determination of macroelements (Na, K, Ca, Mg and Si) in potable waters with inductively-coupled plasma mass 
spectrometry (ICP-MS) is difficult due to their high concentrations. In the present study, optimisation of cell-based ICP-MS for 
application of a bandpass parameter (RPa) for signal reduction was performed to extend their linear ranges. Individual values 
of the RPa for each isotope have been selected. A method for the determination of macroelements without dilution using 
optimised RPa values has been developed and applied for potable water analysis. The accuracy was evaluated by analyses 
of a surface water reference material.

Introduction
Freshwater is a finite resource, essen-
tial for agriculture, industry and human 
existence. The significance of clean 
water for human consumption, agri-
cultural use etc. requires monitoring 
for both nutritional and toxic compo-
nents in natural and mineral waters. 
In recent decades, inductively coupled 
plasma mass spectrometry (ICP-MS) 
has emerged as the most promising 
technique for multi element trace analy-
sis of environmental samples. However, 
the direct instrumental determination of 
macroelements (alkaline and alkaline 
earth elements, as well as Si) at mg L–1 
levels in natural waters and other envi-
ronmental materials using ICP-MS is 
a challenge and is often not possible. 
Due to their low ionisation potential 
(IP) and high concentrations in environ-
mental samples, the signal reaches the 
upper limit of the concentration range,1 
becomes saturated and is not propor-
tional to the concentration. Therefore, 

the ranges of linearity are limited to 
µg L–1 concentrations.

The usual approach to overcome 
these difficulties is either the use of 
another method, usually inductively-
coupled plasma atomic emission spec-
trometry (ICP-AES) or manifold dilution 
of the samples. Although dilution is a 
common analytical practice, in this case 
it leads to serious problems in the deter-
mination of micro and trace elements in 
the same sample, which at high dilution 
fall below the limit of detection (LOD) of 
the method. Thus, more than one meas-
urement run is necessary, which extends 
the duration and price of the analysis.

Apart from dilution, ICP-MS provides 
two possibilities which might be used: 
cold plasma conditions at reduced 
plasma input power (RF in the interval 
600–800 W) and increased nebuliser 
gas flow (>1 L min–1) have been used for 
macroelement determination.2 In spite of 
the significant advantages, this approach 
requires finding optimal conditions 

for the determination of all macroele-
ments, which are often present in a wide 
concentration range, and also separate 
determination of macro- and microele-
ments in one sample.

The growing popularity of cell-based 
ICP-MS has allowed a solution for simul-
taneous determination of both macro- 
and trace elements. The Dynamic 
Reaction Cell (DRC) is a high-precision, 
quadrupole cell that is enclosed and 
may be pressurised.3 The usual applica-
tion of DRC-ICP-MS is called DRC mode 
and aims to eliminate interferences on 
trace elements, leading to a significant 
improvement in their LODs.

Another application of the DRC is 
the ability to reduce the signal sensi-
tivity for elements inside the stabil-
ity region by the introduction of a 
bandpass parameter, RPa (DC poten-
tial applied between the pole pairs of 
the DRC)3 which extends the dynamic 
range of the instrument. This approach 
is usually known as standard mode with 
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bandpass parameters. The advantage of 
this approach is selective suppression of 
the signal of elements present at high 
concentrations (such as Na, K, Ca, Mg, 
Si) and their analysis by ICP-MS without 
dilution. Another important advantage 
is the possibility for suppression of the 
signal sensitivity of a particular isotope 
without affecting the sensitivity of the 
remaining isotopes of the element. This 
possibility allows the introduction of an 
individual value of RPa for each individ-
ual isotope, depending on the natural 
abundance.

The aim of the present study is to 
develop a method for determination 
of Na, K, Ca, Mg and Si in water with 
DRC-ICP-MS after optimisation of RPa. 
The procedure will permit the direct 
determination of macroelements in pota-
ble water without dilution and in one run 
with microelements.

Experimental
Instrumentation
A PerkinElmer SCIEX DRC-e ICP-MS 
system with cross-flow nebuliser was 
used for the analysis. The optimisa-
tion of the bandpass parameter RPa for 
signal reduction of 23Na, 39K, 24,25,26Mg, 
42,43,44Ca and 28,29,30Si was performed 
at normal plasma conditions (1100 W 
ICP RF power and nebuliser gas flow 
0.89 L min–1). The lower abundant 41K 
and 46,48Ca isotopes were not studied 
because of the overlapping of 41K with 
40Ar1H+, originating from the plasma 
and isobaric interferences of 46,48Ti on 
46,48Ca.

Standards
Mult ie lement standard solut ions 
containing Na, K, Ca, Mg and Si in the 
concentration range from 0.01 µg L–1 to 
200 mg L–1 were prepared from single 
stock solutions (Merck) with initial 
concentrations of 1000 mg L–1 after 
appropriate dilution.

Reference materials
The accuracy of the method was eval-
uated by the analyses of surface water 
reference material (RM) (SPS-SW2, 
Reference Material for Measurement of 
Elements in Surface Waters, Spectrapure 
Standards, Norway).

Samples
Six types of potable waters—two mineral, 
two spring and two table water brands—
were purchased from commercial 
sources in Bulgaria. The water samples 
were analysed without any pretreatment.

Results and discussion
Dynamic range at standard 
conditions
Table 1 presents the linear ranges 
obtained by constructing calibration 
graphs for Na, K, Ca, Mg and Si under 
standard conditions. The correlation 
 coefficients for all calibration curves 
were at least 0.999. The experimental 
results showed limited linear ranges from 
0.01 µg L–1 to a maximum of 1000 µg L–1.

Apart from the element, the estab-
lished linear ranges depend on the 
particular isotopes used for the analysis. 
The following dependence was estab-
lished: the lower the IP of the element 
and the higher relative natural abun-
dance of the respective isotope, the 
narrower the linear range. It appeared to 
be practically impossible to determine 
the alkaline elements K (IP = 4.34 eV) 
and Na (IP = 5.14 eV) in waters under 
standard conditions. The linear range for 
both elements was limited to 100 µg L–1, 
while their concentrations in drink-
ing waters are in the mg L–1 range. The 
direct determination of Ca (IP = 6.11 eV) 
using 42Ca, 43Ca, 44Ca, all of them 
having isotopic abundance below 2 % 

Element/isotopic 
abundance (%)

Standard conditions 
(µg L–1)

Cell-based-ICP-MS

RPa (V)
Linear range 

(mg L–1)

23Na (100.00) 0.01–100
0.015 
0.016 
0.017

0.010–40 
0.015–150 
0.040–200

24Mg (78.99) 0.01–300
0.015 
0.016/0.017

0.001–50 
0.002–200

25Mg (10.00) 0.01–1000
0.013 
0.014 
0.015

0.001–40 
0.001–80 
0.025–200

26Mg (11.01) 0.01–1000
0.013 
0.014 
0.015

0.001–25 
0.001–80 
0.025–200

28Si (92.23) 0.01–500
0.014 
0.015 
0.016

0.001–15 
0.005–50 
0.010–200

29Si (4.68) 0.01–1000
0.012 
0.013 
0.014

0.05–80 
0.015–100 
0.020–200

30Si (3.09) 0.01–1000
0.012 
0.013 
0.014

0.010–100 
0.020–120 
0.025–200

39K (93.26) 0.01–100
0.016 
0.017/0.018

0.010–100 
0.020–200

42Ca (0.65) 0.01–200 0.013/0.014/0.015 0.010–200
43Ca (0.14) 0.01–200 0.013/0.014/0.015 0.025–200

44Ca (2.09) 0.01–200
0.013 
0.014 
0.015

0.005–50 
0.010–80 
0.010–200

Table 1. Linear ranges at standard conditions and cell-based mode ICP-MS. Selected RPa values 
in bold.
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(only 44Ca is 2.09 %), was possible 
in a narrow concentration range up to 
200 µg L–1. The determination of Mg 
with a higher IP (7.65 eV) depended on 
the measured isotope, e.g. when using 
24Mg with relative abundance 79 %, the 
linear range was limited to 300 µg L–1, 
however, for 25Mg and 26Mg with abun-
dances of 10 % and 11 %, respectively, 
it reached 1000 µg L–1. A similar trend 
was observed in the analysis of Si 
isotopes (IP = 8.15 eV), which showed 
linear range up to 500 µg L–1 for 28Si 
and up to 1000 µg L–1 for 29Si and 30Si. 
Thus, although ICP-MS has, in principle, 
at least nine orders of magnitude linear 
dynamic range,4 high mg L–1 levels are 
a challenge to measure, especially for 
elements with low IP and high natu-
ral abundance of the primary useful 
isotope, e.g. 23Na (100 %) and 39K 
(93.3 %).

Optimisation of RPa
In order to extend the linear ranges 
from µg L–1 to mg L–1, concentra-
t ion interval opt imisat ion of RPa 
was applied to suppress the analyte 
signals. Further, the ability to suppress 
signal intensity individually for each 
isotope without affecting the sensi-
tivity of other isotopes by varying RPa 
was used for Ca, Mg and Si isotopes 
depending on the natural abun-
dance of the particular isotope of the 
elements.

The opt imisa t ion of RPa was 
performed with a blank sample (deion-
ised water) and standard solutions in 
the range 0.1–200 mg L–1 for each 
of the chosen isotopes. The optimi-
sation curves for 23Na at concentra-
tion 10 mg L–1 are presented in Figure 
1. They demonstrate that a saturated 
signal was achieved in the range of 
RPa value from 0.010 V to 0.014 V and 
a linear signal vs concentration was 
obtained at higher RPa values. The 
comparison of the optimisation curves 
for Mg and Si isotopes showed that, in 
order to obtain an unsaturated signal 
of the most abundant isotopes, 24Mg 
and 28Si, it was necessary to apply 
RPa values higher by at least 0.002 V 
than for the less abundant isotopes of 
elements.

Using mixed standard solutions, the 
linearity was checked by constructing 
calibration graphs at a concentration 
interval from 0.001 mg L–1 to 200 mg L–1 
for each of the isotopes at three differ-
ent RPa values, starting from the lowest 
RPa value at which an unsaturated signal 
was obtained. The data demonstrated 
that increasing the RPa value led to 
wider linear ranges up to 200 mg L–1. The 
established linear ranges are presented 
in Table 1. However, the selection of 
RPa value was made as a compromise 
between the expected concentration of 
the element in potable water samples, 
the degree of signal reduction and the 
corresponding LOD. The selected RPa 
value for 23Na was 0.017 V, which resulted 
in a higher LOD than at RPa 0.016 V, but 
it reduced the signal more than twice 
and allowed a wider linear range to be 
achieved. The selected RPa values of the 
other isotopes are presented in Table 1 
in bold.

Analytical characteristics
The accuracy was checked by analysis of 
the surface water RM and the results are 
presented in Table 2. The data in Table 2 
demonstrate that the application of RPa 
for the macroelements leads to extended 
linear ranges and the obtained experi-
mental values are within the confidence 
interval of the RM.

Analysis of water samples
A quantitative method for the determina-
tion of macroelements using the selected 
individual RPa values was developed and 
applied for their determination in potable 
waters. The results from the analysis of 
six potable water brands are presented 
in Table 3. The determined concentra-
tions are compared to the value given on 
the bottle label. The experimental results 
demonstrate the applicability of RPa 
for the direct determination of macro-
elements with ICP-MS in a wide concen-
tration range without sample dilution. 

Element Experimental value Certified value

Na (mg L–1) 10.02 ± 0.04 10.000 ± 0.050

K (mg L–1) 1.003 ± 0.008 1.000 ± 0.005

Ca (mg L–1) 10.02 ± 0.07 10.000 ± 0.050

Mg (mg L–1) 2.04 ± 0.06 2.000 ± 0.010

Si (mg L–1) 5.02 ± 0.04 5.000 ± 0.030

Table 2. Results from the analysis of the surface water RM.

Figure 1. Bandpass parameter RPa optimisation plot for signal intensity reduction of 23Na at 
concentration 10 mg L–1 (blue line: standard solution, green line: blank solution, red line: LOD).
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The closeness of the experimental values 
to the bottle labels confirm the reliability 
of the proposed method.

Conclusions
The present investigation demonstrates 
the advantage of cell-based ICP-MS to 
individually select the bandpass param-
eter RPa for any element or element 
isotope and suppress the signal of the 
masses of interest. The possibility of 
varying the RPa value depending on 
the expected element concentration 
provides the possibility of determination 
of macroelements in various water types.
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Dragoy-novo 
(mineral water)

Matinée 
(mineral water)

Devin 
(spring water)

Rosa 
(spring water)

Rodina 
(table water)

Gorna bania 
(table water)

Na
35.6 ± 0.3 
37.18*

70.3 ± 0.8 
72.75*

5.89 ± 0.03 
5.7*

2.89 ± 0.05 
2.7*

59.2 ± 0.5 3.33 ± 0.04

K
10.2 ± 0.1 
10.06*

1.03 ± 0.03 
1.03*

0.93 ± 0.02
0.47 ± 0.03 
< 1*

0.44 ± 0.01 0.28 ± 0.03

Ca
36.9 ± 0.6 
35.67*

7.65 ± 0.25 
7.01*

6.02 ± 0.09 
6.1*

10.8 ± 0.9 
10.0*

7.69 ± 0.17 3.19 ± 0.06

Mg
8.46 ± 0.05 
8.76*

2.37 ± 0.07 
2.68*

0.29 ± 0.04 
0.3*

1.03 ± 0.05 
0.9*

0.32 ± 0.01 0.87 ± 0.05

Si
23.4 ± 0.7 
22.2*

11.2 ± 0.4 13.3 ± 0.2
6.81 ± 0.08 
6.57*

12.8 ± 0.5 0.81 ± 0.07

*bottle label value

Table 3. Results (Average concentration ± s, n = 3) from the determination of macroelements (mg L–1) in cell-based-mode ICP-MS in potable waters.
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