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Abstract

Matrix effects of calcium in inductively coupled plasma-atomic emission spectrometry were
investigated. Matrix effects were studied by monitoring the excitation conditions of the plasma
using Zn ionic to atomic spectral line intensity ratios. Dry and wet inductively coupled plasmas
with robust and non-robust conditions were compared. Laser ablation and solution nebulization
sample introduction were used to produce the dry and wet plasma conditions, respectively. Low
(0.6 L/min) and high (1.0 L/min) carrier gas flow rates were used to produce the robust and non-
robust conditions, respectively. No differences in the trend of matrix effects for dry and wet
plasmas were observed at vertical positions above normal observation height (> 8 mm height
above load coil) for low and high carrier gas flow rates. However, matrix effects in the lower
part of the plasma (< 8 mm height above load coil) were significantly different between dry and
wet plasmas when a high carrier gas flow was used. The differences are likely due to the

desolvation process.
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1. Introduction

Plasma-related non-spectroscopic matrix effects from easily ionizable elements (such as K, Na)
and other matrices (such as HNO;, H,SO4) cause analyte signal suppression or enhancement in
inductively coupled plasma-atomic emission spectrometry (ICP-AES) [1-12]. Matrix effects
remain an important yet not fully understood phenomenon in plasma emission spectrometry [12-
15]. Different mechanisms have been proposed for the plasma-related non-spectroscopic matrix
interferences in ICP-AES including increased collisional excitation [1-5], ambipolar diffusion
[1], shift in analyte-ionization equilibrium [1-3], ion-electron recombination [5-7], lateral
diffusion [2-3, 8-9], change in energy distribution of species that collide with and excite the
analyte [10] and change in excitation conditions of the plasma [11]. So far there is no agreement
on the dominant mechanism [12-15]. A possible reason for the lack of a general theory on matrix
effects is that most of the reports on matrix effects in ICP-AES used direct solution nebulization
or solution nebulization followed by desolvation [1-11]. The aerosol is not completely dry even
with desolvation, and water remains a major component among the injected species [16]. Matrix
interference may be partially influenced by the processes of water vaporization, dissociation, and
ionization. Matrix effects may be more easily observed and studied if a solid sample introduction

technique is used [16].

In a recent paper, we reported matrix effects in ICP-AES using laser ablation sampling [17].
Calcium, strontium, lithium, sodium, potassium, magnesium and aluminum matrices were
investigated as to their effect on plasma conditions (temperature and electron number density).

The effects on plasma conditions were found to be matrix-element specific instead of a mass-
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loading effect. Calcium, strontium and magnesium were found to have a more pronounced
matrix effect than the easily ionizable elements. The same matrix effects were observed over the
entire vertical profile, from 0 to 20 mm height above the load coil (HALC) [17] in contrast to
reports in the literature. Blades and Horlick [1] studied ICP excitation conditions by measuring
the ionic to atomic line intensity ratios of Ca, Mg and Cd using solution nebulization with and
without a Na matrix. For these three elements, an enhancement in the ionic to atomic line
intensity ratio by the Na matrix was found at low vertical positions in the plasma; a depression in
the intensity ratio was measured at higher positions in the plasma. A cross over point (i.e., at a
particular position, there was “no matrix effect”) in the vertical profile from enhancement to

depression was reported for these and other easily ionizable elements (EIE) [3, 5, 18-20].

The absence of a cross over point in the vertical profile in our previous study using laser ablation
sampling does not necessarily indicate a different matrix effect for laser ablation sampling versus
solution nebulization. Most of the matrix effects studies in the literature were based on solution
sample introduction [1-11, 18-20], in which the central channel gas flow rate was typically 1
L/min. The flow rate used in our previous study using laser ablation sampling was 0.4 L/min.
Therefore, it is possible that with a low central-channel gas flow rate, the vertical emission
profile shifts downward and the cross over point (if any) shifts to a position below the
measurement region [2]. On the other hand, it is possible that the differences arise from
operating a dry plasma versus a wet plasma. Water can have a drastic effect on ICP excitation
conditions [16, 21-28]. Mermet et. al. studied the plasma conditions for sample introduction
using solution nebulization, solution nebulization followed by desolvation, and laser ablation.

They found different plasma conditions for the three cases [16]. In addition, they found that
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tolerance to water loading was highly dependent on the ICP operating conditions, in particular

the carrier gas flow rate [16].

The objective of this study was to compare calcium matrix effects in “dry” and “wet” plasmas.
Calcium was chosen because it showed significant matrix effects for both laser ablation sampling
[17] and solution nebulization [11, 29-31]. Dry plasma is referred to the conditions when laser
ablation sampling is used (i.e., no water introduced to the plasma). Wet plasma is referred to the
conditions when a pneumatic nebulizer is used to introduce water aerosols. The matrix and
monitor elements were introduced to the plasma by laser ablation, regardless of whether dry or
wet plasma conditions were under study. The function of the nebulizer was only to introduce
water aerosol to establish wet plasma conditions. Matrix effects in a wet plasma with different
water loading were also studied by varying the carrier gas flow rates, and keeping a constant

water aerosol introduction rate into the ICP.

Temperature and electron number density are two important characteristics of the plasma [32],
which can be influenced by the matrix. Temperature and electron number density changes can be
measured from changes in the ionic to atomic spectral emission intensity ratio of an element
[33]. In this work, Zn was chosen as a monitor element of the plasma condition due to its high
first ionization potential. The spectroscopic data (wavelength, energy levels, statistical weight,
and Einstein transition probability) for the Zn emission lines used in this study are listed in Table

1 [34-35].

2. Experimental
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2.1  Experimental set-up

The matrix and the monitor elements were both introduced into the ICP by laser ablation. The
experimental system previously used [17] was modified to include a concentric nebulizer and
spray chamber for water introduction. The exit port of the spray chamber was connected to the
exit port of two ablation chambers (connected in series) via a T-joint, before entering the central
channel of the ICP torch. A schematic diagram of the system is shown in Fig. 1. Wet plasma
conditions were achieved by nebulizing deionized water. To obtain dry plasma conditions, the
nebulizer inlet was not dipped into a solution, but sealed with Paraffin™ film to avoid air from
entering the nebulizer. The function of the nebulizer was only to introduce water aerosol when
wet plasma conditions were needed. Direct comparison of matrix effects is possible using this

set-up.

For a particular total central channel flow rate, the flow rate through the three chambers was
constant for both wet and dry plasmas. The identical flow rate ensures similar transport
efficiency for the laser ablated matrix. The mass flux of material introduced is approximately
constant and the degree of matrix effects obtained under wet and dry plasma condition can be
compared directly. Secondly, the particle size distribution is kept constant for the dry and wet
plasma experiments because the matrix and the monitor element were introduced using laser
ablation in both cases. The particle size distribution for laser ablation sampling and solution
nebulization may be different. For nebulization, the analyte dries from liquid droplets to form

small particles in the plasma; for laser ablation sampling, larger dry particles are directly
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introduced into the ICP [36-38]. Even if the water content in the carrier gas stream is kept
constant, the atomization and excitation characteristics can be different for the nebulized solution
sample versus laser ablated particles [38] due to size differences in dried aerosol versus laser-
ablated particles [39]. Using the ablation chambers - nebulizer/spray chamber system of Fig. 1,
differences in matrix effects for dry and wet plasmas arising from different particle sizes should

be eliminated.

2.2 Inductively coupled plasma

The ICP was a Plasma Therm 20P operated with a forward power of 1250 W (reflected power =
0-2 W). All gas flow rates were regulated using Matheson mass flow controllers (Model 8274).
The argon outer and intermediate gas flow rates were 14 and 1 L/min, respectively. Argon
flowed through the ablation chambers at 0.2 to 0.6 L/min and through the nebulizer at 0.4 L/min.
The total carrier gas flow was 0.6 to 1.0 L/min. The nebulizer gas flow was fixed to obtain a
constant uptake and nebulization rate of water. Due to the relatively short distance from the T-
joint to the bottom of the ICP torch (~ 15 cm), it is assumed that the transport efficiency and the
water mass flux into the ICP are constant for different total carrier gas flow rate. Different gas
flow rates through the ablation chambers will affect the amount of monitor element and matrix

introduced into the plasma. However, the trend of matrix effects should be the same [17].

2.3 Laser ablation
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Two lasers were used for ablation: a Nd:YAG laser (New Wave Research, MiniLase I1-30) with
a pulse duration of 6 ns was used at a low irradiance (~1.7 mJ/pulse, laser power density

~10® Wem™) to ablate the monitor element (Zn). Another Nd:YAG laser (Infinity, Model 40-
100) was used to ablate the matrix at a higher irradiance (~10"! Wem™?). Both lasers were
operated at 266 nm wavelength and 10 Hz laser repetition rate. Pellets of calcium carbonate
powder (analytical reagent, Aldich) were formed under high pressure (about 9 ton/cm?) and were
used as the matrix target. Zinc metal (Goodfellow Corporation, 99.95%) was used as the monitor
element target. Iron metal (Goodfellow Corporation, 99.999%) was ablated to measure the

excitation temperature of the plasma.

2.4  Experimental procedures

The ICP emission intensity of Zn was measured after 600 pre-ablation laser pulses without any
matrix ablation. The initial value of the Zn ionic to atomic line intensity ratio in the absence of
matrix was calculated. Ablation of Zn continued while the matrix sample (CaCOs3) was then
ablated. According to a previous study, the mole ratio of Ca to Zn ranged approximately from
10° to 10" times [17]. The ICP emission intensity of Zn was measured continuously. The Zn
ionic to atomic line intensity ratio during the ablation of matrix was compared to the initial value
and represents any change in plasma conditions by the matrix. Finally, matrix ablation was
stopped while the monitor element ablation continued. The Zn line intensity ratio continued to be

measured to check for drift in plasma conditions during the course of the experiment.
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The possibility of self-absorption on the spectral lines and the influence of different amounts of
ablated monitor element during repetitive laser ablation sampling were checked using a method
described previously [17]. The Zn ionic to atomic line intensity ratio was constant and
independent of the ablated mass for the experimental conditions used in this study. Changes in

intensity ratios in subsequent experiments are due to changes in plasma conditions by the matrix.

3. Results and Discussion

3.1  Excitation temperature and electron number density under dry and wet plasma

conditions

The tolerance of the ICP to water loading is strongly dependent on the ICP operating conditions,
in particular the carrier gas flow rate [16]. The carrier gas flow rates for relatively high and low
tolerance to water loading was first determined, and then matrix effects in wet plasmas with

different water tolerance was studied.

When the plasma is highly tolerant to water loading, the temperature and electron number
density between dry and wet plasmas should be similar. Excitation temperature and electron
number density of the plasma were measured using the line pair intensity ratio of Fe and ionic to
atomic line intensity ratio of Zn (Saha method), respectively. Fel 381.584nm and Fel 385.991nm
were chosen for the line pair intensity ratio method because of the large difference in the upper

energy levels (Table 1).
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Fig. 2 and 3 show the excitation temperature and electron number density, respectively, for dry
and wet plasmas at different central channel gas flow rates. The ranges of temperature and
electron number density agree with those reported in the literature using similar measurement
techniques [32]. However, the measured electron number density (Fig. 3) is significantly lower
than those reported in the literature using the Stark width of the Hp line [40]. The disagreement
between the Saha method and the Stark width of Hg line for electron number density
measurements has been reported in the literature [32, 40]. The disagreement may be due to the
questionable LTE assumption when the Saha method is used [32], especially for wet plasma
conditions with high carrier gas flow rates. Nevertheless, the objective of measuring the
temperature and electron number density in this study is to understand whether the plasma is
strongly tolerant to water loading. Therefore, a relative indication of the temperature and electron

number density is sufficient.

The temperature and electron number density are similar for dry and wet plasmas only at a flow
rate of 0.6 L/min; they are also the largest at this flow rate. The temperature and electron number
density decreased when the gas flow rate increased from 0.6 to 1.0 L/min, for both dry and wet
plasmas. At flow rates > 0.6 L/min, the temperature and electron number density were greater for
the dry versus the wet plasma. The plasma appears to have a strong tolerance to solvent loading
at carrier gas flow of 0.6 L/min, and the tolerance decreased at higher carrier gas flows. This
measurement is consistent with that of Mermet and co-workers who reported that temperature
and Mgll/Mgl intensity ratio decreased at all vertical positions when the central channel flow
rate increased, for both high (1600W) and low (800W) ICP forward power [16]. They also

reported that under robust plasma conditions (high power and low carrier gas flow rate), the
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plasma had a high tolerance to water loading, and desolvation had almost no effect on the plasma
conditions [16]. Because the plasma conditions are similar for dry and wet plasmas at the carrier
gas flow rate of 0.6 L/min but significantly different at 1.0 L/min, these two flow rates will be

studied separately for matrix effects.

3.2 Comparison of matrix effect for dry and wet plasma at 1.0 L/min carrier gas flow rate

Fig. 4 shows the Znll/Znl intensity ratio for dry and wet plasmas with and without the ablation of
calcium carbonate, using a total carrier gas flow of 1.0 L/min. The flow rates through the
ablation chambers and the nebulizer were 0.6 and 0.4 L/min., respectively. The plasma
conditions were different for the dry and wet plasmas, even in the absence of matrix. The
Znll/Znl intensity ratio decreased with increasing height in the plasma for both plasma
conditions; the ratio for the dry plasma was always higher than the wet plasma, indicating the dry

plasma was more robust.

Fig. 5 shows the change in the ZnIl/Znl intensity ratio in the presence of a calcium matrix; the
effect of Ca matrix is different for the dry and wet plasmas. For the dry plasma, the Znll/Znl
intensity ratio was decreased over the entire vertical profile. For the wet plasma, the change in
Znll/Znl intensity ratio was more complex; the ratio at the lower part of the plasma (from 1 to 4
mm HALC) increased in the presence of Ca matrix, while the ratio decreased for vertical
positions above 6 mm HALC. At 5 to 6 mm HALC, there was no change in Znll/Znl intensity
ratio and a cross-over point was observed. The cross over point was only observed for the wet

plasma.



Fig. 6a and 6b show the normalized intensity profiles (normalized to the peak intensity) of Znl
213.857nm and ZnlI 206.200nm, respectively. In the absence of a matrix, the difference between
the normalized emission profiles for the dry and wet plasmas is large; the normalized Zn
intensity has a maximum closer to the load coil and drops faster versus HALC for the dry
plasma. The earlier peak maximum position in the vertical profile of the dry plasma indicates
that vaporization and/or excitation of Zn (and possibly the matrix) starts earlier in the dry
plasma. It must be emphasized that the difference in vertical profile of the Zn emission is not due
to differences in particle size distribution of the Zn aerosol, because both studies used laser
ablation to generate the aerosol. The earlier appearance of the Zn peak is probably because
desolvation was not required for the dry plasma. By comparing the vertical profiles of various
atomic and ionic emission lines using electrothermal vaporization and solution nebulization,
Long and Browner concluded that when the sample was introduced as a wet aerosol, the onset of
excitation was delayed and the position for peak emission was shifted upward [23]. In addition,
incompletely desolvated droplets can extensively cool a region of the plasma [41]. Incompletely
desolvated water aerosol may locally cool the plasma and consume some energy that would
otherwise be available for the vaporization and/or excitation of the matrix, leading to the earlier

appearance of the peak Zn emission.

The presence of Ca matrix changes the normalized vertical profiles for the dry and wet plasmas.
The matrix depressed the normalized intensity at vertical positions beyond the peak intensity for
both dry and wet plasmas. The matrix slightly enhanced the normalized intensity for positions

below the peak for the dry plasma; the enhancement at positions below the peak for the wet
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plasma was more dramatic, especially for the Znll line. An enhancement at positions low in the
plasma by Ca matrix is widely reported in the literature using solution nebulization [1, 2, 5]. The
same matrix effect was observed in this work for the wet plasma regardless of whether the

monitor element and matrix were introduced as solution aerosols or dried particles.

3.3 Comparison of matrix effect for dry and wet plasmas at 0.6 L/min carrier gas flow rate

Fig. 7 shows the Znll/Znl intensity ratio at different vertical positions in the dry and wet
plasmas, with and without the ablation of calcium carbonate matrix, for a total carrier gas flow
rate of 0.6 L/min. The flow rate was decreased from 1.0 L/min to 0.6 L/min by decreasing the
ablation chamber gas flow from 0.6 L/min to 0.2 L/min, while the nebulizer gas flow was

maintained at 0.4 L/min (i.e., constant injection rate of water into the ICP).

In the absence of matrix, the ZnIl/Znl intensity ratio decreased monotonically with increasing
height in the plasma, for both plasma conditions. Only at very low positions (2mm to Smm), was
the ZnIl/Znl intensity ratio of the wet plasma significantly different from the dry plasma. From
S5mm to 20mm HALC, the Znll/ZnlI intensity ratio was the same within experimental error for
both plasmas. The nearly identical vertical profiles indicate that the plasma is strongly tolerant to
water at this flow rate. With the ablation of calcium carbonate matrix, the Znll/Znl intensity ratio
showed a decrease in the entire vertical profile for both plasmas. Clearly, no cross-over point

was observed for both cases.
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Fig. 8a and 8b show the normalized intensity profile (normalized to the peak intensity) of Znl
213.857nm and ZnlI 206.200nm, respectively. Although the difference between the normalized
emission profiles for the dry and wet plasmas is small, the normalized Zn intensity has a
maximum closer to the load coil and drops faster versus HALC for the dry plasma. In addition,
the matrix effect from Ca did not alter the vertical profiles of Zn emission in both dry and wet

casces.

By comparison of Fig. 6 and 8, the normalized intensity profile for the dry plasma is similar while the
profile for the wet plasma is significantly different. In both cases, the emission intensity was highest
low in the dry plasma. The peak emission intensity was strongly flow rate dependent for the wet
plasma; the vertical profile for the dry plasma was insensitive to change in gas flow rate whereas the
profile for the wet plasma was highly sensitive to change in gas flow. Similar behavior was
previously reported [28] when vertical emission profiles for spark-generated and solution nebulized
sample introduction techniques were compared. Also, the Ca matrix effect did not change the vertical
profile for either plasma at the low flow rate (0.6 L/min.) whereas the vertical profile was changed
significantly by the Ca matrix when a higher flow rate was use (1.0 L/min.). A possible reason may
be related to the robustness of the plasma; the robustness decreased and the plasma became less

tolerant to matrix when a high gas flow was used.

3.4 Discussion on possible mechanisms for the existence of cross over point

For the wet plasma at 1.0 L/min carrier gas flow rate, a cross over point exists between the

curves of the Zn ionic to atomic line intensity ratio obtained in the absence and presence of
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calcium carbonate matrix. However, no cross over point was observed for the wet plasma at 0.6
L/min or the dry plasma at both high and low flow rates. The existence and position of the cross
over point implies that two different interference mechanisms with opposing effects are operative

in the ICP at different vertical positions.

The enhancement of ionic to atomic line intensity ratio below the cross over point is believed to
be related to increased collision excitation efficiency due to additional electrons from ionization
of the matrix [1, 3, 5]. The absence of a cross over point in the dry plasma implies that the
desolvation process may be a significant factor in defining matrix effects. The position of the
cross-over point may be related to the tolerance of the ICP to water loading. It has been shown
that the decrease in Znll/Znl ratio due to Ca matrix high in the plasma is relatively independent
of plasma temperature [17], as shown by the constant decrease in Znll/Znl ratio along the
vertical profile for the dry plasmas. If the negative effect is assumed to be constant along the
vertical profile of the ICP, the position where the measured matrix effect became constant can be
regarded as the position where the effect from increased collisional excitation efficiency ceased.
From Fig. 5, it was found that the ZnIl/Znl ratio decreased to a constant value when the HALC
was > 9mm. This position showed some correlation with the temperature and electron number
density of the ICP (Fig. 2 and 3); both temperature and electron number density start to increase
above 9mm HALC for the wet plasma with 1.0 L/min flow. The enhancement effect was only

observed when the temperature and electron number density were relatively low.

There are two possible mechanisms in which the desolvation process can determine the extent of

opposing matrix effects. Firstly, the electrons from Ca ions have significant contribution to the
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total electron number density at lower temperature. The first ionization potential of Ca is low
(6.113eV [42]). Based on an LTE model [43], over 99% of the Ca exists as Ca" for plasma
temperature from 3000K to 6500K. The number of electrons produced by the Ca matrix is
roughly similar to that from ionization of Ar if the temperature of the plasma is low. For this
study, the estimated mass removal rate of CaCOs ranged from 1ug to 100ug per laser pulse [44].
Assuming 10% transport efficiency [44], the estimated mass introduction rate of the Ca matrix
ranged from 1pg to 100ug (i.e., 10 to 1000 nano-moles) per second. Therefore, the electrons
generated from the matrix should range from 10" to 10'7 electrons per second. With the carrier
gas flow rate at 1 L/min and 4500 K gas temperature in the ICP, the volume of Ar gas is 250 cm’
per second. Therefore, the electrons generated from the Ca matrix would contribute 10" to 10"
electrons/cm’ to the electron number density in the plasma. In this estimation, it is assumed that
all the Ca was atomized and remained in the central channel (such an assumption probably leads
to an overestimation of the electron concentration from Ca ionization) [43]. Olesik found that the
analyte number density was an order of magnitude lower than those measured in the literature
[43]. Holclajter-Antunovi¢ and co-workers also calculated the number density of different
species in the ICP using minimization of the Gibbs-free energy function [7]. Their calculation
showed that in a plasma containing 1.5x10° relative concentration of Ca, the dominant ion was
Ca" and was in comparison or even exceeded Ar’ by orders of magnitude when the plasma
temperature was below 4000K. Also, when T>7000K, the ionization of argon was the exclusive
process providing the overall electrons. Both calculations (LTE model and minimization of
Gibbs free energy) showed that the contribution of electron number density from Ca matrix
ionization was similar to that from ionization of Ar if the temperature of the plasma was low

(i.e., low position in the plasma when high carrier gas flow and a wet plasma were used). The
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electron number density from ionization of Ar can change by two orders of magnitude from low
position in the plasma (~3 mm HALC) to its maximum point (Fig. 3). It is possible that at a
certain position in the plasma, the increase in electron number density from ionization of argon
become so significant that electrons from ionization of Ca matrix are negligible to the overall

electron number density. As a result, the enhancement effect in the Znll/ZnI ratio ceased.

Another possible reason for the cross-over point is that injecting water aerosol at high carrier gas
flow decreases the temperature of the plasma (Fig. 2). When the injected water aerosol
significantly cools the plasma, the matrix needs to travel a longer distance before it can be fully
vaporized, atomized, and ionized to produce the electrons needed for an increased collisional-
excitation mechanism. However, when the plasma is dry or the plasma is highly tolerant to water
loading, atomization and ionization of the matrix may occur at a low position in the plasma
(lower than the top of the load coil). As a result, the entire emission profile is shifted down and

the cross over point may be below the observation region of the plasma.

The effects of calcium matrix at observation heights above the cross over point are more
complicated. In addition to the interference mechanisms discussed in the literatures [1-9],
interference from double-charged calcium ions may occur. The interference mechanism may
involve interactions between double-charged calcium ions and argon species and is discussed

elsewhere [45].

4. Conclusion
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ICP conditions in the absence of matrix for dry and wet plasma were similar when the carrier gas
flow rate was low (i.e., at 0.6 L/min). When the carrier gas flow rate was increased, differences
between dry and wet plasma conditions became significant. For a wet plasma at 1.0 L/min
carrier gas flow, Ca matrix increased the ionic to atomic spectral line intensity ratio of the
monitor element (Zn) at low position in the plasma, but decreased the intensity ratio at higher
HALC (i.e., a crossover point was observed). However, for dry plasmas with the same flow rate,
there was a decrease in the ionic to atomic line intensity ratio for the entire vertical profile of the
plasma. The crossover point may be related to the desolvation process or solvent loading in the
plasma. Similar trends in matrix effects were observed above the normal observation height (> 8
mm HALC) for dry and wet plasmas. Therefore, it is possible to use laser ablation to study
matrix interference mechanism in ICPs. The advantage of using laser ablation in studying matrix

effects in the plasma is its feasibility to directly introduce the desired matrix into the plasma.

Acknowledgements

This research was supported jointly by the Office of Basic Energy Science, Chemical Science
Division and by the Environmental Management Science Program (EMSP), jointly funded by the
Office of Environmental Waste Management and Office of Science, of the US Department of

Energy under Contract No. DE-AC03-76SF00098.



p. 19

References:

1.

M.W. Blades, G. Horlick, Interferences from easily ionizable element matrices in inductively
coupled plasma emission spectrometry — a spatial study. Spectrochim. Acta Part B 36 (1981)
881-900.

D.S. Hanselman, N.N. Sesi, M. Huang, G.M. Hieftje, The effect of sample matrix on electron
density, electron temperature and gas temperature in the argon inductively coupled plasma
examined by Thomson and Rayleigh scattering. Spectrochim. Acta Part B 49 (1994) 495-
526.

N.N. Sesi, G.M. Hieftje, Studies into the interelement matrix effect in inductively coupled
plasma spectrometry. Spectrochim. Acta Part B 51 (1996) 1601-1628.

L.M. Faires, C.T. Apel, T.M. Niemczyk, Intra-alkali matrix effects in the inductively coupled
plasma. Appl. Spectrosc. 37 (1983) 558-563.

D. Sun, Z. Zhang, H. Qian, M. Cai, Matrix effects due to metallic elements in inductively
coupled plasma emission spectrometry. Spectrochim. Acta Part B 43 (1988) 391-403.

M.R. Tripkovi¢, I.D. Holclajtner-Antunovi¢, Study of the matrix effect of easily and non-
easily ionizable elements in an inductively coupled plasma - Part 1 Spectroscopic
diagnostics. J. Anal. At. Spectroc. 8 (1993) 349-357.

I.D. Holclajtner-Antunovi¢, M.R. Tripkovi¢, Study of the matrix effect of easily and non-
easily ionizable elements in an inductively coupled plasma - Part 2 Equilibrium plasma
composition. J. Anal. At. Spectroc. 8 (1993) 359-365.

P.J. Galley, M. Glick, G.M. Hieftje, Easily ionizable element interferences in inductively
coupled plasma atomic emission spectroscopy — I. Effect on radial analyte emission patterns.

Spectrochim. Acta Part B 48 (1993) 769-788.



10.

11.

12.

13.

14.

15.

16.

p- 20

A.C. Lazar, P.B. Farnsworth, Matrix effect studies in the inductively coupled plasma with
monodisperse droplets — Part 1: The influence of matrix on the vertical analyte emission
profile. Appl. Spectrosc. 53 (1999) 457-464.

K. Kitagawa, G. Horlick, Deviation of the level populations of iron atoms and ions from the
Boltzmann Distribution in an inductively coupled plasma — 2. Effect of an easily ionizable
element. J. Anal. At. Spectrom. 7 (1992) 1221-1229.

M. Thompson, M.H. Ramsey, Matrix effects due to calcium in inductively coupled plasma
atomic-emission spectrometry: their nature, source and remedy. Analyst 110 (1985) 1413-
1422.

A.S. Al-Ammar, R.M. Barnes, Inelastic collisional deactivation in plasma-related non-
spectroscopic matrix interferences in inductively coupled plasma atomic emission
spectrometry. Spectrochim. Acta Part B 54 (1999) 1063-1076.

J. de Boer, M. Velterop, Empirical procedure for the reduction of mixed-matrix effects in
inductively coupled plasma atomic emission spectrometry using an internal standard and
proportional correction. Fresenius J. Anal. Chem. 356 (1996) 362-370.

J.A. Horner, G.M. Hieftje, Computerized simulation of mixed-solute-particle vaporization in
an inductively coupled plasma. Spectrochim. Acta Part B 53 (1996) 1235-1259.

J.M. Mermet, Revisitation of the matrix effects in inductively coupled plasma atomic
emission spectrometry: the key role of the spray chamber. J. Anal. Atom. Spectrom. 13
(1998) 419-422.

I. Novotny, J.C. Farinas, J.L. Wan, E. Poussel, J.M. Mermet, Effect of power and carrier gas
flow rate on the tolerance to water loading in inductively coupled plasma atomic emission

spectrometry. Spectrochim. Acta Part B 51 (1996) 1517-1526.



17.

18.

19.

20.

21.

22.

23.

24.

25.

p. 21

G.C.Y. Chan, W.T. Chan, X.L. Mao, R.E. Russo, Investigation of matrix effect on dry
inductively coupled plasma conditions using laser ablation sampling. Spectrochim. Acta Part
B 55 (2000) 221-235.

H. Kawaguchi, T. Ito, K. Ota, A. Mizuike, Effects of matrix on spatial profiles of emission
from an inductively coupled plasma. Spectrochim. Acta Part B 35 (1980) 199-206.

N. Furuta, G. Horlick, Spatial characterization of analyte emission nd excitation temperature
in an inductively coupled plasma. Spectrochim. Acta Part B 37 (1982) 53-64.

X. Romero, E. Poussel, J.M. Mermet, The effect of sodium on analyte ionic line intensities in
inductively coupled plasma atomic emission spectrometry: Influence of the operating
conditions. Spectrochim. Acta Part B 52 (1997) 495-502.

J.F. Alder, R.M. Bombelka, G.F. Kirkbright, Electron excitation and ionization temperature
measurements in high-frequency inductively coupled plasma source and the influence of
water-vapor on plasma parameters. Spectrochim. Acta Part B 35 (1980) 163-175.

S.E. Long, R.D. Snook, R.F. Browner, Some observations on electrothermal vaporization for
sample introduction into the inductively coupled plasma Spectrochim. Acta Part B 40 (1985)
553-568.

S.E. Long, R.F. Browner, Influence of water on the spatial excitation behavior of selected
elements in the inductively coupled plasma. Spectrochim. Acta Part B 41 (1986) 639-647.

J. Farino, J.R. Miller, D.D. Smith, R.F. Browner, Influence of solution uptake rate on signals
and interferences in inductively coupled plasma optical emission spectrometry. Anal. Chem.
59 (1987) 2303-23009.

P.E. Walters, C.A. Barnardt, the role of desolvation and hydrogen addition on the excitation

features of the inductively coupled plasma. Spectrochim. Acta Part B 43 (1988) 325-337.



26.

27.

28.

29.

30.

31.

32.

33.

p. 22

D.E. Nixon, Excitation modulation by water — Effects of desolvation on line intensities,
temperatures and ion-atom ratios produced by inductively coupled plasmas. J. Anal. Atom.
Spectrom. 5 (1990) 531-536.

B.L. Caughlin, M.W. Blades, Effect of wet and dry nebulizer gas on the spatial-distribution
of electron-density. Spectrochim. Acta Part B 42 (1987) 353-360.

J.K. Olesik, S.J. Den, Effect of central gas flow rate and water on an argon inductively
coupled plasma: spatially resolved emission, ion-atom intensity ratios and electron number
densities. Spectrochim. Acta Part B 45 (1990) 731-752.

M.H. Ramsey, M. Thompson, A predictive model of plasma matrix effects in inductively
coupled plasma atomic emission spectrometry. J. Anal. At. Spectrom. 1 (1986) 185-193.
I.B. Brenner, A. Zander, M. Cole, A. Wiseman, Comparison of axially and radially viewed
inductively coupled plasmas for multi-element analysis: effect of sodium and calcium. J.
Anal. At. Spectro. 12 (1997) 897-906.

I.B. Brenner, M. Zischka, B. Maichin, G. Knapp, Ca and Na interference effects in an axially
viewed ICP using low and high aerosol loadings. J. Anal. At. Spectrom. 13 (1998) 1257-
1264.

T. Hasegawa, M. Umemoto, H. Haraguchi, C. Hsiech, A. Montaser, Fundamental Properties
of Inductively Coupled Plasmas, in: A. Montaser, G.W. Golightly (eds.), Inductively
Coupled Plasmas in Analytical Atomic Spectrometry, 2" ed., Ch. 8, VCH Publishers, USA,
1992, pp.373-450.

J.M. Mermet, Spectroscopic Diagnostics: Basic Concepts, in P.W.J.M. Boumans (ed.),
Inductively Coupled Plasma Emission Spectroscopy — Part II Applications and

Fundamentals, Wiley Interscience, New York, New York (1987), Chapter 10, pp. 353-386.



34.

35.

36.

37.

38.

39.

40.

41.

p. 23

P.L. Smith, C. Heise, J.R. Esmond, R.L. Kurucz, Atomic Spectral Line Database From CD-
Rom 23 of R.L. Kurucz, URL address: http://cfa-
www.harvard.edu/amdata/ampdata/kurucz23/sekur.html (accessed 20 September 1999)
NIST Database 61: Database for atomic spectroscopy (DAS), Atomic and Molecular Physics
Database, 1995-1996 edition, US Department of Commerce, Technology Administration,
National Institute of Standards and Technology, Standard Reference Program, Gaithersburd,
MD 20899.

P. Arrowsmith, S.K. Hughes, Entrainment and transportation of laser ablated plumes for
sunsequent elemental analysis. Appl. Spectrosc. 42 (1988) 1231-1239.

M.L. Alexander, M.R. Smith, J.S. Hartman, A. Mendoza, D.W. Koppenaal, laser ablation
inductively coupled plasma mass spectrometry. Appl. Surf. Sci. 127-129 (1998) 255-261.
R.E. Russo, X.L. Mao, O.V. Borisov, Laser ablation sampling. Trends in Anal. Chem. 17
(1998) 461-469.

X.L. Mao, R.E. Russo, optimization and calibration of laser ablation inductively coupled
plasma atomic emission spectrometry by measuring vertical spatial intensity profiles. J. Anal.
At. Spectrom. 12 (1997) 177-182.

D.J. Kalnicky, V.A. Fassel, R.N. Knisley, Excitation temperatures and electron number
densities experienced by analyte species in inductively coupled plasmas with and without
presence of an easily ionized element. Appl. Spectrosc. 31 (1977) 137-150.

S.E. Hobbs, J.W. Olesik, The effect of desolvating droplets and vaporizing particles on
ionization and excitation in argon inductively coupled plasmas. Spectrochimica Acta Part B

48 (1993) 817-833.



42.

43.

44,

45.

p- 24

D.R. Lide (ed), CRC Handbook of Chemistry and Physics, 75 ed., CRC Press, FL, USA,
1995.

J.W. Olesik, Consideration of norm temperature and local thermodynamic equilibrium
models for emission and ionization in inductively coupled plasma. Spectrochimica Acta Part
B 44 (1989) 625-638.

D. Gunther, S.E. Jackson, H.P. Longerich, laser ablation and arc/spark solid sample
introduction into inductively coupled plasma mass spectrometry. Spectrochimica Acta Part B
54 (1999) 381-409.

G.C.Y. Chan, W.T. Chan, X.L. Mao, R.E. Russo, Investigation of matrix effects in
inductively coupled plasma-atomic emission spectrometry using laser ablation and solution

nebulization — effect of second ionization potential, Spectrochimica Acta Part B, accepted.



Table 1. Spectral lines and spectroscopic data used in this study.

Element A (nm) E,(cm")  E,(cm™) gq Apq s Ref
Znll 206.200 0 48482 2 3.290x10° [34]
Znl 213.857 0 46748 3 7.039x10° [34]
Fel 381.584 11976 38175 7 1.3x10* [35]
Fel 385.991 0 25900 9 9.7x10° [35]
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Figure Captions

Experimental set-up for studying matrix effects studies in dry and wet plasmas using
laser ablation sample introduction technique.

Excitation temperature of the plasma under dry and wet plasma conditions and
different carrier gas flow rates.

Electron number density of the plasma under dry and wet plasma conditions and
different carrier gas flow rates.

Emission line intensity ratio of ZnlIl 206.200nm to Znl 213.857nm under dry and wet
plasma conditions, in the absence and presence of CaCOj; matrix. Carrier gas flow
was 1.0 L/min.

Change in Znll/Znl intensity ratio for dry and wet plasma conditions in the presence
of CaCOj; matrix. Carrier gas flow was 1.0 L/min.

Normalized intensity of (a) Znl 213.857nm and (b) Znll 206.200nm in the absence
and presence of CaCOs for dry and wet plasmas. Carrier gas flow was 1.0 L/min.
Emission line intensity ratio of ZnlIl 206.200nm to Znl 213.857nm under dry and wet
plasma conditions, in the absence and presence of CaCOj; matrix. Carrier gas flow
was 0.6 L/min.

Normalized intensity of (a) Znl 213.857nm and (b) Znll 206.200nm in the absence

and presence of CaCO; for dry and wet plasmas. Carrier gas flow was 0.6 L/min.





