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Abstract This paper reports characterization of the
behavior of five pneumatic micronebulizers based on
slightly different designs in inductively coupled plasma
atomic-emission spectrometry and mass spectrometry
(ICP-AES and ICP-MS). Two nebulizers were used as
reference nebulizers, a high-efficiency nebulizer (HEN)
and a micromist (MM). They were compared with a
commercially available PFA (tetrafluoroethylene—per-
fluoroalkyl vinyl ether copolymer) nebulizer and with
two new prototypes called the polymeric pneumatic
concentric nebulizer (PMN) and the high-solids micro-
nebulizer (HSM). The dimensions of the nebulizers, the
gas back-pressure, and the free liquid uptake rates were
measured. The study also included tertiary aerosol drop-
size distributions, analyte transport rate, and analytical
figures of merit, i.c. sensitivities and limits of detection,
both in ICP-AES and ICP-MS. Recoveries for two food
solid reference materials were also determined. Overall,
the results indicated that the PFA and the HEN nebu-
lizers provided the best results. These two nebulizers
delivered a higher mass of analyte to the plasma and
showed better sensitivies giving lower limits of detection
than the PMN, HSM and MM. The results revealed that
the liquid prefilming effect occurring before aerosol
production in the PFA nebulizer promoted more effi-
cient interaction of liquid and gas, thus affording good
results even though gas back-pressure values could be
maintained below 3 bar. In contrast, the HEN had to be
operated at about 7 bar under the same conditions.
Nebulizer design did not have a relevant effect on the
recovery, which confirmed that the spray chamber plays
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an important role in terms of non-spectroscopic inter-
ferences.
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Introduction

When working with ICP techniques using conventional
pneumatic nebulizers at low liquid-delivery rates it can
be observed that: the aerosols are rather coarse; and the
dead volume is too high. To overcome these problems,
several dedicated micronebulizers have been introduced
[1]. The common characteristics shown by the micro-
nebulizers are [2]: generation of a stable aerosol at liquid
flow rates on the order of several microliters per minute;
reduction in the dimensions of the sample capillary; and
consequently, very low dead volumes with subsequent
mitigation of memory effects. Despite these benefits, the
solutions must be filtered, because the presence of solid
particles can cause irreversible blocking of the micro-
nebulizer capillary.

The microconcentric nebulizer (MCN) [3], the high
efficiency nebulizer (HEN) [4], and the micromist (MM)
[5, 6] have been successively made commercially avail-
able and have been already studied in detail. The suit-
ability of these nebulizers for the analysis of
microsamples has been demonstrated in ICP-AES and
in ICP-MS [7, 8]. Due to their low dead volume, they
provide narrow peaks in high-performance liquid chro-
matography—-ICP-MS [9] or capillary electrophoresis
(CE)-ICP-MS [10, 11] coupling. As regards compara-
tive studies, it has been shown that the HEN provides
better analytical figures of merit than MM and MCN,
because it generates finer primary aerosols than the
other two systems [12]. In contrast, the MM is better
suited for CZE-ICP-MS coupling, because, unlike the
HEN, a make-up gas in the spray chamber is not nec-
essary [13].



Additional pneumatic micronebulizers have ap-
peared. The high-efficiency cross-flow micronebulizer
(HECFMN) [14, 15] has recently been developed for
coupling CE with ICP-MS. Among the most important
advantages of this device is that it does not aspirate the
solution freely and, thus, it is not necessary to use a
make-up solution to compensate for changes in the flow
inside the capillary during the analyte-separation step.

In the sonic spray nebulizer (SSN), a capillary is
inserted into a chamber that contains a final orifice.
A gas stream is introduced into the cavity. Simulta-
neously, the solution is delivered to the nebulizer and
reaches the end of the capillary. The liquid and gas
interaction takes place and the aerosol is then gener-
ated. With the SSN, the limits of detection are better
than for conventional pneumatic nebulizers [16]. A
modification of the SSN is the multimicrospray nebu-
lizer (MMSN) [17]. In the MMSN the sample stream
is diverted into three different lines. Each line end is
centered with respect to an independent orifice through
which three argon streams flow at a given total gas
flow rate. The gas energy is more efficiently employed
in aerosol generation because there are three aerosol
generation points. As a consequence, higher analyte
transport efficiencies and sensitivities are achieved for
the MSSN than for the SSN.

The parallel-path micronebulizer has been used for
the introduction of liquid samples in plasma spectrom-
etry [18, 19]. In this particular design, the liquid and gas
streams are aligned with each other. According to the
manufacturer this nebulizer does not suffer from
blocking when working with high salt content solutions
or slurries. Furthermore, it is suitable for working with
CE-ICP coupling.

Although the oscillating capillary nebulizer (OCN)
[20] also consists of two concentric silica capillaries, it
cannot be considered as a classical pneumatic design. In
the OCN, liquid goes along the central capillary whereas
gas flows through the area left between the two capil-
laries. The gas stream induces liquid capillary oscilla-
tions that promote aerosol generation. The OCN
provides better results than pneumatic concentric
micronebulizers [21].

The aim of the work described in this paper was to
test the analytical performance of three new pneumatic
micronebulizers, one made of PFA (tetrafluoroethylene—
perfluoroalkyl vinyl ether copolymer) and two proto-
types, one made of glass and another made of polymer,
neither of which was yet commercialized. These three
nebulizers were compared with two conventional
micronebulizers previously studied, the HEN and the
MM. Some characteristics of the nebulizers are dis-
cussed. All five systems were evaluated by determination
of tertiary aerosol properties, analyte transport, and
ICP-AES and ICP-MS analytical figures of merit. Two
reference food materials were analyzed to evaluate the
extent of interferences as a function of liquid flow rate
and nebulizer design.
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Experimental
Nebulizers and spray chambers used

Because they have been extensively studied, a HEN
(Meinhard Glass Products, Santa Ana, CA, USA) and
an MM (Glass Expansion, Australia, Model AR30-1-
FMO005) were used as reference nebulizers. Three addi-
tional micronebulizers were also tested. Figure 1a shows
a picture of a PFA nebulizer [22] (PFA-ST micronebu-
lizer, CPI International, The Netherlands). Apparently,
it is similar to a concentric nebulizer. However, close
inspection of the nebulizer tip reveals that the sample
capillary is recessed with regard to the nebulizer bore
(schematic diagram of the nebulizer tip, Fig. 1a). The
aerosol generation principle is different from that of
conventional concentric nebulizers. In this case the gas
stream is accelerated as it goes through the nebulizer
cone. Simultaneously, the liquid solution is deposited on
the inner walls of the nebulizer where gas-liquid inter-
action begins. A process called liquid prefilming then
occurs. Liquid prefilming is widely known and used in
engineering applications of atomizers [23]. As a result,
the liquid film becomes thinner and the gas kinetic en-
ergy is efficiently transferred to the liquid. In a different
system called the high-solids micronebulizer (HSM;
from Microglass of Colorado Quality Scientific Glass-
ware) presented in Fig. 1b, an impact surface is placed
just in front of the gas exit where the aerosol is gener-
ated. The liquid stream emerges through an upper con-
duction and moves downward until it reaches the gas
orifice. The aerosol is generated and immediately
impacts against this surface. As a result, its trajectory
deviates as shown in Fig. 1b. Finally, Fig. 1c shows a
picture and a schematic diagram of another polymeric
micronebulizer (PMN) used in this work. This nebulizer
was provided by Sci-Tek Instruments (UK). In this case,
prefilming of the aerosol also occurs as the sample is
deposited on the inner walls of the nebulizer.

Table 1 shows the critical dimensions of the nebu-
lizers used in this work. The gas—exit cross-sectional
area, A,, was obtained (in mm~) by applying the fol-
lowing equation [24]:

0

A, =B
¢ Po

(1)
where Q, is the gas flow rate (in L s7!) and p, is the
absolute pressure (in atm). In Eq. 1, B is a parameter
that depends on gas physical properties such as density,
specific heat at constant volume, and pressure and
temperature [24].

For comparison purposes the critical dimensions of a
Glass-Expansion conventional pneumatic concentric
nebulizer are also included in Table 1. It can be observed
that the main modifications incorporated in the micro-
nebulizers compared with conventional ones consist of
reduction of both the inner diameter and wall thickness
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Fig. 1 Pictures of the PFA nebulizer with a schematic diagram of
the nozzle (a); the HSM, together with the aerosol (b); the PMN
with a schematic diagram of the nozzle (c¢); and the single-pass
spray chamber equipped with an inlet for an argon carrier stream

(d)

of the sample capillary. In addition, for the HEN and
HSM, the gas-exit cross-sectional area is lower than for
the other systems, which means that a higher gas pres-
sure is required to achieve a given gas flow rate. From
Table 1, it can be seen that this critical dimension fol-
lows the increasing order: HEN<HSM <MM <
PFA <PMN.

Two spray chambers were used: a glass 50 cm®
cyclonic spray chamber (Glass Expansion), and a hori-
zontally operated polypropylene 30 cm” single pass
spray chamber. Figure 1d shows a schematic diagram of
the latter design. In this particular case, a make-up gas
stream was used.

4—
Nebulizer

To the plasma

Make up T
Argon stream
Aerosol and analyte transport measurements

The finest fraction of tertiary aerosol, i.e. the aerosol
that leaves the spray chamber, was measured for each
nebulizer. In this work the volume drop-size distribu-
tions were obtained. These experiments were carried out
by means of a scanning electromobility particle sizer
(SPMS, TSI Incorporated, St Paul, MN, USA). Oper-
ating conditions were the same as those described in
previous studies [25].

The analyte transport rates were obtained by a direct
method, i.e. by collecting the aerosol on a glass fiber
filter (type A/E, 47 mm diameter, 0.3 um pore size,
Gelman Sciences, Ann Arbor, MI, USA) placed above
the spray chamber. A 500-ug mL~! Mn solution was
nebulized. The Mn retained on the filters after a period
of 10 min (for experiments performed at 30 uL min~")
and 20 min (for those at 10 pL min~') was extracted by

Table 1 Critical dimensions of

the pneumatic micronebulizers ~ Nebulizer

Gas-exit cross-sectional

Liquid capillary Liquid capillary

used in this work area (mm?) inner diameter (um)  wall thickness (pm)
High-efficiency nebulizer 0.008 100 30
High-solids micronebulizer  0.011 500 -
Micromist 0.018 140 50
Polymeric micronebulizer 0.030 - -
PFA nebulizer 0.021 270 -
Conventional concentric 0.028 400 60

nebulizer




washing them with a 1.0% (w/w) hot nitric acid solution.
The total solution volume was adjusted to 25 mL with a
volumetric flask. Finally, the Mn concentration was
determined in each solution by flame atomic absorption
spectrometry.

For these experiments, the cyclonic spray chamber
was used.

ICP-AES and MS Instruments

The measurement of the ICP-AES intensities was per-
formed by adapting each nebulizer to the cyclonic spray
chamber. A Varian Vista Pro (Australia) axially-viewed
spectrometer was used. Table 2 shows the instrumental
conditions. The nebulizer (central) gas flow rate was
optimized in terms of ICP—AES sensitivity for the five
nebulizers evaluated. A 10-ug mL~" multielement solu-
tion was prepared from a 1,000 pg mL™" stock solution
(Merck 1V). The elements, wavelength and FEg,, for
ionic lines (or E,,. for atomic lines) are gathered in
Table 3. The ICP-MS measurements, in turn, were
carried out by means of a VG PQ ExCell instrument. In
this case, the single-pass conical spray chamber (Fig. 1d)
was used. Table 2 also includes the operating conditions
used for these experiments. Because of the high gas
back-pressure required for the HEN and HSM at the
optimum central flow rate (i.e. 1.05 L min~') a make-up
gas stream was needed in ICP-MS.

Analysis of solid certified materials

Two different food CRMs were analyzed, mussel tissue
(CRM 278R) and bovine liver (CRM 185R). The
digestion procedure followed has been described else-
where [26]. Once the digestion was accomplished, sam-
ples were filtered and the total volume of the resulting

Table 2 Spectrometer operating conditions

ICP-AES Instrument

RF power 1.35 kW
External gas flow rate 15 L min~'
Intermediate gas flow rate 1.5L min~!
Central gas flow rate 0.75 L min~'
Read time ls
ICP-MS instrument
Plasma
RF power Variable
External gas 13.5 L min~!
Intermediate gas 0.82 L min~!
Central gas 0.75 L min !
Make-up gas 0.3 L min~"
Acquisition parameters
Mode Peak jump
Sweeps 10
Dwell time 10 ms
Channels per mass 3
Channels spacing 2
Acquisition time 10s
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Table 3 Elements, wavelength, and Eg,y, for ionic lines or E. for
atomic lines

Element Wavelength (nm) Egum or Eq. (eV)
All 308.215 4.02
Ba II 455.403 7.93
Bil 306.771 4.04
Cd 11 214.439 14.77
Co II 228.615 13.70
Crll 205.560 12.80
Cul 223.009 6.95
Fe II 238.204 13.07
Mgl 285.213 4.35
Mg II 280.270 12.07
Mn 11 257.610 12.25
Ni 11 221.648 14.27
Pb II 220.353 14.79
Sr 11 216.596 13.26
Zn 1 213.857 5.80

solution was adjusted to 50 mL with concentrated nitric
acid. This was done in order to ensure that the matrix
(i.e., nitric acid and inorganic salts) would cause signif-
icant interferences. Because the concentration of many
elements was very low, 10 g of each sample solution
were spiked, after the digestion step, by adding 20 uL of
the 1,000 ug mL~! multielement solution to match the
sensitivity of I[CP-AES. The composition of the spiked
reference materials is summarized in Table 4. Finally,
the samples were analyzed with the ICP-AES instru-
ment by using plain water standards. Recoveries were
calculated by dividing the concentration found by that
certified. For the ICP-MS experiments, after the diges-
tion step, the spiked samples were diluted 200-fold with
Suprapure® nitric acid. The final acid concentration was

Table 4 Concentration of trace elements in the solutions resulting
from the CRM treatment

Sample Element Concentration
referred to
solid (ng g™

Bovine liver Cd? 67.2

(CRM 185R) Cu? 344
Mn? 77.7

Pb? 66.8

Zn? 205

Co® 66.7

Ni® 66.7

Bi® 66.7

Ba: 66.7

Cr 66.7

Mussel tissue cd® 66.7
(CRM 278R) Cu? 76.1
Mn? 74.4

Pb* 68.7

Zn? 83.1

Co® 66.7

Ni° 66.7

Bi® 66.7

Ba® 66.7

Cr? 67.4

#Certified elements
®Added elements
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50% (v/v) for solutions analyzed by ICP-AES and 20%
(v/v) in those analyzed by ICP-MS.

Results and discussion
Nebulizer characterization

An important property of pneumatic nebulizers is the
gas back-pressure. Table 5 summarizes the values of the
pressure required for the gas stream in order to achieve
two different gas flow rates, namely 0.75 L min~' and
1.0 L min~". It can be observed that values of this
property for the HEN and HSM are higher than for the
other devices. For these two nebulizers an additional gas
line must be used, because commercial spectrometers are
usually able to withstand maximum pressure values of
about 5 bar. It can also be observed that the back-
pressure is higher for the MM than for the PFA; the
PNM device requires the lowest gas line pressure to
reach a given gas flow rate.

Table 5 also includes the free liquid uptake rate for a
flow rate of 0.75 L min~'. It can be observed that this
value was lower for the HEN than for the other nebu-
lizers. It is widely known that the lower the inner
diameter of the nebulizer sample capillary, the lower the
free liquid uptake rate. Following this discussion,
Table 5 also shows that the free liquid uptake rate was
higher for the MM than for the PFA. However,
according to Table 1, the inner diameter of the capillary
is higher for the latter nebulizer than for the MM. These
results could be accounted for by the higher gas back-
pressure required for the MM. Note that the higher the
pressure drop between the liquid capillary exit and the
solution, the higher the free liquid uptake rate.

Aerosol and analyte transport studies

In a previous study [12] it was found that the HEN
provides primary aerosols finer than the MM and the
conventional nebulizer. The reason for this trend is that
the gas-exit cross-sectional area is smaller and, hence,
the gas back-pressure is higher for this system than
for the other two nebulizers. As a result, a higher
amount of kinetic energy is available for the aerosol
production. Other studies have demonstrated that the

PFA nebulizer is able to provide finer primary aerosols
than the MM [27]. Note that, under the same conditions,
the gas back-pressure is lower for the PFA than that for
the MM. These results indicate that energy transfer from
the gas to the liquid stream is more efficient for the PFA
nebulizer. The prefilming effect occurring in the PFA
nebulizer could be responsible for the generation of finer
aerosols with a lower net amount of kinetic energy.

An interesting property of the aerosol is its spread.
Because of the role of the impacts on the chamber walls,
in this study the aerosol cone diameters were measured
at two different locations, i.e. 5 and 15 mm from the
nebulizer nozzle. The data indicated that, among the
nebulizers tested, the HSM generated the aerosols with
the widest cone, i.e. a cone of 20 and 28 mm diameter
5 and 15 mm, respectively, from the nebulizer tip. The
other devices provided aerosol cones with similar
dimensions, i.e. cones that ranged between 3 mm
diameter for the PFA and 5 mm diameter for the MM,
5mm from the nebulizer tip, and cone diameters
between 8 mm (for the PFA, PNM and HEN) and
10 mm (for the MM) 15 mm from the nebulizer tip.
Therefore, the aerosol inertial impacts against the spray
chamber inner walls were more significant for the HSM
than for the other designs.

The signal finally obtained depends on the tertiary
aerosol characteristics. The finest fraction of this aerosol
was investigated by coupling the micronebulizers to a
cyclonic spray chamber. Figure 2 shows the plot of the
submicrometer drop-size distribution for the five
micronebulizers studied. It can be observed that there
were no remarkable differences between aerosol mean
size. Thus, at 10 pL min~' the median of the mass drop-
size distributions of sub-micrometer particles (i.e. Dsg)
were 0.44 um for the HSM and about 0.5 um for the
other nebulizers. The spray chamber was therefore more
important than the nebulizers in determining the quality
of tertiary acrosols. As the liquid flow-rate increased, no
noticeable changes in D5, values were found. Thus, at
120 uL min~ ", the Ds, were about 0.4 and 0.45 um for
the HSM and the other devices, respectively. In contrast,
changes in the total mass of aerosol leaving the spray
chamber were observed to be a function of the nebulizer
(Fig. 2 and Table 6). Thus for the HEN and PFA neb-
ulizers this property was higher than for the MM, the
PMN and the HSM being the devices that afforded the
lowest mass of aerosol transported to the plasma

Table 5 Gas back-pressure and
free liquid uptake rates for the
different nebulizers tested

Nebulizer Gas back-pressure (bar) Free liquid
uptake rate
0,=0.75 L min"" 0,=1.0 L min”" (uL min~)®*
High-efficiency nebulizer 7.5 10 40
High-solids micronebulizer 5.4 7 -
Micromist 32 4.2 290
PFA nebulizer 2.4 3.1 160
Polymeric micronebulizer 1.4 2.2 120
Conventional concentric nebulizer 1.5 2.0 1,100

aAt 0.75 L min~! nebulizer gas
flow rate
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(Fig. 2). This trend was presumably because of the finer
primary aerosols generated by the HEN and PFA. The
finer the primary aerosols the higher the mass of aerosol
transported to the plasma. For the HSM two other
factors should also be taken into account—the fact that
the aerosol cone was wider than for the other three
nebulizers and the evidence that the aerosol was directed
against the inner walls of the spray chamber (Fig. 1b).

Table 6 gathers the values of the analyte transport
efficiency, g,, and the analyte transport rate, W,,. First,
it can be observed that, among the systems tested, the
HEN and PFA afforded the highest values of ¢, and
Wiot. The second column of Table 6 includes the results.
Good correlation was established in qualitative terms
between analyte transport and aerosol concentration.
However, quantitatively speaking there was disagree-
ment between W, (and g,) and aerosol concentration.
Thus, for example, at 10 pL min~' it can be observed
that for the HEN W, was 6.3 times higher than for the
HSM. Meanwhile, the value of the HEN to HSM ter-
tiary aerosol concentration was 5.4. The reason for this
discrepancy can be found by considering that an
important fraction of the tertiary aerosol was not con-
sidered when characterizing it (i.e. droplets with diam-
eters within 0.7 ym and the cut-off diameter whereas
Wit represented the total tertiary aerosol.

T T T

200 400
D,(nm)

800

ICP-AES analytical figures of merit

The sensitivities correlate strongly with the liquid flow
rate and the nebulizer tested. Under the conditions tes-
ted in this work the emission intensity relative standard
deviations ranged from 0.5 to 2%. Figure 3 shows the
average relative sensitivity obtained for the PFA, HSM,
PNM, and MM micronebulizers operated at four dif-
ferent liquid flow rates. To calculate the average relative
sensitivity, the signal found for each of these four neb-
ulizers was divided by those provided by the HEN. This
procedure was followed for a set of 14 emission lines.
Finally the average value of these relative signals was
calculated. As expected from the W, and g, data, the
HSM provided lower ICP-AES emission intensities than
the other systems tested. At 17 pL min~' both HEN and
PFA provided similar sensitivities and up to four times
higher than those encountered for the HSM. Qualita-
tively, these results were in agreement with W, (Ta-
ble 6). Nonetheless, the signal improvement factor was
lower than that for analyte transport. This disagreement
could be explained by the fact that positioning the HSM
was critical; because the aerosol cone deviated (Fig. 1b),
a slight change in the relative position of the tip could
severely affect the extent of analyte losses in the spray
chamber.

Table 6 Tertiary aerosol concentration, analyte transport efficiency, €,, analyte transport rate, W, and Mn analytical signal obtained for

the different nebulizers tested

Nebulizer Aerosol concentration g, (%) and W, (ug min~1)° Signal for Mn 257.610 nm*

(Hm3 Cm—})u

30 pL min~! 10 uL min~" 30 pL min~' 10 uL min~" 30 pL min~! 10 uL min~"
HSM 17 6.3 14 (0.7) 4 (0.6) 9,258 5,918
PMN 16 10 - 11 (1.7) 15,115 10,039
MM 61 23 30 (1.5) 12 (1.8) 19,156 12,775
PFA 73 30 73 (3.7) 28 (4.2) 27,844 20,702
HEN 79 34 88 (4.5) 26 (3.9) 31,254 23,487

4RSD from three measurements < 3%
PRSD from three measurements < 10%
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Figure 3 shows that for the HSM and PMN the
average relative intensity increased as the liquid flow rate
was increased (i.e. the signal improvement achieved by
use of HEN and PFA decreased as Q) increased). Thus,
for example, at 140 uL min~' liquid flow rate the
improvement factor (i.e. average relative signal for the
HEN or PFA divided by that for the HSM) dropped to
1.3 and 1.5 for the PFA nebulizer and the HEN,
respectively. Therefore, the use of these two nebulizers
seemed to be advantageous with respect to the HSM
mainly at liquid flow rates of a few tens of microliters
per minute.

Limits of detection (LOD) were obtained by follow-
ing the 3op criterion, where o is the absolute standard
deviation of ten consecutive measurements of the blank.
Figure 4 shows the values of LOD for the nebulizers and
emission lines tested in this work at two different liquid
flow rates. At 17 pL min~' (Fig. 4a) the LOD were
lower for the HEN, MM, and PFA nebulizers than for
the HSM. The relative average limits of detection were
3.3, 3.2, and 4.9 for the HEN, MM and PFA, respec-
tively. However, at 140 pL min~' (Fig. 4b), the value of
the improvement factor was 1.8 irrespective of the neb-
ulizer tested. Again, the results demonstrate that the
HSM is not suitable for work at liquid flow rates of the
order of several tens of microliters per minute, at least
with clean water solutions.

Analysis of food certified reference materials

Once the samples were dissolved, they were analyzed by
using plain water standards. The recoveries found for
the two food samples are presented in Fig. 5 for the five
micronebulizers operated at 17 uL min~'. It can be
observed that, in general terms, the recoveries were
higher for the HEN and the PFA than for the other
three nebulizers. According to these data, the nebulizers

25 70
Qi (ul min-)

140

providing lower Wy, values were those which afforded
the lowest recoveries. In general terms, the liquid flow
rate did not have a noticeable effect on the recoveries for
the different nebulizers. Only the HEN exhibited average
recoveries that were slightly lower at 17 uL min~' (55
and 61% for bovine liver and mussel tissue, respectively)
than at 140 pL min~' (for which the respective values
were 63 and 69%). It has previously been indicated that
at low liquid flow rates the interferences caused by
inorganic matrices are more severe than at conventional
liquid flow rates [25]. This trend, however, is strongly
correlated with spray-chamber design and it has proven
to be less pronounced for cyclonic than for double-pass
spray chambers [28].

ICP-MS studies

As mentioned in the experimental section, the single pass
spray chamber was used for the ICP-MS experiments.
Usually, this spray chamber is operated with an impact
bead placed in front of the nebulizer. However, it was
observed that at low liquid flow rates the impact bead
induced a sharp drop in the sensitivity because a large
fraction of the solution was lost as it impacted against it.
Furthermore, the position of the nebulizer nozzle rela-
tive to this surface was critical. This is illustrated in
Fig. 6 in which the '"In ionic intensity is reported for
four different nebulizer positions at four liquid flow rates
when the PFA nebulizer was used. The nebulizer has
been recessed by 5, 10, and 15 mm relative to the default
initial position. It can be seen that the signal sharply
increased when the nebulizer was moved back relative to
the spray chamber. This caused the nebulizer tip-to-
impact surface gap to increase from approximately
5mm (i.e. the default position) to 20 mm. Then it
reached a plateau. Obviously, an increase in this distance
enhanced the chance of droplets being transported to the
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plasma. Note that the cone diameter of the aerosol
generated by the nebulizer increased with the distance.
As a result, the bead intercepted a lower aerosol volume
as the nebulizer was moved back and, hence, the mass of
analyte transported towards the plasma went up. Posi-
tioning the nebulizers studied at the same distance from
the impact bead was difficult because of their different
lengths.

For the reasons mentioned above, in this work the
impact bead was removed. As Fig. 1d illustrates, a
capillary was introduced inside the chamber via the
drains to introduce a make-up argon stream. Thus, the
nebulizer gas flow rate was kept constant at the same
value as used for ICP-AES studies. This was done
because for nebulizers such as the HEN and HSM, the
pressure required to reach the optimum plasma central
gas flow rate, i.e. 1.05 L min~!, was about 10 and 7 bar,
respectively. Such high pressure values could make it
necessary to use special (perhaps metallic) gas conduc-
tors instead of the Tygon and Polyimide tubing
employed in this work.

For each nebulizer and liquid flow rate the operating
RF power, the ion optics, the torch position and the
carrier argon flow rate were optimized by monitoring the
"“In signal. The results obtained indicated that the
optimum make up argon flow rate was 0.3 L min~',
irrespective of the nebulizer and liquid delivery rate.
Nonetheless, the plasma RF power that provided the
highest value of the '"’In ionic intensity was dependent
on the liquid flow rate. Four values of Q; were tested: 30,
60, 120 and 300 pL min~'. It was found that for the first
two values the optimum RF power was 1.2 kW, whereas
for the remaining two @, values, the highest indium
signal was reached at 1.35 kW.

Figure 7 shows the signals found in ICP-MS for the
HEN, PFA, MM, and HSM for a set of 13 isotopes
covering a wide range of masses. The RSD (n=9) of the
signal was always below 5%. As expected from the
results discussed in the ICP-AES section, the HEN and
PFA nebulizers led to higher ion intensities than the
MM and HSM. Because of the characteristics of the
aerosol generated by the latter nebulizer (Fig. 1b), a
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Fig. 5 Recoveries for the
different nebulizers obtained at
17 pL min~"' for bovine liver
(a) and mussel tissue (b). Black
bars HEN, white bars PFA
nebulizer, grey bars MM,
dashed bars PMN, and
crosshatched bars HSM.
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large fraction of it impacted against the inner walls of
the chamber and, hence, the signal was the lowest among
the nebulizers tested. At 300 pL min~', the average
signal improvement factors of concentric nebulizers
relative to those for the HSM were 2.3 for the HEN and
PFA and 1.7 for the MM. However, as in AES, at liquid
flow rates of several tens of microliters per minute (e.g.
30 uL min~") the differences between HEN (or PFA)
and HSM were more significant. Under these condi-
tions, the average relative signals (i.e. the signal for HEN
or PFA divided by that for the HSM) were 3.5 for these
two nebulizers, whereas it was just 1.5 for the MM.
These results confirm the suitability of HEN and PFA
for analysis of microsamples by ICP-MS.

Doubly charged species and oxide levels were moni-
tored by means of the Ce” "/Ce™ and CeO " /Ce™
ratios, respectively. Globally it was found that these
ratios did not change significantly as a function of the
nebulizer. Thus, at 60 uL min~" the doubly charged
ratios were 1.1, 0.7, 0.8, and 1.7% for the HEN, PFA,
MM and HSM, respectively. The corresponding values
for the oxide ratios were: 3.4, 2.9, 6.1, and 7% for the
same nebulizers. These expected results could be attrib-
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Fig. 6 '"°In signal intensity for four different nebulizer positions
relative to the impact bead for the PFA nebulizer operated at
different liquid flow rates, Q. Black bars Q;=30 pL min~"', white
bars 0,=60 pL min~"', grey bars Q=120 uL min~", crosshatched
bars Q;=300 uL min~'. Q;=0.75 L min~"
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It

uted to the fact that, unlike the amount of analyte, the
mass of solvent transported towards the plasma was
similar for the four nebulizers tested. The fraction of
solution that impacted against the inner walls of the
chamber evaporated, at least partially, and the differ-
ences in terms of solvent transport as function of the
nebulizer were less significant than the effects on Wi,
[12].

The limits of detection are shown in Fig. 8. Accord-
ing to the data presented in Fig. 8a, the LOD were lower
for the three pneumatic concentric nebulizers (the aver-
age relative limits of detection were 6.6, 3, and 3.6 for
the HEN, PFA, and MM, respectively) than for the
HSM. The results obtained for the PFA nebulizer were
mainly because of the increase in the blank standard
deviation (n=20) relative to those of the other two
concentric nebulizers. Meanwhile, at 300 uL min~'
(Fig. 8b), the PFA nebulizer seemed to give rise to LOD
lower than or similar to those measured for the HEN.
The LOD provided by the PFA were, on average, a

55Mn 59Co  6ONi 65Cu 6Zn 69Ga 88Sr 111G 115|n 137Bg 205T]| 206Pp 209B;

factor of 3.7 lower than those afforded by the HSM, this
factor being 2.9 and 1.1 for the HEN and MM,
respectively.

As regards the analysis of the reference food samples,
after digestion the resulting solutions were filtered and
they were diluted 200-fold with Suprapure nitric acid.
The estimated nitric acid concentration in these solu-
tions was 2 mol L' . The results were quite similar in
relative terms to those shown for optical emission.
Nebulizer design had little effect on the recoveries
obtained.

Future improvements

The results obtained from the comparison made in this
work indicate that PFA and HEN are better suited to
the analysis of microsamples by atomic spectrometry
than the MM, HSM, and PMN. The results obtained
with the PFA device are similar to those afforded by the
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HEN even though the pressure applied to the argon
stream is about a factor of three times lower. This could
be explained by considering that the liquid sample pre-
filming occurring at the tip of the nebulizer enhances
liquid—gas interaction. In other words, the gas kinetic
energy is more efficiently used in aerosol generation for
the PFA than for the HEN. Another advantage of the
PFA nebulizer is that it can be adapted to the spec-
trometer gas line whereas a high pressure gas line should
be used for the HEN.

Incorporation of the prefilming effect in the aerosol
generation mechanism is beneficial in order to achieve
closer and more efficient gas—liquid interaction. As has
been demonstrated throughout this work, it improves
the characteristics of the aerosols, solution transport to
the plasma, and analytical figures of merit in both ICP—

i I]EI«”JT

[ | &
65 ‘ 69 88 ‘1 11 115 137 205 206 ‘ 209Rj
Cu 6Ga 8gr "1Cd In 137Ba 205T]| Pb 209Bj

AES and ICP-MS. The prefilming leads to a decrease in
the liquid vein thickness. Hence, it is possible to increase
the nebulizer liquid capillary inner diameter without
disturbing the aerosol-generation process. It should, of
course, be taken into account that if the inner diameter
of the capillary of the nebulizer is too large memory
effects will increase. Nevertheless, a compromise i.d. can
be used (such as that shown in Table 1 for the PFA or
even higher) thus avoiding capillary tip blocking without
increasing the severity of memory effects.

Apart from this, the best nebulizer characteristics also
depend on the particular application. Thus, in capillary
electrophoresis besides the analytical figures of merit an
important point that should be considered is whether the
nebulizer aspirates the solution freely or not [29]. Neb-
ulizers that do not tend to aspirate the solution are



preferred in order to mitigate changes in laminar flow.
According to the data summarized in Table 5, the HEN
could be regarded as more appropriate for CE-ICP
coupling, because for this system the free liquid uptake
rate is lower than for the others. Nonetheless, there still
is a given suction effect that should be minimized. In
order to reduce it, it would be useful to reduce the
velocity of the gas stream at the liquid—gas interaction
point. In this way the drop pressure, responsible for the
solution aspiration, would decrease. This could be
achieved by recessing the nebulizer sample capillary. In
the PFA nebulizer the liquid capillary end was located
7 mm from the nebulizer tip. Apparently, this recess was
not enough to eliminate the solution suction effect (Ta-
ble 5). Therefore, either higher capillary recess degrees
or nebulizer nozzle cones with high angles should be
tested.

The results found for the PFA nebulizer in terms of
analytical figures of merit could be further improved by
reducing the orifice cross-sectional area. This would
require increasing the gas pressure. From theoretical
calculations it was concluded that PFA nebulizers with
an orifice cross-sectional area 40 and 20% lower than
that used in this work (ie. 1.2x107> mm? and
1.7x1072 mm?, respectively, instead of 2.1x10~> mm?
for the PFA nebulizer used in this study) should provide
better results in ICP-AES and ICP-MS, respectively.
This would give rise to nebulizer tip bores with diame-
ters of 120 and 150 pm, respectively. Presumably, tip-
blocking problems would not be observed with such
dimensions, whether working with high salt-content
solutions or with slurries.

The HSM has been developed for the analysis of high
salt-content solutions and slurries. Obviously, despite
the low sensitivities and high limits of detection resulting
from use of this nebulizer compared with conventional
nebulizers, with this kind of sample the HSM would lead
to superior performance. Note that for use of the HEN,
for instance, every solution must be filtered—otherwise
the sample capillary becomes quickly, and sometimes
irreversibly, blocked. With the micromist blocking
problems are seldom encountered when working with
high salt-content solutions; likewise, the PFA can run
salty solutions without tip blocking.
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