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ABSTRACT: Thermospray aerosols are generated by forcing a liquid sample through a capillary tube that is 
heated to partially vaporize the solvent, resulting in a blast of vapor that converts the remaining liquid to droplets. 
The droplet size character of thermospray aerosols can be electrically varied by changing the temperature and 
degree of solvent vaporization of the liquid stream. The primary droplets produced by thermospray under optimal 
conditions are smaller on average then those produced by pneumatic nebulizers, particularly of the types used for 
inductively coupled plasmas (ICPs). Solvent vaporization is enhanced for smaller particles and higher tempera- 
tures, with both aspects leading to faster size reduction due to solvent evaporation than would occur with pneumatic 
sample introduction at room temperature. As smaller droplets are more efficiently transported through sample 
introduction systems, the use of thermospray aerosol generation provides higher analyte transport, higher sensi- 
tivity, and lower LODs than pneumatic sample introduction with most atomic spectrometric detectors. Factors that 
affect the extent of improvement are the operating temperature of the thermospray vaporizer, the temperature of 
the spray chamber, the presence or absence of a desolvation system, the diameter of the capillary, and the liquid 
sample flow rate. The absence of desolvation results in degradation of excitation conditions within ICPs, and in 
smaller improvements in analytical peformance with ICP atomic emission spectrometry (ICP-AES). Smaller 
capillary exit diameters provide better performance. Specific LOD improvements with thermospray sample 
introduction compared to pneumatic sample introduction vary, but typically are a factor of 15 to 25 times lower 
when desolvation is used with thermospray, and when both systems operate at comparable flow rates. Matrix 
effects are generally higher with thermospray sample introduction than with pneumatic sample introduction, but 
are comparable to those reported for ultrasonic nebulization. Thermospray systems have been shown to provide 
LODs an order of magnitude lower than that obtained with pneumatic sample introduction, even in the presence 
of high dissolved solids, such as 3000 pdml  Ca. Thermospray capillaries as small as 25 to 50 pm can operate 
effectively at optimal conditions with high dissolved solids content samples, without problems of capillary 
clogging. 

Thermospray sample introduction has most often been applied to ICP-AES; but also has been studied with ICP- 
mass spectrometry, flame atomic absorption, and even graphite furnace atomic absorption. The principle applica- 
tions of thermospray sample introduction to ICP-AES to date have been to environmental analyses, and for 
detection of discrete samples resulting from flow injection and liquid chromatography. For discrete sampling 
methods, the advantages are the low extra-column volumes of thermospray systems, which minimize dispersion, 
and improved sensitivity, which counteracts the effects of unaviodable dispersion, particularly during chromato- 
graphic separations. 

KEY WORDS: thermospray, aerosol techniques, particle size distribution, inductively coupled plasma-atomic 
emission spectrometry, inductively coupled plasmas-mass spectrometry, flame atomic absorption, limits-of- 
detection, matrix effects, environmental analysis, flow injection analysis, metal speciation. 
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1. INTRODUCTION 

Determinations of the concentrations of ele- 
ments in matter are extremely important to the 
characterization and prediction of the properties 
of any material. Techniques based on measure- 
ments of optical photons or ions from, or interact- 
ing with, an atomized gas-phase version of the 
material are perhaps the most widely used for this 
purpose. Such atomic spectrometric methods are 
widely performed using flames or plasmas,'** 
which are used for the high-temperature decom- 
position, atomization, and excitation/ionization of 
analytical samples. These samples for atomic spec- 
trometry are most commonly in liquid form be- 
cause of the practical ease of sample dilution, 
sample handling, and standards preparation that 
liquid solutions allow. However, bulk liquid 
samples or streams are not directly compatible 
with flames and plasmas. To facilitate sample- 
source interaction, aerosol techniques are com- 
monly employed to disperse the sample within a 
carrier gas that is injected into the flame/plasma. 
Energy from the source is then used to dry the 
analyte-containing droplets (i.e., the solvent is 
removed via evaporation), vaporize the resulting 
dry particles, and decompose the subkequent 
molecular species to atoms and ions. As the sol- 
vent and dissolved solids must be rapidly vapor- 
ized prior to signal measurement, aerosols are 
excellent media for these processes by virtue of 
the high surface-area-to-volume ratios, and there- 
fore high vaporization rates, that they provide. 
Furthermore, as excessive amounts of solvent can 
lower the temperature of the flame/plasma source 
such that the steps prior to signal measurement 
may be inefficient, rapid solvent vaporization and 
removal prior to the source can be performed 
using aerosol interfacing methods. 

Aerosol sample introduction methods are em- 
ployed for almost all practical analyses with flame 
atomic absorption (FAA), inductively coupled 
plasma atomic emission spectrometry (ICP-AES), 
and inductively coupled plasma mass spectrom- 
etry (ICP-MS). Currently, these are the major 
atomic spectroscopic  method^,^ particularly for 
metallic elements, along with graphite furnace 
atomic absorption spectrometry (GFAAS) for 
which aerosol interfaces are not commonly em- 
ployed. 

Despite such wide application with atomic 
spectrometric methods, the aerosol interface is 
generally considered to be the weak link in the 
experiment, substantially limiting the analytical 
capabilities of each method. As such, substantial 
research has been devoted to the development of 
new strategies for aerosol interfacing and to a 
greater understanding of fundamental aerosol 
sample introduction phenomena. Aerosol tech- 
niques also have been developed for other ana- 
lytical applications. One example of this is 
thermospray, as developed by Vestal and co-work- 
ers," for coupling liquid chromatography to mass 
spectrometry (LC-MS). The purpose of this paper 
is to review fundamental and applied aspects of 
sample introduction to atomic spectrometry based 
on aerosol generation by thermospray, which has 
also shown particular capability to alleviate the 
traditional sample introduction limitations to 
atomic spectrometry. 

II. BACKGROUND 

Much of the current knowledge and terminol- 
ogy of conventional aerosol sample introduction 
has been summarized clearly by Br~wner .~  A 
typical aerosol sample introduction system for 
atomic spectrometry is shown in Figure 1. Aero- 
sol is generated by a component called a nebulizer 
and contained within a spray chamber. An impor- 
tant characteristic of aerosols produced by any 
source is particle size. Aerosols can generally be 
considered to be either polydisperse or monodis- 
perse, in terms of the distribution of particle sizes 
present within the aerosol. Aerosols from most 
nebulizers consist of particles having a consider- 
able range of sizes, i.e., they are polydisperse. For 
analytical applications, the initial distributions of 
aerosol particles produced by nebulizers have been 
termed primary aerosols.6 

Since particle sizes characterize aerosols pro- 
duced by nebulizers, it is useful to consider some 
of the ways by which aerosol particle size distri- 
butions are depicted. One characteristic of aero- 
sols is that they consist of numerous, discrete 
particles. Consequently, one way to evaluate aero- 
sols is in terms of the number of particles as a 
function of size. In addition, different particle 
sizes can contain significantly different fractions 
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FIGURE 1. Typical aerosol sample introduction system. 

of the sample volume (or mass) distributed in the 
aerosol cloud. For example, a 0.1-pm diameter drop- 
let contains only 0.1% of the volume of a 1-pm 
droplet. Figure 2 depicts a theoretical size distribu- 
tion evaluated on number and volume bases. 

Particle Size 

FIGURE 2. Comparative number and mass size distri- 
bution data for example aerosol. 

To simplify representation of particle size dis- 
'tributions, average or median sizes are commonly 
used to describe polydisperse aerosols. Some com- 
monly used values are the number mean diameter 
(dn), which is the particle size that bisects the total 
number of particles within the distribution; the 
Sauter mean diameter (ds), which is the size that 
bisects the surface-area-to-volume ratio of the 
distribution; and the mass median diameter (dm), 
which represents the median size based on the 
total aerosol mass. For most polydisperse aero- 
sols of interest to sample introduction for chemi- 
cal analysis, dn << d, - d,. Since d, represents 
the distribution of mass within the aerosol and 
signals produced by atomic spectrometric meth- 
ods are related to analyte mass, this value and the 
often comparable d, are usually the preferred mean/ 
median values for representing analytical aero- 
sols. Also labeled in Figure 2 are dn and d,. 

Within instrumentation, primary aerosols are 
subjected to many phenomena that act to modify 
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the droplets prior to interaction with the analyte 
detector such that the size distribution is highly 
dynamic. Aerosols reaching the detector are called 
tertiary aerosols (Figure 1) and typically have 
dramatically different size distributions from pri- 
mary aerosols as a result of these modification 
processes. Solvent evaporation causes particle size 
decreases; since evaporation is a surface phenom- 
enon, evaporation rates are highest for the small- 
est particles, which have the highest surface-area- 
to-volume ratios. Particle coagulation, especially 
prominent in dense aerosols and turbulent aerosol 
formation stages, causes particle size increases. 
Turbulence within a spray chamber causes im- 
paction of larger particles with surfaces, leading 
to generally undesirable analyte losses and a shift 
of the aerosol distribution to smaller sizes. Other 
processes, such as gravitational settling and cen- 
trifugal effects, can be important sources of analyte 
loss and inefficiency depending on the specific 
configuration of the instrument. In any case, par- 
ticle size plays a major role in determining the 
efficiency of analyte transport to most detectors. 
For any analyte concentration, the product of this 
efficiency and the sample input rate to the nebulizer 
determine the analyte mass flux to the source, and 
therefore the mass of analyte available per unit 
time for signal production. 

Pneumatic nebulizers are by far the most com- 
mon means for aerosol generation with atomic 
spectrometry. These nebulizers employ a high- 
velocity gas jet to blast a liquid stream into aero- 
sol droplets. Many geometric configurations of 
pneumatic nebulizers have been employed, but 
the most common designs are cross-flow and 
concentric arrangements of the gas and liquid 
flows. 

One of the major advantages of these 
nebulizers is their great simplicity. However, 
pneumatic sample introduction significantly lim- 
its the performance of atomic spectrometric meth- 
ods in a variety of ways. The aerosols produced 
by pneumatic nebulizers under conditions com- 
patible with flames or plasmas are highly polydis- 
p e r ~ e . ~  The fraction of aerosol particles that is too 
large to produce a useful signal and/or would lead 
to large matrix interferences is typically 90 to 
95% in the case of flames, or 99% in the case of 
inductively coupled plasmas6 These aerosol par- 
ticles are removed by the accompanying spray 

chamber and lost to waste (Figure 1). As a result, 
the flux of analyte mass into the source is one to 
two orders of magnitude lower than the flux into 
the sample introduction system, leading to lim- 
ited sensitivity and inefficiency. One effect of 
reduced sensitivity will be poorer lower limits of 
detection (LODs) than would be anticipated for a 
more efficient process. In addition, these pneu- 
matic sample introduction techniques are known 
to introduce noise to the measurement process, 
degrading precision and further degrading LODs 
that might be obtained. Importantly, the analyti- 
cal performance of well-designed pneumatic 
nebulizers of different geometric type is largely 
invariant; that is, the analytical figures of merit 
for th,c overall atomic spectrometer are generally 
within about a factor of 2, regardless of the type 
of pneumatic nebulizer empl~yed .~- '~  Thus, there 
appears to be a fundamental limitation to the per- 
formance of pneumatic nebulizers. This likely 
results from the fact that for any experiment, the 
flow of gas for the nebulizer is constrained to that 
for stable performance of the source, limiting the 
energy available for aerosol formation to the 
amount supplied by that limiting flow of gas." 

Among alternatives to pneumatic sample in- 
troduction, ultrasonic nebulization (USN) has been 
of long-standing intere~t.~ In this case, the liquid 
sample flows across the surface of an ultrasonic 
transducer powered by an RF power supply. Aero- 
sol formation is thought to occur as a result of 
cavitation or geyser formation, and it has long 
been assumed that USN aerosols are highly mono- 
disperse.12 Recently, Browner has shown that the 
particle size distributions for tertiary USN aero- 
sols only appear monodisperse if viewed as a 
number di~tribution;'~ these studies have indi- 
cated that when viewed as a function of mass, 
primary and tertiary USN aerosols provide broader 
particle size distributions than even pneumatic 
nebulizers. However, when USN aerosols are 
desolvated (i.e., the aerosols flow through a heated 
chamber followed by a condenser), enhanced 
LODs are obtained, particularly with ICP sources. 
Typically, LODs for ICP-AES using USN with 
desolvation are about a factor of 10 lower than 
those obtained by conventional pneumatic sample 
introd~ct ion. '~~ '~ A further advantage of USN for 
ICPs is the fact that the aerosol formation process 
is disengaged from the aerosol injection flow rate. 

116 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



With pneumatic sample introduction to ICPs, the 
aerosol generation gas flow also is used to inject 
the aerosol into the plasma; as this gas flow will 
significantly influence the aerosol characteristics 
and the plasma operation, it is not known whether 
optimum flows employed are indeed a compro- 
mise of one or both of these factors. 

Despite the improved LODs observed with 
USN sample introduction to ICPs, such systems 
have not gained wide acceptance, primarily as a 
result of the high cost of the complete system (RF 
power supply, transducer, and desolvation sys- 
tem), larger matrix effects, lack of long-term sta- 
bility and reliability, long washout times, memory 
effects, and large dead volumes for discrete sam- 
pling methods,16 although Fassel and Bear have 
recently disputed some of these reservations.” 

111. THERMOSPRAY 

A. Aerosol Generation Processes 

When liquid is pumped through a capillary 
tube and heated uniformly along the length of the 
tube, a significant temperature gradient must ex- 
ist from entrance to exit as the liquid temperature 
is raised from ambient. If the energy input to the 
tube is sufficient to cause partial vaporization of 
the liquid, the fraction of vapor produced from the 
liquid also will increase as the exit of the tube is 
approached. Vapor exiting the capillary will be of 
sufficiently high velocity to convert the remain- 
ing liquid to an aerosol, perhaps by the same 
surface stripping mechanisms postulated to cause 
droplet formation with pneumatic nebulizers? 
Overall, this describes the process of thermospray, 
as depicted in Figure 3A. As suggested in this 
figure, such a thermospray system is conceptually 
similar to a concentric pneumatic nebulizer (Fig- 
ure 3B), with the primary distinctions being that 
for thermospray (1) the nebulizing gas results 
from the liquid sample itself and is therefore not 
a permanent gas; (2) the aerosols are formed at 
higher temperatures; (3) the liquid sample and 
aerosols are partially desolvated at formation as a 
result of the thermospray process; and (4) the 
liquid and gas flows are not separated by a physi- 
cal boundary prior to the exit of thermospray 
vaporizers. Invariably, the capillaries employed 

with thermospray have internal diameters less than 
150 pm; moderately high pressures are required 
to pump solutions through such capillaries. Con- 
sequently, pumps of the type used for HPLC are 
typically used with thermospray. 

FIGURE 3. Conceptual depiction of thermospray aero- 
sol generation (top), with comparison to concentric 
pneumatic nebulization (bottom); not to scale. 

If the inlet temperature (T,) and the outlet 
temperature (T,) of a thermospray vaporizer are 
monitored, a characteristic plot of T, vs. T, can be 
obtained as exemplified by Figure 4. At low tem- 
peratures, increases in power input to the vapor- 
izer cause both the inlet and outlet liquid tempera- 
tures to increase at comparable rates. An inflec- 
tion point is observed for conditions that initiate 
vaporization at the outlet. Beyond this point, in- 
creases in applied power over a considerable range 
cause the inlet temperature to rise, while the out- 
let temperature does not change significantly. This 
is so because the outlet consists of an equilibrium 
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FIGURE 4. T, vs. T, plot for typical thermospray va- 
porizer. 

mixture of liquid and vapor; as long as some 
liquid remains unvaporized at the outlet, the out- 
let temperature cannot exceed the boiling point 
for the solvent. At higher powers, a second inflec- 
tion point is observed, corresponding to the point 
where solvent vaporization at the outlet is com- 
plete. Increasing the power input to the vaporizer 
beyond this point causes the vapor temperature to 
rise, while the point of complete vaporization 
retreats farther toward the inlet of the capillary 
tube. The region of the curve from the first to the 
second inflection point corresponds to increasing 
fractions of solvent vaporization at the exit, con- 
ditions where an aerosol is formed, and thus the 
range of conditions generally of interest for sample 
introduction. The fraction of solvent vaporized 
determines the liquid-to-gas flow ratio at the exit 
of the capillary and is an important determinant 
for the properties of the aerosols that result. Ves- 
tal has provided an excellent fundamental de- 
scription of thermospray? 

Figure 5 shows four frames for the tip of a 
thermospray vaporizer at different temperatures. 
Frame a is for a temperature before the first in- 
flection point in Figure 4, providing no solvent 
vaporization and simply a liquid stream. In frame 
b, the temperature has been adjusted to just above 
the first inflection point. A small degree of sol- 
vent vaporization is provided, resulting in the 
formation of a relatively coarse aerosol as evi- 
denced by the large droplets in the lower portion 
of the frame. Frame c shows aerosol produced 
with an intermediate degree of vaporization; a 
dense aerosol is produced and comparison to frame 
b shows the absence of the large droplets at the 
higher temperature. In frame d, the vaporizer is 

heated to near complete vaporization and the aero- 
sol density appears reduced as the aerosol is shifted 
to smaller sizes, which scatter visible light less 
efficiently. So, Figure 5 visually shows that the 
particle size distribution of thermospray aerosols 
can be electrically varied by changing the vapor- 
izer temperature and thereby the degree of solvent 
vaporization and the amount of solvent vapor 
available for aerosol formation. Higher tempera- 
tures and fractions of solvent vaporized also in- 
crease the extent of analyte desolvation within the 
vaporizer. 

B. Aerosol Size Measurements 

Direct measurements of primary thermospray 
aerosols have been made using a laser Fraunhofer 
diffraction technique. l 8  For these studies, 
thermospray aerosols were found to be highly 
polydisperse, as depicted in Figure 6. These data 
were obtained just beyond the tip of a relatively 
large internal diameter thermospray capillary 
(150 pm) by current standards. The size distribu- 
tions are seen to shift to smaller droplets as the 
exit temperature is increased from 130 to 145 to 
165°C. Number median diameters for these 
thermospray aerosols were typically 2 pm, com- 
pared to values greater than 10 pm measured 
using the same particle measurement technique 
for primary aerosols produced by a wide range of 
pneumatic nebulizers.8 As the measurement dis- 
tance from the thermospray vaporizer tip was 
increased to 25 mm, further decreases in size 
were observed. l8  Clearly, solvent evaporation with 
thermospray is initially enhanced by the higher 
temperature of these droplets. However, it is im- 
portant to note that these measurements were made 
for thermospray aerosols sprayed into the open 
atmosphere; size distribution modification pro- 
cesses will be significantly affected by the pres- 
ence of an enclosing spray chamber and the ge- 
ometry, temperature, solvent vapor pressure, and 
absolute pressure of that chamber. 

As indicated above, size distributions of aero- 
sols change dynamically during transport through 
an aerosol interfacing system, such that the ter- 
tiary aerosols reaching the detector are dramati- 
cally different from the primary aerosols. Indirect 
measurements of tertiary thermospray aerosols 
(i.e., aerosols that have been processed through a 
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FIGURE 5. Effluent from a 50-pm fused silica aperture thermospray 
vaporizer for different degrees of solvent vaporization: (a) prior to solvent 
vaporization: (b) just above temperature for onset of vaporization; (c) 
intermediate degree of vaporization; (d) nearly complete solvent vapor- 
ization. Note that the droplets in (b) are visibly larger and gravitationally 
settle in the lower right hand corner, compared to c and d. 
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FIGURE 6. Primary aerosol particle size data for thermospray obtained 
using laser Fraunhofer diffraction for a low temperature (diamonds), interme- 
diate temperature (squares), and a high temperature (triangles); 150-pm i.d. 
stainless steel capillary, 1 -ml/min water. (From Koropchak, J.A.; Winn, D.H. 
Appl. Spectrosc. 1987, 41, 131 1. With permission.) 

spray chamber) also were made using a light scat- 
tering approach.I9 In this case, the aerosols con- 
tained a moderately high concentration of non- 
volatile salt and were evaporated to dryness 
(desolvated) prior to measurement. The sizes of 
the original particles were calculated using the 
following relationship: 

D, = D, (C/P)”~ 

where D, is the diameter of the desolvated drop- 
let, D, is the initial droplet size, C is the nonvola- 
tile solute concentration, and p is the solute den- 
sity. One conclusion of this study was that 
thermospray produced a greater abundance of 
small particles than pneumatic nebulizers. Mea- 
surements of aerosols processed through a mem- 
brane diffusion desolvation apparatus were made 
by Wilkes20 using a differential mobility particle 
size analyzer (DMPS); this study also concluded 
that thermospray provided a larger number of 
small particles than did a concentric pneumatic 

nebulizer. Zanin and co-workers2’ also measured 
desolvated tertiary aerosols from several nebulizer 
types using DMPS, which can measure particles 
down to 10 nm in diameter. Figure 7 shows the 
results of these measurements. Although different 
spray chambers, different dissolved solids levels, 
and different solvents were used in each case, 
comparison of the data for the pneumatic nebulizer 
(a), and the thermospray nebulizer (c) is not unrea- 
sonable. These graphs indicate that the desolvated 
thermospray aerosols actually are larger than the 
desolvated pneumatically generated aerosols. This 
is so in part because with thermospray the analyte 
is preconcentrated in the liquid phase prior to 
aerosol formation as a result of the solvent vapor- 
ization required for thermospray aerosol genera- 
tion. If the primary aerosols formed are compa- 
rable in size for both pneumatic and thermospray 
nebulizers, desolvated thermospray aerosols must 
be larger because the concentration of dissolved 
solids at aerosol formation is higher with 
thermospray. However, it also is notable that the 
y-axis is an order of magnitude larger for the 
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FIGURE 7. Particle size data for desolvated aerosols from (a) a pneumatic 
nebulizer; (b) electrospray; and (c) thermospray obtained using a differential 
mobility particle sizer (DMPS). (From Zarrin, F.; Kaufman, S.L.; Socha, J.R. 
J. Aerosol Sci. 1991, 22, S343. With permission.) 
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thermospray size distribution, so that the number 
of particles measured for the thermospray system 
is much larger than for the pneumatic system. As 
the particles also are larger, the total dissolved 
solids mass (e.g., including analyte) transported 
as aerosol also is much larger with thermospray. 
This result would predict that thermospray sample 
introduction should be much more efficient at 
transporting dissolved solids mass than pneumatic 
sample introduction. 

Another approach to the measurement of ter- 
tiary thermospray aerosols was based on the use 
of a cascade impactor for the collection of aero- 
sols containing a moderate concentration of a test 
analyte such as CU.~* The analyte mass collected 
on each stage was analyzed separately to provide 
a distribution analyte mass as a function of par- 
ticle size. A typical set of particle size data com- 
paring pneumatic sample introduction to 
thermospray with 150- and 50-pm capillaries is 
shown in Figure 8. Clearly indicated in this figure 
is a substantially higher mass of analyte trans- 
ported in the aerosol for the thermospray systems 
operating with analyte solution input at the same 
rate as for the pneumatic system. 
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150p Capillary Thermospray 
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FIGURE 8. Particle size data for desolvated aerosols 
collected using a cascade impactor. Analyte mass (Na) 
over the size window for each stage (Ad) vs. upper 
diameter for each range. Masses were collected from 
the same initial analyte mass input to each nebulizer. 

Considering the conceptual similarities be- 
tween thermospray and concentric pneumatic 
nebulizers, it is conceivable that aerosol genera- 
tion by such pneumatic nebulizers would provide 

a means for modeling thermospray aerosol gen- 
eration. Unfortunately, although pneumatic 
nebulizers have been studied for over a century, 
aerosol generation by these methods is not well 
understood. Perhaps the best available model was 
derived by Nukiyama and Tanasawa22 as described 
by the following equation: 

1.5 

ds = 585[ $1 + 597[ ---&]””” IW?] 

where p, o, and p are the density, surface tension, 
and viscosity of the liquid, respectively; c is the 
velocity difference between the gas and liquid 
flows; Q, and Q, are the volumetric liquid and gas 
flows, respectively. The d, predicted is for pri- 
mary aerosol. Unfortunately, this model was 
empirically derived using particle sizing methods 
that are limited to the accurate measurement of 
particles larger than 5 to 10 pm; as indicated in 
Figure 6 and many measurements of pneumatic 
aerosols? aerosol particles smaller than this size 
range comprise a very significant fraction of the 
primary aerosols for most nebulizers at typical 
operating conditions and very often the major 
portion of tertiary aerosols reaching detectors, as 
indicated in Figure 8. Thus, the Nukiyama- 
Tanasawa equation (Equation 2) is not typically 
an accurate indicator of absolute particle sizes 
produced by nebulizers. The equation is, how- 
ever, often useful for predicting trends for the 
effects on ds of operating parameters or physical 
characteristics. 

In order to consider the application of the 
Nukiyama-Tanasawa equation to thermospray, it 
is possible to predict the gas flow rate at any 
operating temperature to be the product of the 
fraction of liquid vaporized (f) at that tempera- 
ture and the flow of gas that would result for 
100% vaporization (Q,), and the liquid flow rate 
at the outlet to be the product of (1 -f) and the 
input liquid flow.18 This provides a new version 
of the Nukiyama-Tanasawa equation for 
thermospray as follows: 

1.5 
(1 - f >Ql 

0.45 

d.S =585[$]t597[$k] [ ‘Oo0 fQg ] 
(3) 
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The term c' is the velocity difference between the 
liquid and gas flows as calculated by Equation 4, 

c'=e'(p*v" A -1) (4) 

where A is the cross-sectional area of the vapor- 
izer and AVv is the specific volume of vaporiza- 
tion, which for water at atmospheric pressure is 
26.2 cm3/g. 

Comparison of the calculated results of this 
model with measured d, values obtained from 
laser Fraunhofer diffraction is shown in Figure 9. 
The trends observed for the measured and calcu- 
lated data are quite similar, although the experi- 
mental data are shifted to higher degrees of va- 
porization. These differences may result from the 
differences in the particle measurement proce- 
dures used by Nukiyama and Tanasawa vs. those 
used today, or more likely from imprecise knowl- 
edge of the degree of vaporization used for the x- 
axis of the measured data. It is possible that re- 
finement of this model might provide a more 
accurate predictor for the thermospray process. A 
more satisfying model based solely on fundamen- 
tal physical principles is not currently available 
for thermospray or pneumatic nebulization. 

jO/ 25 

lo  I 
5; 0.2 0.4 0.6 0.8 1 

% Vaporization 

FIGURE 9. Sauter mean diameter (d,) vs. degree of 
vaporization for thermospray measured using laser 
Fraunhofer diffraction (dashed line) and calculated us- 
ing Equation 3 (solid line). (From M.S. thesis of D.H. 
Winn, Southern Illinois University, Carbondale, 1987.) 

Despite the limitations of this model for 
thermospray vaporization, it is possible to predict 
trends for the effects of changes in the physical 
construction and operation of thermospray vapor- 
izers on the particle size characteristics of result- 
ant aerosols. One significant effect predicted by 
this model is a reduction in particle size for de- 
creasing capillary diameters. Although no direct 
measurements of primary aerosols produced by 
thermospray as a function of capillary diameter 
have been reported, it is important to note that 
improvements in sensitivity for both thermospray 
LC-MS23 and thermospray ICP-AES24 have been 
reported for decreasing exit capillary diameters. 
Furthermore, measurements of analyte mass in 
tertiary aerosols have demonstrated large increases 
in transport efficiency for smaller capillary diam- 
eters at fixed liquid flow rates, as indicated by 
Figure 8. These effects infer that decreas- 
ing capillary diameters indeed reduce the mean 
diameters of aerosol particles produced by 
thermospray. 

C. Thermospray Aerosol Generation 
Methods 

The primary basis for the generation of 
thermospray aerosols is the input of energy into a 
liquid capillary flow. This has been accomplished 
by a variety of means. The original work with 
thermospray by Vestal and co-workers used rapid 
heating with a CO, laser25 or an oxy-hydrogen 
flame.26 Although these techniques were some- 
what successful, control of the vaporization pro- 
cess was poor, such that reproducibility and ap- 
plicability to real analyses were less than ad- 
equate. Most, if not all, current thermospray work 
is conducted using capillary tubes that are heated 
electrothermally. Within this class of systems, 
heating of the capillary is performed by either 
direct or indirect means. The indirect process is 
generally conducted by the use of cartridge heat- 
ers imbedded in a large mass heating block. This 
approach has the advantage of providing more 
gradual heating and vaporization of the solvent 
than the laser or flame methods described above. 
As a result, much greater reproducibility and sta- 
bility were obtained, as particularly observed with 
LC-MS  experiment^.^ 
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The most common method currently avail- 
able for generating thermospray involves the di- 
rect electrothermal heating of the capillary through 
which the liquid sample flows. In this case, the 
length of capillary heated is, in general, signifi- 
cantly longer than that for the indirect electrother- 
mal method; therefore, the heating process is even 
more gradual than all of the methods described 
above. The more gradual heating appears to pro- 
vide much greater control and stability to the 
degree of vaporization. As this factor directly 
determines the characteristics of the aerosols pro- 
duced, it is clear that such control should lead to 
enhanced stability of signals with detectors used 
with thermospray, and therefore improved ana- 
lytical performance. Stable control of the degree 
of vaporization also is likely to minimize the 
possibility for capillary clogging via deposition 
of nonvolatiles, especially for LC-MS experiments 
where the degree of vaporization is often set to be 
95% or more. 

Direct heating also allows for the adequate 
use of feedback control of the vaporizer 
temperature(s). If the response of the control cir- 
cuitry is sufficiently fast, feedback provides a 
means of compensating for slight variations in the 
liquid flow rate. As the capillaries employed for 
thermospray typically have sufficiently small in- 
ternal diameters (5150 pm) that high pressure is 
required for maintenance of liquid flow rates 
employed for appropriate analytical experiments 
(0.5 to 2 ml/min), high-pressure pumps of the 
type employed for HPLC are generally required 
for liquid flow metering. As these pumps are 
usually reciprocating piston types that do exhibit 
flow pulsations, such compensation for flow varia- 
tions is desirable. Vestal and Fergusson have de- 
scribed a triac-controlled system that is commonly 
employed for many current thermospray experi- 
m e n t ~ . ~ ~  

For the most part, capillaries used for 
thermospray generation are often 1.6-mm outer 
diameter stainless steel tubes of appropriate inner 
diameter. Fused silica capillaries also are used by 
some workers. With fused silica capillaries, the 
heating process is less direct, as the fused silica 
tube is inserted into a stainless steel tube or heater 
block that is directly heated. An advantage to 
fused silica capillaries is their chemical resistance 

to samples and mobile phases containing halides, 
which corrode stainless steel. 

The model for thermospray aerosol genera- 
tion described earlier suggested that one means of 
reducing particle size with thermospray aerosols 
would be to reduce the internal diameter of the 
capillary employed. One way to do this with ei- 
ther stainless steel or fused silica is simply to 
choose smaller internal diameter capillaries. How- 
ever, if sample/mobile phase flow rates on the 
order of 1 ml/min are to be employed, the pres- 
sures required are excessive for significant lengths 
of capillary with internal diameter less than about 
75 pm. It is subsequently possible to split off or 
reduce the sample flow; however, as detectors 
such as ICPs and mass spectrometers are mass 
sensitive, the reduction in mass input may offset 
any gains in particle size that might be achieved 
with smaller diameters. 

In order to overcome this seemingly insur- 
mountable compromise, it has been demonstrated 
that only the exit diameter for the capillary needs 
to be reduced to improve per f~rmance .~~ A simple 
way to do this is to crimp the exit of a standard 
capillary partially closed. This procedure is quite 
difficult considering the small internal dimen- 
sions involved. Alternatively, sapphire and 
laser-drilled steel disk24 apertures have been 
mounted to the exit of standard capillaries. En- 
hanced performance with thermospray ICP-AES24 
and often with LC-MS23 has been demonstrated 
with apertures as small as 25 pm. More recently, 
a similar approach with fused silica capillaries 
was demonstrated where short lengths of small 
internal diameter fused silica were laser-fused to 
the exit of larger diameter capillaries.28 

IV. THERMOSPRAY LC-MS 

Before discussing the use of thermospray with 
atomic spectrometry, it will be useful to briefly 
describe the ways it is used for coupling HPLC to 
MS: (1) thermospray aerosols are sprayed into a 
vacuum chamber where ions may be formed by 
one of a variety of processes; and (2) thermospray 
aerosols are generated at atmospheric pressure for 
use in particle beam interfacing. 
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A. Thermospray Ionization 

As indicated eailier, thermospray was origi- 
nally developed by Vestal et al.25-27 as a means of 
interfacing liquid chromatography to mass spec- 
trometry and was the first highly successful and 
widely used LC-MS method. Thermospray LC- 
MS has found wide application, particularly in 
the areas of biochemical, biomedical, and bio- 
technological science? 

The primary goal of interfacing techniques 
for liquid chromatography to mass spectrometry 
is to efficiently remove the mobile phase from the 
analyte prior to the main vacuum system of the 
mass spectrometer. The reason for this lies with 
the fact that vaporization of the 1 to 2 ml/min of 
mobile phase would result in a volumetric flow of 
greater than 1 to 2 x lo3 atm ml/min, or over 3 
orders of magnitude higher molecular flow than 
would be provided by a capillary gas chromatog- 
raphy experiment. Although vacuum pumps for 
mass spectrometers can accommodate the flow of 
a gas chromatograph, the flow from a liquid chro- 
matograph would overwhelm even the largest 
vacuum systems typically available with MS, re- 
sulting in unacceptably high pressures within the 
MS. Aerosol techniques overcome this problem 
because mobile phases in LC are typically more 
volatile than are analytes, and aerosols provide a 
means of preferentially volatilizing the mobile 
phase prior to the main part of the MS vacuum 
system. The solvent vapors can be subsequently 
removed from the analyte by one of a variety of 
methods before reaching the main vacuum cham- 
bers of the mass spectrometer. 

The first successful LC-MS system based on 
thermospray involved the direct spraying of 
thermospray aerosols into a preliminary vacuum 
chamber pumped by a mechanical pump.25 Part 
of the material within this chamber was extracted 
into the MS through a skimmer cone located down- 
stream from the thermospray aerosol plume. A 
major discovery of early work was that with mobile 
phases containing ammonium acetate and with 
the vaporizer operating with about 95% vaporiza- 
tion, ions for certain species are formed directly 
during this process.26 The ionization is thought to 
result from the fact that aerosol formation with 
solutions containing dissolved ions gives rise to 

particles that have a high probability of having 
excess charge based on the rapid separation of the 
droplet from the bulk liquid. The distribution of 
charge among the population of droplets is 
Gaussian. Solvent evaporation of these charged 
liquid droplets leads to increasingly high electric 
fields that are thought to give rise to ion produc- 
tion by ion evaporation, the process considered to 
be primarily involved with direct ion formation 
with therm~spray.~ The primary ions produced by 
thermospray may be subsequently modified by 
ion molecule reactions occurring within the gas 
phase, giving rise to the ions collected and mea- 
sured by the mass spectrometer. Both positive 
and negative ions are formed and the choice of 
ion polarity to monitor is a significant function of 
the type of molecule under study. In general, the 
predominant ions formed by the direct thermospray 
ionization process are protonated or deprotonated 
molecular ions [MH+ or (M-H+)-1, or molecular 
adduct ions (e.g., MNH,+ or MH,O+) and thus 
provide a means for the determination of analyte 
molecular weights. 

Since the direct thermospray process is not 
universal as an ionization means, an electron beam 
and/or Townsend discharge also are common 
within thermospray interfaces as methods to pro- 
mote chemical ionization (CI) of molecules that 
are not directly amenable to thermospray ioniza- 
tion. As with other CI methods, fragmentation of 
molecular ions is generally low and thus struc- 
tural information derived from mass spectra gen- 
erated in these modified modes of thermospray 
operation is often minimal. A major strength of 
thermospray LC-MS appears to be the ability to 
determine the molecular weight of many types of 
molecules, However, identification of species is 
limited by the lack of structural information re- 
sulting from the minimal fragmentation generally 
obtained. 

B. Thermospray Particle Beam Methods 

An alternative to the thermospray interfacing/ 
ionization methods for LC-MS are the so-called 
particle beam  technique^.^^ With these techniques, 
aerosols also are used to provide a means for 
efficient vaporization of mobile phase solvent. 
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If the solvent vaporization is complete, the 
liquid aerosol flow will have been converted to a 
flow of solvent vapor, and dry particles will be 
comprised of the less volatile species, which 
generally include the analyte. These particles can 
be.focused to a beam and separated from solvent 
vapor and carrier gas within a momentum 
separator. The principles of the momentum sepa- 
rator are identical to those employed with jet 
separators for GC-MS (gas chromatography- 
mass spectrometry), except that the momentum 
differences with the particle beam are much 
larger and therefore this approach can be much 
more efficient. Once the gas phase species have 
been removed, the particles are injected to the ion 
source of the mass spectrometer where flash 
vaporization and ionization can occur. A major 
advantage to this approach for LC-MS is that 
electron impact ionization (EI) can be used, 
allowing the fragmentation, structural informa- 
tion, and qualitative identification that EI pro- 
vides. 

As one means of aerosol formation, thermo- 
spray can be employed for the first step in the 
particle beam process, and the application of 
thermospray for this purpose has been develop- 
ed.29a However, at this point it is uncertain whether 
or not thermospray is a particularly advantageous 
aerosol source for this technique. 

V. THERMOSPRAY SAMPLE 
INTRODUCTION TO INDUCTIVELY 
COUPLED PLASMA ATOMIC EMISSION 
SPECTROMETRY 

The primary motive for employing a different 
aerosol source, such as thermospray, for sample 
introduction to atomic spectrometry is to improve 
the analytical figures of merit for the technique. 
With ICP-AES, sensitivity and LODs are of pri- 
mary interest. In this section, we review the data 
that are currently available regarding the analyti- 
cal performance of thermospray with ICP-AES 
and highlight factors of importance to the opera- 
tion of thermospray systems that influence per- 
formance. 

A. Sensitivity and Limits of Detection 

Invariably, studies of the use of thermospray 
sample introduction to ICP-AES have demon- 
strated improvements in sensitivity and LODs. 
The specific levels of improvement for these char- 
acteristics vary substantially from one experiment 
to another, however. Factors that influence sensi- 
tivity and LODs include thermospray operating 
temperature, thermospray capillary diameter, spray 
chamber temperature, and sample flow rate. 

1. Thermospray Operating Tempef8tUre 

With any thermospray apparatus, one of the 
primary operating parameters to routinely opti- 
mize is the vaporizer temperature, which controls 
the degree of solvent vaporization. Figure 6 re- 
vealed that increasing the operating temperature 
of a thermospray vaporizer will shift the aerosol 
particle size distribution to smaller sizes. In addi- 
tion, it was indicated earlier that an aerosol spray 
chamber acts as a particle filter with a specific 
cut-off diameter. It follows then that increasing 
the temperature of a thermospray vaporizer will 
increase the fraction of analyte transported to the 
ICP and also increase the signal produced, by 
increasing the fraction of analyte in particles be- 
low the cut-off diameter of the spray chamber. 
The typical trend to signal and analyte transport 
vs. thermospray temperature is indicated in Fig- 
ure 10. Signal and analyte transport increase, reach 

F .  I 1 I I I I I I I I I I I I I I I I #-I 
Thermospray Temperature 

FIGURE 10. Signal and analyte transport as a function 
of thermospray operating temperature. 
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a maximum, and subsequently decline. It has been 
estimated that the degree of vaporization at which 
the optimum occurs is typically 50 to 60%.18 
Although smaller particles will be produced at 
higher temperatures (and percent vaporizations), 
analyte transport is attenuated. Thermospray sys- 
tems employed for particle beam LC-MS experi- 
ments provide optimal operation with fractions 
vaporized comparable to those for ICP spectrom- 
etry.*O Interestingly, optimum conditions for 
thermospray ionization LC-MS occur with nearly 
complete solvent evaporation." 

One reason for the attenuated analyte trans- 
port at higher vaporization fractions with ICP 
experiments that has been suggested is that at 
higher degrees of vaporization, analyte deposi- 
tion within the vaporizer occurs.18 Another possi- 
bility is that under these conditions, the extent of 
particle charging increases, resulting in more 
analyte losses due to electrostatic effects.20 Since 
particle charging is a necessiry for thermospray 
ionization LC-MS and mass spectrometers are 
designed to handle charged particles, this might 
partially explain the difference in optimal opera- 
tion for each experiment. In addition, particle 
losses due to diffusion, which increases as par- 
ticle size decreases, might also increase if particle 
sizes become too small. 

One factor affecting the absolute value for the 
optimum temperature for any thermospray sys- 
tem is the solvent composition of the liquid stream. 
Clearly, volatile solvents will require lower abso- 
lute temperatures to reach the same degree of 
vaporization. l8  Furthermore, more volatile sol- 
vents will have higher vapor pressures and will 
lead to higher solvent loading within the plasma, 
perhaps resulting in reduced plasma excitation 
 condition^.^^ Consequently, without also provid- 
ing for adequate solvent removal, optimum 
thermospray conditions might be compromised to 
those providing reduced plasma solvent loading. 

Another consideration with regard to 
thermospray temperature optima is that absolute 
values are nor necessarily comparable from one 
design to another. This results from the fact that 
the temperature measurement position relative to 
the aerosol itself and the heat transfer character- 
istics of the devices vary significantly for the 

designs reported to date. Small variations in tem- 
perature characteristics may even occur between 
different vaporizers of the same design. However, 
the trends as indicated above are universally ob- 
served with the systems reported to date. 

2. Aerosol Spray Chamber Temperature 
and Desolvation 

There are basically two trains of thought re- 
garding the operating temperature of the chamber 
into which the aerosol is sprayed. The first con- 
siders that ICP temperatures are lowered by ex- 
cess solvent, leading to decreased excitation and 
compromised performance. As thermospray sys- 
tems also can transport solvent efficiently, par- 
ticularly as vapor, such sample introduction can 
significantly cause these effects. One way to re- 
duce solvent vapor loading is to cool the spray 
chamber to enhance condensation prior to the 
ICP. 

The second approach to the control of spray 
chamber temperature is to consider that 
thermospray aerosols are formed at temperatures 
and pressures well above ambient. The 
thermospray jet thus cools during adiabatic ex- 
pansion, leading to supersaturation of the gas phase 
with solvent vapor. This solvent can easily recon- 
dense on particles, leading to undesirable particle 
growth and large particle losses during the initial, 
turbulent stage of the aerosol interfacing. This 
process can be opposed if sufficient heat is added 
to the spray chamber. The solvent vapor can sub- 
sequently be removed by a condenser after dissi- 
pation of the turbulence. This approach also re- 
duces solvent loading to the ICP to avoid plasma 
temperature reduction. 

Ambient temperature (i.e., comparable to con- 
ventional systems employed with pneumatic 
nebulizers) or cooled spray chambers have been 
adapted for use with thermospray by a variety of 
workers with reasonable success. Meyer et al., in 
the first report of the study of thermospray with 
ICP-AES, found LODs with a thermospray sys- 
tem improved by two to six times relative to 
pneumatic sample introduction with both 
nebulizers using the same spray chamber without 

127 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



temperature control.31 A conventional 150-pm 
internal diameter (id.) thermospray vaporizer was 
used in these studies. One difference between the 
operation of the two nebulizers was that the sample 
flow rate was 1.0 ml/min with the pneumatic 
nebulizer, while this flow was limited to 0.5 ml/ 
min with thermospray. The first work of Elgersma 
and Maessen employed a standard double- 
pass spray chamber at ambient temperature with 
a 25-pm i.d. fused silica capillary thermospray 
vaporizer.32 Despite operating with only 0.12-ml/ 
min sample flow rate, LODs obtained with the 
thermospray system were nearly identical to those 
obtained with a pneumatic sample introduction 
system operating with 15 times the sample flow 
(1.8 ml/min). 

The first work by Vermeiren et al. with ther- 
mospray ICP-AES involved the use of a 180-pm 
i.d. vaporizer with a water-cooled spray chamber 
and found LODs improved by a factor of 5 on 
average compared to pneumatic sample introduc- 
tion for the 14 elements studied.33 Work by de 
Loos-Vollebregt has consistently been performed 
using spray chambers cooled to between 14 and 
20°C; the studies revealed LODs better than those 
for pneumatic sample introduction by a factor of 
2 to 5 ,  despite operating at substantially lower 
sample flow rates (0.3 to 0.6 ml/min) than the 
comparative pneumatic system (2 1 m ~ / m i n ) . ~ ~ ~ ~  
However, despite the use of a cooled spray cham- 
ber for the reduction of solvent vapor loading, de 
Loos-Vollebregt reported that excitation tempera- 
tures for ICPs operating with their thermo- 
spray sample introduction system were only about 
5700 K, compared to 6150 K with pneumatic 
sample introd~ct ion.~~ Furthermore, electron num- 
ber densities were about 50% lower with the 
thermospray system. Clearly, a cooled spray cham- 
ber alone does not prevent solvent loading and 
reduced plasma excitation when thermospray 
sample introduction is employed. 

The largest improvements in LODs have been 
reported when heated spray chambers were em- 
ployed. Typically, the spray chamber is heated to 
between 100 and 15OoC, which is comparable to 
temperatures used with desolvation systems for 
ultrasonic nebulization. Koropchak and W ~ M ~ ~  
reported the use of a 150-pm i.d. stainless steel 
capillary thermospray vaporizer inserted down- 
ward into a vertically oriented cylindrical spray 

chamber and found sensitivity improved by a fac- 
tor of 2 when the spray chamber was heated to an 
outlet surface temperature of 1 10°C, compared to 
the unheated case. Overall, LOD reductions of up 
to a factor of 10 were reported for the elements 
studied, compared to pneumatic sample introduc- 
tion operating at the same sample flow rate; part 
of the LOD improvement resulted from lower 
background noise. A later study showed that 
analyte transport efficiency increased from about 
10% with an unheated spray chamber to over 
20% when the spray chamber was heated with 
this sytem.I8 Even higher transport efficiences 
were later reported for improved vaporizers. 

Another observation with the use of fully 
heated spray chambers with thermospray has been 
that lower aerosol carrier flow rates and viewing 
heights than are typical for pneumatic sample 
introduction have provided optimum re- 
sponse.18,24*28.37 This contrasts with other 
thermospray reports. Maessen has reported simi- 
lar observations for dry sample introduction to 
ICP-AES using electrothermal vap~r iza t ion .~~ 
Long and Browner also reported that dry sample 
introduction to ICP-AES provides optimum re- 
sponse at lower viewing heights.39 This suggests 
that aerosol desolvation is quite effective with 
these fully heated spray chamber thermospray 
systems. 

Recently, Coetzee and Robinson40 used a 
thermospray apparatus similar to that described 
by Koropchak and Winn.37 With a 130-pm i.d. 
stainless steel vaporizer, 0.1 ml/min sample flow, 
and a spray chamber heated to 20O0C, the authors 
claimed that sensitivities were improved by a fac- 
tor of 8 compared to pneumatic sample introduc- 
tion. 

Vermeiren et al.4' investigated the use of a 
completely heated spray chamber, but found the 
system to provide unstable performance. The ra- 
tionale for this instability was that large droplets 
striking the spray chamber walls were flash va- 
porized, causing fluctuations in gas flow to the 
plasma. The large droplets in this case probably 
resulted from the fact that a vaporizer having a 
180-pm i.d. was used in this case; as will be 
described, the appearance of these droplets is 
minimized with smaller diameter capillaries. Sub- 
sequently, they used a spray chamber of the type 
reported by Goulden and employing 
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an unheated portion surrounding the turbulent 
aerosol formation region, followed downstream 
by a heated region. A condenser for vapor re- 
moval followed. With this system, the sensitivity 
of ICP-AES with thermospray sample introduc- 
tion was found to increase by a factor of about 2.5 
with an increase in spray chamber temperature 
from 70 to 180°C. At the same time, analyte 
transport increased from about 4 to over 1 1 %. For 
optimum stability, the temperature was maintained 
between 130 and 140°C. Overall, LODs reported 
were on average 15 times lower for the 
thermospray system than for pneumatic sample 
introduction. 

Maessen and c o - ~ o r k e r s ~ ~  recently also in- 
vestigated the effect of spray chamber tempera- 
ture with their fused silica capillary thermospray 
vaporizer, depicted in Figure 11. This system is 
conceptually similar to that employed by 
Vermeiren et al.41 and differs from that of 
Koropchak and Winn3’ only in that the first few 
centimeters are not directly heated in this case. 
Using a 50-pm i.d. capillary and a sample flow 
rate of 0.4 ml/min, signals increased for most 
elements as the aerosol temperature, as monitored 
by the temperature control thermocouple, was in- 
creased from 60 to about 100°C. Using 100°C, 
LODs for 12 elements were 3 to 25 times better 
than those reported by Winge4 for pneumatic 
sample introduction operating at a l-ml/min 

-66 mrn -- 

sample flow. The absolute value of the optimum 
spray chamber temperature is probably lower here 
than in the other cases as surface temperature was 
measured in those cases, as opposed to the aero- 
sol temperature monitored in this case. 

All of these data demonstrate the importance 
of spray chamber temperature and desolvation on 
sensitivity performance with thermospray sample 
introduction. Performance better than pneumatic 
sample introduction can be obtained even without 
spray chamber heating. The work of de Loos- 
Vollebregt et al.,36 however, clearly shows that 
efficient aerosol desolvation is required with 
thermospray sample introduction to avoid degra- 
dation of excitation conditions within the plasma. 
This is not surprising, as an aerosol system effi- 
cient at transporting analyte also will be efficient 
at transporting solvent unless some means for 
preferential solvent removal (desolvation) is em- 
ployed. The solvent will, in part, be in aerosol 
form; since thermospray aerosols are at high tem- 
peratures, the saturation vapor pressure also will 
be higher than pneumatic sample introduction 
unless that temperature is reduced. The spray 
chamber temperature also will influence the frac- 
tion of analyte transported, with higher tempera- 
tures providing higher analyte transport and there- 
fore higher signals as long as solvent is removed 
to avoid plasma loading. The largest improve- 
ments in LODs are observed when spray chamber 

160 mm 

1 2 5  mm --I c 

FIGURE 11. Spray chamber for thermospray with unheated initial region followed by heated region. (From 
Elgersma, J.W.; Balke, J.; Maessen, F.J.M.J. Spectrochim. Ada. 1991, 468, 1073. With permission.) 
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thermospray. *%T : 

+SNR : It also is likely that subtle aspects to the de- 60 - 
s 
2 :  
g 5 0  : 

sign of the spray chamber heating apparatus can 
affect the way the system operates. The work of 

: f Vermeiren et a1:l and Maessen et al:3 avoided 

sumably due to concern for aerosol deposition 

our work, such deposition is not problematic, 

heating the initial aerosol formation region, pre- 8 40:  : 
2 
8Q 3 0 :  and flash vaporization in this turbulent region. In 

20 l l . J 1 l l J 1 l O ~ , ~ I ( ~ . J ~ ~ , I . ~ . I ~ . l  

3. Capillary Diameter 

13000 

{2500  % w 
$ 

2000 ‘8 

0 

2;. 
1500 3 r! 

e 
.9 

:loo0 

500 

The earlier discussion of aerosol formation 
processes with thermospray suggested that im- 
proved aerosol characteristics will be achieved 
when smaller capillary diameters are employed. 
Several studies have documented the influence of 
capillary diameter with thermospray ICP-AES. 
Koropchak and Aryamanya-Mugisha used vary- 
ing diameter laser-drilled apertures affixed to the 
end of stainless steel  vaporizer^^^ as a means to 
study this; they found that both analyte transport 
and signal-to-noise ratio increased dramatically 
as the exit diameter of the capillary decreased24 
down to 25 pm, as shown in Figure 12, as pre- 
dicted. For the smallest diameter capillaries, over 
50% analyte transport was reported. Size distri- 
bution data determined using a cascade impactor 
showed that the improvements in transport and 
signals resulted from increases in analyte mass 
with aerosol particles less than 2 pm in diameter. 
In addition, the optimum operating temperature 
for the vaporizer also increased as the aperture 
diameter decreased. These results were confirmed 
by de Loos-Vollebregt et al.,35 who studied cap- 
illary tubes of fixed internal diameter. Signal-to- 
background ratios for 0.4-ml/min sample flows 
increased dramatically as the capillary internal 
diameter was reduced in stages from 150 to 50 

pm; optimum vaporizer temperatures also in- 
creased as diameter decreased. 

More recently, similar results also have been 
reported by Koropchak and co-workers for a fused 
capillary system employing fused silica apertures 
for capillary exit size reduction.28 Using a 50-pm 
exit aperture and a sample flow rate of 1.6 mV 
min, sensitivities and LODs for the elements stud- 
ied were 15 to 20 times lower than those obtained 
for pneumatic sample introduction. LOD improve- 
ments were derived solely from enhanced sensi- 
tivity; no reduction in background noise was ob- 
served during this study. In addition, improved 
response was observed for apertures down to 50 
pm, but no further improvements were obtained 
for 25- or 20-pm apertures, suggesting that some 
aspect other than the nebulizer was the limiting 
factor to overall system response. 

These results clearly indicate that smaller 
thermospray capillaries are preferred for best de- 
tection with ICP-AES and that only the exit diam- 
eter needs to be small. Although it might be sus- 
pected that plugging would be frequent with cap- 
illaries as small as 25 p.m i.d., no reports to date 
have suggested so. In our laboratory, we have 
routinely observed that continuous sample intro- 
duction of even 10% dissolved solids does not 
lead to problems of capillary clogging if the va- 
porizer is operated at the optimal temperature. 
We find that capillary clogging is rare with rea- 
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sonably filtered samples and is usually an indica- 
tion of another problem, such as operation at a 
vaporizer temperature above the optimum. This 
leads to a higher than optimum degree of vapor- 
ization and, apparently, deposition of dissolved 
solids within the capillary. For systems whose 
power input is fvred or temperature compensation 
is slow, variations or pulsation in sample flow 
also will cause temporal variations in the exit 
degree of vaporization and may lead to capillary 
clogging regardless of capillary diameter. A well 
pulse-dampened sample flow is therefore preferred 
for routine thermospray operation. For discrete 
sampling applications, an on-line filter beyond 
the sample injector is recommended, as particu- 
lates may be introduced to the flow stream due to 
mechanical wear within the injector. Interestingly, 
efforts in our lab to study stainless steel apertures 
smaller than 20 pm have been largely unsuccess- 
ful due to fairly rapid clogging. 

4. Liquid Sample Flow Rate 

With any sample introduction system and ICP- 
AES, the signal produced (S) can be expressed as 

S = R E , F C  (5 )  

where E, is the analyte transport efficiency, F is 
the sample flow rate, C is the analyte concentra- 
tion, and R, the responsivity, is the accumulation 
of factors that affect the signal produced per unit 
mass analyte. Factors that may affect R include 
instrumental aspects, plasma operating conditions, 
and plasma excitation conditions, which may be 
affected by factors such as solvent loading as 
indicated above or particle size.46.47 If we assume 
that R is constant, the signal per unit concentra- 
tion (i.e., the slope of the calibration curve or 
sensitivity) will depend on the product of ct and F. 
Sample introduction systems that operate with 
high transport efficiency at high sample flow rates 
without degrading R will provide the highest sen- 
sitivity. 

Thermospray systems have been shown to 
provide high analyte transport efficiencies. Sev- 
eral reports have included the effects of sample 
flow rate. Koropchak and Winn reported that the 

signal for their system with a 150 pm capillary 
increased linearly from 1 to 1.5 mumin, while 
higher flow rates up to 3 ml/min resulted in a 
gradual decrease in response. l8 Higher operating 
temperatures were required to optimize the signal 
at higher flow rates. Similar results were reported 
by de Loos-Vollebregt for a wide range of capil- 
lary diameters, except that measurements with 
smaller diameter capillaries (e.g., 50 pm) were 
limited to about 0.4 ml/min.35 Elgersma et al.43 
also observed substantial signal increases as the 
analyte flow rate to their 50-pm fused silica cap- 
illary was increased from 0.12 to 0.4 ml/min. 
With a fused silica aperture (50 pm) thermospray 
system, it was observed that optimized signals 
increased from 0.8 to 2.2 ml/min; at higher sample 
flow rates, insufficient power was available from 
the power supply employed with this configura- 
tion to adequately vaporize the higher liquid mass 
fluxes.28 The stability of signals also declined at 
the higher flow rates. 

All of these studies show that thermospray 
systems provide higher signals at higher sample 
flow rates. Several factors can act to limit the 
flow rates that can be employed. First, efficient 
analyte transport at high sample flow rates also 
means high solvent transport, which will degrade 
R unless efficient desolvation is employed. Sec- 
ondly, higher sample flow rates require more 
energy to reach the optimum degree of vaporiza- 
tion. In principle, there is no limit to the sample 
flow rate that is possible, as long as sufficiently 
large power supplies are available and appropri- 
ate heat transfer and vaporization rates can be 
achieved. The last consideration concerns the op- 
erating pressure of the sample supplying pump. 
For any selected flow rate, the pressure required 
to pump that flow is determined by the open 
cross-sectional area of the capillary and the length 
of that capillary. To use the smaller-diameter cap- 
illaries, which are most efficient, pressures ex- 
ceeding the limits of most HPLC-type pumps 
would be required to pump milliliters per minute- 
level flows if the capillaries are greater than per- 
haps a few centimeters in length. In our labora- 
tory, we have approached the latter problem by 
designing capillary systems having relatively large 
diameters (-150 pm) through most of the capil- 
lary length but having short limiting apertures ( I 1  
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mm, or so) at the capillary exit. For example, the 
operating pressure of our fused silica aperture 
system with a 50-pm exit diameter was only 2.7 
MPa (-400 psi) at an operating liquid flow rate of 
1.6 ml/min.28 

To summarize the effects of various operat- 
ing parameters on sensitivity and LODs, Table 1 
lists LODs for thermospray sample introduction 
to ICP-AES reported by various authors under a 
wide range of conditions. 

B. Matrix and Dissolved Solids Effects 

Matrix effects with thermospray sample in- 
troduction have been studied by several workers, 
and some general conclusions are that matrix ef- 
fects are usually larger for thermospray sample 
introduction than for pneumatic sample introduc- 
tion,28,36,41,43*48 and matrix effects for thermospray 
systems employing desolvation increase as spray 
chamber (desolvation) temperatures in~rease!~*~~ 
Furthermore, when thermospray has been used 
with desolvation, most descriptions of interelement 
matrix effects have reported signal depres- 
s i o n ~ . ~ ~ . ~ ~ * ~ ~ , ~ ~  Vandecasteele reported signal re- 
ductions of approximately 30% with 3000 pdml 
of Ca or Na nitrates.48 With 10,000 pg/ml K 
matrices, Maessen reported that Mn signals were 
reduced by 20% at low spray chamber tempera- 
tures, but by 40% at high  temperature^.^^ Maessen 
indicated that for the selection of spray chamber 
temperature, a compromise between optimum 
sensitivity and reduced matrix effects must be 
pursued.43 When thermospray has been used with 
a cooled spray chamber, signal enhancements for 
Cd atom and ion lines were reported in the pres- 
ence of easily ionized elements.36 Signal depres- 
sions were observed for up to 8% levels of min- 
eral acids with both thermospray and pneumatic 
sample introduction at comparable levels, except 
that the matrix effect from HC10, was lower for 
therm~spray .~~ To reduce matrix effects with 
thermospray, de Loos-Vollebregt also investigated 
the use of end-on observation with a horizontally 
oriented ICP; however, this approach was not 
successful in reducing matrix effects.34 

Matrix effects on analyte signal intensity with 
ICP-AES may arise from factors affecting the 
analyte transport rate to the plasma and/or from 

phenomena influencing the responsivity of the 
analyte within the plasma. A clear understanding 
of the latter plasma effects has not been estab- 
lished; with ICP-AES, almost all dissolved solids 
are known to give rise to signal  depression^.^^ As 
thermospray systems transport higher fractions of 
the matrix as well as analyte to the plasma, it 
follows that such plasma effects should be higher 
with thermospray. Vermeiren has described the 
transport effects with thermospray as resulting 
from the fact that, with desolvation, the eventual 
dry particle size distribution increases with the 
dissolved solids content; as the transport also is 
size dependent, high dissolved solids can reduce 
transp~rt.~' The same authors provided data where 
the percent E~ in the presence of 0.02 M NaNO, 
decreased from -11 to 8% as the spray chamber 
temperature was increased. Electron micrographs 
of collected aerosols clearly indicated the increased 
particle sizes in the presence of the high dissolved 
solids. 

Matrix effects were studied with the fused 
silica aperture thermospray system and it was 
observed that the use of a smaller diameter aper- 
ture could reduce the level of interference from 
Na.28 In a more detailed study, it was shown that 
transport effects could be substantially reduced 
by operating the vaporizer at a somewhat higher 
temperature than would be chosen for dilute solu- 
t i o n ~ . ~ ~  The percent reduction in analyte transport 
due to 2000 pdml Ca was lowered from 28% (or 
about that reported by Vermeiren, as above) to 
5% using the higher temperature. Both reduction 
in capillary diameter and operation at higher tem- 
perature would be predicted to reduce primary 
particle size; smaller initial sizes would be less 
subject to transport losses due to matrix composi- 
tion. These observations indicate that the bulk of 
matrix interferences with thermospray results from 
plasma effects derived from adding large amounts 
of the matrix to the plasma. 

In the same study, it was observed that plasma 
effects could be reduced by careful adjustment of 
the aerosol carrier gas flow rate, although opti- 
mum flows varied from element to element; and 
for simultaneous multielement analysis, a com- 
promise flow was chosen.50 With the compromise 
conditions, LODs for a wide range of elements 
were increased in the presence of 3000 Fdml Ca, 
but were on average within a factor of 1.7 of those 

132 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



TABLE 1 
Representative LODs (nglml). Reported by Various Groups for 
Thermospray Sample Introduction to ICP-AES 

Element 

Sn 
As 
Se 
Mo 
Cr 
Zn 
Cd 
Pb 
Ni 
Bi 
Cd 
c o  
Cd 
In 
Ni 
Ba 
Fe 

c o  
B 
Mn 
Fe 
Cr 
TI 
Mg 
Mg 

Ag 

Pb 
v 
Ga 
Bi 
Al 
Al 
Be 
Ca 
c u  
Ti 
Al 
Sr 
La 
Ce 
Nd 
Sm 
Ba 
Na 
Li 

2. (nm) 

189.93 
193.69 
196.02 
202.03 
205.55 
213.86 
214.44 
220.35 
221.65 
223.06 
226.50 
228.61 
228.80 
230.61 
231.60 
233.53 
238.20 
328.07 
238.89 
249.77 
257.61 
259.94 
267.72 
276.79 
279.55 
280.27 
283.31 
292.40 
294.36 
306.77 
308.22 
309.27 
31 3.04 
31 5.89 
324.75 
334.94 
396.15 
407.77 
408.67 
41 8.66 
430.36 
442.43 
455.40 
589.00 
670.78 

Ref. 35' 

4.2 
0.7 
1.4 

3.0 
17 

16 

18 

3.3 
0.8 
2.7 
1.5 
0.4 

49 

39 

30 
0.08 

1.2 

0.05 

0.10 

LOD 
Ref. 31b Ref. 43c Ref. 41d Ref. 28 and 506 

20 

30 

70 

3 
5 

10 
3 

1 
10 
10 

1 

4 

300 
90 

0.5 
20 

1 

1 

0.2 

2 5 

0.8 
0.3 

0.5 

11 
18 

0.1 1 
2.4 

0.32 

0.40 

0.3 

0.30 
9.5 

0.1 
23 

2 

0.7 0.4 0.34 

1.1 

0.6 
5 
6 
3 
0.4 

1 1  
0.4 

a Cooled spray chamber (14"C), 50-pm i.d. fused silica vaporizer, 0.3-mVmin continuous sample flow rate. 
Room-temperature spray chamber, 150-pm i.d. S.S. vaporizer, 0.5-mVmin continuous sample flow rate, 30. 
Heated spray chamber (100°C aerosol), 50-wm i.d. fused silica vaporizer, 0.4- mVmin continuous sample 

Heated spray chamber (135"C), 180-pm i.d. S.S. vaporizer. 1.3-mVmin sample flow rate, 3a. 
Heated spray chamber (145"C), 50-pm i.d. fused silica aperture vaporizer, 1 .B-mVmin sample flow rate, 
30. 

flow, 3a. 
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obtained in the absence of Ca. Part of the LOD 
degradation resulted from higher background noise 
levels derived from higher background intensity 
levels in the presence of Ca. This approach of 
carrier flow and vaporizer temperature adjust- 
ment for minimization of matrix effects shows 
promise and is worth further investigation by other 
workers with different thermospray systems. It 
also is important to note that these studies were 
conducted using lower aerosol carrier flow rates 
and lower viewing heights indicative of dry aero- 
sol introduction to the plasma, which may have 
substantially different general characteristics than 
those for measurements made in the normal ana- 
lytical zone of ICP-AES with wet aerosols. 

C. Other Figures of Merit and 
Considerations 

Short- and long-term precision for measure- 
ments with thermospray sample introduction have 
been investigated and found to be comparable to 
those obtained with pneumatic sample introduc- 
t i ~ n . ~ ~  Furthermore, linear dynamic range has in- 
variably been found to be essentially identical to 
that obtained with pneumatic sample introduc- 
tion, except shifted to lower concentrations. 

One practical consideration for thermospray 
is the effect of the composition of materials on 
performance. In this regard, blank contamination 
of Cr, Fe, and h4n from the use of stainless steel 
vaporizers has been rep~rted.~'  The problem is 
worsened with samples containing halides, result- 
ing from the corrosion of stainless steel by these 
species. Such problems are avoided by using fused 
silica vaporizers. 

For conventional analyses using pneumatic 
sample introduction with ICP-AES, samples are 
generally pumped continuously into the nebulizer 
using a peristaltic pump. Sample turnaround is 
then determined as the time required to flush the 
flow and aerosol systems of analyte such that 
signal returns to baseline. Flow volumes in this 
case are small enough to result in fairly rapid 
sample turnaround. With thermospray, the sample 
must be pumped at high pressure through the 
vaporizer, invariably using an HPLC pump. To 
pump a sample continuously with thermospray, 

early studies involved placing the sample in the 
solvent reservoir for the pump. Unfortunately, 
these pumps have large volumes to flush, provid- 
ing long sample turnaround times. To overcome 
this, most workers now use a flow injection ap- 
proach. With large sample loops (e.g., 5 ml), this 
also has proven effective for rapid sequential 
multielement a n a l y s i ~ . ~ ~ ~ ~ ~  

VI. THERMOSPRAY WITH OTHER 
ATOMIC SPECTROMETRIES 

ICP spectrometric methods are perhaps the 
most inviting candidates for improvements in 
sample introduction since pneumatic sample in- 
troduction systems are particularly inefficient 
based on the limitations in injector gas flow rates 
imposed by the ICP. In principle, the same sensi- 
tivity advantages for ICP-AES should be obtained 
with ICP-MS. Several studies have investigated 
the use of thermospray with ICP-MS. 

In the original paper describing the use of 
thermospray with ICPs, Meyer also employed a 
low-volume spray chamber to interface 
thermospray with ICP-MS.31 Limited experiments 
indicated sensitivities for Cs and Tb that were 1.5 
times those provided with pneumatic sample in- 
troduction, despite lower sample flows for 
thermospray (0.5 ml/min) vs. for pneumatic (1 .O 
ml/min). 

In a recent study, Montaser compared the use 
of a thermospray sample introduction system hav- 
ing a membrane desolvation apparatus to ultra- 
sonic nebulization with cryogenic desolvation, and 
pneumatic sample introduction with and without 
de~olvat ion.~~ The membrane desolvation appa- 
ratus was one developed by Vestal for use with 
particle beam LC-MS.s2 The thermospray system 
utilized a 75-pm exit aperture for most of the 
studies; a smaller vaporizer tip provided higher 
sensitivity but unstable performance with this 
system. The authors reported LODs that were up 
to 60 times lower than those obtained for pneu- 
matic sample introduction without desolvation, 
and up to 20 times lower than those for pneumatic 
sample introduction with desolvation. Undesir- 
able oxide levels were lowest with the thermospray 
system using membrane desolvation. LODs for 
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the thermospray system and the ultrasonic system 
were within about a factor of 2 for all but 2 of the 
12 comparative elements in this study - which 
were lower by 5 times for the ultrasonic system. 
It is likely that any differences in oxide levels and 
sensitivity between the thermospray and ultra- 
sonic systems were primarily derived from the 
different desolvation systems used for each. 

Nebulizers for flame atomic absorption oper- 
ate at much higher gas flows than do nebulizers 
for ICPs, and have been found to be about 10% 
efficient at transferring sample to the flame, even 
with sample flows approaching 5 m1/mh6 Con- 
sequently, any gain from the use of thermospray 
sample introduction with FAA would be expected 
to be lower than those observed with ICP meth- 
ods. However, Choi and Robinson have reported 
LODs about 10 times better using a thermospray 
sample introduction system than with pneumatic 
sample introd~ct ion.~~ 

Thermospray has also been investigated for 
use with GFAAS. Bank et al., provided a prelimi- 
nary report on the development of instrumenta- 
tion to periodically introduce thermospray aero- 
sols into a graphite Timing of the aero- 
sol introduction coincided with flow injected 10- 
pl samples. The thermospray vaporizer was then 
withdrawn and the furnace temperatures were 
cycled in typical fashion. Signals comparable to 
conventional GFAAS were observed. 

VII. APPLICATIONS OF THERMOSPRAY 
SAMPLE INTRODUCTION TO ATOMIC 
SPECTROMETRY 

A. Environmental Analysis 

One of the major advantages of thermospray 
for sample introduction to atomic spectrometry is 
the greater analyte transport efficiency at moder- 
ately high sample flow rates that can be obtained, 
leading to increased sensitivity and improved 
LODs. Measurements of metals in environmental 
samples often require lower LODs than can be 
obtained directly, especially with FAA and ICP- 
AES. 

Vandecasteele et al. applied thermospray 
sample introduction to the determination of trace 

Cd, Pb, Cu, and Zn in natural waters with ICP- 
AES detection.48 The overall method included 
preconcentration using a Chelex- 100 column to 
provide preliminary enrichment factors of 30 
times. LODs determined for the overall method 
were 0.02 ng/ml for Cd, 0.03 ng/ml for Cu and 
Zn, and 0.3 ng/ml for Pb. The metals in samples 
from several Belgian rivers were successfully 
determined using this method. 

Koropchak and Roychowdhury used 
thermospray with ICP-AES to measure Cr in aero- 
sols produced by an electroplating facility.55 In 
this case, the aerosols were collected using a cas- 
cade impactor to determine the distribution of 
chromium species as a function of particle size. 
The chromium was further separated into various 
chemical forms using a reverse-phase liquid chro- 
matographic process prior to analysis. As the 
chromium in the aerosol phase was rather low in 
concentration and the procedure involved separa- 
tion of that chromium as a function of size and 
species, the added detection provided with 
thermospray reduced sample collection times by 
an amount corresponding to the LOD enhance- 
ment, a factor of 24 in this case. It was thought 
that the reduced sampling time also reduced the 
chance for alteration in the distribution of chro- 
mium among vairous oxidation states. 

For analyses that are subject to regulatory 
agencies, such as the Environmental Protection 
Agency (EPA), methods employed must meet 
established criteria, especially with regard to 
LODs for EPA’s Contract Laboratory Program. 
In many such analyses, ICP-AES is used for the 
simultaneous multielement analysis of most of 
the required 20 or so elements; while labor inten- 
sive, single element methods, such as graphite 
furnace atomic absorption, must be used for more 
difficult elements such as Pb, T1, Cd, Se, and As. 
Recently, fused silica aperture thermospray was 
described for the analysis of samples derived the 
EPA’s Toxicity Characteristic Leaching Proce- 
dure (TCLP) from concrete stabilized hazardous 
waste.50 These samples typically contain large 
concentrations of Ca. LODs obtained for 
analytes in the presence of 1000 to 3000 pg/ml Ca 
were all below U.S. EPA required limits, while 
pneumatic sample introduction provided inad- 
equate detection for half the key elements tested. 
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Comparison of LODs obtained for this sample 
intoduction system with and without Ca are listed 
in Table 2 with comparison to EPA required 
levels. 

6. Discrete Sampling Methods: FIA and 
HPLC 

With discrete sampling methods, a small vol- 
ume portion of a sample is injected into a flow 
stream for subsequent analysis, reaction and de- 
tection, or separation of components with a chro- 
matographic column. Several effects can limit the 
performance of these techniques - especially for 
trace analysis. First, dispersion of sample signals 
can occur if the sample flows through extraneous 
volume within the flow system. This results from 
the fact that these volumes typically experience 
laminar flow, as represented by a parabolic veloc- 
ity distribution across the flow channel. Sample 
molecules evenly distributed across the channel 
attain different velocities, spreading and tempo- 
rally diluting the band. This process is called 
convective dispersion. In addition, for LC separa- 
tions, dispersion takes place on-column and the 

injected sample may be separated into several 
species, each of which must be of lower concen- 
tration than the total element concentration in the 
sample. Due to these factors, LODs for injected 
samples with FIA or HPLC are invariably much 
higher than they are for continuous sample intro- 
duction, and often inadequate. The sensitivity 
advantages of thermospray can offset the sensi- 
tivity losses inherent with discrete sampling meth- 
ods. In addition, themospray techniques generally 
employ very low liquid flow volumes in a prop- 
erly designed system, as small diameter capillar- 
ies are used. This minimizes dispersion which 
may occur within the liquid phase of the sample 
introduction system. Finally, it has recently been 
shown that once a discrete sample is converted to 
an aerosol, dispersion is much lower on a volume- 
to-volume basis compared to extra-column vol- 
ume in the liquid phase.56 

1. FIA 

Many workers have preferred to emphasize 
using flow injection of samples with thermospray 
sample introduction to atomic spectrometry. In 

TABLE 2 
LOD (ng/ml) in the Presence of Calciuma 

Ca concentration (pg/ml) 

0 1000 2000 3000 
EPAreq'dd PN FSApT PN FSApT PN FSApT PN FSApT 

Ag 72 
As 55 
Cdb 66 
CdC 66 
Cr 73 
Cu 1300 
Pb 21 
Se 160 
TI 78 

1 1  0.66 

0.1 1 
13 0.38 
3.4 0.32 
7.7 0.42 

450 11 

61 3.0 
400 18 
100 9.5 

15 
390 

1 1  
5.7 
7.7 

116 
510 
100 

0.73 

0.20 
0.55 
0.53 
0.63 
5.3 

13 

19 
24 

1 1  0.98 

0.26 
15 0.58 
4.3 0.44 
4.7 0.60 

500 17 

110 6.3 
51 0 17 
135 22 

9.3 
580 

13 
4.6 
5.6 

167 
470 
100 

0.91 

0.28 
0.64 
0.52 
0.51 
7.9 

15 

21 
20 

a All solutions in 1% HNO,. 
Measurements at 214.4 nm. 
Measurements at 226.5 nm. 
Lowest values for several waste codes, current or proposed; from US. Code of Federal Register 
40 CFR, paragraphs 268.41 and 268.43; and U.S. Federal Register, Volume 56, FR 41163, 
August 19, 1991. 

From Veber, M.; Koropchak, J.A.; Conver, T.S.; Herries, J. Appl. Spectrosc. 1992, 46, 1525. With 
permission. 

136 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



part, this interest has derived from the relative 
ease in conducting flow injection with the high- 
pressure pumps required for thermospray aerosol 
generation vs. continuous sample introduction. 

Several workers have carefully evaluated the 
use of thermospray sample introduction with flow 
injection analysis to ICP-AES. Laborda et al. stud- 
ied dispersion in a flow injection mode with their 
thermospray sample introduction system and found 
post-injector dispersion to be Elgersma et 
al. determined the volume variance for their sys- 
tem, as measured by the square of the half-width 
at 0.607 of the peak height; they concluded that 
the variance due to their thermospray system plus 
the ICP detector was about 4.5 p12 and quite 

With 1-p1 sample injections, signal-to- 
background ratios were as much as 5 times lower 
than for continuous sample introduction with 
thermospray sample introduction. Background 
relative standard deviations were higher due to 
limitations of the sample injector used in the 1 -pl 
sample flow injection case such that concentra- 
tion LODs were substantially higher than the con- 
tinuous thermospray sample introduction case. 
Dispersion factors (D) were also measured. For a 
120-pl/min flow rate, D was 1 with a 20-p1 sample 
volume; that is, this volume provided a signal 
equal to that for continuous sample introduction 
at this flow rate. With a flow rate of 400 pl/min 
with their system, a sample volume of 80 p1 gave 
a D of 1. However, peak signals increased for the 
sample volumes under study as the sample flow 
rate increased. Using the higher flow and sample 
volume, LODs of 3 to 25 times better than pneu- 
matic sample introduction were obtained, despite 
background relative standard deviations, which 
were 3 to 4 times higher due to the injector. 

In this laboratory, we have used thermospray 
in an HA mode for the routine analysis of many 
different sample types to include wines for trace 
Pb determinations, bacterial culture media, natu- 
ral waters, and digests of standard reference ma- 
terials, paint chips, soils, bacterial centrifugates, 
etc. 

2. HPLC-Atomic Spectrometry for Metal 
Speciation Studies 

In many environments, metals can exist in a 
variety of chemical forms having different chemi- 

cal properties. Study of the distribution of these 
chemical forms, or metal speciation, as opposed 
to determination of total metal concentrations, is 
a significant analytical challenge in many cases. 
One approach to this type of analysis that has 
been of substantial interest is to separate the spe- 
cies using LC, followed by selective metal detec- 
tion using an atomic spectrometer. However, on- 
column and extra-column dispersion will signifi- 
cantly dilute the sample concentration, and each 
species will have a lower concentration than the 
total concentration. Consequently, injected con- 
centration LODs for this approach will be sub- 
stantially higher than those that can be attained 
with continuous sample introduction, and often 
above those required. In addition, preconcentration 
can distort the true distribution of species in many 
cases. As a result, techniques such as thermospray, 
which can dramatically improve sensitivity, can 
be particularly beneficial for coupling HPLC with 
an atomic spectrometer for metal speciation stud- 
ies. 

Koropchak and Winn described the use of 
reverse-phase ion pairing chromatographic sepa- 
ration of organotin  compound^.^^ With a 150-pm 
i.d. thermospray vaporizer and sample introduc- 
tion to ICP-AES, LODs for three tin species were 
10 times lower than those obtained with pneu- 
matic sample introduction. 

Roychowdhury and Koropchak characterized 
their thermospray sample introduction system with 
a variety of elements and various species sepa- 
rated by several different LC  technique^.^^ LODs 
for Cr species separated by ion chromatography 
or mobile phase ion-pairing chromatography were 
improved by factors of 24 or 36, respectively, for 
50- and 25-pm aperture thermospray systems, as 
compared to pneumatic sample introduction. Val- 
ues reported were even better than those reported 
for detection with ICP-MS.60 Figure 13 compares 
chromatograms obtained with a thermospray and 
a pneumatic sample introduction system. For ar- 
senic species separated by ion chromatography, 
relative response factors were improved by 
amounts comparable to those for chromium. How- 
ever, for arsenite and dimethyl-arsinic acid, re- 
sponse for pneumatic and thermospray sample 
introduction was comparable. Thermal decompo- 
sition and subsequent vapor trapping within the 
desolvation system were thought to degrade the 

137 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



1 

6.0 

> 
J c z 
l3 
n 
v) 

I 
I I I I 

5.00 15.0 
RETENTION TIME. MIN 

FIGURE 13. Chromatograms for separation of Cr(lll) 
and Cr(VI) with 50-pm S.S. aperture thermospray (solid 
line) and pneumatic (dashed line) sample introduction. 
(From Roychowdhury, S.B.; Koropchak, J.A. Anal. 
Chem. 1990, 62, 485. With permission.) 

enhancement for thermospray in these cases. For 
organometallic Fe species separated by size ex- 
clusion chromatography (SEC) with tetrahydro- 
furan (THF) as the eluent, LODs with a 50-pm 
aperture thermospray system were 50 times lower 
than with pneumatic sample introduction with a 
cooled spray chamber. For both nebulizers in this 
case, the standard system was followed by a cryo- 
genic condenser for more efficient reduction of 
THF loading to the plasma. The particularly high 
LOD improvement observed for the SEC separa- 
tion with thermospray was likely due, in part, to 
greater solvent removal efficiency with the com- 
bined thermospray-desolvation-cryogenic system 
compared to the pneumatic-spray chamber- 
cryogenic system. This thermospray system 
was used for the study of size- and species-depen- 
dent speciation study of Cr distributed within aero- 

sols produced by chrome electroplating indus- 
tries.55 

Laborda et al. used their cooled spray cham- 
ber thermospray system to interface anion chro- 
matographic separations of Se species with ICP- 
AESS7 LODs were threefold better than with 
pneumatic sample introduction, and the 
thermospray system allowed operation with up to 
75% methanol in the mobile phase, whereas the 
pneumatic system was limited to 25% methanol. 

Maessen designed a low-consumption 
thermospray nebulizer for specific use with mi- 
cro-HPLC and ICP-AES dete~tion.4~ Robinson 
and Choi developed their thermospray interface 
with FAA for HPLC interfacing as well.53 

A thermospray device was also used to couple 
HPLC to GFAAS for metal speciation studies.61 
Tin species were separated by cation exchange, 
and an LOD of 0.5 ng absolute (25 nglml) was 
reported. The system was used to determine 
tributyltin compounds in wood preservatives. 

VIII. CONCLUSIONS AND FUTURE 
DIRECTIONS 

Primary aerosols produced by thermospray 
are smaller in size, on average, than aerosols pro- 
duced by pneumatic nebulizers, particularly of 
the type employed for sample introduction to ICP 
spectrometries. In addition, the primary 
thermospray aerosols are enriched in analyte since 
the thermospray generation process necessarily 
involves the vaporization of a substantial fraction 
of the sample solvent. Solvent vaporization is 
enhanced for smaller particles and higher tem- 
peratures, both aspects leading to faster size re- 
duction due to solvent evaporation than would 
occur with pneumatic sample introduction at room 
temperature. These factors can combine to make 
thermospray systems extremely efficient at trans- 
porting nonvolatile solutes in aerosol form. In 
addition, thermospray systems can operate with 
high efficiency at relatively high sample flow 
rates (>1 ml/min), such that the analyte flux to a 
mass sensitive detector (such as an ICP) will be 
much higher than can be attained with pneumatic 
sample introduction. As a result, signals and 
LODs observed with thermospray are much im- 
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proved compared to pneumatic sample introduc- 
tion. 

Specific improvements reported with 
thermospray sample introduction to ICP-AES vary 
substantially, as affected by several system char- 
acteristics. Reducing the diameter of the vapor- 
izer capillary has been shown to lead to improved 
transport, sensitivity, and LOD characteristics due 
to reduction in the sizes of primary aerosols. More 
importantly, it has been shown that only the exit 
diameter of the capillary needs to be small, allow- 
ing operation of the thermospray vaporizer at rela- 
tively high sample flow rates with acceptably 
small sample input pressures. 

The largest variations in performance from 
laboratory to laboratory have resulted from dif- 
ferences in the extent of spray chamber heating 
and aerosol desolvation employed. Even with 
room-temperature or cooled spray chambers, en- 
hanced LODs are observed based on the improved 
primary aerosol characteristics of thermospray 
compared to pneumatic neubulizers. However, 
higher analyte transport also implies higher sol- 
vent transport, unless some means for solvent 
removal is utilized. The work of de Loos- 
Vollebregt clearly shows that desolvation is re- 
quired to avoid excessive solvent loading, lower 
plasma temperatures, and reduced excitation char- 
acteristics with thermospray-ICP-AES. Using a 
relatively cool initial spray chamber region fol- 
lowed by heated region and condenser for 
desolvation, as employed by Maessen and 
Vermeiren, perhaps a factor of 5 additional im- 
provement in sensitivity is realized compared to 
using a cooled or unheated spray chamber. Using 
an entirely heated spray chamber as in our lab, 
somewhat larger improvements are realized, as 
heating the aerosol immediately after formation 
counteracts cooling, reduced solvent evaporation, 
and perhaps recondensation during expansion of 
the aerosol plume; these processes would lead to 
larger secondary particles being subject to loss 
mechanisms. 

In addition to the generally observed benefit 
of higher sensitivity, thermospray sample intro- 
duction has been shown, in general, to provide 
larger matrix interferences. These effects have 
been derived from several processes. Without 
sufficient desolvation, the resultant lower plasma 

temperatures and electron concentrations would 
be predicted to give rise to lesser tolerance to the 
higher levels of dissolved solids input to the 
plasma. With desolvation, transport effects re- 
sulting from the influence of the matrix on 
desolvated particle size and plasma effects due to 
the higher transported levels of the matrix species 
are both important. Recent data with a fused silica 
aperture thermospray system have suggested that 
reduction of primary particle sizes by using smaller 
diameter capillaries and operation of the vapor- 
izer at slightly higher temperatures can minimize 
transport effects. In addition, with efficient 
desolvation such that optimum viewing heights 
are low in the plasma, careful optimization of 
viewing heights and aerosol carrier flow rates 
appear to reduce the level of plasma effects. Fur- 
ther study of this phenomena may reveal compro- 
mise conditions comparable to the fortuitous 
“cross-over point” observed with pneumatic 
sample introduction, for which matrix interfer- 
ences are minimized.62 

Thennospray sample introduction has been 
applied beneficially to a wide range of practical 
applications. At this point, the only major limita- 
tion to the application of thermospray systems, 
compared with pneumatic systems, appears to be 
samples containing large particulates, to include 
slurries. In addition, only a few studies have in- 
vestigated the use of thermospray with ICP-MS. 
As many recent studies have noted the impor- 
tance of scrupulous water removal to minimize 
oxide interferences with ICP-MS, clearly effi- 
cient desolvation would be required for the suc- 
cessful application of thermospray to ICP-MS. In 
principle, the same level of improvement observed 
with ICP-AES should be attainable with ICP-MS. 

One ultimate goal for research with aerosol 
sample introduction would be the development of 
a system that is 100% efficient in transporting 
analyte with high continuous liquid flow rates. In 
principle, there is no fundamental reason why this 
cannot be achieved! Some recent data suggest 
that with high-performance thermospray 
nebulizers, the aerosol source may no longer be 
the limiting factor in achieving this goal. New 
characterizations and new concepts with aerosol 
transport and desolvation may prove key to reach- 
ing 100% transport. Reductions in aerosol par- 
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ticle size with further improvements in 
thermospray vaporizers may still reduce matrix 
effects and perhaps improve responsivity, as sev- 
eral studies have indicated that responsivity is 
higher with smaller particle  size^.^,^' In addition, 
new concepts to aerosol generation, taking ad- 
vantage of the strengths of thermospray aerosol 
generation, may provide systems with even greater 
capabilities. For example, the nebulizing gas with 
thermospray (solvent vapor) is condensable and 
independent of the aerosol carrier gas flow. In 
principle, there is no limit to the volume of gas 
that could be generated and subsequently removed, 
assuming sufficient power for vaporization is pro- 
vided. New vaporizers designed with this consid- 
eration in mind may provide completely new ca- 
pabilities for thermospray, such as improved aero- 
sol characteristics, self-aspiration, and the ability 
to deal with samples containing large particulates 
or even slurries. 
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