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PROGRESS REPORT

In this Report, we summarize our DOE-sponsored research activities over the past three years.

Only the most important achievements are included to illustrate our progress and obstacles. Detailed

description of our investigations are outlined in the reprints and preprints that accompany this Report.

1. PURPOSE AND SCOPE

In this research, new high temperature plasmas and new sample introduction systems are

explored for rapid elemental and isotopic analysis of gases, so!utions, and solids using mass

spectrometry (MS) and atomic emission spectrometry (AES). These studies offer promise of solving

., singularly difficult analytical problems that either exist now or are likely to arise .in the future in the.

various fields of energy gsneration, new material development, environmental pollution, biomedicine and

nutrition. During the period 1990-92, emphas,s was placed on:

(a) analytical investigation of atmosPheric-pressure helium inductively coupled plasmas (He ICPs)

that are suitable for atomization, excitation, and ionization of elements possessing high excitation and

ionization energies, for the purpose of enhancing the detecting powers of a number of elements,

(b) simulation and computer modeling of plasma sources that have unique potentials as future

tools for spectrochemical analysis, i.e., we are aiming to ease the hunt for new plasmas by predicting

their structure and fundamental and analytical properties, without incurring enormous cost for extensive

experimental studies,

(c) spectroscopic imaging and diagnostic studies of high-temperature plasmas, particularly new

He ICP discharges, to instantly visualize their prevailing structure, to quantify key fundamental

properties, and to verify predictions by mathematical models, and

d) development and characterization of new, low-cost sample introduction systems for a_.omic

spectrometry, and examination of new diagnostic techniques suitable for probing the aerosol over a

wide rang _, from 10 nanometer-size particles to droplets having micrometer diameter. Again, these

endeavors are designed to ultimately improve analytical performance indices such as detection limits,

precision, and the degrees of freedom from interferences.



lb

2. TECHNICAL PROGRESS FROM JANUARY-1990 THROUGH DECEMBER-1992.

Although the studies summarize below represent our DOE-sponsored activities since January

1990, we must inform the readers that our efforts were hampered by two factors. First, during the first

two years of this project, a chain of frustrating events surrounding the installation and operation of a

newly acquired ICP-MS (Delsi-Nermag Instruments) prevented us from even initiating the studies

proposed on He ICP-MS. Briefly, the instrument was delivered four months after the promised delivery

date, was installed by the manufacturer three months later, many hardware and software problems had

robe overcome for ihe first two years (for example, the current software, delivered in March 1991, is

the ninth version of the original software we received with the instrument), the company filed for

bankruptcy in December 1991, and during its reorganization in France and United States, we had no

service or paf_s. Why did we select this instrument in the first place? The funds contributed by DOE

($75,000; 1989 funds) and the University ($35,000) were not sufficient to purchase the widely tested

ICP-MS systems, and furthermore, the instrument had an open configuration a0_dwas thus suitable for

easy interfacing with a variety of plasma sources. On the positive side, the above events educated PI

and eight of his associates on the science and art of plasma mass spectrometry at the level beyond

"normal" graduate research.

The second factor affecting our productivity was the substantial involvemer_t of PI, as a co-

author and a co-editor, in the major revision of the book INDUCTIVELY COUPLED PLASMAS IN

ANALYTICAL ATOMIC SPECTROME'I'RY (1) published in September 1992 by the VCH Publisher,s. The

first edition of this book, produced in 1987, received numerous accolades in the critical reviews

published iin major journals on analytical atomic spectrometry, and was widely accepted in the analytical

chemistry community. The newest version of this book has been expanded to twenty chapters with

contributions of chapter manuscripts by 32 outstanding scientists. Pi served as the author or co-authors

for six chapters in the second edition. This burden, along with the rigorous editing nece_c.sary to

influence the content, the style, and the clarity of the new 1000-page book regrettably delayed the

publ/cation_t of resu'.ts for some of the completed projects. As the list of our publications shows (Section

5), we have. attempted to compensate for tl_e loss of time which was beyond our control. Again, on the

positive side, our work on this book will undoubtedly be of value to tt_e community. We are hopeful and

confident that the reviewers will accept these st=_tements as a genuine effml on the part of PI for the

presentation of his circumstances rather than advertisements for the book or the PI.

Despite the cited difficulties, we have made good prot;ress in ali the current projects thanks to

the efforts of Pl's graduate studen(s and postdoctoral fellows. In terms of human resources, our

research has contributed to the preparation of suitably trained scientists to strengthen the research

programs in spectrochemicai analysis. During the 1990-92 I_eriod, three graduate students received

their Ph.D degrees based on our DOE research, and three postdoctoral feEIows acquired new training

_! 2
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and conducted new research. This is indeed a good return for a $71,000/year grant! Also, two

graduate students, H. Tan and R. H. Clifford, received the 1991 Gordo_l F. Kirkbright Bursary Award

from the Association of British Spectroscopists, and the 1991-1. L. Barnes Award from the

Baltimore-Washington Section of Society for Applied Spectroscopy, respectively. Relatedly, one of our

papers (2) has been nominated by the Editors to receive the 1992 Award for best paper published in

Spectrochimica Acta, the premier journal of analytical atomic spectrometry. These Awards and

nomination recognize the contribution of the graduate students to our DOE-sponsored research during

the 199.0-92 period.

2.A. Mass Spectrometry of Helium ICP Discharges

Our ICP-MS studies were focused on Ar and He ICP discharges. The work on Ar ICP-MS was

essential because our instrumental arrangement for Ar ICP-MS included at least four aspects or features

different from the commonly used, comrnercial ICP-MS instruments (3-5). First, in out' study, a

crystal-controlled, 41-MHz ICP system is coupled to the mass spectrometer. Second, two quadrupoles

are used for ion transmission and mass separation. Third, no photon stops or obstacles are present in

the ion trajectory for the mass spectrometer. Fourth, an off-axis, analogue mass detector known as

"Coniphot" is used to detect positive ions. _n this detector, ions are directed to a dynode where

electrons are generated. These electrons then are amplified via a microchannel plate, and are transferred

to a scintillator where _lectromagnetic radiation is produced. The resulting photons pass through a

light guide to impinge on the cathode of a standard photomultiplier tube (PMT) held at atmospheric

pressure. The signal is amplified at the detector by a current-to-voltage converter and is transferred to

an analog-to-digital converter.

Previous work had shown that ion intensities recorded depend in a complicated fashion on

instrumental parameters and instrumental arrangement (3-5). For example, different enhancement

trends have been observed (8) for ion signals from VG PlasmaOuad and the Sciex Ar ICP-MS systems

for the same change in water loading. Because of the cited differences between our tCP-MS system

and the widely used commercial instrument (3-5), we acquired a set of data on the effects of

experimental parameters on ion signal from the Ar ICP, and complied analytical performance indices for

subsequent comparison with results for He ICP-MS(7). During the course of this study, we also

explored the utility of the thermospray nebulizer with a membrane separator (TNMS) as compared to the

ultrasonic nebulizer (USN) and pneumatic nebulizer (PN) for Ar ICP-MS (7), Note that prior to our work,

no extensive studies had been conducted on the analytical potential of the thermospray nebulizer for Ar

ICP-MS, particularly when the combination thermospray nebulizer-membrane separator is used for

removing solvents from aerosol (8-.10). For pneumatic nebulization, such studies have been documented

for Ar ICP.-MS (3-5,11,12). We obtained parts-per-trillion detection limits for TNMS for the elements



tested, superior to the results measured for the PN used with or without a desolvation system.

However, the USN provided detection limits which were generally lower than those obtained with the

TNMS by a factor of 2 to 5. When cryogenic desolvation was used in tandem with the USN, detection

limits generally were degraded by a factor of 2 to 3. Lowest ion kinetic energies (5.0 to 7.7 eV) were

obtained when USN-cryogenic desolvation or the TNMS was used. More importantly, lowest oxide

levels were measured when: 1) the TNMS approach was used, or 2) cryogenic cooling was applied to

the desolvated aerosol from the USN. Recently, Houk and co-workers (13) also reported substantially

reduced oxide levels as the result of cryogenic desolvation.

lt is appropriate now to compare our detection limits for Ar ICP-MS to those of the commercial

systems for a few elements. This comparison is important for subsequent correlation with results

obtained with He ICP-MS. Clearly, our detection limits (Table 1) obtained with an analogue mass

detector are approximately one order of magnitude higher than those reported for the commercial

instruments that utilize ion counting.

In subsequent experiment, we interfaced the mass spectrometer to the He ICP, reduced the

extent of interface-related discharges (see below), and acquired the first analytical results for He ICP-MS

using aqueous sample injection (14). For the difficult-to-ionize elements such as As, Se, Br, and I, we

measure detection limits that are or the order of 50 to 200 pg/mL for the injection of a multielement

solution into a 1..kW He ICP (Figure 1). We predict that detection limits of the order 20 pg/mL can be

achieved if the He ICP is operated on commercial instruments manufactured, for example, by Perkin-
,

Elmer/Sciex Corporation or Yokogawa Electric Corporation because these instrument use ion counting

detection and superior optics. Note that out data were not obtained under critically optimized

conditions. For example, due to the problems cited earlier for the mass spectrometer, we have not yet

attempted to increase pumping capacity for the interface. Previous work has shown that the pumping

capacity required for the ICP-MS interface must be 2 to 5 times higher for helium plasmas (15-19) as

compared to the Ar ICP. A second vacuum port must be installed on the interface for connection to an

additional vacuum pump. This work will be conducted by December 1992. At any rate, these results for

He ICP-MS are encouraging not only due to the low detection limits measured, but because As and Se

are subject to strong spectral interferences in Ar ICP-MS. We intend to extend such studies to other

difficult-to-ionize elements during the next grant period.

One of the rnost significant impediment to the use of He ICP as an ion source for mass

spectrometry has been the pre,.:ence of a strong pinch discharge at the sampler cone. Our studies

(14,15) and those by Koppenaal and Quinton (16) have shown that the interface-related discharge or

the pinch discharge is strikingly stronger in He ICP-MS compared to that reported for Ar ICP-MS

(7,11,19-30). Further, we have now established that the approaches used to reduce or eliminate the

pinch discharge for Ar ICP..MS are mostly ineffective in the case of the He ICP-MS. We considered five

methods for minimizirJg plasma potential in He ICP-MS. These included the use of: 1) modified
--_
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Table !. Detection limit (pg/mL) of various ICP-MSsystems for pneumatic nebulization. _

Element Isotope This Work Perkin-Elmer/Sciex Yokogawa Electric Corp.

Mn 55 2 2 3
Ni 58 9 5 10
Co 59 8 1 2
Cu 64 10 3 8
Zn 65 60 3 10
Cd 114 40 3 2
In 115 5 <0.5 0.5
Cs 113 2 <0.5 0.5
Ba 137 10 <2 0.6
Ce 140 1 0.4 0.4
Nd 144 7 < 2 2
Pb 208 2.5 1 0.9
Bi 209 3 <0.5 0
Th 232 4 <0.5 C ?
U 238 3 <0.5 0.2
---..-............................................,....... .... .....,............... ..... ...... .... .. ..... .................,.......,... .... ...........

1. The integration time used in this work was 3 s/mass. Results for Perkin-Elmer/Sciex Corporation,

and Yokogawa Electric Corporation (Model PMS 2000) have been obtainee, respectively, for 3

s/measurement with 3 measurements/mass and 10 s/mass.

2. Ion counting has been used to obtain ali results, except for the data obtained in this work.

3. The RF generators were operated at 41 MHz (fixed frequency; this work), 34 MHz (free running;

Perkin-Elmer/Sciex Corporation) and 27 MHz (fixed frequency; Yokogawa Electric Corporation).
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induction coils (16,27), 2) electrostatic shields placed between the induction coil and the plasma torch,

3) center-tapped induction coil, 4) a symmetrical coil which is capacitively coupled to ground at both

ends while rf power is fed to the middle of the coil by a variable capacitor, and 5) ceramic sampler and

oxide-coated samplers. A_proaches 1-4 had been successfully used in Ar ICP-MS (19-30). Among the

approaches we explored thus far, the use of oxide-coated aluminum sampler has been the most useful

for rninimizing the pinch discharge for He ICP. Ceramic samplers made (from lava) thus far either

cracked during the manufacturing process or they did not survive in the course of experiments as the

results of orifice erosion. No useful helium plasma was formed when methods 1-3 were used with

' crystal-controller generators having an impedance matching network. For example, only a vew faint

helium plasma was formed when the impedance matching network was modified to use a 3-turn,

center-tapped induction coil, even at a forward power of 1.5 kW. With a 5-turn center-tapped induction

coil, a faint plasma was formed when 2.5 kW was applied. The fourth approach is yet to be tested for

He ICP, but it seems that some degree of capacitive coupling is needed to form an intense He ICP. At

the time of writing, our current configuration for analytical sampling of the 41-MHz He ICP is as follows:

we use a corner-tapped induction coil with three to five turns, an aluminum sampler coated with

aluminum oxide, a grounded ICP-MS interface, and the plasma is sampled off axis to achieve maximum

ion signal. This configuration has provided a stable condition for ion sampling. In contrast, if the

° aluminum sampler is replaced by a nickel or a copper sampler, excessive erosion for the sarnpler orifice

is noted and orifice-originated nickel or copper ions are among the prominent peaks in the mass

spectrum.

A number other approaches outlined in our previous proposal remain to be tested. New

strategies also are presented in the accompanyi,_g proposal, lt is appropriate to emphasize, however,

that we plan to rely more on mathematical modeling in our future studies. As shown in Section 2.C, our

current modeling studies have shown that the magnetic and electric fields in He ICP are approximately

one order of magnitude larger than those in Ar plasma for the torch configuration we typic_ use. The

current experimental results have verified these predictions.

2.B. Atomic Emission SpectrometJ'y of He ICP Discharges

During the period 1990-92, we worked on five AES projects' (a) developed r'J_thods for

improving the detection limit of iodine by two orders of magnitude by Ar and He ICPs (31) and obtained

a 10-fold improv3ment in the detection limits of non-metals for end-on observation of He ICP (32,33);

(b) initiated a project for the construction of an imaging spectrometer to record spatially-resolved

spectroscopic data for He ICP (34); (c) measured line-width and line-shape of spectral lines excited in

He ICP by using the high-resolution Fouder transform spectrometer (FTS) at Los Alamos National

La,_oratory (35); (d) developed a new, highly versatile C-based algorithm for the calculation of electron

= 5
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number density based on the Stark broadening profile (36); and (e) completed measurement of

rotational temperature for argon-nitrogen plasmas using the FTS facility (37). A brief summary of these

activities are given below.

The conventional limit of detection for iodine by ICP-AES is inadequate for determining iodine in

most samples such as effluents from nuclear production 'facilities and foods. We combined a

preconcentration procedure with an oxidaticn step to improve detection limit of iodine by He ICP-AES

and Ar ICP-AES. Two ionic forms of iodine ( I' and los) were studied, and the process was automated

with the flow injection technique. The preconcentration medium was a membrane disk containiz_g the

; AG l-X8 anion-exchange resin within a polypropylene housing. Preconcentration was coupled with

i chemical conversion of I" to 12to enhance analyte transport to the plasma. ]'he combined technique
I improved the limit of detection of I"and lOs in aqueous solution by a factor of 207 (0.75 ng/mL) and

15 (31 ng/mL), respectively. Improvement factors for on-line oxidation of I" were 33 and 100,

respectively, for Ar and He ICP discharges. In a related project (32,33) a 2-kW air-cooled torch wast

explored for He ICP-AES. Analytical performance of the helium plasmas were compared both for side-on

! and end-on viewing. For end-on observation, detection limits measured for F, CI, Br, and S (at the near-

_ lR lines) were improved by factors up to 20 and 50, for gaseous and aqueous nonmetals, respectively.

, Previous studies have indicated that end-on viewing of the Ar ICP provides 3 to lO-fold improvement in

detection limits for approximately 30 elements (38,39). Similarly, helium microwave induced plasma

(He MIP) are usually observed end-on to obtain better detection limits (40,41). The detection limits

measured at vacuum-ultraviolet lines (VUV) for Ar ICP (42} are by far the best results compared to the

data obtained for other plasmas (32,33,38-41). We are unable to conduct a similar stud,/for the He

ICP because a vacuum monochromator is not available in our laboratory. We have requested funds from

DOE to pursue this project during the next grant period.

We now present some of our diagnostic studies of He ICP using AES. We initiated a project for

the construction of an emission !maging spectrometer to instantaneously acquire spectroscopic

properties of new He ICPs, This home-made system (34) uses a 0.35-m spectrometer and an

inexpensive charge injection detector having 388 by 488 sensor elements. The instrument was used to

capture quantitative image maps of the He ICP shown in Figures 2 to 6. These maps will allow us to

characterize various region of the plasma more efficiently, Note that our CID detector is not cooled,

and therefore, only intense spectral features can be imaged currently. For example, radial distribution of

He ! 587.5-nrn line at 2 kW (Figure 2a) reveals a region of maximum emission intensity on the axial "-

channel at the height of 30 to 35 mm above the induction coil when no water is injected into the _I

plasma. However, similar measurements at 1.5 kW results in noisy profiles, especially at the center of

the plasma (maximum error in Abel inversion). Radial distribution of H I 656.3-nm line for th_ 1.5-kW

plasma is shown in Figure 3 for the injection of wet aerosol. In contrast to Figure 2, maximum emission

intensity for this line falls off-axis, at a height of 5 to 15 mm above the induction coil. Because of the

6
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I',mitedresolution of our monochromator, the Na I doubiet at 589.0 nm and 589.6 nm cannot be

resolved(Figure 4), yet these profiles demonstrate the effect of forward power on the atomization and

excitation of an easy element in the plasma. In this case, maximum emissionoccurson-axis, without a

significant increase in emission intensity, as the forward power is changedfrom 1 to 1.5 kW. The

maximum emission profile for Ca I 422.7-nm line occurs on-axisat 25 mm (Figure5b, '1.5 kW He ICP),

above the height noted for Na which is a more volatile element. The data in Figure 6 also show that

halogens are excited on-axis, and further, the area of maximumexcitation is much narrower compared

the resultsobtained for the excitation of metallic species_uch as Na and Ca. lt is evident that these

spatially-resolvedimages can significantlyassist us in identifyingzones within the plasma that are

interesting and worthy of detailed probing.Also, such data can be used to check the accuracy of the

prr.,dictedresults obtained by mathematical modeling(Section 2.C). We intend to continue this line of

work duringthe next gra',-_tperiod whenever plasmasin new He ICP torches are examined.

In a separate set of diagnosticstudies (35-37), we used the high-resolution Fouriertransform

spectrometer (FTS_of the Los Alamos National Labora'.oryt_,sonduct diagnostic studies of mixed_gas

plasmasand He ICPs. For example, we have recordedhigh-resolutionspectra for a numberof

analytically useful argon-nitrogen plasmas.These results have been analyzed, and will be ready for

publication by December 1992 (37). For the atmospheric-pressureHe ICP (35), we measured

intensities and widths of atomic spectral lines of I-le, H, and Fe. These data along with intensitiesof

rotational bands of OH were used to estimate excitation, rotational, and Doppler temperatures and

el_;_,ctronnumber density. Similarto the Ar ICP (1, see Chapter8), the line width of Fe I lines were 2 to

3 pm in He ICP. Further, the magnitude of the excitation temperature measured from intensitiesof Fe I

linesdepended on the excitation energy of the upper level, and rangedfrom 3000 to 4700 K for dry

and wet He ICPs. For the dry He ICP, a temperature of 2200 K was obtained when the B2_,+ -->

X=Z=+, N=+ (0-1) rotational bands were employed, and further, analogoustemperatures were obtained

for branches P_, P2,R, and R2. A substantiallydifferent rotational temperature (3000 K) was

estimated from branches Q_, Q2, P_and P2of OH A=T.. ---> x2rl_ (o-0) rotational bands for dry and wet

He rCPs. Note also that the rotational temperature for Ar ICP was 7200 K, as measured from hyperfine

structures of B2T.,,+ ---> X=_=", N2+ (0-0) rotational bands• "these data collectively confirm again that

He ICP discharges are non-LTE plasmas.

In a related study during the previous grat_t period il 987-1989), we described an algorithm for

the calculation of electron number density (n,) via least-squares fittings of spectral lines to the

theoretical Stark-broadened profiles (43). This copy-righted code was written in BASIC language, lt has

been used by many prominent investigators worldwide for diagnostic studies of plasmas. A

substantially revised version of this program is now prepared in C language for use on an IBM or

compatible personal computers (36). The new code provides much greater speed, compared with the

BASIC version, is menu-driven, and provides users with versatile tools to: (a) create/edit Vidal profiles,
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{b) convert Vidal profiles to Stark profiles, (c) create Doppler profile, (dl create/edit instrumental profiles,

(e) create/edit experimental profiles, and (f) calculate electron number density. Th3 calculation of n.-

value is advanced in the following fashion. Both the experimental and the instrumental pro les are

background corrected and are both averaged to give symmetric profil_s. The averaged experimental

profile is area-normalized using the Simpson's rule. The average inr,trumental profile is convoluted with

Dopple; profile, This profile is further convoluted with the interpolated Stark profile, from table of

theoretical profiles, and is curve-fit to the experimental profiles. In each iteration, a new interpolated,

convoluted Stark profile which is closer to the experimental profile is generated. The process is

terminated when the squared-sum of residuals reaches a pre-determined criteria. In addition, the user

can exclude the center portion of the profile in the curve-fit"¢ing procedure. Depending on the situation

at hand, accuracy of the n=-value can be increased if the structured center of Stark profile is avoided=

We intend to use this fast code for obtaining images of n°-values for He ICP discharges. To implement

this task, we must utilize a monochromator with resolution= far superior to the one used in the present

imaging spectrometer.

2.C. Simulation and Modeling of He ICP and Mixed-Gas Plasmas

Another new project started during 1990-92 involved computer simulation of helium iCPs and

mixed-gas plasmas. Our overall goal was (and is) to get a look at properties of new plasmas before

plasmas are tested experimentally to avoid enormous costs. This effort was partly prompted by our

earlier experimental studies concerning the effects of induction frequency and forward power (44) on

properties of He ICP. The chief conclusion of this study was that the cited parameters have marginal

influence on the analytical and fundamental characteristics of the helium plasma. However, the impacts

of many other parameters still were unknown, lt was thus desirable to predict plasma properties by

simulation. Compared to the experimental approach, computer simulation offers the following

advantages: (a) results are obtained rapidly for different sets of operating conditions or different torch

designs, (b) resources are saved because a variety of generators operated at different frequencies or

many new torches are not needed, and (c) complete information on a given plasma can be acquired

rather than measuring parameters at, for exampl#, just one observation height. Indeed, computer

modeling has provided (45-62) valuable information on fundamental and analytical properties of Ar ICP

and molecular-gas ICPs, but no published work on modeling He ICP, Ar-N_ and Ar-O2 plasmas was

available prior to our work.

For the studies presented in this section, we collaborated with Professor J. Mostaghimi of

University of Toronto. The computer code (63) used was based on a two-dimensional model of an ICP.

This code had been used to simulate argon and molecular-gas ICP (45-47,49-53,59-62). Our initial
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effort was focused on modelingAr..N=and Ar-O= plasmas. The effects of many experimental

parameterson propertiesof the plasmaswere predictedfor comparisonto our experimentaldata.

These results are beingpreparedfor publication(64), but two representativedata sets are shown in

Figures7 and 8. In these Figures, plasmatemperatures obtainedthrough computer simulationare

comparedto the excitation temperaturaswe measured earlier(65,66). in general, the simulated

temperatures are approximately 2,000 K higher than the radialexcitation temperatures measured,

except for the axial channel whiichexhibitsa temperature 3,000 K less than ;he predictedresults. This

temperature difference is attributed to four factors. First, the excitation temperaturesmeasured were

obtainedfor wet plasmas (65,66), while t_le plasma was simulated, for simplicity, underdry condition.

Second, the power used in experiment representsthe forward power as comparedto active power

utilized in simulation.Third, the I_engthof the outer tube we hadto use in simulationwas 53 mm

instead 23 mm used in experiment. Finally, we assumedan LTE conditionfor modelingboth plasmas.

We plan to overcome some of these limitationsduringthe next _rant period throughthe use of

improved models.

The simulation studies corlducted on He ICP are now summarized (67). Plasmacharacteristics

for He ICP were compared to tho.seof an Ar ICP formed in the same torch. We studiedthe distributions

of heat, temperature, energy dissipation, gas velocity, Lorenllzianforces, and electric and magnetic

fields in He ICP and in Ar ICPas the function of active power, the number of turns for the induction

coil, the gap between the plasma tube and the MACOR insert, the orifice of injector tube, and injector

and plasma gas flow rates. Predictionsobtaineri via simulationwere also comparedto the existing

experimental data to examinethe validity of the mathematical model. Further, these theoretical

predictionswere used to interpret analytical results achieved, and to devise new directionsfor research

in He ICP spectrometry.

Predicted contour linesfor heat dissipation,temperaturedistribution, and streamfunctions for

Ar and He ICPs are illustratedin Figure 9. The dissipationof heat in He ICP is concentratedin a small

region (3 mm x 12 mm) as compared to the Ar ICP (4 mm x 35 mm). The most focusedregion for

heat dissipation(area surroundedby the 10'-J/m _ contour line) in He ICP is located near the center of

the inductioncoil, and it occupies a largerarea compared to that in the Ar ICP. Also, the contour lines

for heat dissipationin He plasma are much closer to the axial channel, suggestingdifficultiesfor the

injectionof the sample. In a similarfashion, temperature distributionin He ICP is more constricted than

that in Ar ICP. For example, the 2,000-K temperature contour, the outermost contour in Figure 9b,

extends approximatelyfrom 5 to 40 mm (19 mm above inductioncoil) above the top of the MACOR

insert for the He ICP, and from 0 to 80 mm (59 mm above the inductioncoil) for the Ar ICP. The same

contour also is shifted toward the plasma confinement tube, thus predicting erosionor a melt down if

an externally cooled plasma tube is not used for the Ar ICPformed in this torch• Note th,_tCho

streamlines in He ICP show the presence of the recirculationregion near the axial channel in He plasma

_
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while the same region is shifted towards the plasma tube f_r the Ar plasma.

Axial energy dissipation, temperature and gas velocity distributions for the same plasmas are

illustrated in Figure 10. As expected, axial energy distribution (Figure 10, left) in He ICP also is more

focused than that in Ar ICP. Accordingly, the maximum axial temperature (Figure 10, right) in He ICP

(13,500 K) is predicted to be much higher than that in Ar leP (8,000 K) for plasmas operated at an

active power of 600 W. Two additional points should be noted. First, the position of the maximum

temperature is located at height of approximately 12 mm above the MACOR insert (inside the induction

coil) in He ICP, as compared to 25 mm for the Ar ICP. Second, axial temperature varies dramatically

with observation height in He iCP with steep temperature rise and fall. At the typical observation height,

25 mm above induction coil (44), the He ICP is predicted to have a temperature of approximately 2,000

to 2,500 K, closu to the rotational temperatures we measured for the He ICPs (44). For comparison

note 'that the Ar ICP is anticipated to have a temperature of approximately 7,500 K at 15 mm above the

induction coil, the height commonly used in Ar ICP spectrometry. These predictions reveal that He ICP

is a less efficient atomization source compared to the Ar ICP, particularly because the heat dissipation

area in He ICP is not as extensive as the Ar ICP. Obviously, this limitation puts greater demands on

sample introduction system, i.e., smaller droplets or particles (with size distribution narrower than that

used for the Ar ICP) are needed for He ICP. This stipulation, however, shouad not distract the reader

from one of the important advantages of He ICP with respect to the Ar plasmas, namely, its higher

temperature within the induction coil. In short, if the sample can be atomized easily, then He ICP is

predicted to be a more efficient excitation-ionization source than the Ar ICP, especially for the difficult-

to-excite or ionize elements such as the halogen and other non-metal as proven experimentally (15,44).

Because the highest temperature region in He iCP is estimated to be within the induction coil, end-on

observation of the plasma should in principle provide lower detection limits compared to the side-on

observations. Again, this prediction has been verified experimentally (32,33).

Another interesting prediction by the model is concerned with the strength of the electric and

=_agnetic fields in He ICP, These fields (Figure 11) are approximately one order of magnitude larger than

those in the Ar ICP. Experimental results for He iCP-MS (14-16) have documented the validity of this

prediction. In short, interface-linked discharges are very strong when the He ICP is used instead of Ar

ICP as an ionization source for mass spectrometry. We intend to reduce the strength of the electric field

through simulation studies planned for the next _rant period.

The reader is refereed to our recent report (67) for the description of other results. The

following is a summary of some of these findings. The effects of induction frequency and the orifice

size for the injector tube on characteristics of He plasma were insignificant. The principal parameters

that govern stability of helium plasma and its properties were: the number of turns for the induction

coil, the gap between the plasma tube and the MACOR insert, and the injector and plasma gas flow

rates. Because the effective diameter of the F-le ICP is less than that of an Ar ICP, the simulated results
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seem to indicate that a new torch, having an internal diameter smaller than 13 mm, must be used to

achieve higher temperatures for He ICP. Such a torch is currently being constructed inour laboratory.

2.D. Studies of Liquid Sample Introduction Systems

Our major studies on liquid sample introduction systems during the period 1990-92 included: (a)

development of a low-cost, humidifier-based ultrasonic nebulizer (68) for which one US Patent was

issued in 1992; (b) development of a low-cost, disposable thimble-frit nebulizer (69); (c) time-resolved

measurements on aerosol prior' to injection to the plasma to identify the nature of mi'.',_second-type

instabilities in plasma spectrometry (2); (d) comprehensive diagnostic studies on desolvated aerosol

from ultrasonic nebulizers (USN) by dual-beam, laser light-scattering interferometry (2); and (e)

investigation of differential electromobility technique for aerosol characterization studies (70) in

submicron range (0.01 to 1 pm). In Section 2.A, we summarized our studies of membrane separators

for reduction of solvent load and oxide ions in ICP-MS (7). Brief description of studies under (a) to (e)

are presented below.

The most commonly used solution nebulizers in atomic spectrometry are: (a) pneumatic

nebulizers (PN), (b) ultrasonic nebulizers (USN), and (c) glass frit nebulizers (GFN). Most PNs are

extremely inefficient because the majority of test solution (98 to 99%) is directed to the drain. Glass

frit nebulizers are highly efficient at low uptak' rate (50 to 150 pL/min.), but the most glaring

disadvantage of the current GFNs is the reuuction in aerosol production as the result of repeated usage

(71,72). For USNs (68,71-77), efficiency of aerosol production is improved by a factor of

approximately 10 compared to PNs if the test solution is not highly viscous. However, the present

commercial USNs are quite expensive (approximately $12,000 to $17,000) compared to PNs and

GFNs ($100 to $800).

We described (68) the simple conversion o_ an inexpensive (approximately $50), commercial

ultrasonic humidifier to a continuous-type ultrasonic nebulizer suitable for analytical atomic

spectrometry. The total cost of the proposed system used in _he batch or continuous mode was less

than $800. Long-term precision of 1-2% were achieved for 14 elements. For a sample uptake rate of 1

mL/min., detection limits measured with the hun_idifier-based USN were superior to those obtained with

a PN by a factor of 8-50, and equivalent to tile comnnercial USNs. At the present time, this USN

suffers from one drawback. The sample cell has a relatively large volume (9 mL). Thus, the time

required for a complete sample change-over is approximately 6 minutes, roughly 2-3 times longer than

the washout time of the commercial USNs. This limitation is currently being addressed. The main point

is that the proposed system can be easily constructed and is quite inexpensive.

In a related study (69), we developed a low-cost, disposable nebulizer (Figure 12) to bypass the



main limitation of glass frit nebulizer, i.e., the reduction in aerosol production as a result of repeated

usage. As in the past (78), a thimble glass frit is pressurized internally by means of gases such as

helium or argon while the sample solution is applied externally to the frit. The pressurized gas exits !i._'_

through the pores of the glass frit and shatters the thin liquid film flowing on the surface of the

thimble-shaped device to form small droplets. A small spray chamber surrounds the nebulizer to remove

the large droplets. Small droplets then are introduced into the ICP. Long-term stability of this nebulizer

over the course of approximately 8 hours (for 13 successive determinations) is illustrated in Figure 13

for the simultaneous measurements of 14 elements by Ar ICP-AES. The fluctuations noted for Co and

Pb are due to the corresponding detection channels rather than the nebulizer. Although no degradation

in aerosol production is noted for nebulization of standard solutions tested, we expect a gradual

reduction i=, aerosol production for very complex samples. However, an "old" thimble frit can be easily

replaced because nebulization system is demountable. Note that the cost of each frit is only $10o

We should emphasize here our main goal in investigating frit-type nebulizers: to understand

conditions leading to the degradation of the efficiency of frit for the purpose of prevention. Such a

study is important because the internally-pressurized thimble glass frit nebulizer is ten times more

efficient in aerosol production (at least for particle size 0.5 to 2.5 pm) when helium is used as the

nebulizing gas rather than argon (78). In contrast, the commonly used PNs for Ar ICP are quite

inefficient when helium is used (78). Because of time constraints, and the volume of work conducted on

other projects, we yet have not been to explore pathways that lead to the gradual loss of sensitivity for

a frit. However, the use of demountable frit nebulizer described here along with the clean-out system

presented earlier (78) should provide the most practical alternative for the use of frit-type nebulizer at

this time.

We now present results of our diagnostic studies. A major component of the noise in ICP

spectrometry is contributed by the nebulizer (79-84). To identify the nature of instabilities in plasma

spectrometry (2), we conduc_.ed time-resolved measurements, in millisecond range, on aerosol prior to

injection to the plasma. The technique of dual-beam, laser-scattering interferometry (85) was used for

these studies. With this technique, drop-size and velocity distributions of aerosols can be measured

simultaneously. During the previous grant period (1987-89), we used this technique to characterize wet

tertiary aerosol produced by a pneumatic, an ultrasonic, and three glass frit-type nebulizers (85). For the

current grant period (1990-92), we conduct comprehensive diagnostic studies on desolvated aerosol

from USN. The instrument (Phase/Doppler Particle Analyzer, Aerometrics Inc., Sunnyvale, CA)) used

was similar to a laser Doppler velocimeter, except that scattered light was detected at large angle using

three photodctectors placed behind a common aperture at fixed distances. The overall size range of this

technique is 0.5 to 10,000 pm as compared to approximately 0.5 to 600 pm for the laser diffraction

system (6,77).

We now summarize results of our new diagnostic studies with PDPA (2). The most important
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findings were the following: pulsations and clusteringof particles (Figure 14)produced by USNs were

observed for the first time by time-resolved measurementson aerosol before injection into an inductively

coupled plasma. In certain cases, the local numberdensity of the desolvated particles within the

clusters and the diameter of the dry particlesvaried by a factor of ten en a millisecondtime scale.

These results are important not only in understanding fundamentals of aerosol generationand transport

but in unraveling vaporization-atomization-excitation-ionizationprocesses in high-temperaturesources in

order to improveanalytical performance of atomic spectrometry, in particular, theses findingsimply that

analytical spectroscopistsmust devise new sample introductionsystems that can provide fine,

monodisperseaerosolthat exhibits no intermittence for particle arrival. For the next grant period, we

plan to devise such devices.

In additionto the cited studies, we conductedsimultaneousmeasurements of particle-sizeand

particle-velocity distributions,size-velocity correlation,particle number density, and volume flux and

span of deso{vatedaerosols.A commercial ultrasonicnebulizer(USN) and our low-cost,

humidifier-based USN were used to nebulize pure water, or aqueous solutions containingH2SO4, HNO3,

or NaCI. In general, Sauter mean diameter, velocity of particles, and volume flux of desolvatedaerosol

were larger when Ar was used as the injector gas insteadof He. Sauter mean diameter increasedwith

acid concentration, but it was independent from salt concentration. The velocity of desolvated droplets

did not change with analyte concentration or the temperature of the heating tube. "]'heimplicationsof

these observations in plasma spectrochemical measurementsare discussed extensively in our recent

report (2). For the next grant period, we plan to extend our diagnosticstudies with PDPA to primary

aerosol as weil. We intend to conduct spatially-resolvedmeasurements on USN and new sample

introduction devicessuggested in our renewal proposal.

The approaches used to size the primary and tertiary aerosol included the use of cascade

impactors, aerosol particle counter based on Mie scatteringtheory, and laser Fraunhoferdiffraction, but

these techniques are not suitablefor size analysisfor dropletsand particles smaller than 0.5/_m

(71,72). Novak and Browner (86,87) used an electrical aerosolanalyzer (EAA)in tandem with a

cascade impactor to characterizeparticles in the 0.03 to 10 pm range from a PN used in atomic

spectrometry, in our studies(70), the differential electromobility technique was used for the

measurement of particle- and dropJet-sizedistributions in the 0.01 to 1.0-pm range for nebulizers

commonly used in atomic and mass spectrometry'.This technique is more suitable than EAA (86,87) for

par_,icle-sizeanalysisbecause of its higher resolution(32 versus 8 size channels or classes) and larger

linear dynamic range (107 vs. 104to6). We describedthe applications of differential electromobility

technique for the characterizationof tertiary and desolvatedaerosolfor a thermospray nebulizercoupled

to a membrane separator (TNMS), two USNs, two PNs, and a frit-type nebulizer, in general, volume

concentration (volume of droplets or particles per cubic centimeter of injector gas) increasedwith NaCt

ii concentration, and it was greater for 'TNMS followed by USNs compared to other nebulizers. For the

13
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Figure 14. Four consecutive diameter-time traces with a 5-ms time intervals obtained at Ar injector

gas of 1 Ltrain, 140 °C heating tube temperature, and 10% H_SO=. The dual-beam, light-scattering

interferometry was used to obtain these time-resolved data prior to the injection of aerosol into the ICP.



desolvated aerosol produced by PN and USN, volume concentrationwas found to be independent of the

temperature (140 to 180 °C) of the heating tube for the desolvationdevice. As the nebulizertip

temperature in thermospray nebulizationwas varied from 160 to 240 °C, a largervolume concentration

of desolvated aerosol was produced. Sizedistributionsshifted towards larger particles with increasing

NaCI concentration. Among the nebulizationsystemsinvestigated, the pneumaticnebulizersand the

frit-type nebulizerproducedaerosolsthat exhibitedsmallestgeometric volume mean diameter. Again,

the implication_ of these observationsin plasma spectrochemicalmeasurementsare discussedin our

recent report (70).

2.E, Solid SamplingSpectrometries

The occurrence, distribution, and determination of the platinum group metals (PGMs) in

geological materialscontinues to receive increasingworldwide interest from the mineral exploration and

geological researchcommunities. Risingindustrialdemand for PGMs is depletingthe existingmajor

deposits of these elements. Explorationfor new reserves requiresthe development of more sensitive

analytical methods. Similar analytical requirementsare shared by researcherswho continueto use PGMs

as indicatorsof petrogenetic events. For this reason, we developeda new method for the determination

of selected platinum group metals in geologicalsamples {88). This work was conducted in collaboration

with Anthony Dorrzapf, Jr. of the US GeologicalSurvey, Reston, Virginia. Platinum, palladium, rhodium,

and iridium were preconcentrated into gold and silver beadsusing the classicallead fire assay proce-

dure, and the beads were directly sampled by spark ablation - inductivelycoupledargon plasma mass

spectrometry (spark-ICP-MS). The spark sampling system constructed for this application produced a

solid aerosol composed of submicron-sizedvapor condensates and small (< 2/Jm) spherules. In

contrast to solutionnebulization,the mass spectrum for spark-ICP-MS was free of potentially interfering

metal oxide, polyatomic, and multiply charged ions. The measurementprecisionranged from 2 to 4

%RSD for Pt, Pd, and Rh, but a wider range was obtained for lr due to its heterogeneousdistributionin

a silver bead. Detection limits based on a 15-g rock sample ranged from 1.0 ng/g (Pt) to 4.0 ng/g (Pd).

Calibrationcurves for these elements were linear up to the highest concentration in the bead studied

(2,000/pglg). Exceilent agreement with certified-values for the SARM-7 geologicstandard was found

for three of the four elements investigated. For the next grant period, we plan to utilize the sparksource

for introducing solid samples into He ICP discharges.This work will be initiated when helium plasmas

are developed that have higher gas temperature.

Consideringthe recent surge in glow discharges(89), we plan to evaluate the utility of glow

dischargemass spectrometry for sampling gold and silver beads preparedthrough the fire assay
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sampling of nonconductive solids by atomic and mass spectrometry. These discharges have been

traditionally used at 13 MHz (89). Because ICP spectroscopists utilize generators that operate at 27 and

41 MHz, we plan to investigate these devices at the cited frequencies. Our current interest is focussed

on detection of halogens and other non-metals. This study complements our current work on He ICP

discharges• Thus far, residual funds from non-DOE sources have been used to purchase an rf glow

discharge source from Dr. K. Marcus of Clemson University• The source has been coupled to our

existing atomic emission and mass spectrometers. We must emphasize here that our studies are not

designed or intended to overlap with DOE sponsored studies conducted by Professor W. W. Harrison

and co-workers. Similarly, we do not plan to pursue areas that are being explored by Dr. K. Marcus in

NSF-sponsored studies. In short, this effort constitutes a minor part of our activities.

3. TECHNICAL PROGRESS EXPECTED FROM JULY TO DECEMBER 1992

We anticipate that the on-going investigations discussed above will continue or expand for the

next six months of 1992. The results of these studies are being prepared in 10 publications(see papers

number 23 to 32 in Section 5) and will be presented in 8 papers (see presentation number 31 to 38) at

the ACS National Meeting, Washington, DC (August 1992) and FACSS Meeting to be held in

Philadelphia, PA (September 1992). To prevent repetition of these subjects, the readers are referred to

Section 5 of this Progress Report.
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18' "Time-Resolved Measurements of Droplet-size and Velocity Distributions of Desolvated Aerosols
Produced by Ultrasonic Nebulizers", (with R. H. Clifford and P. Sohal), presented at the XXVII
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37. "Radio Frequency-Powered Glow Discllarge Mass Spectrometry at 40 MHz" (with H. Zhang);
presented at the FACSS Meeting, Philadelphia, September 1992.
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6. TIME DEVOTED TO THE PROJECT AND DEVELOPMENT OF HUMAN RESOURCES.

PI devoted 100% Of his time during two months of summers to this project. During the

academic year, PI fulfilled his teaching duties but the remainder of his time was spent on the execution

of this project and on the supervision of one postdoctoral fellow and eight graduate students.

During the period 1990-1992, three graduate students (H. Tan, R. L. Van Hoven, and R. H.

Clifford) received their Ph.D degree on DOE sponsored research, in addition, three postdoctoral fellows

(one per year) acquired new training and conducted new research. Note that the average funding level

for this grant has been $71,000/year, less than the national average. Considering the diversity of the

projects conducted, this amount is not sufficient to support a research group consisting of eight

investigators. During the 1991 summer, PI transferred one month of his DOE summer salary to other

accounts to support associates and/or purchase supplies and replacement equipment. We are hopeful

that the reviewers will appreciate our circumstances, and encourage DOE to support us at a higher level

assuming the accompanying renewal proposal receives favorable review.






