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ABSTRACT 

Studies are presented describing advances in sample introduction 

procedures for analytical atomic spectroscopy. New techniques are 

developed that facilitate "preparation free" analysis of complex 

materials, micro-analysis of miniature samples, reduced spectral inter

ference levels, and enhanced analyte sensitivity. 

The need for "preparation free" atomic spectral analysis of 

complex materials from a cost and convenience standpoint, as well as the 

desire for freedom from contamination by reagents and losses during 

digestions, provided incentive in these studies for development of a new 

"high solids" approach to nebulizer sample introduction for flame 

spectrochemical analysis. 

The new "clog free" system utilizes the Babington principle of 

aerosol generation which (in contrast to conventional nebulizers) has 

the advantage of not requiring the sample to pass through a capillary 

orifice. Large, non-nebulizable suspended particles simply fall away 

without clogging the nebulizer and eventually exit via a drain. Samples 

as complex as whole blood, urine, evaporated milk concentrate, and 

tomato sauce may be directly analyzed by flame atomization using this 

new approach. Suspended particles appear to affect the spectrochemical 

response only if they are small and contain appreciable analyte. The 

present investigations have evolved a smaller (6 mm o.d.) metal 

nebulizer (with non-recessed orifice and peristaltic pump sample feed) 

xi 



that reduces the required minimum sample to - 1 mL compared to the 

larger (16 mm o.d.) respiratory glass "HYDROSPHERE" nebulizer which uses 

a recessed Babington orifice and a 500 mL sample reservoir. 

This state of development in terms of tolerance of complex 

materials was achieved for 1 mL samples without sacrifice in concentra

tion sensitivity compared with conventional nebulizer approaches. The 

new high solids nebulizer seems optimally fitted to rapid and convenient 

analysis of solutions and slurries too complex for conventional systems, 

but that contain analyte levels adequately measured by normal nebulizer-

burner sensitivity and that are available in quantities > 1 mL. 

The problem of micro-analysis of miniature samples on a conve

nient and inexpensive basis was approached using existing capillary 

pneumatic nebulizers. In the course of these investigations, new Teflon 

micro-sampling cones were developed for rapid, convenient, and inexpen

sive nebulizer-burner analysis of 5-200 yL of aqueous or digested 

samples. Design and operational parameters were evaluated and new pro

cedures established for "on-the-spot" micro-calibrations and micro-

dilutions. Burner memory effects were found to be greatly reduced owing 

to the much smaller amount of "memory causing" sample matrix aspirated 

per analysis when the micro-sampling approach is used. 

The question of molecular spectral interferences by undissoci-

ated inorganic matrix salts is inevitably raised when the direct 

analysis of digested or untreated complex materials is considered. New 

data presented in these studies indicate that, although the spectral 

interferences are heavily pronounced for electro-thermal and total 
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consumption burner atomization, the problem is not nearly as serious for 

premixed flame systems which more readily dissociate the polyatomic 

species. The fear of overwhelming molecular spectral interference in 

the "high solids" premixed flame analysis has been eliminated by these 

investigations. 

The need for improved concentration sensitivity in the atomic 

spectral determination of toxic species was approached in these investi

gations using unique "on line" hydride conversion techniques to precon-

centrate arsenic and separate it from potentially interfering matrix 

species. Separation and low temperature entrapment techniques were 

employed to remove water vapor, liquid argon condensate, and evolved 

and CO2 that would otherwise prevent application of hydride preconcen-

tration to inductively coupled plasma (ICP) emission spectrometry. The 

technique places natural water arsenic levels easily within the resul

tant newly expanded part-per-trillion sensitivity range of a relatively 

inexpensive small monochromator, low power ICP system. 



CHAPTER 1 

INTRODUCTION 

Optical atomic spectra have been used for chemical analysis 

since Herschel (1823) and Talbot (1826) observed that small amounts of 

alkali metals exhibited characteristic intense visible emission spectra 

in flames. Kirchhoff and Bunsen (1861) demonstrated that wavelength 

dispersion could isolate these characteristic spectral lines. This 

development provided the basis for selectivity in the application of the 

"flame test" to qualitative analysis of mixtures containing more than 

one emitting species. The foundation for quantitative analysis utilizing 

atomic spectra was established when Lockyer (1878) and LundegSrdh (1936) 

observed that the relative intensity of a spectral emission line is pro

portional to the amount of the corresponding element present when all 

other factors are held constant. The advent of arc and spark excitation 

coupled with the use of quartz as an optical material extended the capa

bilities of atomic emission for trace analysis to the ultraviolet region 

where many more elements could be determined than was possible with 

flame emission. The usefulness of the flame atomization cell was then 

extended to the ultraviolet region of the spectrum when the phenomena of 

atomic absorption (Walsh, 1955), and more recently atomic fluorescence 

(Winefordner and Vickers, 1964), were adapted for analytical purposes. 

These beginnings established analytical atomic spectroscopy as a 

distinct scientific discipline that has since gained wide acceptance in 

1 
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academic, industrial, and clinical areas of chemistry. The complemen

tary properties of absorption, emission, and fluorescence spectra 

observed in modern flames, arcs, sparks, discharges, flameless atomizers, 

d.c. plasmas, and high frequency plasmas collectively provide excitation 

capability for rapid and convenient trace determination in gases, 

liquids, and solids of nearly every element in the periodic chart. 

Achievement of this state of analytical development at moderate cost has 

undoubtedly established atomic spectroscopy as the most widely practiced 

means of elemental trace analysis in use today. Application of the 

spectrochemical discipline extends beyond the bounds of chemistry into 

such areas as agronomy, biology, ecology, forensic science, forestry, 

geology, metallurgy, mining, oceanography, and sanitary engineering. 

Although advances in electronics, optical design, and discharge 

technology have played a significant role, many of the important 

developments occurring in the twenty-two years following the advent of 

atomic absorption spectroscopy in 1955 have been in the area of sample 

introduction techniques. Improvements of this nature (nebulizers, 

furnaces, etc.) have been largely responsible for extension of the 

earlier "part-per-million" (ppm) sensitivity of spectrochemical analysis 

to the present "part-per-billion" (ppb) range. Advances in sample 

introduction have also been primarily responsible for the improved con

venience, speed, and precision of modern atomic spectral analyses. 

Earlier lack of adequate means of introducing samples was partly respon

sible for the delayed appearance and popularity of the new area of 

plasma emission spectroscopy. Improvements in sampling techniques 
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continue to play a major role in present-day research involving d.c. and 

high frequency plasmas. 

This research project focuses on sample introduction as a 

general topic within analytical atomic spectroscopy. Although some 

exceptions will inevitably arise, examination of this topic in such a 

framework implies that new concepts and techniques evolved for sample 

introduction in atomic absorption spectrometry will generally apply to 

atomic emission and atomic fluorescence as well. Such concepts should 

also remain fundamentally independent of the method of wavelength selec

tion, the type of detector, and the method of data reduction employed. 

In the course of this dissertation, no one sample introduction procedure 

is presented as being ideal. A number of new approaches are rather pre

sented that add to the analytical spectroscopist's "repertoire" of 

sample introduction capabilities. Thus armed, he may tackle more diffi

cult and challenging analytical problems with improved accuracy, con

venience, and cost effectiveness. 

Sample introduction procedures have previously been evaluated in 

terms of cost, convenience, speed, sensitivity, precision, and minimiza

tion of required sample size realized in practical application to 

analytical problems. Investigation of the parameters affecting sample 

introduction techniques in this research project has resulted in the 

proposal of two additional criteria for evaluation. The new concepts 

developed involve the manipulation of sample introduction 1) to minimize 

spectral interference, and 2) to increase the complexity of material 

that may be directly analyzed without prior treatment. In the course of 
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these studies, experimental improvements were achieved in the perfor

mance governed by these two criteria, as well as the seven more tradi

tional evaluation criteria for sample introduction techniques. Several 

new introduction methods were also developed, implemented, and evaluated 

in terms of the nine criteria. 

Commonly practiced sample introduction techniques for atomic 

spectroscopy generally fall into one of six categories: nebulization, 

thermal vaporization, electro-thermal vaporization, sputtering, chemical 

volatilization, and direct flow introduction (gases). 

Nebulization consists of techniques for converting liquid 

samples into mist or aerosol form. Resultant droplets are carried by a 

gas stream either directly to the atomization cell or to a prior desolva-

tion chamber. Early examples of this approach include the Lundeg&rdh 

aspirator and the capillary "total" consumption burners developed for 

mist generation by Beckman Instruments and Jarrell Ash (Hetco). More 

recent additions include aerosol generators such as the modern concen-
/ 

trie capillary pneumatic impactor-nebulizers for premixed flame systems, 

crossed capillary pneumatic nebulizers for low flow rate plasma systems 

(Valente and Schrenk, 1970), and ultrasonic nebulizers for low flow 

flame (Denton and Malmstadt, 1972) and plasma (Olson, Haas, and Fassel, 

1977) applications. The newest arrival is the nebulizer developed in 

the course of the present investigations for conventional premixed flame 

systems. This technique, based on the Babington principle of aerosol 

generation, was adapted in these studies for "clog free" introduction of 

extremely complex environmental, clinical, and industrial samples into 
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"high solids" slot burners for atomic absorption spectrometry. Further 

new developments resulting from the present studies include micro

sampling techniques for the modern concentric capillary pneumatic 

impactor-nebulizer. A new approach to micro-calibration and control of 

burner memory effects was evolved in these studies. A dependence of 

molecular spectral interference upon aerosol droplet size and refinement, 

as well as atomizer temperature, was also shown to exist for nebulizer 

burner systems. 

The most commonly employed thermal vaporization methods include 

the Delves' cup (Delves, 1970) and the "Boat-in-Flame" (Kahn, Peterson, 

and Schallis, 1968) approaches developed for atomic absorption spec

trometry. Samples are pipetted into a nickel cup or boat, evaporated to 

dryness, and inserted via a sliding track into a flame for atomization. 

For a fixed concentration of analyte in the sample, resultant atomic 

concentrations are high since the vaporized material does not pass 

through a premix chamber where dilution with fuel and oxidant gases 

would otherwise prove excessive. Although this approach maintains a 

sensitivity advantage compared to nebulizers and a cost advantage 

compared to electro-thermal vaporization, Delves* cup and "Boat-in-

Flame" techniques are less popular owing to their susceptibility to 

degraded precision if highly skilled and knowledgeable operators are not 

available. 

More popular electro-thermal vaporization methods include 

graphite furnace (Massmann, 1968), carbon rod (West and Williams, 1969), 

tantalum strip (Hwang, Ullucci, and Smith, 1971a), etc. procedures which 
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all involve placing milligram amounts of a solid (Schrenk and Everson, 

1975), or more commonly pipetting 100 yL of solution, onto the surface 

of a resistance element (graphite, tantalum, etc.). A direct current is 

passed to evaporate the sample to dryness by resistance heating. The 

current is increased to ash the matrix and then stepped quickly to a 

controlled high value to vaporize the analyte. Resultant atomic concen

trations are very high since very little gas is used that would other

wise serve to dilute the vaporised species. The tendency of this some

what costly approach to produce molecular spectral interferences was 

compared in this project to the phenomena observed in more convenient 

and economical nebulizer-flame approaches for atomic absorption 

spectrometry. 

Another common form of electro-thermal atomization includes the 

many electrode systems developed over the years for arc and spark emis

sion spectroscopy. Solid samples are most commonly used with these 

techniques. In addition to providing introduction of the sample by 

vaporization, excitation is also induced by the electrode processes, 

making this approach fundamentally different from the techniques investi

gated in the course of this project. The well-developed status of the 

arc-spark systems, in addition to their primary applicability to atomic 

emission, accounts for omission of this approach from these 

investigations. 

Cathode sputtering involves forming the sample into a cathode or 

impregnating a cathode material with the sample (Gatehouse and Walsh, 

1960). The electrodes are contained in a sealed chamber which is 
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evacuated and then filled with several torr of an inert filler gass. An 

applied potential causes ionization of the filler gas. Resultant neon 

or argon ions bombard the cathode, causing sputtering out and excitation 

of atomic analyte species. Although widely used as a permanent light 

source (hollow cathode lamps), this approach has met with only limited 

acceptance as a sample introduction technique due to the extreme incon

venience of changing samples. This approach, along with direct flow 

analysis of gases, was not studied in this project. 

The most popular form of chemical volatilization of solution 

analyte species involves a reduction of selected group IV, V, and VI 

anionic solution species to form the corresponding hydride. The subse

quent phase transition undergone by the hydride species effects a large 

preconcentration, eventually resulting in greatly enhanced atomic spec

tral sensitivity following thermal degradation of the hydride. This 

preconcentration effect coupled with the fact that possible spectral 

interfering species remain in the solution as the volatile hydrides are 

carried to the atomization chamber have resulted in widespread applica

tion of this technique to atomic absorption spectrometry for ultra-trace 

analysis (Schmidt and Royer, 1973; Brodie, 1977). Although highly 

sensitive and convenient in operation, atomic absorption is now 

generally limited to single element determinations. Simultaneous multi-

elemental determinations are presently more readily approached by emis

sion spectroscopy. One of the most promising new excitation sources for 

atomic emission is the inductively coupled plasma. The inherent spec

tral sensitivity of this approach is superior to atomic absorption for 
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group IV, V, and VI elements when conventional nebulizer sample intro

duction approaches are used (Olson et al., 1977). Neither the ICP nor 

the AA sensitivity have, however, proved adequate to measure environ

mental levels of these elements when introduced by nebulizer means. 

Hydride preconcentration has been previously excluded for use with the 

ICP by the deleterious effects of CĈ , and water vapor produced in 

the course of hydride evolution. Since the flame is not as seriously 

affected by these reaction by-products, the primary method enqployed for 

environmental determination of these elements has, therefore, been 

atomic absorption spectrometry with either hydride preconcentration 

introduction of analyte or electro-thermal atomization. 

Specialized introduction techniques developed in the course of 

the present investigations have, however, resulted in elimination of the 

barriers previously hindering application of the hydride preconcentra

tion to ICP analysis of selected group IV and V elements. The resultant 

sensitivity enhancement places environmental samples containing arsenic 

within the newly expanded part-per-trillion range of the ICP. These 

investigations have cleared the way for future ICP simultaneous detec

tion of selected hydride species and have demonstrated the importance of 

the role of sample introduction research in improving methods of 

analysis involving atomic spectroscopy. 



CHAPTER 2 

ADVANCES IN AEROSOL GENERATION 

Adaptation of the Babington Principle 
for Sample Introduction 

Increasingly large numbers of environmental and clinical samples 

being submitted to analytical laboratories for determination of trace 

metal constituents make the development of "preparation free" methods of 

analysis extremely important from the standpoint of cost per analysis, 

speed, convenience, and freedom from reagent contamination. Atomic 

absorption spectrometry has been widely applied to samples of complex 

nature directly (Koizumi and Yasuda, 1976) and indirectly through the 

use of digestion (Gorsuch, 1959) and extraction procedures (Hwang, 

Ullucci, and Smith, 1971b). Although such digestion or separation pro

cedures tend to be time-consuming and may frequently lead to volatiliza

tion loss (Gorsuch, 1959) or sample contamination, existing methods 

often require these steps for a wide variety of samples. The complexity 

of untreated matrices that may be introduced directly is often limited 

by vaporization and nonatomic absorption interferences in the case of 

flameless sampling devices, and by clogging of the capillary orifice and 

burner slot in the case of conventional burner-nebulizer systems. 

Although less sensitive than flameless atomizers, conventional 

burner-nebulizers have proven to be generally more convenient to 

operate, lower in cost, capable of introducing a larger number of 

9 
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samples per unit time into the absorption cell, and less susceptible to 

interferences (Hieftje, Copeland, and de Olivares, 1976; Thomerson and 

Thompson, 1975)• These advantages have established the continued use of 

the capillary pneumatic nebulizer as a principal sample introduction 

device for analytical atomic spectroscopy. Culver (1975) has discussed 

the relative merits of carbon rod and flame techniques and concludes 

that, although flameless atomizers provide an alternative to nebulizer-

burner atomization cells when greater sensitivity and smaller sample 

size is required, the more convenient flame system should be used when

ever possible. Inprovement in nebulizer design to allow more complex 

sampling is, therefore, highly relevant and desirable. 

Development and subsequent characterization of a unique nebuli-

zation principle by Babington (1969) have resulted in the ability to 

generate high density, finely dispersed aerosols directly from a variety 

of extremely complex materials including fuel oil, paints, food products, 

etc. Possibilities for improved freeze-drying systems, oil burners for 

home heating, insecticide fogging, etc., applications have been outlined 

(Babington, 1973). A nebulizer based on this principle has been 

marketed by Owens-Illinois (Toledo, Ohio) and more recently by McGaw 

Respiratory Therapy (Irvine, California) under the trade names of 

"HYDROSPHERE" and "MAXI-COOL" for the production of aerosols utilized in 

respiratory inhalation therapy. This Babington nebulizer has been 

reported to produce a dense aerosol with a droplet distribution 

(following considerable aerosol refinement) of median mass diameter at 

3.6 ym with 95% of all refined droplets being below 5 pm in diameter 



(Litt and Swift, 1972). In view of the spectrochemical importance of 

droplet size discussed by Alkemade (1970), it is apparent that this 

nebulization principle offers great promise as an approach to sample 

introduction in flame spectrochemical analysis. 

A major difference between the Babington nebulization technique 

and the conventional capillary pneumatic nebulizer arises from the fact 

that the conventional nebulizer requires the sample to pass through a 

small (~ 0.36 mm) capillary orifice. In contrast, the Babington 

nebulizer requires that only gases pass through an orifice; the rela

tively unrestricted (2.38 mm) sample flow of this system provides the 

basis for high solids sampling and represents the primary advantage of 

Babington nebulization as applied to spectrochemical analysis. The 

upper limit on salt and solids content, as well as viscosity, of a 

slurry that may be directly sampled by this technique is determined by 

the ability of the material to pass through a pumping system. This 

relatively "preparation free" sample introduction technique for analyti 

cal atomic spectroscopy is now in the developmental stage. Once the 

design and operational characteristics are well established, this con

venient approach to high solids atomization is likely to find wide 

application in agricultural, clinical, environmental, and industrial 

analytical situations. The purpose of this study is to describe adapta 

tion of the Babington principle to aerosol generation for spectrochemi

cal analysis and to outline design considerations and characterize the 

parameters that govern the performance of this new high solids sample 

introduction approach at its present state of development. 
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Experimental 

A single-channel, single-beam atomic absorption spectrometer 

(see Appendix) similar to most late model commercial designs was con

structed with readout in analog and digital form. Both absorbance and 

%T modes are provided. 

A high solids single-slot, air-acetylene burner head similar in 

design (except for the wider 0.81 mm x 10 cm slot used in this study) to 

the standard 0.51 mm x 10 cm slot air-acetylene head sold by Varian 

Instruments, an Instrumentation Laboratory (Lexington, Massachusetts) 

CAT. No. 24036-03 commercial "High Solids" 0.81 mm x 5 cm single-slot, 

Ô-acetylene burner head, and a Jarrell Ash "Tri flame" 10 cm air-

acetylene head were used in these investigations. Flashback has not 

occurred to date in the modified high solids air-acetylene design, and 

the high solids ̂ 0 head sold by Instrumentation Laboratories flashes 

back only if proper flow rates and flame stoichiometrics are not main

tained during light-up, operation, and shut-down. 

Varian Techtron (Springvale, Victoria, Australia) and Jarrell 

Ash (Waltham, Massachusetts) capillary pneumatic nebulizers, Beckman 

(Fullerton, California) total consumption burner operated as premix 

nebulizer, "HYDROSPHERE" (Babington principle) model respiratory 

nebulizer system (Owens-Illinois, Toledo, Ohio), and specially developed 

Babington principle nebulizer chamber (cylindrical) with variable flow 

peristaltic pump sample delivery system were used in the course of these 

investigations. Quick interchange connections (see Appendix) to the 

premix chamber were provided for the nebulizer mountings. Provision was 
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made in the cylindrical nebulizer chamber for accommodation of a variety 

of configurations of aerosol generator involving the Babington principle. 

Figure 1 shows the "HYDROSPHERE" system with a slight modification. The 

other configurations constructed and evaluated in this study are shown 

in Figures 2-5. All configurations shown represent adaptations of the 

Babington principle which involves flowing a thin film of sample over 

the surface of a pressurized sphere or hemisphere insert. Interruption 

of the sample film at the point of an orifice by the high velocity exit 

of oxidant gas serves to generate the aerosol which is then impacted 

against the small plastic sphere for additional fragmentation of larger 

droplets (see Figure 6). 

Since the sample is not required to pass through this orifice, 

clogging does not occur even for the most complex materials when the 

systems diagrammed in Figures 2 and 5 are used. Extremely large, non-

nebulizable particles simply fall away from the insert and are eventually 

washed down the drain without having clogged the system. 

Small (< 5 pm) aerosol droplets (Litt and Swift, 1972) are 

carried by the gas stream to the premix chamber of the burner. Larger 

droplets and sample runoff from that portion of the sample film not 

flowing across the orifice either exit via the drain (Figures 2 and 5) 

or may be collected for recirculation (Figures 1, 3, and 4). Recircula

tion was provided in the indicated configurations for the purpose of 

conserving solution. The glass nebulizer spheres indicated in Figures 

1-4 were adapted (as illustrated in Figures 7, 8, and 9) from the 

Hydrosphere system formerly available from Owens-Illinois (Toledo, Ohio) 
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OPERATING LEVEL 

!___ 

S A M P L E  

Figure 1. Complete "HYDROSPHERE" Respiratory Nebulizer Configuration 
(Babington Principle). 

a. single post aerosol generator (16 mm glass sphere with 
recessed orifice — 0.61 mm hole); b. double post aerosol 
generator (two 0.43 mm recessed holes); c,d. oxidant gas 
inlets (rear entry — not shown); e. modified sample change 
port. 
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Figure 2. Flow-Through Adaptation of "HYDROSPHERE" (Babington Principle) 
Nebulizer for Spectrocheraical Analysis. 

a. single post aerosol generator mount from "HYDROSPHERE" 
system; b. 16 mm pressurized glass sphere with recessed 
orifice (0.61 mm hole); c. 3 mm plastic impaction sphere, 
fixed position; d. cylindrical Plexiglas housing for 
nebulizer inserts based on the Babington principle. 
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Figure 3. Recirculated Flow-Through Adaptation of "HYDROSPHERE" 
(Babington Principle) Nebulizer. 

Simplified cross-sectional view: a. single post aerosol 
generator from "HYDROSPHERE" system; b. conical reservoir 
(nylon) for sample entry and nebulizer runoff recirculation; 
c. sample entry (fill) channel; d. nebulizer delivery channel 
(from reservoir); e. two-way valve; f. sample exit (empty) 
after reading obtained. 
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Figure 4. Increased Recirculation Efficiency Flow-Through Adaptation of 
"HYDROSPHERE" (Babington principle) Nebulizer. 

Simplified cross-sectional view: a. single post aerosol 
generator from "HYDROSPHERE" system; b. "half cone" (nylon) 
for runoff collection (drains into reservoir, c); c. conical 
reservoir fPlexiglas; sealed to container side) for sample 
entry and runoff collection from chamber walls (condensed 
large droplets) as well as nebulizer sphere; d. conical 
Plexiglas ceiling to minimize large droplet hangup. Conical 
shape allows condensed droplets to flow more readily down to 
recirculation reservoir, c; e. sample entry (fill) channel; 
f. nebulizer delivery channel (from reservoir); g. two-way 
valve; h. sample exit (empty) after reading obtained. 
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Figure 5. Improved Flow-Through Adaptation of the Babington Principle 
for Spectrochemical Analysis (No Recirculation). 

a. interchangeable 6 mm o.d. or 3 mm o.d. pressurized closed-
end polished brass tube (nickel plated) nebulizer insert with 
non-recessed orifice (0.61 mm hole); b. 3 mm plastic impaction 
sphere (translational movement possible); c. mounting block 
with internal rotary-translational motion converter for 
impactor movement; g. set screw to hold compression elbow in 
place; h. "pop off" safety plug (in case of burner flashback). 
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OXIDANT 

Figure 6. Conceptualized View of the Babington Principle — Aerosol 
Generation, Droplet Fragmentation, and Droplet Selection. 



Figure 7. Photograph of Basic "HYDROSPHERE" Nebulizer Insert (as Used in 
Figure 2). 



Figure 8. Photograph of "HYDROSPHERE" Nebulizer Insert and Added 
Reservoir for Recirculation of Runoff (as Used in Figure 3). 



Photograph of "HYDROSPHERE" Nebulizer Insert and Added Dual 
Reservoirs for Recirculation of Runoff and Rejected Large 
Droplets (as Used in Figure 4). 



and presently available from McGaw Respiratory Therapy (Irvine, 

California). The compression fitting design of Figure 5 represents a 

convenient prototype approach allowing rapid interchange of new 

nebulizer inserts. The 6 mm prototype insert was constructed by rounding 

and polishing one end of a 6 mm o.d. brass rod using an engine lathe. 

The rod was then cut to a length of 19 mm and drilled from the "cut" end 

at a diameter of 5.5 mm to a depth of 18.5 mm using care to avoid 

drilling through the rounded end. The desired orifice was machined in 

the side of the rod 3 mm below the rounded end. 3 mm inserts were con

structed in similar fashion utilizing a 6 mm base and 2.5 mm i.d. dimen

sion with the orifice machined 1.5 mm below the rounded end. The final 

products (see Figure 10) were highly polished on the lathe, electro

plated with nickel according to the Watts procedure (Blum and Hogaboom, 

1930), and seated conveniently in the modified compression or Swagelok 

(Solon, Ohio) fitting holder. The nickel plate has so far successfully 

prevented corrosion (2 years of operation) by all complex matrices 

analyzed (Fry and Denton, 1977); however, if greater corrosion resis

tance is desired, the nebulizer insert and fitting material could be 

changed to stainless steel. Non-wetted materials such as Teflon are not 

recommended for the nebulizer insert since aqueous samples tend to bead 

up on such surfaces rather than form a suitable film. Following initial 

cleaning, the flowing sample and solvent baseline stream keeps the 

nebulizer insert sufficiently clean to maintain a thin film flow of 

material indefinitely (the nebulizer insert in this laboratory has not 

required cleaning in over a year for all high solids samples analyzed 



Figure 10. Photograph of Improved Hemispherical Metal Nebulizer Insert 
for Spectrochemical Adaptations of the Babington Principle. 



(Fry and Denton, 1977). The spray chamber walls should, however, be 

periodically rinsed (with disinfectant if desired) following analysis of 

large numbers of biological samples such as blood to prevent buildup and 

spoilage. 

The smallest restriction in the 29 mm i.d., 48 cm path aerosol 

refinement and premix chamber is the 15.9 mm flow spoiling restriction. 

The modified Babington nebulizer (Figure 5) is housed in a 55 mm i.d., 

67 mm o.d., cylindrical Plexiglas chamber which is connected to the 

premix chamber by means of a 33 mm i.d. flexible plastic hose (see 

Figure 11). A 10 mm i.d. exit drain is provided for excess sample and 

large particle runoff. The 3 mm spherical impactor is mounted (see 

Figures 12 and 13) on a translational slide to provide gap adjustment 

externally during aerosol production and flame atomization (optimal gap 

-1.4 mm). Sample delivery is accomplished by a Manostat (New York, 

N. Y.) 72 895-10 peristaltic pump with head and rollers modified to 

accept 2.38 mm i.d. Tygon tubing. A possible substitute pump would be 

Cole Parmer-Masterflex (Chicago, Illinois) 7016 pumphead, 7545-10 vari

able speed pump drive, and 6408-02 tubing or any similar pumping system 

capable of delivering a steady flow rate of 20-25 mL/min through 2.38 mm 

i.d. tubing. 

Sample is pumped from the tube (located 1 mm above the nebulizer) 

over the surface of the nebulizer insert forming a film which is inter

rupted at the point of the orifice by the high velocity exit of oxidant 

gas. An Eppendorf (Brinkmann Instruments, Westbury, New York) 100 micro

liter syringe was used-to pipet samples conveniently into a glass funnel 



Figure 11. Photograph of Improved Babington Nebulizer Housing and 
Connection to Burner. 
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Figure 12. Photograph of Improved Babington Nebulizer Insert, Impactor, 
and Mounting (Assembled View as Used in Figure 5). 



Figure 13. Photograph of Improved Babington Nebulizer Insert, Impactor, 
and Mounting (Exploded View as Used in Figure 5). 
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(60 mm o.d. cone, 6 mm o.d. stem) which is pressed over the input end of 

the peristaltic pump tubing. 

The atomic absorbance of cadmium at 228.8 nan was utilized to 

study the effect of parameters governing nebulizer performance. Atomic 

absorption (AA) spectroscopy was chosen frequently throughout the course 

of these research efforts for the purpose of evaluating sample introduc

tion techniques. Selection of AA over emission and fluorescence 

approaches was prompted by its comparative freedom from day-to-day, as 

well as inter-laboratory, sensitivity variation normally caused in the 

other techniques by changes in atomizer temperature (emission only), 

spectral bandpass, photomultiplier spectral response, photomultiplier 

voltage, optical materials, optical design, grating blaze, source 

intensity (fluorescence only), amplifier gain, and readout sensitivity. 

The Cd hollow cathode was operated at 5 ma, the spectral band

pass was 0.6 nm, and the instrumental time constant (5RC) was 0.6 sec. 

Cadmium was chosen for its simple spectrum, the high volatility of its 

salts, and its freedom from oxide formation and ionization effects. 

These properties make the atomic absorption of this element in a 10 cm 

premixed air-acetylene flame relatively independent of instrumental 

parameters such as redox character and viewing position in the flame. 

Nebulizer performance under a wide range of conditions was thereby more 

readily and independently assessed. Information extracted through this 

type of study should then be directly applicable to flame emission and 

fluorescence determinations of other elements as well. 
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The nominal viewing position was 6 mm (beam center) above the 

burner head. Whenever oxidant (nebulizer) gas flow rates were varied, 

fuel adjustment was made to achieve a constant flame stoichiometry. 

Studies were also performed to ensure that the vertical absorbance pro

file had not been significantly altered. Oxidant gas flow rate measure

ments were corrected for pressure drop across the nebulizer orifice. 

Volumetric determination of aspiration rates and pump delivery rates 

were made when appropriate. The sample delivery tube and corresponding 

inlet to the cylindrical chamber (Figures 5 and 12) were threaded to 

facilitate external adjustment of the sample delivery gap (distance 

between the end of the delivery tube and the top of the pressurized 

nebulizer hemisphere). All gap measurements were determined by counting 

the number of screw turns and performing a calculation using the known 

screw pitch. Sample size requirements were assessed by measurement of 

the reservoir size (Figure 1), by quantitatively pumping the measured 

contents of a beaker (Figures 2-4), or by quickly delivering known 

volumes of solution with Eppendorf pipets into the attached sampling 

cones (Figure 5). The resultant transient absorbance responses were 

traced on the recorder. This transient method of sampling is similar to 

that discussed for conventional nebulizers by Sebastiani, Ohls, and 

Riemer (1973), by Manning (1975), and by Berndt and Jackwerth (1975). 

All measurements noil involving determination of minimum sample volume 

requirements were made by continuously pumping or aspirating sample 

until a steady-state absorbance was perceived at the readout. Transient 

measurements were made at least in duplicate. 
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Instrument and Nebulizer Sensitivity 

Table 1 summarizes the performance of the improved Babington 

nebulizer of Figure 5 in comparison with several conventional capillary 

pneumatic nebulizers commonly used for atomic absorption spectrometry. 

The parameter used for comparison was sensitivity (concentration 

required to produce 1% absorption) of cadmium measurement at 228.8 nm in 

a 10 cm air-acetylene flame. Table 1 demonstrates that the observed 

sensitivities for the commercial capillary pneumatic nebulizers tested 

in the instrument constructed for these studies are essentially no dif

ferent from the values advertised by the manufacturers for the indi

vidual nebulizers operating in the corresponding commercial instruments. 

This indicates that the instrument constructed for these investigations 

(see Appendix) performs at state-of-the-art levels and represents a 

valid system for nebulizer evaluation. 

The data indicate some performance differences between major 

brands of conventional pneumatic nebulizer; however, the entire range of 

performance spans only a factor of 2.4, indicating similar aerosol pro

duction for the commercially available models of capillary pneumatic 

nebulizer evaluated in this study. The observed sensitivity for the 

Babington nebulizer is 0.014 ppm Cd (Table 1), which falls well within 

the same performance range as the commercial pneumatic nebulizers. 

These results confirm the predicted applicability of the Babington 

principle to sample introduction for spectrochemical analysis. Although 

the present "high solids" design of Babington nebulizer requires more 

sample (1 mL) than the conventional pneumatic nebulizer (0.1-0.4 mL), 
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Table 1. Nebulizer Sensitivities in Air-Acetylene at Cd228.8 nm» 

Nebulizer 

Observed 
Sensitivity 

(ppm) 

Manufacturer1s 
Listed Sensitivity 
in the Commercial 

Instrument 
(ppm) 

Modified Babington Nebulizer 0.014 — 

Varian Techtron Adjustable 
Pneumatic Nebulizer 0.010 0.011 

Jarrell Ash 810 Pneumatic 
Nebulizer 0.018 0.020 

Jarrell Ash Hetco Pneumatic 
Nebulizer 0.022 (0.024-0.040)a 

Perkin Elmer Pneumatic 
Nebulizer — 0.025 

Beckman 495 Premix Pneumatic 
Nebulizer 0.015 

aBased on a private communication with Jarrell Ash personnel. 
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the conventional device is rapidly clogged by high solids samples such 

as whole blood, tomato sauce, etc. These difficult matrices are, how

ever, readily converted to aerosol by the improved Babington technique 

(see Figure 14). The results summarized in Table 1 have indicated that 

this is accomplished without sacrifice in concentration sensitivity 

(compared with the commercially available pneumatic nebulizers). 

Nebulizer Operating Range 

Although Figure 15 bears out the sensitivity advantage of the 

Varian Techtron nebulizer (when analyzing "clean" aqueous solutions), 

the metal version of high solids nebulizer diagrammed in Figure 5 is 

seen to have a superior operating range of oxidant flow rate (Figure 15). 

The effects of Figure 15 are primarily related to nebulizer performance. 

Aspiration rate measurements indicate that the Varian Techtron nebulizer 

does not convert sample to aerosol form (aspiration ceases) below 

4 L/min or above 20 L/min. However, the metal high solids nebulizer 

performance extended to flow rates below 3 L/min. The upper limit for 

both configurations (Figures 4 and 5) of nebulizer based on the 

Babington principle was the high pressures required to exceed 40 L/min 

for the 0.61 mm orifice diameter utilized. This was also the reason for 

not pursuing the Beckman Ĉ -Hj total consumption burner (as a premix 

nebulizer) higher than 9 L/min. The pressure required at 35 L/min was 

120 psi for the 0.61 mm Babington orifice. Figure 15 indicates that no 

sensitivity improvement is realized above 15 L/min for the high solids 

nebulizer due to the attainment of constant aerosol density at higher 

flow rates. Owens-Illinois (1974) indicates that this constant aerosol 



Figure 14. Photograph of Tomato Sauce Aerosol Produced by High Solids 
Nebulizer. 

Burner head removed. 
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Figure 15. Nebulizer Operating Range. 
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density is maintained well beyond 100 L/min; however, the range above 

30 L/min is generally not useful for spectrochemical applications. The 

higher flow aerosol range of the high solids nebulizer is, however, 

useful between 15 and 25 L/min for several slot burners such as the 

triple slot Boling head and I. L. CAT No. 24036-03 high solids single 

slot nitrous oxide-acetylene burner. The extra large dimensions of the 

slot openings of these two burner heads make them a little dangerous 

(from a flashback standpoint) when operated in the optimum flow range 

(10 L/min) of the conventional Varian Techtron nebulizer unless auxiliary 

oxidant is provided. An extra margin of safety is allowed without use 

of auxiliary oxidant for these specialized burner heads by operating the 

new high solids nebulizer in the higher flow aerosol region between 15 

and 25 L/min where the performance is generally improved as compared to 

the Varian Techtron nebulizer (Figure 15). A safer high solids air-

acetylene head (Fry and Denton, 1977) was, however, used in the present 

investigations. The nebulizers were, therefore, operated at 12 L/min 

for all subsequent studies not concerned with operational range. 

At flow rates below 2 L/min, the pressure in the high solids 

nebulizers evaluated in these studies is no longer sufficient to rupture 

the sample film at high enough velocity to generate significant aerosol; 

however, preliminary data indicates this range can be lowered using 

smaller diameter orifices. An extended lower range of flow rate may 

eventually make this new sample introduction technique applicable to 

d.c., microwave, and inductively coupled plasmas, as well as the present 

medium range premixed flame systems. The 0.61 mm Babington orifice 



successfully covers the 8-15 L/min range of standard slot burners 

(Figure 6) using pressures of 14-40 psi, so the smaller orifices were 

not considered in these investigations. The large dynamic operating 

range of the Babington approach represents an advantage in terms of 

applicability to a wider variety of spectrochemical situations and 

reduced susceptibility to gas flow rate errors. 

Nebulizer Efficiency 

Figure 16 illustrates the effect of the sample uptake rate on 

the steady-state (unlimited sample available) concentration sensitivity 

of spectrochemical analysis for several nebulizer configurations. 

Despite the superior operating range, superior tolerance of complex 

materials, and adequate sensitivity realized with the new high solids 

approach, Figure 16 illustrates the principal drawback (low efficiency 

in terms of sample consumption) of this nebulizer in comparison to the 

capillary pneumatic system. Although good concentration sensitivity is 

achieved utilizing the metal adaptation of the Babington principle, 

Figure 16 shows that 20-50 mL/min of sample must be delivered to realize 

that sensitivity at the present state of development of the high solids 

nebulizer approach. Premix capillary pneumatic nebulizers are normally 

operated at 5 mL/min. Figure 16 also illustrates, however, that the 

non-recirculated 6 mm metal version (Figure 5) of high solids nebulizer 

represents a dramatic efficiency improvement over the 16 mm glass 

respiratory nebulizers studied, including even the most efficiently 

recirculated version. The author attributes this to the lower surface 

area of the smaller (6 mm) metal hemisphere and to its non-recessed 
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Figure 16. Nebulizer Efficiency Comparison. 
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orifice. Further reduction of the metal hemisphere diameter to 3 mm, 

however, did not further improve the efficiency or operating range. The 

recessed orifice of the glass configurations (Figures 1-4) may result in 

thicker sample films in the region of the orifice. This may contribute 

to formation of more large wasted droplets (that settle out in the 

premix chamber) during the aerosol generation process. Larger flow rates 

would then be needed to make up a density of the more useful small drop

lets (<_5 ym) similar to that realized with the more efficient (non-

recessed orifice) metal adaptation of the Babington principle. 

Hydrodynamic Effects 

Figure 16 also illustrates a hydrodynamic effect of the metal 

high solids nebulizer. At solution uptake rates below 40 mL/min, a 

sample delivery gap of 6 mm leads to discrete "dropping" of the sample 

onto the nebulizer insert. Once a discrete drop is formed, its surface 

tension appears too great to be overcome as it strikes the top of the 

pressurized nebulizer hemisphere. Film formation is thereby inhibited 

and aerosol formation is subsequently depressed. Narrowing the sample 

delivery gap prevents "dropping" by favoring unbroken "streaming" of the 

sample onto the nebulizer hemisphere surface. Film formation is more 

highly favored in this case. 

Figure 17 further demonstrates that "dropping" phenomena tend to 

be encountered at either excessively low sample delivery rates or large 

sample delivery gaps. The most profitable way to avoid this problem is 

to maintain a sample delivery gap < 2 mm which will still allow ready 
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Figure 17. Sample Delivery Gap Effects. 
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passage of all high solids samples discussed previously (Fry and Denton, 

1977). 

Minimum Sample Size Requirements 

Figure 16 is concerned with the spectrochemical response to 

unlimited sample as a function of uptake rate. Figure 18, however, 

illustrates the effect of pipetting limited discrete quantities of solu

tion into the sample cone of the high solids nebulizer configuration of 

Figure 5. This was done as a function of solution uptake rate. 

Figure 18 demonstrates that, although 40-50 mL/min is the optimum uptake 

rate when ̂  2 mL sample is available, slower uptake rates are appro

priate to maximize the transient spectrochemical response to smaller 

samples. In fact, a 25-30% sacrifice of concentration sensitivity may 

be highly desirable with the new high solids approach in order to 

operate at 20-25 mL/min. Figure 18 indicates that a 500 yL sample will 

(at this uptake rate) give a corresponding transient response (0.19 

absorbance units) similar to the concentration sensitivity advertised 

for a Perkin Elmer nebulizer (see Figure 15). It should also be noted 

that the popular steady-state type of absorbance response may also be 

readily produced using 1 mL of sample and a lesser (12 mL/min) uptake 

rate to give a 5 sec (reduced sensitivity) steady-state reading of 0.21 

absorbance units (see Figure 18); 2 mL will give a 10 sec reading of 

0.2 A, etc. These reduced steady-state concentration sensitivities, 

however, still compare favorably with the range (0.18-0.24 A) listed for 

capillary pneumatic nebulizers by Jarrell Ash and Perkin Elmer Corpora

tion except that about 5 mL/min and 0.4 mL of sample is used with the 
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capillary approach to give a 5 sec steady-state reading. Under these 

favorable conditions, the required steady-state sample size for the new 

high solids nebulizer is only 2.5 times more than the required amount 

for steady-state sampling with capillary pneumatic nebulizers. 

Transient sampling, however, represents a somewhat different 

situation. In this case, Figure 19 illustrates that, when all pertinent 

parameters are optimized, the capillary pneumatic nebulizer approaches 

its maximum concentration sensitivity with samples as small as 0.1 mL 

compared to 1 mL required for the metal adaptation of the Babington 

approach (non-recirculated) and 7 mL for the most efficiently recir

culated respiratory glass version. Figure 20 represents an operational 

curve used in the laboratory for selection of uptake rates for the metal 

high solids nebulizer once a sample size is chosen for transient 

sampling. If a 1 mL sample size is chosen, then 40 mL/min will produce 

an optimum transient of 0.3 A/ppm Cd. The same 1 mL sample may alter

natively be used at 12 mL/min (Figure 18) to produce a 5 sec steady state 

at ~ 30% less sensitivity. 

Table 2 summarizes the sample size requirements of the spectro-

chemical adaptations of the Babington principle developed in these 

studies for the production of aerosols from "high solids" materials. The 

table demonstrates that a 500-fold overall improvement in sample size 

requirement has been achieved in these studies in comparison with the 

original respiratory nebulizer approach. The difference in sample size 

requirements (Table 2) for the configurations of Figures 3 and 4 suggest 

that recirculation is only significantly beneficial if it is carried out 
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Table 2. Sample Size Requirements of Several Spectrochemical 
Adaptations of the Babington Principle. 

Configuration Figure No. 

Minimum Sample 
Size 
(mL) 

3 mm metal hemisphere (configured as in 5) 1 

6 mm metal hemisphere 5 1 

16 mm glass (recirculated) 
sphere 4 7 

16 mm glass (recirculated) 
sphere 3 22 

16 mm glass sphere 2 30 

dual 16 mm glass ("HYDROSPHERE") 
spheres 1 500 



in such a way as to collect both the larger spray droplets (that settle 

out in the chamber) and the nebulizer sphere runoff. This suggests that, 

although sphere or hemisphere runoff (back and sides) plays a role, a 

major mechanism of sample waste is through the large spray droplets pro

duced in addition to small (< 5 ym) aerosol droplets. These larger spray 

droplets settle out and are either recirculated (Figure 4) or exit via 

the drain (Figures 2, 3, and 5). In the interest of simplifying the 

design, reducing memory effects, and in consideration of the earlier 

report (Fry and Denton, 1977) of particle size fractionation that may 

occur in some high solids samples, recirculation has now been abandoned 

in favor of the approach shown in Figure 5. The real improvement of the 

smaller metal hemisphere with non-recessed orifice is seen in the 30-fold 

difference in results (Table 2) for the configurations of Figures 2 and 5. 

Although the 1 mL sample size of the high solids transient or 5 sec 

steady-state approach at its present stage of development (Figure 5) is 

larger than the 0.1 mL required for transient sampling (0.4 mL for a 

5 sec steady state) by the capillary pneumatic nebulizer, a 1 mL sample 

size is still adequate for many analytical situations where sample 

complexity precludes the use of more conventional nebulizers. 

Impactor Effects 

Figure 21 illustrates the effect of impactor gap on spectro-

chemical concentration sensitivity. The Varian Techtron capillary 

nebulizer is seen to require very critical adjustment (±0.2 mm) in 

comparison to the high solids nebulizer. In fact, the Varian Techtron 

(adjustable impactor model) capillary pneumatic nebulizer seems to 
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Figure 21. Impactor Effects. 
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derive its sensitivity advantage from the precise nature of adjustment 

provided for the impactor bead gap. Many commercial designs do not 

include the capability of making such precision adjustments. It may, 

therefore, not be possible to readily achieve the peak sensitivity shown 

in Figure 21 on a routine daily basis for capillary pneumatic nebulizers 

unless a precision adjustable model is available. In contrast, the high 

solids nebulizer functions almost as well without any impactor at all as 

it does when the impactor is adjusted with the greatest of care (see 

Figure 21). The simplicity of the design (Figure 5) of the new nebulizer 

in comparison to conventional nebulizers is attested to by the fact that 

it was constructed by a chemist. A further advantage in the simplicity 

of design can, however, be realized for the high solids approach (in 

light of the results of Figure 21) by making the impactor non-adjustable 

(see Figure 22) or eliminating it altogether. The remaining design would 

then involve only a housing, a Swagelock (Solon, Ohio) or compression 

fitting, an easily constructed hemispherical insert, a small funnel, and 

a peristaltic pump. 

Conclusions 

The high solids spectrochemical nebulizer based on the Babington 

principle represents a system of similar concentration sensitivity, 

similar precision, superior operating range, simpler design, and far 

superior sample handling (high solids) capability as compared to the 

capillary pneumatic approach. High density, finely dispersed aerosols 

may be produced from solutions and slurries of elevated salt concentra

tion, high solids content, and increased viscosity. The parameter to be 



Figure 22. Photograph of High Solids Nebulizer with Simplified 
Impaction. 
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improved on, however, is the required sample size. Although the present 

1 mL volume represents a considerable improvement over earlier high 

solids adaptations of the Babington principle, further improvements are 

needed to reduce the sample size requirement. At its present state of 

development, the high solids approach may be optimally used as an 

auxiliary nebulizer for analysis of those materials (>_ 1 mL) which are 

too complex to pass through the capillary orifice of a standard pneumatic 

nebulizer. The high solids approach diagrammed in Figure 5 is proving to 

be a simple and convenient "clog free" approach to spectrochemical sample 

introduction of highly complex clinical and environmental materials when 

sufficient sample is available. 

"High Solids" Application of the Babington Principle 

The purpose of this study was to provide "clog free" production 

of high density, finely dispersed aerosols from solutions and slurries 

of elevated salt concentration, high solids content, and increased 

viscosity. The Babington principle of aerosol generation (Babington, 

1969, 1970, 1973) was adapted for direct atomic absorption analysis 

(using high solids burner heads) of samples as complex as sea water, 

urine, whole blood, evaporated milk concentrate, and tomato sauce. The 

superior tolerance of this approach to "high solids" slurries is a direct 

result of eliminating the conventional requirement (see Figure 23) that 

the sample must pass through a small bore capillary tube. Ability of the 

material to pass through the relatively unrestricted (see Figure 6) 

sample delivery pumping system was found to be the primary limitation on 

the complexity of materials that can be directly analyzed by the new 
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procedure. The improved sample handling capability has been achieved 

without significant sacrifice of precision or concentration sensitivity 

when compared with conventional capillary pneumatic approaches. This 

study deals with the application of a specially developed nebulizer based 

on the Babington principle in combination with high solids slot burners 

to provide direct atomic absorption analysis of highly complex environ

mental, clinical, and food samples. 

Experimental 

The atomic absorption spectrometer described in the Appendix was 

used for these investigations. The two high solids burner heads (Fry and 

Denton, 1977) were found to be desirable for salt, sugar, and solids con

tent in excess of 5% to prevent clogging and gumming of the slot. 

Spectral bandpasses between 0.3 ran and 0.6 nm were used for all 

measurements. Cd, Cu, Zn, and Fe resonance lines at 228.8 nm, 324.7 nm, 

213.9 nm, and 248.3 nm, respectively, were used for atomic absorption 

measurements. Non-atomic absorption measurements were made where neces

sary using a continuum hollow cathode. The non-atomic absorbance 

measurements at 324.7 nm were not affected by the presence of copper at 

this spectral bandpass if the solution concentration was less than 100 

ppm Cu. All samples were far below this level in the solutions presented 

to the instrument. The photomultiplier tube was operated at 700 V and, 

following careful alignment techniques to ensure both beams traversed the 

same flame profile region, hollow cathode current, as well as pre

amplifier gain, adjustments were made to match the observed relative 

emission signal intensity of the continuum source to that of the 



individual hollow cathodes. A check of the non-atomic absorbance was 

also made without changing lamps (or alignment) using a non-absorbing 

line at 210 nm emitted from the Zn hollow cathode. Non-atomic absorbance 

did not exceed 0.01 absorbance units for all samples tested except the 

50% CaCl2 sample for which a value of 0.2 A was not exceeded in air-

acetylene. Analytically observed flame regions occurred with the center 

of the beam 6 mm above the burner head. 

All direct Babington analyses (with exception of the NBS standard 

reference material which required dilution of the high levels of Cu and 

Zn present) were made by the method of minimal dilution standard addi

tions using sample volumes of 1 mL and addition volumes of 10 pL to avoid 

loss of concentration sensitivity and to demonstrate that these complex 

sample types can be analyzed in "no clog" fashion without dilution. 

Comparison analyses made using the standard Varian nebulizer were carried 

out following standard (Gorsuch, 1959) dry ashing, hot mineral acid 

digestion of the ash, and final dilution to volume with deionized, 

distilled water. A sample of NBS Orchard Leaves (SRM 1571) was also pre

pared by this process as a check on the ashing and digestion procedure. 

In the case of Zn, some of the high concentrations reported were deter

mined without dilution in the Babington nebulizer by sensitivity reduc

tion through shortened path length accomplished by rotation of the slot 

burner head. 

The nebulizer was operated at an oxidant pressure of 16-32 psi 

for spectrochemical analysis to yield flow rates between 9 and 12 L/min. 

The pressure drop occurs across the nebulizer orifice so normal drain and 
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trap collection procedures were used for excess sample runoff. The peri

staltic pump was operated at 20-25 mL/min. 1 mL samples were pipetted, 

using an Eppendorf (or similar) microsyringe, into the glass cone, 

yielding transient signals at the recorder. Larger samples may be used 

to produce a steady-state signal at the readout if desired, but 1 mL is 

sufficient to give a transient signal of similar concentration sensitivity 

and precision. The smaller volume transient sampling method greatly 

reduces problems associated with burner slot clogging. 

Analysis of High Solids Samples 

Direct Zn and Cu analyses in air-acetylene of several highly 

complex samples by the Babington procedure are summarized in Table 3. 

This sample group includes those matrices where the metal is contained 

entirely in soluble form. A digestion was done on an aliquot of each 

sample to provide the comparison (conventional nebulizer) analyses listed 

opposite the Babington results in Table 3. Good agreement (within the 

limits of sample homogeneity) between the procedures is demonstrated by 

Table 3. This indicates the clear feasibility of applying the Babington 

technique to direct spectrochemical analysis of untreated (except for 

solids such as the NBS leaf tissue) samples and slurries of increased 

viscosity, high suspended solids content, and elevated salt content. 

Salt contents as high as 50% (w/v) or greater are readily accommodated if 

the solubility is this high. It should be noted that, for quantities 

> 1 g of solid sample to be digested, nebulizer tolerance of higher salt 

contents allows"less dilution of the final digest. This results in a 



Table 3. Analysis of High Solids Samples. 

Zn (ppm) Cu (ppm) 

Direct Conventional Direct Conventional 
Babington Analysis, Digest Babington Analysis, Digest 

Sample Analysis (Varian Nebulizer) Analysis (Varian Nebulizer) 

Hemolyzed whole blood 12. 13. 0.63 0. .61 

Urine 0.63 0.67 0.062 0. .065 

Sea water <0.021 <0.014 0.063 0. .069 

NBS orchard leavesa (digest) 24. 27. 13. 11 

B̂S certified value: 25 ± 3 ppm Zn and 12 ± 1 ppm Cu for the Orchard Leaves SRM 1571. 
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higher signal at the instrument and an overall sensitivity improvement on 

the basis of the original solid sample. 

Effect of Suspended Particulate Size 

Additional sample categories are given in Table 4. Comparison 

analyses in part a) show that the Babington nebulizer is not affected by 

the large metal-containing, pulpy particles found in samples such as 

tomato sauce. The soluble metal content is determined correctly without 

sample clogging. Large pulpy particles are simply washed away from the 

nebulizer insert and removed via the drain by the flowing sample stream. 

No measurable memory effects are encountered if a portion of distilled 

water is nebulized between samples. In contrast to the large sized 

particulate case, part b) of Table 4 demonstrates that the direct 

Babington spectrochemical response to sample suspensions of small metal-

containing particles (such as milk solids) agrees with the total metal 

(solids + solution) analysis when the method of additions is employed. 

The fact that this occurs even though the "add" is made entirely in 

soluble form substantiates the premise that the smaller milk solid 

particles are delivered to the burner in a percentage similar to solution 

droplets, thus yielding a total metal response. The samples in parts a) 

and b) of the table represent particle size extremes for which the 

Babington procedure agrees with either the total metal or soluble metal 

content of the sample rather than giving an intermediate response. 

The case of intermediate sized suspended particles is summarized 

in the comparison analyses of part c) of Table 4. Zn and Fe occur in 

blood plasma (soluble form), but are present in much higher levels in red 



Table 4. Particle Size Effects. 

Zn (ppm) Cu (ppm) Fe (ppm) 

Sample Babingtona Total** Soluble0 Babington Total Soluble Babington Total Soluble 

a) Hunt's Tomato Sauce 0.62 1.8 0.64 0.55 1.7 0.53 — — — 

(Suspended particulate 
size in low millimeter 
range) 

b) Carnation Evaporated 
Milk Concentrate 7.5 7.9 1.6 0.17 0.17 0.11 — — — 

(Suspended particulate 
size < 5 ym) 

c) Untreated (Babington 
only) whole blood 3.9 7.5 0.73 0.69 0.71 0.69 240 520 1.5 

(Suspended particulate 
size 5-9 pm) 

Ûntreated whole sample. 
Digested whole sample. 

cDigested supernatant from centrifuged sample. 



blood cells. The table indicates that the Babington procedure is 

measuring a combination of plasma and red cell content of Zn and Fe in 

fresh (un-hemolyzed) whole blood because the direct Babington result is 

much higher than the value measured by conventional digestive analysis 

for plasma alone. The direct Babington results (Zn, Fe), however, fall 

short of the total Zn and Fe content as measured by digestion procedures. 

This is readily explained by the larger size (5-9 |im) of intact red blood 

cells in comparison to the median mass diameter (3.6 vim) of solution 

aerosol droplets produced by the Babington nebulizer (Litt and Swift, 

1972). Aerosol refinement processes in the premix chamber undoubtedly 

cause these larger cells to be delivered to the burner in a lesser per

centage (due to their size and weight) than the droplets produced from 

blood plasma and the soluble "standard add." This results in a lowered 

measurement not corrected for by the method of additions since the 

aqueous "add" does not undergo the same percentage droplet selection 

process in the premix chamber as the red cell metal. 

Copper represents a different situation in fresh blood than iron 

and zinc, because the copper in blood is present primarily in soluble 

plasma form. Table 4, part c) demonstrates that the Babington nebulizer 

yields a direct atomic absorption response that is correct in this case 

even though the sample has not undergone hemolysis (cell rupture). 

The Zn result for hemolyzed whole blood (Table 3) demonstrates 

that simple hemolysis facilitates a correct Babington measurement of 

total Zn content. Hemolysis may be easily induced by standard freeze-

thaw, sonication, or osmotic rupture procedures. Elements not contained 
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appreciably by the red cells (such as Cu) can be determined directly in 

plasma or whole blood without treatment. If metal content of plasma or 

serum is desired (as is often the case) rather than whole blood, then it 

is not desirable to induce or allow hemolysis to occur, especially for 

elements such as Zn and Fe. In this case, the plasma or serum should be 

separated as is normally done in conventional analysis, but it may now be 

analyzed directly by the Babington procedure without further treatment. 

Matrix Effects Correctable by 
the Method of Additions 

Although samples of variable viscosity, salt content, and solids 

content are readily analyzed by the standard addition Babington procedure, 

these properties may affect the calibration through surface tension and 

viscosity effects in the nebulizer, variable aerosol refinement in the 

premix chamber, as well as vaporization and diffusion effects in the 

flame. No attempt was made to identify the individual contributing 

sources of the collective matrix effect; it was simply calibrated by the 

method of additions for all analyses made. 

Most samples evaluated did not exhibit matrix effects that 

shifted the calibration by more than 10-20%. Included in this category 

were urine, sea water, tomato sauce, orange juice, pineapple syrup, etc. 

Only whole blood, evaporated milk concentrate, and 50% CaĈ  were complex 

enough to cause a two-fold to three-fold depression of the calibration 

curve in air-acetylene (evaluated by the method of additions) in compari

son to aqueous media. These more complex samples are still readily and 

correctly analyzed (without clogging) by the indicated standard addition 
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procedure, but the magnitude of the matrix effect can be easily reduced 

if desired by simple dilution of the sample. 

Conclusions 

The overall observations of these investigations are that the 

modified Babington nebulizer method of sample introduction into flame 

systems represents a rapid and reliable method of high solids atomization 

when suspended particle size is taken into consideration, standard addi

tion procedures are utilized, and normal burner-nebulizer sensitivity for 

a 1 mL sample is adequate for the samples to be analyzed. Untreated 

samples and slurries containing large quantities of dissolved sugar and 

salt, as well as suspended solids, are analyzed directly with only 

moderate matrix effects that are easily compensated for in a high solids 

burner system. The unrestricted flow-through nebulizer design provides a 

system that is convenient to operate and is relatively "clog free" with

out any sacrifice in concentration sensitivity. The author believes that 

these studies represent the first reported application of the Babington 

principle of nebulization to spectrochemical analysis. 



CHAPTER 3 

MICRO-SAMPLING TECHNIQUES FOR EXISTING 

NEBULIZER SYSTEMS 

Although the development of "high solids" flame atomization, high 

sensitivity electro-thermal atomization, low flow rate (plasma range) 

ultrasonic nebulizers, and chemical preconcentration techniques may pro

vide greatly improved performance in a variety of specialized applica

tions, the combined premixed flame and capillary pneumatic nebulizer will 

probably continue for some time to be the most "purchased" and most 

"used" sample introduction technique for general analytical atomic spec

troscopy of most samples and elements. The improved operational conven

ience, reduced analysis time, good precision, and low cost of the 

capillary nebulizer generally make it the method of choice unless the 

samples are too complex, too low in analyte concentration, or too small 

in volume. These extreme conditions will then dictate tradeoff of one or 

more desirable characteristics of the pneumatic nebulizer in favor of a 

different method. 

The extreme of sample complexity may be approached using the high 

solids nebulizer discussed earlier. The extreme of low analyte concen

tration may be approached from a preconcentration or electro-thermal 

atomi zation standpoint. 

The extreme of low sample volume is a problem that is tradi

tionally dealt with using electro-thermal atomization. The convenience, 

62 
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cost, and reduced degree of interference encountered with pneumatic 

nebulization is frequently sacrificed in favor of a graphite furnace, 

etc., for the sole reason of sample size. This occurs often in clinical 

situations even when the sample concentration falls easily within the 

range of the more convenient and precise capillary pneumatic nebulizer. 

In keeping with the concept of exploiting the best features of a given 

sample introduction technique that are optimally suited to a given diffi

cult analytical situation, improvements in the required sample size of 

nebulizers are, therefore, clearly desirable. 

Investigations dealing with micro-sampling techniques for 

nebulizers began with the lucite sampling cup for Beckman total consump

tion burners (Solomon and Caton, 1955) used in emission analysis. 

Although sample volumes in the range of 1 yL to 1 mL were utilized, the 

sensitivity realized with such aspirators is greatly reduced (see 

Figure 15) in comparison to modern premix capillary pneumatic nebulizers. 

The modern nebulizers, however, use approximately 10-20X the sample 

uptake rate when compared to total consumption burners. It had, there

fore, been generally assumed that micro-sampling would not be viable for 

the premixed capillary systems. Attempts to introduce small volumes from 

glass test tubes resulted in disappointing minimum required volumes of 

1-2 mL (Ranweiler, 1974). 

More recently, Sebastiani et al. (1973), Manning (1975), and 

Berndt and Jackwerth (1975) report substitution of non-wetted plastic 

sampling cones mounted on the capillary tube of a premix nebulizer. 

During the same time period, the author independently developed a version 



64 

of this convenient "plastic cone" micro-sampling technique for premixed 

systems. 

Samples in the range of 25-200 pL may be pipetted into the cone, 

yielding transient recorder responses of precision and sensitivity 

similar to that achievable with normal larger samples. This is a result 

of the "zero dead volume" of a cone and the hydrophobic cone material 

that enable the entire sample to enter the nebulizer capillary in a 

single "plug." The method is reported to be rapid, convenient, and less 

susceptible to system clogging than normal aspiration techniques since 

less total matrix is aspirated per analysis. 

These investigations deal with further evaluation of the charac

teristics of the new micro-sampling nebulizer technique as well as 

several pertinent design and procedural innovations. Methods were 

developed for convenient ("on-the-spot") micro-standard additions and 

micro-dilutions, as well as for improving the detection limit and 

lowering the sample size requirement of the micro-sampling technique for 

premix pneumatic nebulizers. Several common memory effects were studied 

and found to play a different role in the transient micro-sampling 

approach than would normally occur with steady-state sampling. The 

tolerance of the method to complex materials was evaluated in comparison 

to the normal steady-state technique and to the high solids approach 

based on the Babington principle. 
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Apparatus 

Two Teflon sampling cones were constructed as diagrammed in 

Figure 24. Cone "A" is similar to that described elsewhere (Manning, 

1975) except that connection to the instrument is via the small bore, 

vertically oriented plastic nebulizer tubing rather than direct mounting 

on the horizontal nebulizer capillary. This allows the cone to be some

what more easily constructed and to be used with a variety of instrument 

brands since it need not be custom-fitted to the horizontal nebulizer 

capillary. Cone "B" was developed in these studies for smaller sample 

sizes, as well as "on-the-spot" micro-standard addition and micro-

dilution procedures. 

A Varian Techtron capillary pneumatic nebulizer with variable 

aspiration rate and externally adjustable impactor was used in conjunc

tion with a Varian Techtron AA-5 atomic absorption spectrometer, the 

atomic absorption spectrometer constructed for these studies, a 10 cm 

single slot, Jarrell Ash Tri-Flame, air-acetylene burner head, a 

specially designed high solids, 10 cm single slot, air-acetylene burner 

head, and a 6 cm single slot, Varian Techtron, nitrous oxide-acetylene 

burner head. 

Procedure 

The atomic absorption of cadmium at 228.8 nm was the measured 

quantity for most of the parameter evaluations. Fuel-rich, air-

acetylene (2.2 L/min C2H2) flames and a "red feather," nitrous 
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Figure 24. Micro-Sampling Cones for Premixed Capillary Nebulizer. 
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oxide-acetylene 6.6 L/min ̂ 2̂ 2̂  ̂ ame were maintained at oxidant flows 

of 12 L/min. Samples were digested according to standard dry ashing 

procedures for Cu and Zn (Gorsuch, 1959) . Silicon analysis was made 

following digestion of petrified wood samples in hydrofluoric acid. 

Samples are quickly delivered into cone A using Eppendorf pipets. 

A transient recorder signal results immediately. Peak height (absor-

bance) was the measured quantity. 

Samples pipetted into cone B may be diluted or further standard 

additions made by pipet "on-the-spot." The composite droplet is then 

introduced by manually inserting the small bore plastic nebulizer tubing 

into the cone bottom. The conical shape guides the tube directly and 

reproducibly to the sample droplet, thereby eliminating "wavering" of the 

hand or manual "bad aim" that might otherwise result in partial or inter

rupted aspiration of the drop. The drop "stands up" in easily accessible 

form in the cone owing to the shape of the vessel and its hydrophobic 

construction material. The tubing end is cut at approximately 10-20° to 

the normal to ensure that the resultant oval end will not seal against 

the side of the cone, causing a sudden deleterious shift in the aspira

tion rate of the capillary nebulizer. The entire drop is readily 

aspirated due to its surface tension, which makes it hold together as a 

"bead" even though the tubing does not seal against the side of the cone. 

Both cones are rinsed between samples with a portion of distilled 

water, although it was found that droplet aspiration is normally so 

complete that four or more samples can frequently be run in succession 
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without rinsing before a 1% memory builds up. Rinse water is conven

iently removed by aspiration so no Kim-"wiping" is necessary. 

Results and Discussion 

Sample Size Requirements 

Figure 25 illustrates that micro-sampling is a reasonable and 

desirable technique for premix pneumatic nebulizers. 100 yL samples give 

approximately the same coneentvation sensitivity achieved with larger 

samples. The absolute sensitivity (weight basis) is ~ 10X improved for a 

100 yL sample. The data in Figure 25 agree well with that of other 

workers (Berndt and Jackwerth, 1975), indicating that no sacrifice was 

made in connecting the cone via plastic tubing to the nebulizer rather 

than direct mounting. Samples smaller than 100 pL may be employed at 

constant absolute sensitivity and correspondingly reduced concentration 

sensitivity. Once a sample volume is chosen, standard "Beer's law" 

calibration curves are established at constant volume, or the method of 

standard additions may be employed. 

Precision 

Figures 26 and 27 illustrate the dependence of analytical preci

sion on the chosen sample volume. Concentration and gain adjustments 

were made at each volume so that 50% scale reading replicates (<_ 2% 

noise) were taken for all precision assessments. This was done to 

isolate the effect of sampling volume on precision from the effects of 

concentration on precision that would otherwise occur if detection limit 

values were approached at small volumes. Ten replicates were taken for 
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each % RSD determination. Figures 26 and 27 demonstrate that the preci

sion of micro-sampling for a 50-200 yL sample is essentially equivalent 

to that of steady-state sampling with much larger samples. The fact that 

this occurs for transient sampling suggests that it is totally unneces

sary from a precision standpoint to aspirate large amounts of sample over 

extended periods of time for the purpose of averaging noise in the 

steady-state signal. 

If 10% RSD is selected as the point beyond which the analysis is 

no longer deemed quantitative, then Figure 27 illustrates that the new 

cone design (Cone B) reaches this point at a sample volume of 5 yL, which 

is 2X less than that of Cone A and 3X less than that of the best litera

ture value (Sebantiani et al., 1973). This improvement of the manual 

cone (Cone B) is undoubtedly due to the fact that the sample pipetting is 

completed before any sample uptake occurs. The mounted cone (Cone A), 

however, permits sample uptake to begin before pipetting is completed, 

allowing interrupted uptake to produce undesirable multiple transients 

when the sample size drops below 10 yL. Cone B, therefore, covers the 

micro-sampling range from 5-200 yL and Cone A operates well from 

10-200 yL. The low cost and ease of construction should make it reason

able to purchase both cones as a set for an individual instrument. 

Samples larger than 200 yL are accommodated by either cone, but these 

studies should make it clear that larger samples are generally not 

necessary on a peak height, analog readout basis. 
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Time Constant Effects 

Figure 28 demonstrates the effects of analog time constant for 

transient as well as steady-state nebulizer measurements. As the time 

constant is increased beginning with small values, the steady-state 

signal is unchanged, the transient signal decreases linearly, and the 

noise decreases in nonlinear fashion. Since both the noise and the 

signal determine the limit of detection, it should be apparent that the 

"minimum damping" condition commonly employed for transient signals will 

not yield the best results. Figure 29 illustrates that an optimum time 

constant range exists for which the concentration limit of detection is 

minimized. This occurs when Figure 28 indicates the transient signal is 

overdamped to 60-80% of its normal minimally damped value. Studies indi

cate that the working curve is still linear when the signal is over-

damped. Figure 29 also shows that damping a steady-state signal signifi

cantly beyond a time constant (5 RC) of 2 seconds does not yield much 

further improvement in the concentration detection limit and serves only 

to slow the response, therefore using up more sample in attaining the 

steady state. 

These results show that, under minimum damping conditions, the 

analog concentration sensitivity and detection limits of steady-state and 

transient sampling (100 yL sample) are equivalent. A slightly overdamped 

signal improves the concentration detection limit for both situations; 

however, to a somewhat greater (- 2X) extent for steady-state sampling if 

sufficient sample is available. The final analog concentration detection 
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limits were 20 ppb Cd for a 100 vtL sample and 10 ppb for unlimited 

sample. 

Integration techniques were not examined extensively in these 

studies, but it was determined that integration times of 10 seconds pro

duce an approximate three-fold further improvement in the steady-state 

concentration limit of detection (3 ppb Cd) when large amounts of sample 

are available for the long integration periods. Such an improvement 

would not be likely to occur for micro-sampling; however, the absolute 

detection limit (weight) is 2 ng Cd for the non-integrated micro-sampling 

approach (100 pL sample) as compared to 6 ng Cd for integrated (10 sec) 

steady-state readout (2 ml sample) showing an overall improvement of 

micro-sampling on this basis. 

Memory Effects 

Two types of memory effects sometimes encountered in burner-

nebulizer systems are illustrated in Figure 30. It should be apparent 

that any memory "spikes" such as those in part b (Figure 30) will 

directly interfere with the transient micro-sampling technique. Since 

the steady-state sampling method is not seriously affected by such 

memory, this will represent an interference disadvantage heretofore not 

mentioned in the literature for the micro-sampling approach. 

The opposite is true of the second type of memory (Figure 30, c 

and d) which presents a more serious problem with steady-state sampling, 

but is nearly eliminated (see Figures 31 and 32) by the micro-sampling 

approach. The determination of silicon and iron in digested complex 

materials is frequently plagued by the second memory type and can be seen 
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T I M E  

Figure 30. Types of Memory Encountered in Steady-State Sampling. 

a. normal steady state (deionized water); b. "spike" memory 
accompanying sudden acidity increase; c. undetermined steady 
state (continually increasing signal) memory encountered with 
dilute acid for some elements; d. large continually increasing 
undetermined steady state memory encountered with strong 
acid for some elements. 
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d. 

b. c 

Figure 31. Memory Effects (Si). 

Determination of silicon in petrified wood digest (HF): 
a. Tindetermined steady state, sample digest conc. - 60 ppm 
Si; b. begin sample aspiration; c. return to solvent; 
d. micro-sampling replicates, sample conc. = 120 ppm Si; 
e. blank. 
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T I M E  

Figure 32. Memory Effects (Fe). 

a. 0.2 ppm Fe in dil. mineral acid, steady state undeter
mined, analysis failed; b. 0.4 ppm Fe in dil. acid, steady 
state undetermined, analysis failed; c. acid blank, steady 
state undetermined; d. 0.2 ppm Fe in deionized water, steady 
state attained, analysis good; e. 0.4 ppm Fe in deionized 
water, steady state attained, analysis good; f. micro
sampling memory spikes (acid} accompanying sudden acidity 
increase, interference decays rapidly with trial number; 
g. greatly reduced acid blank encountered when using micro
sampling; h. 0.4 ppm Fe micro-sampling replicates in acid, 
analysis good; i. 0.2 ppm Fe micro-sampling replicates in 
acid, analysis good. 



to be greatly improved by the small sample approach even if large amounts 

of sample are available. Figure 32 also shows that the first memory type 

(spikes) generally only occurs when the sample acidity is suddenly, 

dramatically raised (parts d, e, and f). The figure also shows that this 

memory becomes inconsequential (parts f and g) even at high acidity for 

micro-sampling if the sample acidity is maintained relatively constant. 

New Micro-Calibration Technique 

It is generally desirable to analyze digested complex materials 

by the method of standard additions to avoid the deleterious results of 

calibration curve alteration caused by a variety of matrix effects. It 

should be apparent that standard volumetric glassware used to make 

standards or standard additions prior to analysis tend to require larger 

samples and defeat the whole purpose of a micro-sample introduction tech

nique. The method of additions also requires prior knowledge of the 

approximate analyte concentration before an "add" can be made; i.e., it 

does no good to add 1 ppb to a sample that originally contained 1 ppm of 

analyte. The "add" should generally be roughly equal to the analyte con

centration in order to give a precise result. Semiquantitative estima

tion of the analyte concentration is, therefore, desired before analysis 

can proceed on a sample of totally unknown content. This presents a 

rather inconvenient logistics problem if large numbers of small volume 

samples are to be analyzed, since either a separate set of analyses must 

be made requiring storage of micro-samples between times, or instrumental 

operation must be continually interrupted for "wet bench" operations 

following each semiquantitative estimate. The net result is that many 
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"high work load" laboratories avoid the method of additions altogether or 

attempt to make up working standards in artificially concocted matrices 

designed to approximate the composition of the samples. 

A related logistics problem with large numbers of samples of 

totally unknown content is that levels may vary over four orders of mag

nitude when the instrument is adjusted for a given range covering only 

one or two orders of magnitude simultaneously. Further instrumental 

semiquantitative estimations interrupted by "wet bench" dilution opera

tions are the result. 

An "on-the-spot" micro-addition and micro-dilution procedure is 

clearly desirable from a logistics and sample conservation standpoint. 

The non-attached micro-sampling cone (B) provides just such a system. 

Semiquantitative estimates on the first sample of a group is per

formed using a 100 pL sample plus 10 pL water. The 10 pL water is added 

to compensate a small percentage volume dilution by the subsequent 10 pL 

standard "add" in order to avoid uncorrected variation in the % matrix 

effect. 

If the resultant level is not suitable for the instrument scale 

factor, the factor is changed. If the level is altogether too high for 

atomic spectral quantitation, it is diluted "on-the-spot" by a known 

factor. This is accomplished without returning to the "wet bench" by 

using the same cone and set of micro-pipets used to introduce the sample 

into the spectrometer. 

If the sample was ten or one hundred times too high, 100 pL or 

1 mL, respectively of water are quickly delivered to the empty cone by 



Eppendorf pipet followed by a 10 yL aliquot of sample. The composite is 

immediately aspirated to the last drop, resulting in a rapid dilution by 

a precisely known factor. Proper solution mixing appears to be induced 

on such a small scale by the pipetting action. Standard addition is then 

carried out following a quick semiquantitative estimation at the instru

ment (by electronic calculator if necessary) of the resultant concentra

tion. This is accomplished by pipetting the same volume (equalling that 

— 100 pL-1 mL — of the earlier used diluent water) of an appropriately 

selected aqueous standard into the empty (but rinsed) cone followed by 

10 uL of sample. The composite is again aspirated to the last drop and 

the signal increase noted at the recorder. Data are reduced later. 

If the original undiluted 100 yL sample trial (+ 10 yL water) 

fell within the selected scale range, then that value is taken (not dis

carded as an "estimate only"). To make a standard addition following 

semiquantitative estimation of the initial reading, a 100 yL sample is 

again pipetted into the cone followed by quick pipet addition of 10 yL of 

an appropriately selected aqueous standard. The second pipetting action 

appears to mix the composite well. The composite is aspirated to the 

last drop and the signal increase noted on the recorder. Data are 

reduced later. The cone is rinsed once or twice in preparation for the 

next sample. 

These studies have resulted in the ability to sit at the instru

ment with a large number of a variety of small volume digested complex 

samples of totally unknown concentrations that vary over many orders of 

magnitude and efficiently analyze them all by the method of additions 



without leaving the instrument for "wet bench" operations. Sample is 

conserved since the "add" is made directly following the initial estima

tion trial (before the calibration drifts) rather than discarding the 

signal used for estimation (as is normally done in favor of a later 

"rerun" when the analyst is ready to come back to the instrument 

following wet bench operations for the final calibration by standard 

addition). 

An example of results using this procedure is shown in Figure 33. 

The claimed convenience of this procedure was borne out in the rapid 

determination of Pb, Cu, Zn, and Ca in digested complex samples including 

sea water, tomato sauce, blood, urine, orange juice, pineapple syrup, 

Grecian Formula 16, pickled beet juice, evaporated milk concentrate, air 

filters, orchard leaves, bovine liver, etc. 

Tolerance of Complex Materials 

Since less matrix is aspirated per sample, Sebastiani et al. 

(1973) have suggested that system clogging should be less probable. No 

data were given to support this claim. 

In the course of these investigations, it was found that the 

micro-sampling approach did lessen the chance of clogging in comparison 

to steady-state aspiration. Tolerance of complex materials was improved 

to the point where several undigested materials such as sea water could 

be directly analyzed for copper if the high solids burner head was 

employed. Milk was readily converted to aerosol, but no spectrochemical 

analysis was made. 
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T 

a. b. c. 

T I M E  

Figure 33. Example of "On-the-Spot" Micro-Dilution and Micro-Standard 
Addition. 

a. blank; b. initial trial (too high]; c. "on-the-spot" 
10-fold dilution (duplicates); d. "on-the-spot" standard 
addition (duplicates); chart left running continuously 
(l"/min). 
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Although these improvements in sample complexity were achieved by 

the micro-sampling approach, the capillary was still rapidly clogged by 

such complex samples as tomato sauce and whole blood which are readily 

converted to aerosol by the new high solids nebulizer based on the 

Babington principle. 

Analysis Time 

The new micro-sampling cone was found to greatly increase the 

rate at which samples may be analyzed in comparison with steady-state 

techniques. Eight samples per minute were comfortably aspirated with the 

upper limit generally imposed by the pipetting speed rather than the 

system response. The extreme high rate of speed (compared with steady-

state nebulization and electro-thermal atomization) that samples may be 

introduced by the new micro-sampling cone suggests that an automatic 

sample changer could be of great benefit with this technique. This would 

be useful mainly for large numbers of samples whose concentrations were 

all similar since most automatic sample changing schemes are not sophis

ticated enough to accommodate "on-the-spot" dilutions or standard 

additions. 

Conclusions 

The new micro-sampling cone for capillary pneumatic nebulization 

represents a technique of slightly degraded concentration detection 

limit, improved absolute detection limit, similar concentration sensi

tivity, improved absolute sensitivity, similar precision, improved sample 

size requirements, improved analysis time, and improved tolerance to 
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complex materials in comparison with normal steady-state capillary 

aspiration approaches. Micro-sampling cones are, therefore, seen to be 

very desirable for premixed burner-nebulizer systems. It should be 

apparent that it is generally no longer necessary to turn to more 

troublesome electro-thermal atomization techniques for reasons of sample 

size alone since their range is also generally taken to be 5-100 viL. The 

only remaining reason for choosing electro-thermal atomization is, there

fore, now that of sensitivity. There appears to be no quantitative 

micro-sampling technique for atomic spectroscopy in existence that is 

cheaper, more precise, or more convenient than the new micro-sampling 

cone. The author sees no reason why all laboratories (even student labs) 

interested in sample analysis by flame spectroscopy should not own one 

each of the two cones for use with those trace levels for which nebulizer 

sensitivity is adequate. 



CHAPTER 4 

MOLECULAR ABSORPTION SPECTRA IN PREMIXED FLAMES 

Non-atomic absorption due to molecular bands and/or scattering by-

matrix species represents one of the most severe and troublesome inter

ferences encountered in direct trace level atomic absorption analysis of 

complex materials. This interference is correctable by techniques 

reviewed recently by Zander (1976) if it does not exceed reasonable 

limits. However, Fernandez (1973) has indicated that the ability of 

correction schemes to handle this problem in flameless atomizers is 

exceeded by some samples if the matrix is not first oxidized by 

digestion. 

Culver (1975) has discussed the relative contribution to non-

atomic absorbance of "smoke signals" caused by solid carbon scattering 

centers present early in the time variant atomization process when 

volatile elements such as arsenic and mercury are determined directly by 

carbon rod atomization of untreated biological samples. Culver and 

Surles (1975) have also identified a heavily pronounced molecular spec

tral band component of non-atomic absorption in carbon rod atomization 

due to undissociated matrix species such as diatomic and triatomic alkali 

and alkaline earth halides. These inorganic molecular spectra persist 

during later stages of transient electro-thermal atomization (Koizumi and 

Yasuda, 1976) to interfere with the atomic spectra of many less volatile 

elements that would normally appear resolved in time from the earlier 
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organic "smoke peak." This molecular spectral component of non-atomic 

absorption was demonstrated by Culver and Surles (1975) to be as high as 

0.6 absorbance units in a carbon rod analyzer for at little as 5 yL of 

0.1% sodium chloride matrix. More complex matrices can easily drive the 

spurious absorbance much higher to a point where correction schemes no 

longer function properly, especially if the net readout scale is expanded 

for maximum analyte sensitivity. 

In addition to the above-mentioned carbon rod analyzer studies, 

data concerning the molecular band nature of non-atomic absorbance 

encountered in flame systems was presented by Koirtyohann and Pickett 

(1965, 1966a). A Beckman total consumption burner was used to spray 

sample and burn an ̂ 2~̂ 2 •̂ '•ame contained horizontally by a long path 

absorption tube (see Figure 34). A 1% solution of sodium chloride was 

reported to give a spurious signal as high as 0.6 absorbance units. 

A recent review by Zander (1976) again presented the above-

mentioned data of Culver and Surles (1975), along with the earlier data 

of Koirtyohann and Pickett (1965), as a comparison of the relative amount 

of molecular band absorbance encountered in flame and nonflame (electro

thermal) atomization techniques. However, the review incorrectly refer

enced the work of Koirtyohann and Pickett (1965), listing it as appearing 

in 1975 instead of the actual publication year of 1965. The review also 

failed to point out the specialized nature of the older total consumption, 

tubular enclosed flame system, leaving the reader with the incorrect 

overall impression that the data were generated on a modern premixed 10 cm 



ABSORPTION TUBE HOLLOW CATHODE 

DETECTOR 

Figure 34. Long Path (40 cm) Absorption Tube for Total Consumption 
Burner. 
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slot burner system such as those currently available in present-day 

standard atomic absorption spectrometers. 

In order to clarify the relative magnitude of non-atomic absor-

bance encountered in premixed flame systems, these studies deal with the 

characterization of molecular absorption spectra in more modern burner-

nebulizer atomization cells. Non-atomic spectra are evaluated in pre

mixed slot burner flame systems for a variety of matrices in several 

combustion mixtures as a function of salt concentration, wavelength, and | 

burner height. Comparisons are drawn that illustrate the dependence of 

such interferences on parameters normally governing sample introduction 

techniques. 

Experimental 

Apparatus 

Studies with samples below 5% salt content were carried out 

utilizing a Varian Techtron (Springvale, Victoria, Australia) AA 5 single 

beam atomic absorption spectrometer, including the standard Varian 

nebulizer with an added small volume sampling cone similar to that of 

Manning (1975). A 10 cm Varian air-acetylene slot burner and Hewlett-

Packard (Palo Alto, California) model 17501A strip chart recorder were 

used. 

Studies on samples between 5% and 50% salt and solids content 

were carried out utilizing a second single beam atomic absorption spec

trometer fitted with the flow-through, high solids nebulizer recently 

developed for spectrochemical analysis by Fry and Denton (1977) utilizing 
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the Babington principle. This system included an Instrumentation Labora

tories (Lexington, Massachusetts) "High Solids" 0.81 x 5 cm single slot 

nitrous oxide-acetylene burner head and a high solids 10 cm single 

slot air-acetylene burner head similar in design (except for the wider 

0.81 mm x 10 cm "high solids" slot) to the 0.51 mm x 10 cm slot air-

acetylene Varian Techtron burner head. Varian Techtron and Jarrell Ash 

(Waltham, Massachusetts) continuum and Cd (neon-filled) hollow cathode 

lamps were utilized for all measurements. 

Procedure 

The hollow cathode lamps were operated at 15 ma and 5 ma, respec

tively, for H2 and Cd. "Zero" and "100 %T" were reset at each wavelength 

utilized in the Ĥ  continuum for point by point assessments of the 

molecular absorption spectrum of each matrix studied. Spectral band-

passes of 0.6 nm were used. 

The method of non-absorbing lines was also used (without changing 

lamps or disturbing optical alignment) in those cases where molecular 

absorbances of matrix salts were compared directly with atomic spectra of 

Cd as a function of burner height. Spectral bandpasses of 0.6 nm were 

used to isolate the 228.8 nm resonance line and a non-absorbing line at 

226.5 nm emitted by the Cd hollow cathode lamp. 

To avoid burner slot clogging and gumming, all measurements were 

made by the small volume cone method of nebulizer sampling discussed by 

Sebastiani et al. (1973), Berndt and Jackwerth (1972), and Manning 

(1975). 0.2 mL and 1 mL sample volumes were utilized for the standard 

nebulizer and the new high solids systems, respectively. This procedure 
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yields transient recorder signals of concentration sensitivity and preci

sion similar to that of the steady-state response normally encountered 

with larger sampling volumes. 

Results and Discussion 

Premixed Molecular Flame Spectra of 
Polyatomic Inorganic Species 

Figure 35 gives the reported (redrawn) data (Zander, 1976) of the 

absorption band spectrum of diatomic NaCl for carbon rod analyzer 

(curve a) and "flame" (curve b) atomization (redrawn) along with the 

"flame" (curve c) data observed in the present studies. The large dis

crepancy in the two "flame" curves arises from gross differences in the 

method of sample introduction. Curve b was generated on the older "total 

consumption" tubular system diagrammed in Figure 34. The median aerosol 

droplet diameter introduced for such systems is 28 ym (Dean and Carnes, 

1962), whereas the median aerosol droplet diameter introduced into the 

modern premixed systems (Figure 35, curve c) is 8.6 ym (Koirtyohann and 

Pickett, 1966b). Since desolvation will be greatly delayed for the total 

consumption burner (considering the ~ 3X larger starting diameter and, 

therefore, - 27X larger droplet volume) in comparison to the premixed 

system, the entire atomization sequence, including droplet desolvation, 

salt crystal vaporization, and dissociation of molecular species, cannot 

be expected to be nearly as complete in the analytical viewing zone. 

Further droplets much larger than the median (normally rejected in a 

premixed system) would enhance the presence of undissociated salt species 

further when viewed horizontally. The total consumption system will, 
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WAVELENGTH (nm) 

Figure 35. NaCl Spectra. 

a. 0.1% NaCl, carbon rod; b. 1% NaCl, long path total 
consumption; c. 5% NaCl, premixed flame. 



94 

therefore, result in suppressed atomic spectra, as well as heavily-

pronounced molecular spectra, if the matrix salts are at all difficult to 

vaporize and/or dissociate. This (as well as the 4X path length differ

ence) appears to account for the differences observed for the molecular 

spectra of the two flame systems. Figure 36 gives expanded scale 

molecular spectra of CaCl̂ , NaCl, and MgSÔ  in the premixed air-acetylene 

flame for the purpose of wavelength identification. MgSÔ  decomposes 

above 1124°C, which accounts for the absence of any measurable molecular 

spectrum in the 2250°C air-acetylene flame. CaĈ  (mp 772°C, bp > 1600°C) 

and NaCl (mp 801°C, bp 1413°C) produce wavelength maxima at 225 nm and 

234 nm, respectively, which are in agreement with the carbon rod analyzer 

data of Culver and Surles (1975) and the calculations (NaCl) of Herzberg 

(1950). Molecular band absorbance of undissociated matrix salts, therefore, 

appears to predominate over scattering in premixed flame systems (as well 

as in total consumption systems and carbon rod analyzers) as the major 

cause of non-atomic absorbance. 

Premixed Molecular Flame Spectra 
of Complex Materials 

Figure 37 gives the expanded scale molecular band spectra of 

untreated sea water, urine, whole blood, evaporated milk concentrate, and 

tomato sauce introduced directly as aerosols into a 10 cm premixed air-

acetylene flame. It can be seen that samples (milk and blood) approaching 

50% organic solids content give no measurable spectrum above the noise 

level. In sharp contrast to the electro-thermal atomization case, 
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Figure 36. Expanded Scale Molecular Spectra. 

20% MgSÔ  below noise limit at all wavelengths. 
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Figure 37. Expanded Scale Spectra of Untreated Complex Materials. 

Whole blood, evaporated milk concentrate, and tomato sauce 
all below noise limit\ 
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organic species appear readily degraded in the flame, producing no 

measurable scattering or molecular spectra. 

Only those samples with appreciable inorganic salt content such 

as sea water and urine produced measurable spectra in premixed flames 

(although greatly reduced in comparison to other atomizers). 

The spectra of urine and sea water of Figure 37 compare well with 

the NaCl spectrum of Figure 36. This is as expected since NaCl is the 

principle dissolved salt (~ 1% in sea water and - 0.6% in urine) in these 

matrices. The spectrum of KC1 (Culver and Surles, 1975) is very similar 

to that of NaCl. Presence of KC1 in addition to NaCl in the two samples 

accounts for the slightly more pronounced absorbance at 195.0 nm 

(Figure 37) than NaCl alone would warrant (Figure 36). 

Concentration Dependence 

Figure 38 demonstrates the concentration dependence of the 

molecular spectrum of triatomic CaĈ . A Beer's law type of relationship 

appears to govern the system below a solution concentration of 15% CaĈ . 

Since these studies are concerned with the CaĈ  spectrum from an inter

ference rather than an analytical standpoint, no experiments were per

formed to determine whether the noniinear portion of the curve results 

from the normal stray light phenomenon (Winefordner, 1976, p. 191) or 

from aerosol generation-atomization processes that may shift at high 

concentration and viscosity. 
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Figure 38. Concentration Dependence of Triatomic CaCl2 Absorbance. 



Effect of Combustion Mixture 

Figures 39-44 summarize the behavior of CaCl̂  in 10 cm Ar-Î -

entrained air 1400°C), 10 cm air-acetylene (~ 2250°C), and 5 cm ̂ 0-

acetylene (~ 2950°C). It is apparent from Figure 39 that the molecular 

spectrum is somewhat less in Ar-Hj-entrained air than in air-acetylene 

(Figure 41). However, Figure 40 suggests that this is only because the 

Ar-Î -entrained air is of low enough temperature that it does not effi

ciently vaporize the CaĈ  matrix salt crystals which also appear to 

entrap and delay the vaporization of cadmium analyte. 

Air-acetylene (~ 2250°C) appears to vaporize the salt crystals 

(Figures 41 and 42), but does not dissociate the resultant gaseous CaCl̂  

triatomic species to the same extent as the hotter ̂ O-acetylene mixture 

(Figures 43 and 44). It should also be noted that all naturally 

occurring samples (sea water, urine, blood, milk, etc.) tested produced 

no measurable molecular spectra whatsoever in the premixed N2O-C2H2 

flame. 

The higher temperature environment premixed flames seem to sup

press molecular spectra to a greater extent than cooler flames and 

electro-thermal atomizers, but this must ultimately be judged in terms 

of the predominance of atomic spectra as well. Table 5, therefore, lists 

data pertaining to the ratio (line-to-background) of the atomic analyte 

(Cd) spectrum to the molecular matrix spectrum for sodium chloride. 

Ar-Î -entrained air was omitted owing to its non-utility (analyte entrap

ment) with complex materials as well as its excessive variation of line-

to-background ratio with burner height. 
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Figure 40. Burner Height Studies (Ar-H2-Entrained Air). 
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Figure 41. CaCl2 Spectrum (Air-Acetylene). 
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Table 5. Line:Background Ratio in Several Atomizers. 

Atomizer 
Path 
(cm) 

Cd 
Line (L) 

Atomic Absorbance/ppm 

NaCl 
Background (B) 
Absorbance/% NaCl 

(L/B) 
Ratio 

Premixed ̂ 0̂ 2̂  5 0.06 0.00042 143.0 

Premixed Air-C2H2 10 0.30 0.0035 84.7 

Carbon rod (Culver and Surles, 
1975) 1 147. 6.0 24.4 

Total consumption system 
(Koirtyohann and Pickett, 1965) 40 3.5 0.6 5.8 
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The table demonstrates that, although electro-thermal atomization 

is far more sensitive (owing to its reduced internal volume and reduced 

gas dilution of atomic vapor) as a sample introduction technique than 

aerosol generation, it does not dissociate polyatomic matrix species as 

well as the premixed flame. 

Conclusions 

Premixed flames exhibit molecular band spectra due to undissoci-

ated inorganic polyatomic species; however, the predominance of such 

spectra is about 170 times less than a recent review (Zander, 1976) would 

have the reader believe. In sharp contrast to electro-thermal atomiza

tion, no scattering or molecular spectra due to ovganio solids (up to 50% 

solids content) was detectable in premixed flame systems. The spectra 

due to inorganic species are also greatly reduced compared to long path 

total consumption systems (due to droplet size effects) and electro

thermal atomization (due to temperature effects). The convenient premixed 

burner-nebulizer should, therefore, be used whenever possible, reserving 

the more costly and troublesome electro-thermal atomization techniques 

for only those situations where ultimate sensitivity is required. 

The fact that abnormally high salt concentrations had to be 

employed with a "high solids" premixed system in these studies in order 

to produce a molecular spectrum sufficiently pronounced (above the noise 

limit) to study indicates that this interference is not nearly as serious 

for premixed flames as it is for other atomization techniques. Actual 

samples are generally of lower salt content (such as sea water and 

urine) and may be directly analyzed by flame atomic absorption 
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spectroscopy with small or negligible levels of spectral interference 

that do not overwhelm the readout as would be the case with electro

thermal techniques. These studies have demonstrated that sample intro

duction parameters (droplet size and atomization temperature) can drasti

cally affect the susceptibility of atomic spectral analysis to spectral 

interference. 



CHAPTER 5 

HYDRIDE PRECONCENTRATION FOR ANALYTICAL 

EMISSION SPECTROSCOPY 

The superior sensitivity of inductively coupled plasma (ICP) 

emission spectrometry to many elements (Olson et al., 1977) in conjunc

tion with the inherent simultaneous multi-elemental detection possi

bilities offered by emission analysis have made the ICP a powerful new 

method of determination of trace elements in environmental materials. 

Some toxic non-metals are, however, present in environmental levels too 

low to detect by either ICP or AA analysis when nebulizer sample intro

duction is employed. Olson et al. (1977) recently reported a detection 

limit of 10 ppb arsenic using a flow-through approach to ultrasonic 

nebulization with the ICP. Although this technique represents a valuable 

development in emission spectroscopy and realizes far superior sensitivity 

(to arsenic) than nebulizer-flame approaches, it remains, however, less 

than adequate for measurement of the levels of arsenic (1-8 ppb) 

occurring in many environmental materials such as natural water samples 

(Penrose, 1974). Direct sample introduction methods (e.g., nebulizer) 

for the ICP have also been shown to lead to severe interference by back

ground spectra (stray light, etc.) resulting from excessively intense 

emissions of species such as calcium present in complex samples (Larson et 

el., 1976). Elaborate schemes for background elimination or correction 

involving interference filters, solar blind photomultiplier tubes, double 

109 



110 

monochromators, and/or wavelength modulation have been utilized to 

alleviate the problem (Larson et al., 1976). A more sensitive and less 

costly approach is clearly desired. 

Hydride generation is commonly employed in atomic absorption 

spectrometry as a preconcentration to enhance the sensitivity of arsenic 

analysis (Schmidt and Royer, 1973; Brodie, 1977). This inexpensive 

alternative to flameless atomization of arsenic for AA involves near 

quantitative conversion of oxidized forms of arsenic in a large 

(25-100 mL) sample volume to form arsine. This volatile product flows 

to the burner as a discrete "plug" of analyte, thus effecting a net pre

concentration that dramatically enhances the atomic spectral sensitivity 

compared to nebulizer introduction of the sample. Although potential 

chemical reaction inhibitors are under investigation (Smith, 1975; Pierce 

and Brown, 1976), a further advantage in the hydride preconcentration 

appears to be the resultant separation of arsenic from the sample matrix 

which thereby excludes many species that might otherwise cause severe 

spectral interferences. These qualities-associated with the hydride 

generation technique are desirable for emission spectroscopy as well as 

AA and have, therefore, resulted in a limited application of this 

approach to several d.c. and microwave discharges (Lichte and Skogerboe, 

1972; Braman et al., 1977). An inherent problem with the hydride genera

tion that has, however, prevented successful application of this method 

to the ICP is caused by the quantities of reaction by-products (Hg, 1̂ 0, 

and CO2) that normally extinguish a medium or low power plasma when 

introduced along with arsine. 
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The purpose of this paper is to present separation and low 

temperature entrapment techniques that exclude the reaction by-products, 

thereby allowing superior sensitivity in the ICP analysis of arsenic via 

the generation of its volatile hydride. Resultant separation of analyte 

from the matrix allows use of a low power plasma (1.2 Kw input power) 

and a small monochromator (0.3S meter) since the spectrum is no longer 

complex in the absence of matrix species. The low cost (compared to 

flameless atomization) normally associated with hydride generation 

apparatus is maintained for ICP arsenic analysis through use of a low 

power plasma and small monochromator as well as optimization of experi

mental conditions to eliminate the need for elaborate background pro

cessing and correction schemes. 

Experimental 

Apparatus 

A 27 MHz, 1.2 Kw (input power) inductively coupled plasma torch 

described elsewhere (Windsor, 1976) was employed in these investigations. 

An acceptable substitute system would be the low power (1.5 Kw) model ICP 

marketed by Plasma Therm (Kresson, New Jersey) or any equivalent system 

designed for analytical ICP spectrometry at 27 MHz and >_ 1.2 Kw input 

power. 

A 0.35 meter Heath (Benton Harbor, Michigan) EU-700 monochromator 

with grating blazed at 250 nm, Heath EU-701-30 photomultiplier module, 

RCA (Harrison, New Jersey) IP28A photomultiplier tube, and Linear 
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(Irvine, California) model 355 potentiometric strip chart recorder were 

utilized in these studies. 

A standard d.c. FET input photo-current amplifier current with 

variable gain, variable damping, and current offset was constructed 

using a Signetics (Sunnyvale, California) 536 operational amplifier as 

the basic component. Appropriate grounding, shielding, and filtering 

were employed to avoid r.f. pickup in the readout. 

The hydride generation and sample introduction apparatus are 

diagrammed in Figure 45. Symbols V̂ , V̂ , and represent Teflon stop

cocks. V2 was a ground glass stopcock. The reagent syringe utilized was 

the standard ground glass type. A 6 mm x 16.mm "football"-shaped, 

Teflon-coated stirring bar was used. The reaction vessel was designed to 

hold up to 25 mL of sample. The capacity can easily be increased to 

100 mL by using a larger vessel and an appropriately extended bubbler. 

NaBHj was added through a capillary tip drawn from 2 mm Pyrex tubing. 

Reagents 

5% NaBĤ  in dilute NaOH was prepared from Alfa Inorganics 

(Danvers, Massachusetts) 98% pelletized NaBĤ  or the 99% analytical grade 

NaBĤ  powder. "Suprapur" (E § M Laboratories, Darmstadt, West Germany) 

or A.R. grade hydrochloric acid was diluted to ~ 1 N as the working level 

in all samples. The As (III) standard was prepared (Dean and Rains, 

1971) at the 1 ppm level from which 5-200 yL aliquots were taken for 

addition to the sample. Indicating "Drierite" (Xenia, Ohio) was used as 

a drying agent to prevent ice buildup in the cold trap and/or water vapor 

from extinguishing the plasma. Dry NaOH pellets (A.R. grade) were used 
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Figure 45. Hydride Preconcentration Apparatus. 
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to remove CÔ  from the system. Liquid argon used to cool the 3.17 mm 

o.d. stainless steel "U" trap is commercially available (although often 

in minimum quantities of "100 gallons only" from some distributors). 

Argon may alternatively be liquefied in the laboratory by flowing gaseous 

argon at 12 L/min through 3 turns (25 mm radius) of 6.35 mm o.d. copper 

tubing submerged in liquid nitrogen. Multiple submerged coils may be 

employed. This flow rate and coil configuration is sufficient to produce 

- 400 mL per hour (per submerged coil) of liquid argon streaming from the 

end of the coil into a second collection dewar. 

Procedure 

The monochromator was directly illuminated at a distance of 13 cm 

from the plasma. Vertical viewing occurred so that the center of the 

slit was at a height of 1 cm above the r.f. coil. Horizontal position 

was optimized by moving the plasma while monitoring an argon line emitted 

continuously by the plasma. 

Atomic arsenic transitions at 193.7 nm and 228.8 nm were isolated 

initially by scanning a temporarily mounted arsenic hollow cathode lamp. 

Final spectral bandpass values chosen for analysis were 0.05-0.1 nm and 

the photomultiplier was operated at 700 v. 

The following procedural steps were evolved for determination of 

arsenic in natural water samples. Turn the system on, allowing the water 

bath to equilibrate at approximately 60°C. Isolate the 193.7 nm line 

using a 25-50 ym slit. Close V̂ , open V̂ , and turn V̂  and so as to 

flow argon through all torch lines for several minutes (see Figure 45). 

Close Vg and light the plasma without "punching the hole" (no "sample 
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gas"). Pipet 2.5 mL conc. HC1 and 25 mL sample into the clean reaction 

vessel (through the sidearm) and stopper tightly. Turn so as to 

bypass the plasma with the "sample gas" stream. Turn so as to allow 

eventual reaction products to enter the cold trap. Close V̂ , activate 

stirring bar, and bubble argon (- 1.5 L/min) through the sample for 30 

sec. Immerse the cold trap in liquid argon, allowing about 15 sec for 

equilibration. Turn and draw 2.5 mL BĤ ~ reagent into the syringe 

(see Figure 45). Turn Vj in the opposite direction and add the reagent 

to the sample in a steady dropwise fashion over a period of one minute. 

Close V2 and open before pressure builds up. Turn so as to select 

the auxiliary argon line ("sample gas"), thereby excluding the reaction 

vessel. After 5 sec, turn off "sample gas" with the needle valve (not 

shown in Figure 45). Turn so as to expose the plasma to the eventual 

cold trap effluent. Slowly turn on the "sample gas" using the needle 

valve in order to "punch the hole" (final flow rate 0.9 L/min). Activate 

-8  
the chart recorder (full scale equivalent 10 amp). Remove the liquid 

argon dewar, wait 3 seconds, and immerse the cold trap quickly in luke

warm water. The transient arsenic signal will appear at the recorder 

completely time resolved from any significant background signal. Close 

V3, empty and rinse the cell through the sidearm using the probe attached 

to the water aspirator, and repeat all steps for subsequent samples, 

standard "adds," and reagent blanks. 

This procedure results in conversion of arsenate (Northway, 1977) 

and arsenite to arsine (Schmidt and Royer, 1973), removal of 1̂ 0 and 

evolved CĈ  from the gas stream, and preconcentration entrapment of arsine 
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in the cold trap. Evolved ̂  passes through the cold trap, bypassing the 

ICP. When the temperature of the cold trap is later raised, arsine 

enters the plasma (free from F̂ O, and CĈ ), degrades to atomic 

species, and undergoes excitation. 

Results and Discussion 

Direct Product Introduction 

Running the reaction without cold trapping, drying, and CÔ  

scrubbing resulted in immediate extinguishing of the plasma due to the 

quantities of Hj evolved. Procedures frequently used for hydride genera

tion for atomic absorption spectrometry (Schmidt and Royer, 1973; Brodie, 

1977) are, therefore, not appropriate for the ICP. 

Preliminary Cold Trap Studies 

Use of a liquid nitrogen cooled 5 mm o.d. glass "coil" (12 turns) 

trap, drying agent, and appropriate valving was attempted to separate 

and remove water vapor. Since this approach does not allow argon as a 

sweep gas (liquid argon condenses in the trap), arsine was collected 

using a Ng sweep followed by switch-over to argon just prior to warming 

the trap. This also extinguished the plasma due to the fast expansion of 

liquid argon condensate that had formed during the brief switch-over 

period. N2 and He were attempted without success as "sample gases" to 

avoid argon in the trap altogether. Since no attempted gas combination 

or valving sequence would accommodate liquid nitrogen as a coolant and 

still maintain a stable plasma, liquid argon was substituted as the 

coolant. Argon condensate was thereby suppressed. The plasma was still 
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extinguished, however, by the expansion of warming argon gas emerging 

from the trap (not tolerated as well by the ICP as it is by flames). A 

3.17 mm o.d. stainless steel "U" trap immersed to a depth of 12 cm was 

substituted for the glass sytem, resulting in a stable plasma maintained 

during alternate heating-cooling cycles of the trap. This is a result of 

the much smaller internal volume of the trap that leads to a smaller 

amount of expanding argon gas emerging as the trap is warmed. At this 

point, the problem of water vapor, and rapidly expanding "sample gas" 

had been eliminated. 

CO2 Hindrance 

Following the improvements described in the previous sections, a 

reaction sequence was carried out. The plasma was again immediately 

extinguished if pelletized reagent was employed. Observation of a pro

nounced 516.5 nm C2 emission high in the positional "recombination" 

region of the plasma just prior to extinction confirmed the suspected 

presence of CO2 as a reaction by-product. MgCÔ  is used as a pelletizing 

agent in the 98% NaBĤ . When acidified and degassed with argon, large 

amounts of CC>2 evolve and built up as "dry ice" in the cold trap. The 

COj is not tolerated as well by the ICP as it is by flames. It emerges 

rapidly to extinguish the plasma upon warming of the trap. Subsequent 

use of 99% non-pelletized reagent and a 1.5 L/min "sample gas" flow rate 

reduced the effect. The plasma remained intact; however, a emission 

still occurred, the character of the plasma was altered, and a large 

transient background recorder signal (see Figure 46) obscured any 

response from 100 ng added arsenic when the trap was warmed. 



~8 
2x10  amp.  

b. 

H 

60 sec 

Figure 46. C02 Hindrance. 

a,b. 100 ng As (III) added in duplicate; c. "blank" 
slit is 100 ym. 
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CC>2 Removal 

Addition of the tube of NaOH pellets shown in Figure 45 was the 

final factor in successful arsenic detection using the 193.7 mm line and 

a 0.2 nm spectral bandpass. The emission was totally suppressed for 

the 98% pelletized NaBĤ  as well as the more expensive analytical grade 

at a sample gas flow rate of 0.9 L/min. The transient background signal 

was greatly reduced and superior sensitivity to arsenic (100 ng) resulted 

(Figure 47). 

Improvement of Line-to-Background Ratio 

Figures 46 and 47 illustrated that the line-to-background ratio 

was far more important in these studies than any signal/noise considera

tions. Expanded scale detection of 10 ng arsenic (Figure 48) manifested 

the persistence of two remaining smaller background signals. Visual 

observation of the plasma confirmed that the momentary reduction in size 

of the traditional ICP "doughnut hole" raises the plasma background and 

accounts for the initial transient signal upon sudden removal of the cold 

trap from the coolant dewar. This transient is much more pronounced when 

larger trap volumes than the 3.17 mm stainless "U" are utilized. The 

second background transient is superimposed on the arsenic signal and was 

first suspected to be arsenic contamination in the reagents. The longer 

duration of this second transient in comparison to the signal resulting 

from added arsenic, however, shed doubt on the likelihood of contamina

tion. The persistence of the background signal at 194.2 nm (Figure 49) 

(no arsenic response at this wavelength) eliminated arsenic contamination 

as a possibility. Monitoring of the 193.1 nm atomic carbon line 



10 ̂  amp. 

a. b. 

30 sec 

Figure 47. CÔ  Removed. 

a,b. 100 ng of As (III) added in duplicate; c. "blank" 
slit is 100 yra. 
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Figure 48. Expanded Scale Background. 

a. 10 ng As (III) added in duplicate; b. duplicate "blanks"; 
slit is 50 ym. 
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Figure 49. Identification of Atomic Carbon Background. 

a. background at 194.2 nm (no arsenic response); b. back
ground at 193.0 nm (atomic carbon line); slit is 50 ym. 
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(Figure 49) during trap warming confirmed that the second background 

transient was due to organic species most likely present in the argon 

that condensed in the cold trap during collection. Atomic carbon was, in 

fact, subsequently detected in the argon on a "flow through" basis 

(although no cold trapping or reactions were carried out). 

The second small interfering background signal is, therefore, due 

to the overlapping tail of the 193.1 nm carbon line profile resulting 

from organics condensed in the cold trap. Although costly and elaborate 

background correction schemes and/or larger spectrometers would readily 

correct the remaining background, Figure 50 and Table 6 demonstrate that 

simple exploitation of the spectral bandpass solves the problem. 

Figure 50 shows that the second background transient is barely detectable 

when a 25 ym slit is employed, and Table 6 indicates that it may be 

neglected since it is less than 1% of the line at the level (~ 100 ng As) 

normally encountered in a 25 mL natural water sample (baseline level). 

For lower levels than 100 ng, the background appears small and constant 

enough to measure separately in time (non-automatically) and subtract 

from all subsequent sample signals. Continued use of the small mono-

chromator in non-background corrected mode is thereby allowed. The 

228.8 nm line may also be used where no close lying carbon emissions 

occur. Figure 50 also demonstrates that the initial spike due to changes 

in the "doughnut hole" is also reduced at smaller spectral bandpass 

values even when the gain is increased to maintain constant arsenic 

response. These effects are a result of the well-recognized nonlinear 
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Figure 50. Bandpass Reduction of Line-to-Background Ratio at 193.7 nm. 

a. "blank" using 100 pm slit; b. "blank" using 50 pm slit; 
b'. net response of 10 ng As (III) using 50 ym slit; 
c. "blank" using 25 yra slit; c'. net response of 10 ng As 
(III) using 25 ym slit. 
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Table 6. Spectral Bandpass Effects at 193.7 nm. 

Detection Limits 

Concentration 

Slit Line-to-Background Weight (parts per trillion) 

(vim) Ratio at 100 ng Level (ng) 25 mL Sample 100 mL Sample 

100 28. 0.5 21. 5. 

50 56. 0.6 23. 6. 

25 112. 0.7 29. 7. 



126 

(- 2nd power) dependence of continuous-like spectra on the bandpass 

versus linear dependence of line spectra (Winefordner, 1976, p. 45). 

The carbon "near scatter" transient is rendered virtually insig

nificant at small bandpass values and Figure 51 demonstrates that 

complete time resolution (from the arsenic signal) of the remaining 

initial background spike (due to changes in the "doughnut hole") is 

readily accomplished if a short delay is introduced between removal of 

the liquid argon dewar and immersion of the trap in lukewarm water. 

Delay periods up to 10 sec have been tried without any emergence of 

arsine prior to immersing the trap in the water bath and without subse

quent precision or sensitivity loss. When the liquid argon trap is 

removed, a thin sheet of ice (condensate from atmospheric humidity) 

appears to form immediately on the exterior of the trap, thereby helping 

to insulate it from excessive rapid warming. Arsine then remains trapped 

until the "U" tube is immersed in lukewarm water which rapidly melts the 

ice film and volatilizes the analyte. All significant background has 

been effectively removed by these procedures without usage of correction 

devices. 

Sensitivity and Detection Limit 

The detection limit was measured to be 0.5 ng arsenic, which 

represents 20 parts-per-trillion in a 25 mL sample and would be 5 parts-

per-trillion on a 100 mL sample basis (if a larger vessel were used). It 

should be noted that this report of dramatic (500-2000X) improvement over 

earlier reports of 10 ppb (Olson et al., 1977) is conservative in that it 

was achieved with very little optimization. For example, no optimization 



127 

-9 
10 amp. 

1 0  s e c  

Figure 51. Time Resolution of Remaining Initial Background Transient. 

a. removal of dewar; b. rapid immersion in lukewarm water; 
c. 2nd removal of dewar; d. immersion in lukewarm water 
following a 3 second delay; slit is 100 ym; 100 ng As (III) 
added to both trials. 
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of gas flow or vertical position was made. A very poor responding (RCA 

1P28) photomultiplier tube for this wavelength region (193.7 nm) was 

operated at moderate voltage (700 v). Narrow slit values (25 ym) were 

employed in a non-background corrected small monochromator. A home-made, 

low power ICP was used and simple, non-integrated analog readout was 

employed on a transient peak height basis. The resultant superior 

arsenic sensitivity was seen to occur in spite of the absence of further 

parameter optimization as soon as the basic difficulties involving , 

Î O, CÔ , and argon condensate were overcome. Figures 47, 48, and 50 

demonstrate that arsenic levels (1-8 ppb) in natural water samples are 

easily within the newly expanded sensitivity range of the ICP. The 

response is linear to weight of arsenic added and also to concentration 

if sample volume is held constant. 

The detection limit on an analog (signal/2x noise) basis was not 

found to be strongly dependent (see Table 6) on spectral bandpass or on 

whether the 193.7 nm or 228.8 nm transition was employed. Choice of 

0.2 nm bandpass (100 ym slit) and/or X228.8 nm produced signal enhance- • 

ments of four- and ten-fold, respectively, when compared with 0.05 nm 

bandpass (25 ym slit) and/or A193.7 nm. The limiting noise contribution, 

however, was due to variation of the plasma emission background. It also 

increased accordingly by ~ four- and - ten-fold at 100 ym slit and 

228.8 nm, respectively, producing no net dramatic improvement in the 

signal-to-noise ratio or limit of detection. Since the line-to-background 

ratio was, however, improved at the lesser spectral bandpass, 25-50 ym 
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was maintained as the chosen slit range. Either 193.7 nm or 228.8 nm may 

be employed as the analytical wavelength. 

Samples much smaller than 25 mL may be analyzed by pipetting the 

sample (or micro-sample) into a 25 mL volume of 1 N HC1. Resultant con

centration sensitivity will decrease accordingly, but the 0.5 ng absolute 

weight detection limits will remain easily achievable, making the pro

cedure applicable to a wide variety of clinical and environmental samples 

of very low arsenic content. 

Conclusions 

Hydride preconcentration has proved to be a relatively inexpen

sive, viable approach to sensitivity enhancement for arsenic analysis 

with the ICP when the effects of JĤ , Ĥ O, CĈ , and argon condensate are 

controlled. 

Although the use of liquid argon as coolant may represent some

what of a cost and convenience disadvantage on an operational basis, 

capital costs have been generally kept to a minimum through separation of 

arsenic from its matrix and further adjustment of experimental parameters 

to allow non-background corrected "viewing" of water sample emissions in 

a low power ICP using a small monochromator. 

The method of CĈ  elimination employed in these studies would 

preclude exploitation of Î Se, Te, and f̂ Po (owing to their small pKa 

values relative to AsĤ ) in a preconcentration approach. Although 

further species were not investigated, Ge, Sn, Sb, Bi (as hydrides), and 

possibly Hg (as Hg°) should, however, remain under consideration as 

candidates for preconcentration ICP approaches similar to that employed 



in these investigations for arsenic. If multichannel detection facili

ties are available, these elements could then be preconcentrated and 

detected simultaneously in the ICP as cannot be done using conventional 

AA approaches. Less expensive separation schemes such as those reported 

for atomic absorption (Andreae, 1977) could also be coupled with the 

technique described herein to distinguish the form (inorganic versus 

"alkyl-substituted") of a given group IV or V element present in the 

sample by ICP spectrometry. 



CHAPTER 6 

SUGGESTED FUTURE DIRECTIONS 

Aerosol Generation 

The tolerance of the high solids nebulizer to complex materials 

described in these studies suggests that it could eventually become a 

very popular means of sample introduction for atomic spectroscopy if the 

sample size requirement were lowered by a factor of five or more. 

Research is, therefore, needed to further improve the design of the 

system so that less material is wasted. A well-designed "channel" 

leading to the orifice and/or investigation of multiple hole or slotted 

configurations that would intercept the sample in a larger radius could 

eliminate some of the sample runoff waste. The use of smaller orifice 

openings at the same oxidant flow rates (higher pressures) coupled with 

improved aerodynamic or electrified impaction could result in fewer 

large wasted droplets formed. Smaller housing "dead" volumes and 

slightly smaller bore pump tubing (traded off against sample complexity 

requirements) at the same uptake rate could improve the sample size 

requirements. Investigation of surfactants and organic solvents to 

reduce surface tension might result in generation of fewer large droplets, 

therefore leading to smaller sample requirements. 

The behavior of particulate matter in the high solids nebulizer 

was partially elucidated in these studies. More detailed information 

concerning particle size cutoffs for aerosol transport should be sought 
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through aerodynamic studies. On a broader scope, the detection of 

analyte in particles outlined in these investigations suggests the use of 

intermediate impaction stages in the premix chamber to facilitate a size 

fractionated particle analysis. This could be done on direct flow intro

duction of air and stack gas samples as well as the detection of metal as 

a function of particle size in nebulized slurries. 

The use of smaller Babington orifices may allow aerosol produc

tion in the 1 L/min range, making the approach amenable to plasma torches 

for emission spectroscopy. Desolvation apparatus and much smaller 

housings (dead volume] would be required for this system. 

Molecular Spectra 

The demonstrated reduction of molecular spectral interference in 

higher temperature environments suggests that a miniaturized flow flow) 

flame atomization cell coupled with an internal (e.g., tantalum) filament 

for sample introduction might maintain the sensitivity inherent in "low 

dilution" or "flameless" techniques as well as the reduced molecular 

spectral effects inherent in high temperature environments such as 

l̂ames• A design preventing flashback induced by firing of the 

internal filament would be required. 

Volatile Hydrides 

The success of the ICP hydride preconcentration studies suggests 

application to Ge, Sn, Sb, Bi, and Hg as well as arsenic. Attention to 

system temperature would have to be given for Hg and Bi since Hg° is not 

very volatile compared to the hydrides and BiĤ  decomposes at elevated 
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temperature. The author recommends switch-over to some other emission 

plasma that will operate on helium in order to eliminate the necessity of 

using liquid argon as a coolant. 

Monitoring an atomic hydrogen line (instead of the normal 

analytical lines) in an emission plasma might provide a generalized 

response to all hydrides and, therefore, be useful as a detector 

following chromatographic separation of the indicated volatile species. 

Inexpensive simultaneous multi-elemental detection would be the result if 

successful. 

Continuum excited flame or "flow-through" furnace atomic fluores

cence in non-wavelength selected mode might be a better alternative as a 

generalized detector since it would tolerate CÔ , thereby eliminating the 

present NaOH trap barrier to H2Se, f̂ Te, and f̂ Po. A change of drying 

agent from Drierite to bubbling through deaerated conc. Ĥ SÔ  is recom

mended to eliminate trapped oxygen that would otherwise oxidize the group 

VI hydrides. Alkyl-substituted forms of all the species under considera

tion would be separated and respond as well as the inorganic hydrides. 

The new photo (lyman alpha) ionization detector (hnu, Inc., 

Newton Upper Falls, Massachusetts) is advertised to respond to inorganics 

such as AsHJ and Ĵ Se, but it has not been applied to detection of these 

species as reduction products evolved from solutions of arsenite, 

selenite, etc. Since it is also not deleteriously affected by CĈ , this 

should prove an interesting application for detection of chromatographi-

cally separated hydrides evolved from solution. 



APPENDIX 

SPECTROMETER FOR EVALUATION OF SAMPLE 

INTRODUCTION TECHNIQUES 

A single channel, single beam atomic absorption spectrometer 

diagrammed in Figure 52 was constructed for evaluation of sample intro

duction techniques in these studies. Optical components included Jarrell 

Ash (Waltham, Massachusetts) and Varian Techtron (Springvale, Victoria, 

Australia) hollow cathode lamps (Cd, Cu, Zn, Fe, and , specially-

designed hollow cathode mount with 3 translational and 3 rotational posi

tional adjustments (see Figure 53), a 1.5 meter combination optical rail 

and bench, a Princeton Applied Research (Princeton, New Jersey) optical 

chopper operating at 312 Hz, Modern Optics (El Monte, California) 150 mm 

focal length, 51 mm diameter, and 25 mm focal length, 25 mm diameter 

convex fused silica external intermediate and slit imaging lenses, Heath 

(Benton Harbor, Michigan) EU-700 0.35 meter, f/6.8, Czerny-Turner mono-

chromator with 250 nm blazed grating (first order, 1180 lines/mm), and a 

Hammamatsu (Middlesex, New Jersey) R212 UH photomultiplier tube. The 

external optics are positioned to produce hollow cathode images (at 

250 nm) of magnification (1.0) at the center of the slot burner and of 

reduced magnification (0.125) at the entrance slit of the monochromator. 

The multipurpose, quick interchange burner system shown in 

Figure 54 was constructed for rapid and convenient comparison of 

capillary nebulizers (with and without micro-sampling cones), high solids 
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Figure 52. Atomic Absorption Spectrometer. 



Figure 53. Photograph of Multidirectional Hollow Cathode Mount. 



Figure 54. Photograph of Quick Interchange Premixed Burner Syst 
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nebulizers, ultrasonic nebulizer, and hydride generation systems. The 

sample introduction system shown in operation (Figure 54) is a Varian 

Techtron capillary pneumatic nebulizer coupled with micro-sampling 

cone "A" and a fuel-rich premixed air-acetylene flame burning in the 

10 cm high solids single slot burner head constructed for these studies. 

Details of a Manostat peristaltic pump modified for two channel operation 

are shown in Figure 55. Channel #2 accepts variable tubing diameters 

(2 mm o.d.-6 mm o.d.) by allowing positional adjustment of the roller-

bearing axles. 

Electronic components included hollow cathode and photomultiplier 

power supplies, photo current pre-amplifier, lock-in amplifier, loga

rithmic amplifier, Data Technology Corp. (Woburn, Massachusetts) 343 

digital volt meter, and Bausch § Lomb (Rochester, New York) 100 mv VOM-5 

strip chart recorder. A standard FET input photocurrent pre-amplifier 

circuit with variable gain, variable time constant, and current offset 

was constructed, as diagrammed in Figures 56 and 57, using a Burr-Brown 

(Tucson, Arizona) 3522L integrated circuit operational amplifier as the 

basic component. A lock-in amplifier circuit similar in design to that 

of Horlick and Betty (1975) utilized in the referenceless mode with addi

tion of variable damping was constructed, as diagrammed in Figure 58, 

using a Signetics (Sunnyvale, California) 561 phase locked loop, 741 

operational amplifiers, and a Teledyne Semiconductor (Mountain View, 

California) LM208 drift stabilized operational amplifier in the demodula

tion section as the principle components. The logarithmic amplifier was 

designed (Figure 59) employing an Analog Devices (Norwood, Massachusetts) 
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Figure 55. Photograph of Modified Peristaltic Pump. 
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Figure 58. Lock-In Amplifier Circuit. 
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Figure 59. Absorbance Amplifier Circuit. 
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752N temperature compensated logarithmic feedback element and a Signetics 

536 operational amplifier according to the suggested circuit supplied by 

Analog Devices for logarithmic voltage conversion. Overall calibrated 

readout scales of 0-100% T, 0-2 A, 0-1 A, 0-0.5 A, 0-0.2 A, and 0-0.1 A 

are provided. The optical and electronic design (implemented in Figures 

60 and 61) is generally similar to that of several late model standard 

commercial instruments. 



Figure 60. Photograph of Optical System. 



Figure 61. Photograph of Electronics. 
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