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Abstract:

An examination has been made of several new furnace designs and applications for both atomic
absorption and emission. Problems with current furnace designs are analyzed and experimental data
from three new alternate designs are presented. These alternate furnace designs were developed
specifically to increase the thermal energy available to analyte molecules before they diffused from the
optical path.

A two pronged support furnace was developed in which electric current passed across both ends of an
18mm long graphite tube. The tube center, where the sample was placed, heated by thermal conduction
from the ends. Thus the analyte vapor always encountered walls hotter than the surface it left as it
diffused toward the furnace ends. This heating mode resulted in ten-fold improvements in lead
recoveries from some chloride salts compared to the CRA-63 atomizer. The dependence of lead
recoveries on interferent/analyte ratios was also established for lead in magnesium chloride solutions.

A double-walled furnace was also examined and compared to the twopronged support furnace. The
heating of this furnace was spatially uniform during the atomization of lead and cobalt. Despite this,
recoveries for lead and cobalt were equal or superior to those obtained with the two-pronged furnace.
Recoveries for lead in ZnSO4, however, were lower in the double-walled design. Possible mechanisms
for these differences are discussed.

Studies on a third design which involved switching of heating modes during atomization were initiated.
A graphite furnace was held by four supports which were electrically insulated from one another. A
switching circuit changed the polarity of two diagonally opposite electrical supports during the
atomization cycle. This changes the electric current direction from across both furnace ends to a
lengthwise flow. The switching can be varied to occur at any point in the atomization cycle. The
furnace design and circuit schematic are presented.

Generation of electric discharges in a constant temperature Woodriff furnace was explored as a means
of creating new emission sources. The long, hot graphite tube provides both long residence times and
sufficient thermal energy to decompose and atomize even large solid samples. A d.c. arc,
radio-frequency discharge and a microwave discharge were studied. The rf plasma appeared to be the
most promising route. Evidence is presented which indicates that thermionic emission from the hot
graphite walls aids formation and maintenance of a plasma.
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ABSTRACT

An examination has been made of several new furnace designs and
applications for both atomic absovption and emission. Problems with
current furnace designs are analyzed and experimental data from three
new alternate designs are presented These alternate furnace designs

were developed specifically to increase the thermal energy available to _ '

analyte molecules before they diffused from the optical path.

A two pronged support furnace was deve1oped in which electric -
current passed across both ends of an 18mm Tong graphite tube. The
tube center, where the sample was placed, heated by thermal conduction
from the ends. Thus the analyte vapor always encountered walls hotter
than the surface it left as it diffused toward the furnace ends. This
heating mode resulted in ten-fold improvements in lead recoveries from
some chloride salts compared to-the CRA-63 atomizer. The dependence of
"~ lead recoveries on interferent/analyte ratios was also .established for
lead in magnesium chloride solutions. :

A double-walled furnace was also exam1ned and compared to the two-
pronged support furnace. The heating of this furnace was spatially
uniform during the atomization of lead and cobalt. Despite this, re- -
coveries for lead and cobalt were equal or superior to those obta1ned
with the two-pronged furnace. Recoveries for lead in ZnSOQ however,
were lower in the double-walled design. Possible mechan1s$s for these
differences are discussed. '

Stud1es on a third design which involved switching of heating
modes during atomization were initiated. A graphite furnace was held
by four supports which were electrically insulated from one another. A
switching circuit changed the polarity of two diagonally opposite
electrical supports during the atomization cycle. This changes the
electric current direction from across both furnace ends to a length-
wise flow. The switching can be varied to occur at any point in the
atomization cycle.. The furnace design and circuit schematic are pre-
sented. -

Generation of electric discharges in a constant temperature
Woodriff furnace was explored as a means of creating new emission -
sources. The long, hot graphite tube provides both long residence
- times and sufficient thermal energy to decompose and atomize even large
solid sampies. A d.c. -arc, radio-frequency discharge and a microwave
discharge were studied. The rf plasma appeared to be the most promis-
1ng route. Evidence is presented which indicates that thermionic’
emission from the hot graph1te walls aids formation and ma1ntenance of
a plasma. .




CHAPTER I
INTRODUCTION

Furnace Designs for Atomic Absorbtion Spectroséopy,

1. Parameters Influencing Atomic Absorption Analysis

Electrothermal atomizers fér atomic absorptibn spectfostopy have
increased considerably since'their analytical use was first proposed
and studied by L'vov (1) and Woodriff (2)., This growth was'most‘pro%
nounced after the introduction of several commercial pu1sé-h¢ated
models in the 1ate.1960‘s and early 1970's. The individual models and
their characteristics will be reviewed later. The furnaces which have
evolved dﬁring this time are all designed to vapofize and ultimately
atomize the sample e]emeﬁts to be dgtermined into a relatively small
"volume compared to flame techniques (3). The higher gas phase analyte
concentrations and longer residenée times produced by furnaceé-fesu]t
.in greater sensitivit{es and correspondingly lower 11h1ts of détection
than is attainable with flame atomization. However, the magnitude of
furnace sensitivities and the accuracy of a determindtion’are dependent
upon the chosen furnage design. This is because the rate of analyte"
Supp]y into the 1ight path must at least be equal to its réte of '
removal to achieve the greatest sensit{Vities (1). The ébsbrbénce peak
area must also be independent of'thejsamp1e cheﬁistry for a gfvén |

~ amount of analyte. These requirements are not always attained “in many .
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present-day furnéce designs (3,4). This is partially due to the needs

for simplicity of operation, compactness, component reliability,

minimal development and fabrication costs, etc. which commercial pro-

duction requires. Thus research among several groups including ours

has concentrated on alternative furnace designs during the last five

years (5-11) in an attempt to meet all the abové requirements.

1.1 The Temporal Characteristics of én Absorption Peak

Theishape'of an absorbance peak genefatéd in any fufnaée is the -
result of two basic time constants: 1’1; the time t0‘transfer all the
analyte atoms present into the analytical volume (atomizatian timg)aand

1“2; the mean 1ength of time spent by an atom withinvthe Tight path.

(residence time). Both time constants are determined and altered bj '
parameters of the atoﬁizer design such as heating rate, furnaée length,
pressure, heating mode (pulsed or constant), inert gés flow, temporal
and spatial temperature distribution and physico-chemfca1 pkoperties:of _
the furnace maferia]. i.e. tantalum, mo1ybdenum,‘tdngsten, graphite
(ordinary or pyrp]ytic); vitreous carbon, qfc. The sampie matrix -
chemistry can also profoundly alter the atomization tihe-(12;13). The
relative impoﬁtance of these parameters.fn the various desighs avail-
ab]e will be considered in detai} later.

The accurate measurement of &’1 and 1’2: from experimental

absorption curves should be emphasized; 'The mathematical model




:deve1oped by L'vov (14) defines 7“1 as the t%me.elapsed,from thei
moment atomization begins to the point nhere Nt’ the tota1.number of
atoms of the,ané]yte within the'ana]ytice] volume at any time, t, is
a maximum. Since the model assumes tnaf the decay of the absornance
signal is independent of the atqmization proeess'and'atom loss fs dde

to diffusion only, T", can be defined from:

Ny 219 = Np

e (Tys O, (L)

where, N7- , the number of atoms in the aha]ytitaT volume at the peak
]_ .

maximum is equal to:

N'T;l = 2N, ?22/7'12 (7'1/7’é - 1) +exp _(-7"1/'1’2) (1;2)
Thus, from this model, the time required for the absorbance.signal to
increase from the first detéqtab]e absorbance to tne peak nakimun can
be used to obtain 7'1. 1™ o Can be calculated. from the slope of a log
A /At versus time plot. However, the assumptions of this model |
( 7v2 > 7v1) are se1d0m~aftained in pu1se-heated furnaces. 'Only the
constant .temperature furnaces of L'vov and Woodriff have suff1c1ent1y
long res1dence times to prevent 1oss of atoms from the ana]yt1ca1
volume ‘before atomization is comp]ete.. Even for these furnaces, the
model does not account for diffusien complicated By carbjde formation.
Woodriff, et. al. (15) developed a more thorough mode] to'aecqnnt for

those elements which react with the graphite walls. For such cases,




two time constants are required:
M, = M.C exp (-t/Ta) t M (1-c) exp (-t/Tb) (1.3)

where M, is the.mass of analyte vapor at time, t, Molis'the initial
weight of ana]yté,'t is the time elapsed after the sample is vaporized,
T, and T are timé constants which depend upon the graphite (Tz) and
gas phase (Ti) diffusion time constants respectivé]y and the equili-
brium constant for analyte distfﬁbution between graphife and the gas
phase. C, the concentration of analyte in the graphite walls, is a
function of the equilibrium constant, K, time, wall thickness,(a), tube

diameter (x), tube Tength (1) and Z (Z = x + a).
C = BK sin ((1r Z/a) (TZ/Ta)%) sin  (n 4rx/1) exp (;t/Ta) (1.4) |

The decay portion of the absorb&nce curve can be accurately described.-
by this mode] even when analyte - wall reaétions are present. The tﬁo
"time constants, Ta and Tb’ can thereby be obtained from this portion_of
the curve. 4 . | .

Interpretation of ‘the absorbance curvéSAgenerated'from sma11,
pulse-heated furances is more complicated. Fuller (16) used a simple
two-exponential model to describe the kéte of atomization and loss of

copper atoms from a Perkin-Elmer HGA-70 graphite furnace:
Abéorbance (Cu) =.k1/(k2-k1) p [hu] o (éxp(-klt).- exp (-kzt) (1.5)

where k1 is the rate constant of atomization, k2 i; the rate constant




of atom removal and p is a temperature dependent constant which relates
the measured abosrbance to the number of copper atoms in the furnace.
k1 was evaluated by p1ott1ng 1og absorbance aga1nst time and obta1n1ng

k1 from the s1ope Enough copper was depos1ted in the furance to en-

sure constant temperature cond1t1ons were atta1ned well before comp]ete~ .

atom1zat1on had occurred k2 was then obta1ned mathemat1ca1]y by a.

method of success1ve approx1mat1ons An 1mportant conc]us1on resu1t1ng -

from h1s ‘work was. that the rate of atom loss was 3-20 times ‘the rate of o

~atom1zat1on depend1ng on the temperature These measurements were

conducted under standard operating. cond1t1ons for the HGA- -70, 1.é.,gn_‘

1nterna1 gas-f?ow.through the furnace of argon. The forced f]ow._
removal .of atoms from ‘this -furnace assures that the majority of absor-
bance peak shape is'determined by theiatomtzation process a]oner

“An exce11ent study by Broek andde Ga1an(4) conf1rmed ‘the findings
of Fuller on the HGA furnace and drew a s1m11ar conc1us1on for the

- Varian CRA-63 m1n1furnace They deve]oped a mode] to‘descr1be the time

dependence of the atom popu]at1on 1n a furnace using a convo]ut1on of a

supply funct1on S(t) and removal funct1on R(t)

N.(t) js(t ) R (t t') dt' (1.6)

where N(t) 1s ‘the atom ‘number ‘at t1me t and R(t) is the normalized
response when .an 1nf1n1te1y rapid atom pulse is. supp11ed 'The timez‘f

- constant of the-supp1y funct1dn.1s def1ned as:

A SO S NN T S FER AP L S

i e
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. . & . : . .
7; = )(os(t) dt/Spax = No/S. (1.7)
If S(t) is slow in comparison to R(t) (which was confirmed valid

éxperimenta])y) then TS can be obtained from the riormalized peak area:

f.t
TS °ﬁrﬁ:))(dt ©(1.8)

However, experimentally, one must verifyxthat the removal funétion is
indeed sufficiently rapid to obtain an accufate’T;. ‘Broek and dé Galan
did this by forcing a high flow (0.5 to 2}0‘1/min) of inert gas-thkough
the furnace. The peak height continuously'Qecreased as the flow rate
increases but the peék shape then rebrésents the supply functfon.'
Using silver, lead and manganese, atomfzing_temperaturés between 1000
and 2000K and heating rates between 0;1 and 1.0K/ms, they qonciuded '
that 7; is about 1s in both thevéRA-63 and HGA-72 fUrnacés. lThey also

found the supply function is determined by the furnace temperature and

‘the activation energy and fréquency factor of the dominafé‘atom.forming

process on the furnace surface. This is in agreement with wofk by
Torsi and Tessari (17-19) who used an open graphite rod'and Sturgeon, |
et. al. (20) who used an HGA-2100 furhacé. However, the subp]y'
function could not be comp1e£e1y modeled'by.a simple first-o}der
Arrhenius - type rate constant. This a]so'agfees with the workléf Tdrsi_
and Tessari (19). The experimental absofbgncé curves a]Ways'eghiBited '

a prolonged tailing. compared to the theoretical supply functions.
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Broek and de Galan suggested this effect waé'duehto unequal absorption

site energies which held the analyte in the graphite matrix uhfi]

-sufficient heat was applied. Gas-phase‘reactfons sdch as dissociation-

of dimers and adsorption - redesorption along the furnace wall were
considered as possible secondary atom sgpb]ies.. The high flow rates
through the furnaces,.hbwever, should have minimized such'sources, The
fact that experimental - theoretical agreement was better fofla11_three
cases (silver, lead ;nd manganese) in the CRA-63 than the HGA-72
suggests the.pyrolytic coating on the‘CRA-Gé, which reduces solution
soaking into the furnace wa]]s, 1; the cause of thé reduced fai]ing
observed in this furnace.

The removal funct}on, R(t), is described by a combinétion of three
transport processes: diffusion, expénsion_and qonvection.: Appréxima-
tion of the three prpéesses by an exponenfia] decay allows thé net

response function to be written as a éimple exponenfia]:

R(E) = N(E)/N(t ) = N(t ) exp (-t/7) (1.9 |
Experimenta1_measurement of Tn from the absorbance curve requires S(t)
> R(t). Since atomizatién from the fgrnace wall was too sjow,for fhis -
purpose, én a]tgrnatelexperimenf wa§ carried out. Mercury vapor was
rapidly injected into_the furnacg usiﬁg an injection syring at varying
times during the atomization cycle. The Samp]e cou]d therebylbe.

introduced in less than 10 ms. The time cohstant,’T;, was thus




obtafned aé the s1opé of a'Tog absorbance as time pTot.' Onée’T; and
its dependence on temperature and heating rate was found, comparison
to mathematica] descriptions df diffusive, expansive and convéctive
- time constants a110wed an estimation of the re]at1ve contr1but1on each
| process to the- overall removal funct1on |
The time constant. for d1ffus1on can be expressed by:‘

o 2 '
Ta = 218L - (1.0

where L is the furance iength in centimeters and D is thé mass diffd-
sivity of the ana]yte in cm2/se¢. Fof compariéoh,qba for a length of
0.9 cm (CkA-63) and D =1.8 cm2/sec. is equa1 to‘56 ms while7Td = 544“
“ms for a 2.8 cm furnaqe'(HGA¥72).

The time constant due to e*pansion of the gas phase as the furnace

temperature inCrease$ during atomiiation can be approximated by:
e = Tt )/(dT/dt g, (111)

where T(to)‘and (dT/dt)to are the temperature and heating raté of the
gas at the.moment, tos that a particu]ak atpm-is.introdUCed.' For a
temperature of 1000K and a heating rate 6f'1K/m§;'TE = 1s

For 1argef furnéces Tike the HGA472 where a constanf interna] flow
of inert gas induces convect1ve loss of vapor, a third time constant,

Te» must be considered:

T2 = K (W/F) (300/T) - (1.12)
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where F is the cold gas flow raté, V is the cell volume, T is the fur-
nace temperature and K is a proportiona]jt& factor dependent on the
flow pattern through the furnace. The authors found K difficult to

estimate but fe1t:7; = 50-100 ms for V equal to a few qm3

» F = 11/min
and T = 1000K.

Experimenfa]]y,’T& was{betwéen 100 and 30 ms for mefcury in a
CRA-63 furnace which led the éuthors to concfude that diffusion was the
dominant removal prbcgss in this furnace. |

The.HGA572 furnace operated under foréed convectiﬁn conditions had
remova1.t1me constants between 90 and 150 ms for temperatures betweeﬁ
2500 and 500K respectively indicating forced convecfion'as the dominant
removal process. ATthough these times are Tonger than Broek-and
de Galan predicted from equation (1.10), they argue that the flow of
argon through the furnace is uncertain. It enters through holes -
drilled in the wé]] so that some unknown fraction of the total méasured

flow flushes the furance vapors. A fraction of 0.5 would account for

the difference between experiment and theory. Another possible cause .

is the gas-wall temperature (up to.seyera1 hundred K (21)) lag created -

by the flowing gas. 'However, this has been reduced in later HGA mode]é_

by introducing the gas from the fUrnace‘ends rather than the center.
(21). |
When operating under static conditions (i.e. stop flow), the

removal function of the HGA_is,domfnated by both diffusive and.
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expansive time constants. At Tower temperatures (i.e.‘800-1300K)-'
expansion and diffusion are féir]y comparable process for atom rehova]-
although diffusion tends to be fastert However, at higher temperatures

and heating rates, diffusion increases faster than expansion and

removal becomes dominated by the diffusion process. The net time con-

stant,’Tk, varied between 1.00 and l;96‘§ for temperatures and heating
rates between 2300K k1.25K/ms) and 800K (1.15/ms) respectively.

In the above model, no element-specific losses such as recombina-
tion in the gas phase (22), diffusion through the graphite walls (15),

intercalation or carbide formation (15), and condensation at the cooler

furnace ends (20,23) were considered. Since the theoretical model used

overestimated the observed removal rates, this was.apparently justifiedl

for the specific cases studied. The authors noted that elements were

"chosen which minimized such possibilities. However, in general

chemical Tosses must be considered., Formation of carbides, and re-
actions with the sampie matrix to form anoch]oride, monocyanides,
sulfides, etc. can, -in some ééses, dominate the removal process. . In
addition, Sturgeon and Chakrabarti (24) were able to demonstrate that
the major loss of analyte at atmospherfc pfessure in the HGA-2100 was
diffusion to the coo]gq furnacé ends where condensation occurred.
Mercury was detecfed on the quartz énq windows, their brass receptacles

and graphite cones following atomization of mercury in the furnace.
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However, if no significant revaporization occurred, this finding would -

not be in conflict with the model -of Broek and de Galan.
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1.2 Chemical Reactions

1.2.1 Influence of the Furnace Surface

The chemistry of'both the furnace and the sample matrix.can'have a
strong influence on the recorded absorbance trace. In fact, either the
furnace itself 6r more commonly, the furnace surface is somefimes
altered to.reduce métkix interferenées. The range of possible mater-
ials which are suitable for e]ectrotherma] atomizers is fairly Timited.
Those with sufficiently high me]tiné'points and chemical inertness
include metal oxides, metals and some allotropes of cérbon.

Several metal oxides ha&e been studied in our laboratory because
6f an interest in using furnaces which were stable toward oxidizing,
inert and reducing atmospheres in connection with MHD (magnetohydrody-

namics) potassium vapor pressure studies in a constant temperature

furnace (24). Beryllium oxide is a good ceramic but is unstab1e.in the

presence of water vapor above 1500K (25) and too toxic to be considered.

Thorium oxide, although the highest melting of the ceramic oxides
(3600K) (26) and very inert to meta1§ at high temperatures, is radio-
active and expensive and therefore not practical. Zirconium oxide
tubes cracked when heated due.to inadéquéte resistance to thermal
stress (24).

Metals were more useful than ceramics as choices for furnace

materials. A platinum - rhodium alioy (10% Rh) was very useful for the
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MHD work since temperatures above 2069 K were not fequired. The addi-

tion of rhodium increases the hardness and doubles the e]ectricé1
.resistivity of the furnace tube (27). It is sufficiently inert toWérd
oxidizing atmospheres to be run in air and water vapor at.elevated
constant temperatures. Unfortunately, the Timited temperature réﬁge
and high cost limit ité use outside special applications.

Tungsten has the h1ghest melting po1nt (3710K)  of a1l metals and
a Tow thermal coeff1c1ent of expansion (26). It is usefu1 for the
determination of high boi]ing, carbide—forming meta]s.l However, its
high electrical conductivity, poor mach1nab1]1ty and Tow stability to
oxidizing atmospheres limit 1ts use. Tungsten tubes can be run.1n a
hydrogen atmosphere but tend to become brittle with age. ‘ '

Tantalum (M P. 3296K) and molybdenuni (M.P, 2917K) (26) have been
the metals most frequently used as atomfzers; Both shou]d.be operated
in reducing atmospheres. Thus, except for the tantalum strip (28),

the majority of work utilizing these metals has been as 1inings or

coatings inside graphite furnaces. L'vov used tantalum foil to Tline a :

graphite furnace to prévent-diffusion through the wa]]é (3). Fuller
found that.the rate of copper atomization in a tantalum lined furnace
was greater than atomization from a graphite furnace (16) He con-

cluded that the rate-determ1n1ng step, reduct1on of copper ox1de, was

more rap1d,us1ng tantalum due to the greater free energy change. Henn
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(29) decreased interferences on selenium in indusfria] effluent samples

by adding a molybdenum solution to an HGA-2100 furnace. Apparently

‘mo1ybdenum binds to the selenium which allows ashing up to 1700°K with- _

out Toss of analyte. Hodges (30) used orthophosphoric aéid as-a matrix -
modifier to prevent interferences on lead in urine samples. However,
excessive molecular background resulted from this treatment. Alkali

metal chiorides were. converted to. the corresponding phosphates which

‘lead to the md1ecu1ar,ab§orption during atomization. He discovered

that a molybdenum coating (or more likely MoZC) on a graphite furnace

significantly reduced this background by the Mo or Mozc catalyzed

reduction of alkali metal phosphates to phosphides which absorb in the

far UV. Zatka (31) soaked HGA-74 furnaces in a 6% tantalum solution.

to form a uniform layer of TaC (MP 4270K) (26) over the entire furnace.

The purpose was to increase the overall inertness of the furnace to

" oxidative attack.” He concluded that, except for carbide formation,

possible interferences remained thg same as those encountered in un-
treated graphite furnaces. Stiefel, et. al. (32) coated an HGA-72
furﬁaée with a ZrC layer to obtain increases in sensitivity for
beryl1lium determinations in digested biological tissué. The ZrC layer
probably inhibits the formation of.BeZC since greater signal enhancéj
ment were obtained for berylliumin aqueous extracts than for -benzene

4, . \ )
solutions. Apparently carbonaceous residues remaining after the dry
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and ash cycles of benzene so]utioné resulted in behy]1ium carbide.forAQ
mation. Lanthanum solutions were used-tb coat fUrnacés for lead
analyses in non-saline waters (33) andzfertiliiers (34). Thompson,i
et. al. suggested that the LaC2 surface may éause a shjft in the
appearance temperature of lgad. Such a shift can decrease the témpora]
overlap between analyte and interferfhg saltS‘thereby 1ncreasiﬁg
recovery (35), Sturgeon et. al. (20), concluded that étpmic Tead is

' formed by réduction of the oxide té:the‘meta] by graphite then éubj

sequent vaporization into the gas phase, However, in the absence of

reducing agents, PbO(s) sublimes ‘to PbO(g

j (36) @hich Tends support to
the above hypothesis. | ﬁ

A1l of the furnace materials and-cdatings ﬁentioned thus far :
suffer frbm a reduced range of general appTication compared to furﬁaces
coated with pyrolytic graphite. w5i1e a meta]'cafbide Tayer may reduce
formation of analyte carbides,‘the furnace is no longer useful for the
determination of the element used for.tﬁe coating_or.ahy dther elements
which may be present as trace impurities in the coat. Pyrolytic
graphite layers aré easily grown on a graphite'surface'by the pyrolysis
of methane in argon at ~ 1400 K (37). Sturgéon and Chakrabarti (38)
have presented a thorough review of the properties of graphite and

pyrolytic graphite.‘ It should be streséed here, however, that pyro-

lytic graphite provides the impermeability and jnértness to carbide
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formation and oxidation for which metal cafbidés have been uéed buy
without the disadvantages. For thdse éituations where thé carbide |
layer was used to modify the sample matrfx to pfevent interferences, we
~argue that a correct furnace design using pyrolytic graphite Wou]d. -
obviate such a need. By a correct design we are Feférring to atomi—"
zation into an isothermal environment,.sqfficient1y high temberatures
for complete atomization and long residence times (i.e.’TE_g 1?&). |
Vifreous (or glassy) carbon 15 also a possible material for fur-
naces. It has grabhite - like sheets in Tayers with sbme SP3.bohdfng .
between Tayers and an overall more amorphous Structure than_graphité
(39). This results in a‘3-8 times greater e]ectrﬁca] resistance than
graphite but it is also 6-7 harder (40).: It has about the same gas |
pefmeabi]ity as hard glass. Alfhough inert to_bxidation and most
carbide forming metals, it js readily attacked by alkali metals (41).
However, it can be heated in air up to 900 K without weight Toss (24).
Sﬁudies.in this lab on 15 cm long furnace tubes in a constant tempera-
ture furnace found vitreous carbon tubgs had a Tifetime twiée that of
a pyrolytically coated graphitertube at 2300K (24). Thus vitreous |
‘carbon appears to be the superior furnéée materiai. Unfortuhate]Y, it
is expensive, difficult to machine due to its hardness (WZC or- diamond
drills) and has a slightly higher coefficient of thefma] expansion . than

graphite. Cups of vitreous carbon shattered when rapidly heated in a
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CRA-63 atomizer. The spring tension on the supports required to main-
tain good electrical contact was too large for the cup during heating.
In general, pyrolytic graphite is equally effective at a Tower cost

and can be produced in the 1ab for any shape part with simple apparétus.

1.2.2 Analyte - Matrix Interactions

Ideally, variations in the chemical composition among different
samples will have no effect on.the integrated absorbance measured for a
given amount of analyte and therefore aqueous solutions of simple

metal salts can be used to calibrate the AA system. However, as most

- AA users have discovered, this is often not the case. In fact, in

many commercial labs, results are not considered ré1iab1e unless the
method of standard additions has been app]ﬁed. 'Considering the number
of matrix 1nterferen§es rgported in_tﬁe 11ter§ture such an~approach'is
certainly reasonable. However, caution i§ advised when using this
method since studies conducted in this Tab on the Pb-MgClz.system
demonStratéd that the degree of signal supfeséion can be dependent on
the matrix/analyte ratio (7). Lead recoveries OBtéined for MgC12/Pb
ratios Tess than 2000 varied substantially with 1ncréasing amounts of -
lead. Obviously, standard additions would not be usefu]'iﬁ this’
situation, but at ratios of 2500 to 10,000, lead recoveries are con-
stant for a fixed amount of magnesium chloride.(Table 5 ).

The sample matrix can affect the atomiiatioﬁ process in three




18

ways: (1) A change in the apbearance temperature of the_ana]yte.
This can be due to a change %n the chemical form in which the ana]yte ,
is bound on the furnace surface re1dtiveAto the calibration standard.
The change in temperature therefore reflects é change'in the activa-
tion energy, Ea, of the atomization process (20); The earlier appear-
ance temperature can also be causéd by the "cafrier distillation ”
effect" often observed and uti]iied in emission'specfroscopy (42, 43).
In this case, all or part of the matrix carries the analyte into the
gas phase as it volatilizes. Entfy of analyte into the gas phase at
Tower temperatures can result in loss of analyte in molecular form due
to insufficient temperatures for atomization. (2) Higher or'1ower
appearance femperatures can also result in_increased'béhdecreased-
atomization rates. Changes in.atomization rates can also be due to a
change in the rate determining step of afomization or a shift in the
equilibrium involved in the atomization process: (3) The mafrix-can '
bond to the analyte on the atomizer surface or in the gas phase.
Analyte thereby leaves the obtica] path fn molecular form causing an
absorbance decrease. The most widely reported interferences of this
type ére due to the formation of metal monochlorides (44;45), monocy;
anides (46), and sulfides (47). - |

Matrix interferences can be suppressed by two means: (1) Alter-

ation of the ana]yte—matrix chemistry. This can\be'accomp1ished by a
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wide variety of methods (29-36). The particular choiceiqften being
dependent on both the analyte to be determined and the chemical compé-
sition of the sample. This restrictive app]icébi1ity hinders‘the
practical utilization of multielement AAS to complex samples when such
methods are employed. However, théy can be effective for I%mited
situations. The use of metal carbide or pyro1yfic gfaphite coatings on
the furnace covered in the previous section (1.2.1) is.oné class of
pre-treatments which reduce interferences. The resulting inert layef'
forms a physical barrier between the analyte and the underlying
graphite. Matrix-generated carbonaceous material can still form car-
bides but generally to a lesser degree. (2) The more widely encounter-
ed pre-treatments involve addition of: reagents which change the
molecular form in which the analyte is bound (29,30}48—50)'and/or form
a strong bondlto the interfering anion (35,44,52).. Reagents such as
orthophosphoric acid (30,48-50) and molybdenum sa]ts'(29,4é) form
compounds with the analyte which are less vo]atiie-than the original
form (e.g., chloride salts). A higher ashing temperature can theréby
be used to volatilize the 1nterfering’matrix without 1oss of ané1yté.
Chloride salts can be removed at lTower ashing temperatures by adding
ascorb{c acid (53-55). oxalic acid (53) or hydrogen gas (51) prior to
or during the ash stage. The ch1orid¢ is thereby bound as HC1l which is:

easily vaporized. This technique has been especially useful for tHe
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determination of lead which can be- Tost as the volatile chloride at
ashing temperatures below 900K (51). The mechanism by which ascorbic
and oxalic acids reduce interferences on Pb, Mn, Cﬁ and Co from sea;
water and other matrices is still uncertain. Regan and Warren-(54)
proposed that pyrolysis of ascorbic acid left a carbon‘fesidue which
aided in the reduction of analyte oxides dﬁring the atomization step.
However, Hydes (53) obtained the same improvements in Cu sensitivity
using oxalic acid which does not 1éayé a carbon residue. Although
McLaren and Wheeler (55) showed that aséorbic acid changed th¢>type of
lead oxide formed when lead nitrate was pyro1yzed from redy]itharge to
thermally unstable massfcot, the mechanism does not account for sensi-
tivity improvements obtained for other e]eﬁents using this feagent.
Early atomization of lead as a less stable oxidé may‘decréase the
analyte - matrix temporal overlap but loss of signifitant amounts of
chloride as HCl1 gas during asking probably p1éys_the"dom1nafe role in
reducing'interferénces. Anothef effect proposed by Hydes'(53)'méy also
contribute to the observed iﬁprovgments; He.noticed that the surfa;e
tension of the sampie drop was reduced when the'ascprbicior oxalic
acid was added. No visible salt crystals remained after-drying al-
though they were observable in the absence.of the écids. Thé-improVed
thermal contact between samb1e and furnace created by the finer salt

crystals may aCCeTerate decomposition of the matirix. Recehf experiments _
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by Kahn, et. a1.v(10) using.an autosampler on an IL555 furnace. provide
support for this mechanism. Interferences on lead and gold wefe re-
duced by simply aspirating a so1ufion of fhe sample through a pneumatic
nebulizer and spraying the resulting aerosol into the furnace which is
preheated to approximately 450K. The solution dries on contact and
1eavés a unfform layer of very fine crystals on the graphite sufface.
The authoré suggested that this technique'prevented interferencés'
associafed with solutions soaking into the porous graphite and those
caused by formation of large crystals during sample dryfhg (Sé). |
However, the technique a1so-reduced gas phase interferences (e.g.,
chloride interferences). This suggests that a change in heat transfer
to the sample and/or a change in thg‘physica1 contact between samb]e
and the graphite surféce caused by this unifﬁrm 1ayér of fine cfysta]s
reduces the formation of analyte compounds duriﬁg the.atomization cycle.
Thus the physical nature of the dried sample can also exgrt an inf]u;
ence upon the measured atomic absorbance signal. it.wou]d‘be interest-
ing to compare these results with fhdse from similar éxpehiments‘run-on
a furnace coatéd with pyrolytic graphite or tantalum. Thi§ would pro-
vide a qualitative heasure of the importance of.surface/sample contacf
changes to the observed interferénce reduct{ons._

The use of hydrogen in the sheath gas‘during ashing and atbmizaf

_tion has been demonstrated to be an effective means of eliminating the
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interference from chloride salts on lead. French and Cedergren (51)
compared the magnitude of interferences on lead in steel samples

dissolved in hydrochloric and nitric acids when anaﬂyzéd.in both theﬂv

CRA-63 and HGA-72 furnaces. They found that the HGA-72, because it was .

constructed of prdinary graphite, -produced enough hydrogen-frbh traces

of water left after the drying stage to remove all the chlorine present
(as FeClz) and thus prevent an interference on lead. " The CRA-63, wﬁich
is constructed of-pykb]ytiC'graphite, generates five timesnless hydrb-.
gen during the ashfhg>stage than the HGA-72. Insufficient amounts of
éh]orine were removed to brevent interferenceg. However, addition of
hydrogen to the argon gé; which shields the graphite parts»frdm oxygen
eliminated the reméinfng chToriné provided an ashing temperature;df'at
Teast 775K was uti1ized;: An optimum.ashing femperature between 900 and
1000K was required for the HGA-72 because of the smaller amount 6f' :

hydrogen present.

Strong acids remove interferences from ha]ide salts by a mechanism .

similar to hydrogen (35,52). Phosphoric, sulfuric and nitric acid all

helped to remove chlorine through formation and vaporization of HC1 4n

the ashing step. However, the volatility and anion of the acid wgrég- _

also important. Phosphoric and sulfuric acid were more éffective in
eliminating interferences on Tead and nickel from copper chloride than

nitric acid. Phosphoric and sulfuric acid-are also less vo1af11e.and'
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form pyrophosphates and sulfates of the interferents. Thus sufficient

acid is present at elevated temperatufes to react with the'chlqride
salt. The pyrophosphate and sulfate salts have very low molecular |
absorbances and therefore_background absorbance is also reduced.
Fina1iy, we stress the importance of atomizer design as the means
of eliminating the ihf1ueﬁce-of chemical reactions on the'afomic -
absorbance signal. Matrix-induced variations in the appearance temper-

ature and/or atomization rate will not affect the integrated ébsorbance

signal if the furnace tube is he]d at a.constant temperature during the

entire volatilization and atomization of the sample. A constant

temperature eliminates variations in the diffusion and convection rates

of atom removal during the ébsorption'pulse. If the furnace is suffi-

ciently long (or the sample SufficiéntTy sma11)'such thét’Té $>’Ti,

then the absorbance peak will not be affected either. - Gas phase inter--

ference; are eliminated by providing suffjcient thermal energy and
residence times to asgﬁre,cdmp1éte atomization before any ana]yte'
leaves the optical path. Knowledge of the furnace temperature prior to
the beginning of volatilization is therefore valuable. When the above
éonditions have been met, the upper 1imit of matrix wﬁich‘can be toler-

ated may then be determined by the background absorbance level.

However, to some extent,.this too can be minimized using higher atomi-

zation temperatures.
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1.3 Length Temperature and Pressure

The re]at1onsh1p of 1ength temperature and pressure to peak '

height and peak area has been deve1oped by L vov (3) for a constant :

temperature furnace. The conditions of d1ffus1on-contro11ed atom Toss

and’T} > fTi are'required to prevent forced convectionland,sloW»atomi-

zation rates from dominating the absorbance peak shape. When these

requjrements are fu]fi]]ed,:the.absorbance peak height can be expressed-

as:

Apeak A~ (f/S avi) Mo (1.13)

and the peak area by:

A rea ~ Z/AWAYS) Mo (1.18).
Where f is thevosc111ator strength of the atomic absorption 1ine,’T§ ts
the mean residence tfme of an.aton in.the optical path;-Aw_is the‘p>
atomic weight of tne.e1ement concerned and M its mass in grams,'S is

the transverse cross-sectional area of the furnace and ¢;uﬁ§ is tnel

disp1acement of the frequency maximum of a Tine relative to its initial-

position as a result of a change in‘pressure of a foreign gas and/or

temperature. For a furnace operated at atmospher1c pressure (eg the S

furnace design by WOodr1ff) the Lorentz contribution to ;sV” 1s '
usually sma11, The_measured absorbance terms can then be,expressed'by'

the following furnace parameters;
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A

R

peak (1%7/s) ™ (1.15) .
and, . : .

avea 2= (12P/st°'9) M (1.16)
.where the temperature dependence of Asv” and the temperature and
pressure dependence of TE has been inserted. Note that_peak he1ght
does not depend on the furnace Tength (provided’T’ <g?r%) but only on
the cross sectional area. Thus small d1ameter furnaces are preferab]e
where phys1ca1 poss1b1e (1 e. factors such as 11ght throughput must
also be considered). The.peak area var1es d1rect1y with P and the
square of the furnace 1ength Both terms are a result of the’T' depen-

dence on these parameters

T, = w0h%p 6 (1)
where D is the'ana1yte‘ddffersion coefficient at.standard cbnditions
' - (STP). The furnace length is therefore very 1mportant for sens1t1v1ty,
especially relative sensitivity, under these conditions. -

The furnace used by L‘vov_(l).was_operated at several atmdspheres

pressure of argon. The line profiTe is then-goyerned almost enttrely _
by the Lorente_effect..'When~the pressure dependance of z;y;'is added,
the absorbance expressfdns,become:. - R

A oo~ (10T M (i)

peak — .Y 4T . ST

and, - . o o

| 1276709y 1oy
Papea 2= (17/5T77) M (1.19)
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the peak height now hés an inverse dependance on preséure But the
pressure dependance of peak area has been eliminated. .

For pulsed atomizers, 7} is usua11y smaller than‘Ti. Therefore,
heating rate can have a 1afge_inf1uence on peak heﬁght. Chakrabarti,
et. al. demonstrated this influence using capacitive diﬁchange heatjng'
of an anisotropic pyro]ytic'graphite tube_(56). The authors expressed
the temperature dependance of the rate constant for the evaporation of
an analyte element into the ana]ytiba] volume by an Arrhenius

expression:
kK(T) = Aexp (-aH/RT) (1.20)

where A is a frequency factor, H is the heat of vaporization of the
‘element, R is the gas constant and f is the temperature in degree
Kelvin., This equation can also be expreﬁsed és a function of time by
substituting T, tett for T where To is the furnace temperature
immediately before the start of the atomization cycle (usuq]]y the
temperature at the end of the ash cycle; 500-900K), ot is the furnace
heating rate in K/ms and t is the time in ms. When ett >$ TO,'the

rate constant expression becomes:
k(t) ~ Rexp (=AH/Rect)  (1.21)
When ot & TO:

k(t) = Aexp_(wAH/RTO) exp (AH/RTOZ)%Nﬁt (1.22)
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In either case, k varies exponentially with the heating rate. - Since

extremely rapid heating rates were used {up to 60K/ﬁs), a steady state

temperature was usually reached before the first appearance of atoms.in '

the gas phase; Therefore, assuming first order kinetics and steady

state temperatures, k is inversely proportional to the atomization time

Ti. Using L'vov's (14) model for the relation between the anaTyfe

population when time t = 71 (i.e. the'absqrbance maximum) and the time :

constants 71 and TE under accelerated vaporization rates:

Npeak = 2”6752/712(?1/72 -1 +exp (Ty/75)) . (1.23)

where NO is the tota]lnumber of analyte atoms and N peak the number at -

t = T&, one can see that the absorbance maximum will increase exponén;:
tially with the heating'rgte,=< R ginée‘?& decreased exponenfia11y with
k and ot , It is also assﬁmed that’Té remains constant wifh increasing
e . This valid as-long as a steady state temperature is reached
before the first appeérance of analyte atoms in the gas phase. When
heating rates become sufficiént1y large to satisfy the conditioﬁ,'T%
ST, then | | | |

N N (1.24)

peak =T
and L'vov's model for temperature; length and pressure influenées:on
" absorbance peak height and peak area apply. Sensitivity enhancements:

up to 27-fold were obsérved;usingvcabacitiVe'discharge heatihg (56). -
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2. Designs of Commercial Pulse - Heated Electrothermal Atomizers

2.1 Massmann énd HGA Atomizers

The pulse-heated furnace originally introduced by Massmann (57)
was 55 mm long, and 6.5 mm interna1 diameter. E1ectrfca] contacf was
made at both ends. The tube center, wﬁich containgd the sample, heated :
first and remained hotter than the ends by several hundred degrees.
throughout the atomization cycle. -The Perkin - Elmer Corp. adopted the
Massmann design for comhercia] production and use. The first model, .
HGA-72, 2000, had a larger internal diameter, 8.6 mm, buf a similar
length, 53 mm. Removable quartz lenses fitted as windows of the fur-
nace housing and capped both endsAoflthe fgrnace'tube. 'The furnace was
therefore éemienc1osed with ports to allow a flow of argon‘or nitrogen
to shield the graphité furnace parts. Part of‘this flow flushed the
‘internal portion of the furance. This.intefna]_purge gas flowed from
the'samp1e port at the center to the ends and'fts magnitude was a fixed
fraction of the total gas flow. - _

This design had several drawbacks. (1) The large internal dié- '
meter results in Tower peak height and peak area sensitivifies because
of the larger cross sectional area which is inversely proportional to
both methods of measuring sensitivity (44).' Larger diameters are a]soA
more difficult to fully illuminate with the 1ight_source'which can de-

crease the integrated absorbance more than thé.peak'maximumu_ (2)
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Large gas-wall temperature differenees have been obseryed'for this
furnace (up to several hundred degrees) (58 59)'and the later HGA-2100’ "
model (60). This was the result of both the Targe internal d1ametgr o
of the furnace (which was decreased to 6 mm in the HGA 2100) and the
internal purge gas. Broek, et. al. (21) conc]uded that 1n the absence
of 1nterna1 gas flow (stopped-flow conditions) this temperature d1ffer-
ence was at most 100K. They also concluded that preheat1ng the gas
before entering the furnace would also significantly reduce this prd- |
blem. (3) L'vov (44) compared theoretical estimates of sensitivities -
for the HGA-2100 to experimental values measured by'Stargeon, et} at.
(60). - He found good agreement only for elements of low voiaﬁi]dty/.
(Cd; Sn and Zn). The sensitivities obtained for Cu, Mo and V were '
less than one third of the predicted values. L'vov attributed the

poor correlation to the non-uniform temperature distribufion along the .
furnace length. Findlay et. al. (61) recorded a temperature of 600K
at the ends of an HGA-2000 when the center was only 1100K. Low,
volatility elements condense at the furnace ends where they are re-
evaporated very slowly or not at all. As a result, the effective.
length of the furnace is decreased which decreases the residence time.
(’TécL,ZZ). Long, broad tailing of the aesorption pulse was.oeserved >
for the HGA furnace which was not apparent for the‘uniform1y heated

CRA-63 (62). This drawn out tailing was difficult to fully integrate
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and therefore part of the absorptibn pu]se‘was left unrecorded. (4)
The power applied to the furnace tube was determined'by that required
to maintain the final temperéture. This setsvan upper limit on the
heating rate and therefore prevents optimjzation.of peak absorbance -
sensitivity. Higher applied power increases the heatfpg rate but also
results in higher temperatures during ihe'absorbance pu1se._‘Conse;.
quently, the diffusivity increases and Towers the average residencev
time,’Té. Sturgedn et. al. (60) found that the integrated absorbance
decreased with higher atomization femperatures except for elements
which were difficult to atomize (eg. Al and Cu). This can be explained .
by the equivalence of’Ti and T} observed for most elements under the
stopped-flow conditions used by the authors. The,decreaSeé inﬂré are
more important and although peak absorbance initfa]ly incfeases with
temperature, further increases cause a decline in bqth peak and infe-
grated absorbance. However, for those elements for whfch 7'1 }. 7}
initially, increases in atbmization températdre increase both peak and
: integratéd aSsorbance. The decrease in 7'1 continua11y3incfeases the o
gas phase atom concentration quter than Tower 1’2 values can decrgase
it. |

A11 of the above disadvantages have been so]ved'with varyiﬁg de-
grees of success over the 1ast decade. .The HGA-2200 model has been.

reduced in size to a 6 mm internal diameter and 28 mm 1ength.' The
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internal purge gas flows - from the ends toward the center at-a rate

independent of the external gas sheath. This suBstantia]ly reduces the

' gas-wall temperature difference during atomization. E]ectronic va]ves_

have also been added to shut off the purge gas dur1ng atom1zat1on wh1ch
increases 7‘ and also- lowers the gas-wall temperature d1fference A
temperature feedback Toop utilizing a photodiode has been added to
allow variation of the heating rate independent of the final atomiza-
tion temperature reached. The'power level is automatically reduced
when a predetermined temperature has been reached.  The increased
heating rates now available result in improved peak and 1ntegreted
absorbances particu1ar1y for the more refractory.ﬁeta1s. Some inter-
ferences are also reduced by the faster heating because the condition
fréﬁ > Tp is more nearly fulfilled than in earlier models. .The HGA-
2100 and HGA-2200 models are also pyrolytically coated td prevent
carbide formatjon and diffusion through the walls. Slavin et. al.

(63) solved the problem of non-uniform heating along the furnace length °
with a contoured tube. The ende of a conventional HGA-ZZOO tube were
tapered so that they heated s]ight]y faster than the center. This
reduced the temperature difference between the center end ends from
1000K to 100K when the center temperature was 2800K. Unfortunately,
up to-50% more power was required to-heat.the contoured tube} The

center heated more slowly than in the conventional tube which-resulted
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in lower peak absorbances for some elements. No improvements were -

obtained for elements like vanadium which had producéd absorbances far

below theoretical in the conventional design..

2.2 CRA Atomize?s,

The CRA model atomizers were developed by Varian fechtron, Inc. fn
~ the early 1970's. Théy are the sma]]eét tubular e1ectrothérma1 atomi-
zers in commercial use. The original CRA-61 model had an insfde'_
diameter of only 1.5 mm and a 1engfh'of 4.5 mm. The small diameter
was excellent for sensitivities in terms of atom density however the
full potential of such a low cross sectional area was lost by the small
T, values resulting from the Shoft-Tengfh. " Focusing of the. Tight
source also became a problem with such-& sﬁal] diamefer; Therefore,
when the length was increased to 9 mm in fhe CRA-63, the diémeter was
also widened to 3 mm. Both models Qere relatively oben furnaces.

- Electrical contact was madé at the tube center by twd pyfo]ytica11y
coated graphite support rods. The furnace itself was a1so.constrq;ted
of pyrolytically coated Qraphite. The graphite -parts were protected
from atmospheric oxygen by a flow of hftrogen or argon moving upWérdsi.

from rows of corrugated steel located directly below fhe furnaée. 'Tﬁis

small, compact system does not suffer from the nonbUnifdrm temperatqre-

distribution and gas-wé]T temperaturg_djfferences.which plagued the

earlier HGA models. The pﬁincipa]sdjsadvéntage of these atomizers is
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the short residence times (~20 - 100 ms) compared to the re1a£19e1y
Tong atomization times (~1 sep) (4). Sturgeon et. al. (605 62) per-
formed a thorough compafison of the CRA-63 and HGA-2100 afomizeks
The average of sens1t1v1t1es obta1ned for three e1ements (cd, Sn and Zn)
in each furnace revealed the HGA-2100 produced 3.3 t1mes 1arger peak
absorbance va1ues than the CRA-63 but on1y 0.6 times the 1ntegrated
absorbance va]ue; . Both values agreed well with the'theoreticaluesti-
mates of L'vov: 4.0 and 0.40 respectively (44). The.large difference
in peak absorbances reflects the differdnce in 1“2 va1qes (about a '
factor of 10 larger in the HGA-2100).. A-much smaller fraction of the
total analyte atoms occupy.the CRA-63 furnace at any moment compared
to the HGA. However, the 1ar§er integrated absorbancés iﬁ thg CRA
are a result of the higher atom,dénsities created by_its sma11er_crqss
sectional area. | .

The 1arger'7”1/1'2 }atios observed in the CRA furnacés also affect
the manner in which increasing atomization températures a1ter'the péak
"and integrated absorbances. The pdweh applied to the CRA-61 and CRA-
63 furnaces was also, like the HGA-2000 and HGA~ 2100 ~determined by the
required final temperature. However, un11ke the HGA furnaces, increas-
ing the final atomization temperature resulted in steadily increasing.
'péak absorbancés'wh11e the integrated absorbdnce.remained unchanged'

(62). Since only 5-10% of the_anaiyte atoms introduced are contained
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in the furnace at the absorbance maximum (4), substantfa] increases in
the heating rates would be required before the peak absorbance de-
creased. Apparent]y, the decreases in 7‘2 caused by the higher
temperatures offsets the increases in.peak.absorbance so that inte— )
grated absorbance remains'unchanged. Although the effect‘of higher
atomization temperatures is not as deleterious in the CRA's‘asvin the
HGA furnaces, peak and integrated abosrbance would increese if heating
rates were independent of the final tembereturee |

The major changes incorporated into the latest model, the CRA-QO;
have been the addition of a temperature feedback’bontro] circuit and
an optional hydrogen diffusion flame which is part of the sheath gas.
The advantages of ashing and atomizing in the presencenof hydrogen'gas
were covered earlier. The addition of‘th%s feature hes-significant1y .
increased the amounts efech1oride-sa1ts which'can be to1eratee in a
sample without interference. o

Several parameters characteristic of both the_CRA”and HGA furnaces

are summarized in Table 1.

2.3 The IL-455 and IL-555 Atomizers

A more recent manufacturer of electrothermal atomizers for AA is
Instrumentation Laboratory, Inc.. Their furnace is'growing in popular-" -
ity and have some features which deserve mention. 'Both the IL-455 and

IL-555 furnaces are constructed of pyrolytically coated graphite with
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-dimensions of 4.5 mm inside .diameter and a 38 mm 1ength. Thus thesel

furnaces have an average residence time greater than -either the CRA
or HGA furnaces and a cross sectional area 1utermed1ate between them.
among the three types of atom1zers considered. Table 1 Tists the
sensitivities for five elements in each furnace. Except for cadmium,
the IL has better sensitivities. |

Electr1ca1contact is made at both ‘ends of the furnace and the
center heats first as in the CRA and HGA mode1s However, no deta11ed-
measurements have been reported.on.any temperature non-uniformity or
its'effects. The IL-555 is equipped‘witﬁ a temperature feedback con-
trol circuit utiTizing a tungsten'resistance thermqmeter to decouple
the heating rate from the final atom1zat1on temperature

“Two features on the IL- 555 which are unique to commercial e1ec~
trothermal atomizers are the Fastac auto-sampling system and a
pressurized atumtzatiqh chamber. The Fastac'autb—samp1er was mentioned
briet]y in section 1.2.2 and will be discussed in;detat1 in the next
section. Pressurization is achieued ty enclosing the furnaee in a |
chamber with an automatic or manually controlled access doot.
Pressures up to. four atmosphereS"argon are possible. The pr1nc1pa1
advantage of pressur1zat1on is the resu1t1ng increase in res1dence P

time. Thus ’Té 7 qfl may be attained although this has not been




Table. 1

Chafacteristic Parameters for Three Pulse-Heated Commercial Atomizers

Inner R a- ' b Experimental Sensitivities ¢
.- Diam. Length 3_2 N2 . . _ '
Atomizer (mm) - (mm) (ms) (cm ) (s/cm”) cd Cu V - Sn . Mo
HGA-2100 6. . 28 200 .29 0.7  3.5E-13 2.1E-11 4.0E-10 2.9E-10 8.8E-11
CRA-63 3 . .9 20 ..071 .28  9.5E-14 2.7E-12 3.1E-11 9.1E-12 7.56-I2 O
IL-555 . 4175 .38 361 .18 - 2.0 4E-13 ° 8E-13 1/5E-11° 6E-12 6E-12 -

c"ni K
‘e

S = d /4, where d.i5 the furnace diameter in cm.
"Q/N = /S  is the theoretical peak area sensitivity. . .
Weight in grams of e]ement which- gives a peak absorbance of 0. 0044

0
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f

documented in the literature. This would eliminate interferences

~ arising from matrix-induced changes in 1ri and improve precision.

3. Alternate Designs for Pulse-Heated Electrothermal Atomizgrs

The' remainder of'thfs cﬁapter is devoted to recent changes in
pulse-heated furnaces:deéigned specifically for the e1iminétion.of.
matrix-induéed alterations in peak and integrafed'absorbances. The
most difficult interference to remove has been the formation-of gas-
phase analyte mo]ecuieé which leave the furnace volume before decom-
posing to atoms. This js the result of inadequate heat transfer to
the analyte species during its residénce in the furnacé. However,
this is uhavoidab]e with fhe furnace designs just mentionedf Whén
the sample is depésited on a co1d furnace wall then heated at. the Tow
rates now used, (0.1 - Z;OK/ms) thekmodynamicé]]y stable ana]}tel
molecules are formed and -vaporized as thextempefafure is scanﬁed
across their volatilization range. in the case of lead in a chloride
salt matrix, the time required to reach the atomiiation temperatuke
is important in determining the distribution of Tead among various
lead compounds (45 ). The most recent changes in atomizer design
have therefore been made to increase the héating'rate;:inqrease'heat
transfer rates or subject the analyte vapors to temperatures higher

than the surface they Teft before 1eaving the furnace.




38

3.1 The L'vov Platform

L'vov, Pelieva and Sharnopolsky (64) first proposed the use of a
graphite platform installed insfdé.a furnace from which samples were
vaporiied rather than the furngqe wall. Thi§ delayed vaporization un-
- ti1 the furnace wall was.somewhat;hofter than the platform. The
magnitude of this difference depended on the heétihg'rate of the wall
and the rate of heat transfer to the platform. As a means of minimiz-
ing heating due to heat conduction from the furnace walls, the platform
~was constructed of anisotropic pyrolytic grébhité due to its low Heat
conductivity in the direction perpendicular to the plane of dgposition.
The platform was a rectangular plate 4 mm x 5 mm and 1 mm thick with
sections along tw6 opposite edges cut out to reduce cohtaét with.thé
walls. The platform slid into an HGA—ZiOO”furnace which ‘was operated
in the usual manner except that lbnger drying times were necessary..
The peak absorbances of high volatility e]ement§ Wéré-shffted to higher
furnace temperatures more than low vo]éfi]ity e]emehts.'-Peak.heighfs
were increased an-avefage of 1.5 times when high and'mid-vo1ati1i£y 3
. é]ements were vapbrized from the platform whereas no increase was
observed for low volatility elements. L'vov (44) explained theﬁe
results as a consequence of the more rapid heating rate of the platform
- compared to the rate of éhange of the wall tempefature.‘ Since part of

the ptlatform heating is due to rddiation from the Wa11s, its heating
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rate is proportional to the fourth power of the wall temperature:

o o
& 5

where Tp is the platform temperature and‘Tw is the wall temperature.
For Tow volatility elements, the tempehature difference between plat-
form and wall becomes so small that the platform heating rate is that
of the wall. Therefore no changes in peak height'are observed '
Slavin and Manning (65,55) studied the effects of the platform on
matrix interferences. They modified the platform b& placing a depres—
sion in the center to allow use of larger-sample_vo1umes (un to 504@@).
An HGA-2200 was used to a]]ow temperatdhe control ddring the atomiza~- -

tion stage by means of the.temperaturé feedback cfrcuft Interferences_

on Cu Mn, Cd, Pb and T1 from chloride, phosphate and sulfate salts

were also reduced using the platform. Twenty times more NaCl could be

tolerated when determining lead with the platform than without. ‘When
the temperatures of the wall and platform had equiiibhated, a‘tempera—
ture difference between wall and p]atform-of ~150°C was present when

the wall was at 2050°C.

3.2 Capac1t1ve Discharge Heating

L'vov also first suggested the use of a condenser bank as a large

energy source to perform the initial- heat1ng of a furnace up to- the

final temperature (44).- After that,a Tow output.power supply could
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maintain the final temperature. Asvméntioned earlier, Chakrabarti, et. .
al. have studied the effects of caﬁacitive discharge heating on peak
height sensitivity (56) and matrix interferences (67). The advantages
of very high heating rates (up to 100K/ms) as a_meané of reducing
matrix interferences are twofold. (1) The results of a high-temperature
equilibrium model used by French and Cedergren(45) indicated thaf the
time required to reach the final atomization tempekature is very
important for the distribution of'various lead compounds. The fokﬁaA
tion of volatile lead chlorides is less prqbab]e at~hi§her heating
rates. (2) In most cases, Chakrabahti ef. al. (56) were able.to reach
a final pre-set temperature before any atomic absorbance-sigﬁa] cou]d
be detected. The sample is then vaporized under constanttemperature
conditions which assures sufficient thermal energy to decompose analyte
compounds before leaving the furnace (68). Lead was detected in a
30,000-fold excess of NaCl, 3600-fold excess of MgCl, and 1200-fold
excess of CaCl2 (which simulated a sea watef composition) without loss
of signal. | . .

Another significant improvement observed with_thjs tgchnique was
the absence of background absorbance at the matrix levels studied
( ~~ 104g NaC1, lyﬁMgCIZ and 0.4.4g CaClz). ~Larger samp1e. sizes can
therefore be used without overloading the capabilities of the back-

ground correction system. This also indicates that vaporization occurs
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at temperatures higher than possibly using 6rdinary heating rates
(0.1-2.0K/ms) where a background absorbance of 0.6 is often observed
with these salts. The cppacitive discharge heating téChhique appears
to offer a good compromise bétwéen thé existing pu]se-heated'atomjéers

and the constant temperature furnaces of L'vov and Woodriff.

3.3 Combination Atomizers

This class of atomizers utiTi?e both an electrothermal heaf%ng
element and a flame. THey have beeﬁ 1ﬁ use for over a decade (69) but
never caught on in popularity. A general arrangement consists of
either an open graphite rod (69) or semi-enc]dﬁed-cup (11) placed in a
high temperature flame (eg. methane - air, air—acety]ene'or hydrogen-
entrained aif). The analytical light beam is passed through the flame
s]ight]y aBove the atomizer. Thé.purpose of the flame is to normalize
the residence time, temperature and chemfstry of the énaiyte for any
type of sample matrix. Thus matrix-induéed shifts in the ana1yte
appearance time and/or atomizatioﬁ rate will not alter the jntegrqted
absorbance signal. However,‘tﬁe effect»of such systems on gaS-phasé
. interferences has not been studied sufficiently to determine their

usefuiness.

3.4 The Fastac Autosampler

The Fastac autosampler is a patented sample introduction device
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deve]Qped by Instrumentation Laboratory, Inc. A solution of the sample
is dépbsited onto the inside of the hot (rv450K) graphite furnace as an
aerosol which dries on contact. A]though studies have not been per-'
forméd which show this, but p?esumab]y a much finer and more uniform
layer of sample crystals is theFeby formed. There is also less seepage
of the soTution iﬁto porous graphite although the Ip, CRA and HGA
furnaces all now use non-porous pyrolytically coated graphite. The
fact that this change in sample deposition could reduce matrix inter-
ferences was discoveréd accidently. Complete recovery of lead absorb-
ance was obtained in 0.5% NaCl solutions using the Fastqc when fhe
absorbance previously had been 50% less using manual pipetting (10).
More severe interferences, such as fhat of MgCl2 on lead, were imprbvéd
but not eliminated. 0.02% MgCl2 prodqced about the same interférence
with Fastac deposition as did 0.005%/ MgCl2 using manual pipetting._
The authors of this study did not try to determine the mechanism of

the improvements. A reasonable postulation is the greater surface
contact between furnace wall and sample incrgases the héat transfer
rate to the sample. Aﬁa]yte compounds are thereby more comp]éfe]y de-
composed before entering the gas phase. The "carrief effect" should
also be a 1e§s significant factor in causing earlfer appearaﬁce
temperatures of some elements in chloride sa]ﬁ matrices. Looking for
shifts to later éppearqnce temperatures when changing from manual to

Fastac deposition would therefore be a useful experiment to try.
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3.5 Forked Supports

The Varian.CTA~63 atomizer is fhe smallest (9mm Tength, 3 mm.i.d.)
among the commercial é1ectrdtherma1\atomizers currently qvai]abTe.
From the viewpoint of selective vo1a;i1ization, this is advahtageous.
However, when this is not applicable, some of the most sevére'matrix
interferences are seen, especially for the chlorides. Due to its small
internal diameter, it is difficu]t to uti]izé a L'vov p]&tform or some
modification of it. This prompted a search for an .alternate mddfficd-
tion of the Varian design which would incprpgrate the simplicity and
effectiveness of the L'vov platforh. The result is a 2-prpnged supbort
by which current passes across the ends of the afomizer tube as illus-
trated in Fig. 1. The emphasis of this study is on.the effeéts of
'end' heating an atomizer and how these effects vary with increasing
tube length and applied power. The interference of six different
chlorides and ohe sulfate matrix on the AA signal of Pb fs used
throughout the study. Finally conclusions are>drawn as to Whét addi- .
tional modifications are required for a completely matrfx interference

free pulsed atomizer.

3.5.1 Apparatus and Techniques

Two Pronged Supported Atomjzerf
Interference studies were performéd on the Varian CRA-63 atomizer

with the standard- pyrolytically coated 9mm tube heatéd from the center
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(A) CRA-63 atomizer with center heating supports. Furmace. - .- ] )
tube dimensions are: 9 mm length, 3 mm i.d., 5 mm o.d. ' ) '
(B):18 mm tube with ‘two-pronged supports which pass curreﬁt_ :

- across each_endvof.the atomizer.for end heating;' Iﬁterna] |

. dimensioné_are identical to the CRA-63;

.. ‘C.\
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.using the standard supports.. For combarison, an identical 9mm tube
(3mm j.d., 5mm 0.d) was machined from Poco (Decatur, Texas) AXF-5Q
grade ‘graphite. No significant differ;nce in recoveries was noted with
and without the pyrolytic coating. .A11 tubes were therefore machined
from the AXF-5Q graphite in the following lengths: 9 ﬁm,llmm, l6mm,
and 18 mm. ATl tubes were 3mm i.d., and Smm o.d. Each atomizer was
heated from the ends by.allowing the current to f]ow only across the
ends of the tube. This was accomp11shed by machining 2-pronged
graphite sﬁpports from 3/8" (for 9mm and 11 mm tubes) and 5/8" (for 16mm
and 18mm tubes) graphite rods. 'Figuré 1(A) f11ustrates-the 5/8"
support for the 18mm tﬁbe. 18mm is the practical upper Timit for
atomizer 1en§ths which can be shielded by the 1hert gas sheath from

below.

Power Supply

A Varian CRA-63 atomizer head and.power supply was used'for all
measurements except'fhose made at high pbwer levels, where a S'va
transformer was connected in a para11é1 With the Varién-power sﬁppTy.
This allowed the dry and ash steps to still bé pefformed,with the
Varian supply while the atomization'was initiated with é méhua]]y \
thrown double pole‘swifch'conneéted‘to a high voltage (208 V) varia-
ble transformer. The variablé transformer controlled the voltage on

the primary windings of a step-down transformer. Up to 140 amperes
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at 14V could be used to heat the 1éfgef mass of fhé‘18mﬁltube with the
5/8" 2-pronged supports. This was hecessary since the hfghest "atomize"
setting on fhe CRA-63 power supply was insufficienf to provide heating
rates comparable to the:9mm'a@d.11mm tubes operated at‘qn atomize.
setting of 8.5. Significant improvements wére.obtafned with the higher :

power Tevels.

Optics and Electronics . B
A Westinghouse Pb ho11ow-cathpde-1amploperated at 65ma was the 1jght
source. A dual channel monochromator constructed in this laboratory
(70) was operated at the 282.3nm ]ead'résonance line and a bandpasé'of
0.45nm for all measurements. The 283.3nm Tead line was chosen bedaqse\
the background absorbance there fs lower than at 217.0nm. |
The detector was a IP128 phqtdmu]tip1ier operated at 890V, The
PMT signal was fed into an*IthaCO'(Ithaca, NY) Tock-in amplifier wifﬁ‘a
time constant set at 10 ms. This output wés‘connected_in parallel to
an Onmiscribe (Austin, Texas) strib chart recorder'(for.peak height
measurement) g'1ogarithmic amplifier followed by,é V-F cbnverter and
counter (for peak érea‘recording) and a Tektronic 564 dual trace stage
oscilloscope (to record peak shapes-and positions and méasure Ti and’Té).
The oscilloscope trace was‘triggered'by thelvoltage level prodﬁced at
the onset of the atomization stage. Nb background corrector was used.

This allowed separate measurement of the background sigha1 and
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compgrjson of its magnitude among the various atomizer designs studied.

Temperature Meaéurements

The temperature of the outside surface of the atomizer w#s moni~
tored with a phototransistor. The trénSistor output was fed to the
inverting ‘input of a 741 operationa1'amp1ifier with a diode in feedback.
This output was then recorded simultaneously with the absorption curves
on the oscilloscope. In order to obtain separate recordings for the
temberature ramps generated at the center and eﬁds of the atomiiers,
the phototransistor was placed in a blackened metal tube and Tight from
a region 3mm in diémeter was focused on the transistor base through a
lens. It was also necessary to use a graphite baffle placed over the
top of the atomizer head wHen temperature measurements at the center
were recorded. This prevented 1light from the hofter tube ends_from
reaching the-phototransigtor. A measufeab1e temperature difference
between the center'and‘ends of an atomizer wés discernable only for
16mm and 18mm tubes. Temperature ramps inen for 9mm and 11mm‘tubes 

are for the entire atomizer.

Reagents and Operating Conditions
Simple matrix solutions were prepared from analytical reagent
grade interferent salts and deionized.Watef. A 10004g/m1 lead

referenée standard was prepared by dissolving the metal in distilled
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reagent grade nitric'aejd. - A 200 ppb lead solution was‘used tn the
interference studies shown in Tab]ee 2 and 3. 2.441 aliquots, deliver-
ed from a Unimetrics variable micropipet, were used for all se1utions.
The micropipet was calibrated and found to‘consistent1y deliver 2.4 +
0.141 of solution. o

Solutions analyzed tn the.9mm_and 1lmm atomizers were dried at a

setting of 3.0 (dry stage) for 25 seconds and ashed at a setting of 6.0

(ash stage) for 15 seconds. Although ashing was not .necessary for the.

synthetic solutions used an ash step was carried out to s1mu1ate con-
ditions often used in an ETAAS ana1ys1s Atom1zat1on was run at a
setting of 8.5 for 3 seconds which corresponded to a temperature ramp
of 1. 5 °K/ms' Line power to the CRA-63 supply was 115V.

" Due to the1r h1gher mass , 16mm and 18mm atom1zers were dr1ed at a
setting of 3.5 for 30 seconds and ashed at a sett1ng of 6.5.for 15 .
seconds. Atomization using the CRA-é3 power supply was carried out at

a setting of 10 wh1ch corresponded to a temperature ramp of 0.23 K/ms

| at both the center and ends of the tube " Atomization us1ng the 5.0 KW

transformer produced‘temperature ramps of i.l 0K/mé at the center and
1.9 0K/ms at the ends using approximately 120 amperes. Htgher power
was tested but temperature ramps were not recprded. A flow of 16‘1/
min of nitrogen was used to shield the graphite parts in all measure-

ments.
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3.5. 2 Results and Discussion

Changes in Peak Shape and Atom1zat1on Rate

Tab]es 2 and 3 list.the percent recovery for a f1xed amount of Pb
in six chloride and one su]fate matr1ces Greater recover1es were
often obta1ned by using peak areas - rather than peak he1ghts .’The‘f |
largest d1fferences (up to 20%) resu]ted when NaCl, FeC13, CuC12, or
' CaCl2 were the added 1nterferent. 0bservat1on of peak shapes on the -
storage osci]]osoope revealed peak broaden1ng, doub]e peaks, and de-
creases in 71 as the oause; Ironl(IIi) ch]or1de produced a broadened
peak whi]é CuCl2 and CaCl2 gave double peaks. The doub]e peaks per-
sisted in all cases for CuClZ; however,'onTy a single peak was
observed for CaClz'fn longer (16nm and_18mm) end-heated atomizers..
Sim11ar1p,'a sharp peakvwith a reduoed qal(which produoeS‘an'fncreased
peak height) obserred,for NaCl in the 9mm CRA-63 atohjier'became a '
slower rjsing-peak ddéntical towpdre Tead nitrate in the 16mm”and i8nm_

end heated atom1zers

Studies of 7’, ﬂ' and appearance temperatures must .be 1nterpreted -

with caut1on since many factors are operat1ng s1mu1taneous1y For -

examp1e the atom1zat1on time, 1‘, is shorter for Pb in the presence of -.

any -of the matrlces studied that pure Pb(N03)2 when atom1zat10n occurs
in the standard CRA-63 9mm atomiZer'(e.g.'Pb with ZnSO4;_11,¥.270ms Pb;

frf

] = 470 ms heating rate of 1.5%K/ms).. In contrast, when atomizing in




Table 2 ' . . _
.Percent Recovery Obtained for 480 pg Pb in Three Chloride Matrices

.28ug NacCl 2.4ug Mgc12 0.48ug MgCl, 2.4ug InCl, 0.48ug InC1,
omm® " 68t 6 0 .5 47+ 6 68+ 5
center ’
9mm® 696 0 5 49 : 6 8219
end . .
Nmn® 78+ 7 4 12 56+7 ' 86+8
end . -
© 16mmC 92+6 .  46:6 " 7356 75+ 6 87+ 6
~end . - . _
18m° 1005  48:6 - 88+ 7 82+ 6 ‘9256
*end. : - S
18mmd 102 +5 87+6 005 905 103+ 6
end ’ : : : o
¢+ .Peak area measurements. . _ ' .
: Heating rate of 1.5°K/ms. ‘Center' refers to currént passed across center of atomizer by

- . commercial CRA-63 supports. ‘End' refers to current passed across ends of atomizer by
2-pronged supports.
Heating rate of 0.23°K/ms.at atomizer center..
: " Heating rate of 1.1°K/ms at atomizer center.
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Tab]e.3

Percent Recovery Obtained for 480 pg Pb in Four Differént Matrices

1.4Tug FeCl, 2.4ug CuCl, 0.48ug CaCl, 2.4ug CaCl, 0.48ug CaCl, 2.dug ZnSf,

om0 2 - 17+5  10:+8  69i'9 27+ 8
center. .
9 0 2 185 ©  20:5 68 + 8 80 + 8
end )
1irm® 0 2 18+ 5 567 . 74%8 75+ 8
end :
16mm° 33+ 8 35+ 8 65+ 6 65+ 6 80+ 6 - 3+ 8
end ) . ’
18m® - 4519 2:8 100 « 5 7556 88+6  71:9
.end )

18 70+ 8 67+ 8 8+5  N3+4 100:4 907
end - : .

a: Peak area measurements. ' ' - . :

b: Heating rate of 1.5°K/ms. ‘Center' refers to current passed across center of atomizer by -
commercial CRA-63 supports. 'End' refers to current passed across ends of atomizer by
2-pronged supports. -

-'; c: Heating rate of 0.23°K/ms at atomizer center.
. d: Heating rate of 1.1°K/ms at atomizer center.
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the 18mm end-heated‘tube (1.1°K/ms at center) 13’15 nearly equai for Pb

with and without an 1nterferent matrix present (e.q. Pb with Zn504,fTi.p"

= 490ms Pb 11 480ms) Since the measured heat1ng rate is s]1ght1y
1ower for the.18mm atom1zer a compar1son was made to the 1ower heat1ng
" rate' (0 230 K/ms) of the same’ tube powered by the CRA 63 supp1y Pb

43 71
The agreement between the 7’ values obta1ned in the 18mm end-

with ZnSO = 450nn Pbs 7"' 480 ms.

heated -atomizer at two d1fferent heat1ng rates suggests that the small

changes in heat1ng rates used in this study are not the source of the

atom1zat1on time changes Since 71 is constant for an element w1th a’’ a3

g1ven set of atomization. parameters (1 e. atom1zer surface heat1ng
rate and chemical env1ronment) 1ndependent of the amount atomized (12,
60), the changes observed seem to ref1ect a change in the chem1stry of
atom1zat1on The cons1stent‘T& va1ues for 1ead nitrate in a11-three _
cases indicated that heat1ng the ends of an atom1zer f1rst affects the
analyte-matrix chem1stry The deta11s of th1s change are unknown and
beyond the scope of this paper; however temperature is the key

factor, It- may be re1ated to the h1gher gas temperature above the g
sample. The expand1ng hot gas at the atom1zer ends. m1ght rap1d1y heat
the gas throughout the tube. How th1s wou]d alter the atom1zat1on rate
" of the vo]at11e 1ead ch10r1de formed 1n the presence of ch]or1de |

matrices 1s.uncerta1n.
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. The Role of Matrix Properties

The nature of the chloride compound is important to consider as
seen from the data in Table 2 and 3 and in previous studies (35,68,71).
Several effects must pe-considered: '(1) The atomiiationntemperature
of Pb in the presence of a pqrticuiar matrix. Temperature differences
between the center and the ends.of the 18mm atomizer with neating rates
of 1.1%K/ms at the center and 1.9%K/ms et the end were measured at the
point where the Pb peak reached a maximum (the phetotransistor respends —
more accurately at higher temperatures). .Figure 3 illustrates ‘the
difference between lead .nitrate and 1ead in 2.4 9 ZnSO4 (5000 fold
excess). ~Table 4 Tists the aT's fon five chloride matrices in order of
increasing reéovery.._A geod‘correlation between.AT'and.reeovery wae

observed: recovery increased with increasing difference in temperature

~ This is what one would expect for a gas phase interference. Any -

analyte still bound -in moiecu]ar form upon leaving the atomizer center
must encounter a hotter region before Teaving the atomizer. The h1gher
temperature tube ends provide the necéssary energy for decompos1t1on of:
analyte-matrix molecules (e.g. Tead ch]oride) Th1s is what L'vov
observed us1ng a p]atform in the HGA-74 atom1zer where the atom1zer
walls were 500°K hotter than the p]atform when a vo]at11e e1ement such -
as Pb peaked (44). Reduct1ons in interferences from a 10 000 fold

excess of NaCl were observed.
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Figure 2

Oscilloscope traces of the temperature profiles of end-heated

18 mm atomizers héated at two different power levels. The

set-of fast rising curves at the Teft represent the'atomizeri

- temperature at the ends (upper curve; 1.9%/ms and at the
center (lower curve; lquK/ms),whicH is heated by conduction
from the ends. The set-.of slow rising curves at the-night. |

;i repkesent the end temperaturé,(upper curve;*l.ZSoK/ms) and

the center temperature (]ower'curve:-0.23°K/ms)uobtained with '

_ the highest atomizér.setting on the CRA-63-power'supp1y;':A"
baffle was utilized for -increased resd]ution'qf cenﬁer_ahd

end temperature curves. -

&
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Figure -3

Oscilloscope traces of the PB absorption‘cques.forf480pg{Pb “

w{th 2.4 49 ZnSQ4 (earlier -peak at 1eft).andf480;Pgle as’

Pb(nOé)2 (1ater peak at right). Superimposed are the ‘temper-

ature curves for the center (Tower curvé§ ;.1°K/ms)>and-the,‘

‘end (upper‘curve;,l,QoK/ms) of the atomizer." A;baffle.was )

~ not-used. . Note the decreased resolution bf‘the]tembérathef.i‘a_

traces.compared'to‘ngure'Z.L'The'dependehce of_the[center;:

end temperature'difference on appeaﬁgnce:tempeﬁaiure}is still -

appérént{'




50mv/cm
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" Table 4

Summary of Data for 480 pg Pb in Several Chloride Matrices

AT at

M-C1 Dissociation

Interferent peak max(0K) energy (kcal/m) T, (ms) Recovery (%)
1:41ug FeCl, 250 83 ‘ 360 - 70
2.4 ug CuCl, 300 90-+ 3 360 67
2.4 ug MgCl, 400 75 + 3 250 87
2.4 ug Z"C‘z. 700 53 + 2 200 90
2.4 pg CaCl, 800 9% + 2 200 13
0.48 ng Pb 100

750-900

71+6 .. 200

a:

the ends.

18mm atomizer, end-heated with 2;pr

onged supports at_1.1°K/ms at center; 1.9%/ms at

65
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(2)} The bond dissociation energy of the interferent molecules and
the number of interferent species produced by a given molecule (e.g;
CuCl2 decomposes to release two chlorine atoﬁS) must be considered.
L'vov 1isted dissociation energies of BaTides of 38 elements (44). He
found good agreement between the degfee of interference and the'éfréngth
of the interferent M-X bond. At a\giQen temperature, molecules with
Tower bond dissociation energies produce a higher concentration of
chlorine atoms that- those with strongér bonds. On the basis of M - C1
dissociation energies alone, the cliloride matrices used in this study:
would be ranked in order of severity:of Pb signal depression as: Zns
Mg>Fe>Cu»Ca»Na. However, on the basis of necoveries obtained in this
study the actual order is: Fe>Cu>Mg>Cé>Zn>Na.

Whyliinc does not produce aé severeya-éigﬁa1 depression as pre-
dicted is uncertain. It may be due to significant epr]sion of the

decomposition products from the furnace before Pb begins to étomize.

This appéars reasonable when the large difference in dissociation

~ energies between ZnCl, (53 kcal/m) and the next highest in the series,

MgCl2 (75 kcal/m) is considered. Ai;o, the small size of the CRA-63
would contribﬁte to: this separation'of matrix fromiana1yte. ‘The sma]] -
relative improvement .in recdvery obtained, in progressing from the %mm
CRA furnace to the high power 18mm end-heated'case for lead in zinc

chloride, suggests that the longer atomizefs may decrease the temporal
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resolution. However, a solid conclusion is hard to reach from this
data alone, considering the other influences such as center-end
temperature differences.

The more severe interference observed for FeCl, fhan predicted
from its dissociation energy may be dué to the greater number of |
chloride atoms per molecule involved. At é specified temperature-FeCl3
should produce é 33% greater chlorine concentration than a diva]enf
MgClzmolecu1e of comparable bond dissociation energy. As‘seen from the
recovery data in Table 3, 1.414g of FeCl3 produces an interference on
Tead comparable to 2.44g CuClz,despite the small difference (7'kca1/m)
in M-C1 dissociation energies. | -

(3) The kinetics of the atomization process and the ana]jte- ‘

matrix reactions should be 1nc1uded‘among'the matrix influencés on the

atomic absorption signal of the analyte.” Holcombe, et. al. demonstrat-

ed the important role kinetics could play in determining fhe extent of
gas phase metal-oxygen reactions above a West-type fﬁ]améht atomizer
(72). Chemica1'equi1ibrium is not always attained for s]qw'reactfons,
Tow cqncehtratjons, and/or atomizers with short residence times. The
matrix, atohizer surface ahd.the gas and wall temperatures determine
the reactions poésib]e and the re]atiye rates of competinéxreactfﬁns.‘
Compérison of'Té values of the Pb ébsorption profile in FeC;3,
CuClz; MgCl,, ZnCl,, and CaCl, revealed a difference in 7E.betweeh the




“chlorides which produce the mqst‘severe iﬁterferences (FeC1
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3
and those for which good recovery was obtained in the‘18mm end-heated

furnace (MgClé, InCl, and CaClz).' The T} data in Table 4 show an.

increase in qé for those matrices.which continue to produce Tow

recoveries (70%) in the end-heated_18mm atomizer. Oscilloscopic traces

revealed symmetrica] peaks almost identical to pure lead nitrate for Pb
in MgC12, CaC12,.and ZhCl2 (18mm tube, i;l K/ms at.center).  In con-
frast, Pb in,FeC13 and CuCl2 prodﬁced'unsymmetricai peaks. In both
cases, the.leading edge had a smoofh, fast rise similar in shape and 11
to 1ead.nifréte. The tailing s{de of the FeCl3 was longer with a
sha]]ow slope, while a double peak was'apparent for CaC12. This may
indicate gradual vo]éti1ization of‘PbC1 as Succeésive chlorine.atoms
are released from the 1nterferent at the.SUrface. For Cablé thi§ broj
cesé is sufficiently ;eparafed in time that two distinct peaks'are |
observed. The first peak occurs earlier than Pb alone and. is probdb]y
due to the more volatile PbCl. The second peak occurs at the same

ﬁime Pb(N03)2 peaks. Thus, it is difficu]t to say whether thisvpéak'
is due to the volatization of additionq] PbC1l or Pb méta]. '

Another ‘interesting observation is that at a heating ramp df

1.1 K/ms at the atomizer center, the first peak'is slightly 1arger and -

almost no valley separates the two peaks; while, at a center hedting

rate of 0.23 K/ms,-thé first peak is much smaller and a distihct

anq CuClz)_
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valley is apparent. A shift in the relative imporfance of the two-
processes seems to occur with a change in the heafing rates. The
valley indicates ‘the specific temperature dependénce ofveach'step'
which were arrived at more gradually at the 1ower heating rate.
Further study is needed to elucidate the theromdynamic and/or kinetic'
controls involved. l

(4) The ratio of interferent to analyte éan affect the recovery
obtained. This point is often overlooked and can 1eaq to érrors when
the standard additions method is used. Table 5 shows the results ob-
tained when the amount of MgCl, js‘her constant and'the amount of Pb
is varied. For 0.4849 MgClZ, the recovery varies consideréb]y with
increasing Pb (ratios of 2000 to 333). However, the change is much

less, although npticeab]e for sma]]er_amounts‘of PB; when 2.449 MgCi2

is used (ratios of 10,000 to 2500). This suggests that constant
recovery should be obtained at some (lower) ratios but not at'others
(higher). Table 6 Tlists the’recoveries obtained for MgClz/Pb ratios of
1000 and 5000. The recoveries at a ratio of 1000 are surprisingly
constant, while considerable variations occur at a ratio of 5000.

This illustrates the case where an apparent 'excess' of 1000/1 does

not provide a sufficient excess of free chlorine to chemically bind a
constant fraction of analyte. This ratio is insufficient for MgC12;
however, it may be sufficient for other ch10f1qe§. It WiTi depend'on




_ Table 5 _
‘Effect of Increasing the Amount of Pb at a Constant Interferent Level

B . 'Ratiob o7 . . _Ratioc ) . )
Pb {ng) . MgCl,/Pb - Recovery (%) ~ Pb (ng) MgC1,/Pb . Recovery (%)
0.24 2000 58+ 5 .24 . 10,000 38+ 5
0.48 1000 74+5 .48 - 5000 46+ 5
0.96 . 500 83+ 4 .72 - 3333 © 55% 6

144 333 . 92+5 C L% 2500 55+ 6

a: -16nm atomizer end heated; heating rate at 'center 1.1°K/ms.
b:  0.48:g MgCIZA : :

c: 2.4:g MgC'L2

9




Table 6

Effect of Constant Interferent/Analyte Ratios

Pb (ng) |

.bb (ng)

MgC]z/Pb Recovery (%) MgC12/Pb Recovery (%)
0.24 5000 30+ 5 0.24 1000 70+ 5
0.48 5000 47 + 5 0.48 1000 74 + 5
0.72 5000 .46+ 6 0.72 1000 72+ 5
0.96 50 + 5 0.92 " . 1000 72+ 6

5000

a: 16mm atomizer end heated; heating rate at center 1.1°K/ms.

99




Table 7
Effect of Atomizer Length on Peak Height

Length (mm) . Peak Ht. (abs. units)"
9 - .280 + .014P
1 ‘ .371 + .019°
16 _ .540 + .004°¢

18 ' ' 617 + .020°

. as A1l tubes heated with 2-pronged supports. -Peak height values for
480pg Pb. i ' _
b: Heating rate of 1.5°K/ms. -
c: Heating rate at center of 1.1°K/ms.

99
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the concentration of vapor phase decomposition products present when
the analyte vaporizes (which is also a fungtion of the matrix). As
observed in the case of ZnClé, a large fraction of the matrix may have .
decomposed by the time the analyte vaporizes but oﬁ]y a fraction of the
~chlorine generated remained in the atomizer.

An important consequence of this ratio dependence is the variation
in success of the metﬁod of'standqrd addition which might occur from
one sample to another of only slightly different compositjbn. Itla1so‘
demonstrafes the importance of studying the effect of changing the

analyte as well as the interferent amount before reaching conclusions

in a matrix interference study.

Sensitivity

In addition to maintaining a ‘greater temperatufe difference be-
tween the atomizer center and ends, longer atomizefs also provide
increased sensitivity. Table 7 shows the increase in peak height'a§
atomizer length increases. Peak area, however, did not increasé
significantly for comparable-heating rates in changing from a 9mm to
an 18mm atomizer. This may be due to the ﬁigher'heating rate at the
atomizer end which causes a more rapid expansion of'the gas within the
furnace than woufd be expected from center heating rate alone.

Peak areé and residénce time‘increased for the 18mm atomizer

heated at 0.23 K/ms. For the 9mm atomizers, 7% = 200ms which increased
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to 280ms for the 18mm tubes at lower heating rates. Upon increasing -

the heating rate, howéver, it decreased to 200ms.

3.3.3 Conclusions .

This study demonstrated that by heatihg a pulsed electrothermal
atomizer at the ends and allowing the,center to heat by conduction,
enough thermal energy could be jmparted to the vaporized sample for
effe;tive decompo;ition of the analyte-matrix vapor phase molecules.
The data on the more severe interferent; (FéCl3 and CuC12) indicate

- that a combination of greater temperature differences and longer

atomizers are needed for complete elimination of gas phase interference

reactions. Studies at power levels béyondvthose'mentjoned thus’ far,
resulted in no further inéreéses in the signal obtained_fok PB in FeCl3
or CuC12. The peak area and height‘for lead nitrate decreased with
increasing power, indicating smaller residence times. The fact that~:
the analyte-matrix interference 1eve1ed off, instead of decreésing,
indicaté; that the effect of increased temperature was 6ffset by the
decreased time spent in this h%gh temperature enVironmenfi Simply
increasing the‘resideﬁée time withoﬁt higher temperéture might also be

sufficient.

Unfortunately there is an uppér limit on the atomizer length if

the center is heated by conduction.from:the ends. Eventially, heat is
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lost hore rapidly to the suhrounding‘inert gas‘than can be conducted
from the ends. The 18mm atomizer, for examp]e has a 400 K d1fference '
between center and ends after seven seconds of app11ed power. This -
limits the atom1zer to Tow and medium volatility samples. 'To brevent
this limitation, a power supp]&-arnangement whieh_utiTizes both.end

and center heatfng in proportions which can be indebendently controlled
was developed. The des1gn is g1ven on page 103 ~Adjustable eTectrical
contacts allow the use of atomizer lengths between 25mm and " 150mm The.
shortest constant temperature furnace stud1ed in this laboratory for _
matrix interferences was a 150mm tube which proved to be'equally
resistant.to interferences as the 1ongér ones (73): The ineneased -
residence time phdduéed by a longer furnace not only allows more time
for matrix-bound analyte decompos1t1on but a1so prov1des the necessary
_increase in the ?’/‘T} ratio to prevent interferences due to matrix
induced shifts 1n’T1 and/or“75 Length a]so determines the sample s1ze
which can be used Larger samples decrease samp11ng errors, this is

- of part1cu1ar 1mportance w1th solid samp]e | | |
Although this study has narrOWed_the performance.gap between the

‘commercially available pulsed-heated ET atomizers and CTF atomizers,
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this lab continues to-stress the advantages (including versatt]ity:of-
sampling) inherentfto‘1arge constant temperature furnaces The present :
course of research on. end heated atom1zers 1s toward a pu1se heated
furnacé wh1ch is 1sotherma1 in space -but not t1me Comparat1ve1y, for
a given length, a CTF (spat1a1 and tempora]) w111 prov1de a longer
residence time and enhance sens1t1v1ty Capac1t1ve d1scharge heat1ng5 ‘
may offer a usefu] combination of pulsed-heating and constant tempera- :
ture (spat1a1 and tempora]) samp11ng prov1ded the desired temperature
can be reached and stab111zed prior to ana1yte vapor1zat1on ~This
requirement is most difficult for Tow vo]at111ty e1ements Chakrabarti,
et. al. (56) have recent]y demonstrated the sensitivity enhancements
obta1ned by this techn1que The.next step will be to determ1ne,1ts
resistance to interferences.  From our experience with a constant o
temperature furnace“(68), matrix 1ndependent s1gna15 w111 be obtained

as 1ong as the temperature is suff1c1ent1y high.

3 6 Doub]e Walled Furnace

The purpose of this study was - to test an a]ternate des1gn for
heating the ends of a graph1te furnace f1rst The two- pronged arrange-
ment was limited to med1um and h1gh vo]at111ty e1ements because the : '
center was on]y heated by end conduct1on At h1gher temperatures, the
rate of heat Toss from the center_by rad1at1on and .conduction to the

Flowing inert gas sheath‘became.competttiue with the heat input by
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conduction through the graphife walls. The center lagged behind the
ends by 700 K when the ends were at 2500 k. A more direct source of
heat input to fhe center was needed.

The two-pronged supports were also less convenient to install on
the CRA-63 atomizer head than the standard supports bécausé one of the
support holders had to be removed. This necessitates partially dis-
maneling the atomizer. Good e]ectricai contact between the furnace'
and supports'requires rofating the furnace tdbe by hand while pressure
is applied from the forked holders. ' This procéddre grinds off any
irregularities on the graphite which would allow space for afc%ng to
occur. Once operational, this system has a 1ifetiﬁe equal to the CRA-
63 furnace and requires adjustment to maintain good e]ectrfca] contact

about once in every 15-20 firings. The recoveries for lead in several

chloride matrices were far superior to those obtained with the CRA-63

(7).

A double-walled furnace in which electrical current can cross only
at the edges of an outer sleeve (see Figure 4)_has been constructed and
characterized.” The abpve mechanical problems encountered with the two-
pronged supports were overcome with this design; however, both higher
and Tower recoveries were obtained among the matrices studjed.‘ The
standard CRA supports are used, therefore hb changes in operatind pro-

cedures are required other than s]ightly.higher voltage -settings for a.
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given temperature due to the increased mass and resistance. It is much
c]o;er to”a spatially constant temperatdre furnace. The furnace center
and ends attain the same temperature within 200-500ms depending on the-
applied power. Studies were conducted on Co as well as Pb in the pre-

sence of NaCl, MgC12, CaCl CuC12, FeCl ZnCl2 and ZnSO4. Recoveries

2° 3’

obtained for the CRA-63 and both design-modifications are presenfed and

compared._ We have found the most 1nforhat1ve approach to:characterizing
the double-walled furnace to be a compafison between furnaces. |

Primari]y,'the:ehd-heated‘and double-walled furnaces are extensively

compared in the following discussion. We have therefore included any

data on the'end-heated furnace necessary for this discussion.

3.6.1 Apparatus and Procedure

Double-Wall Furnace

Interference studies were performed on the Varian CRA-63 atomizer
w%th the standard pyrolytically coated 9mm tube heated from the center -
using the standard supports. For comparison, an idéntica] 9mm tube
(3mm i.d., 5mm o.d.) wes machined from Poco (Decatut, Texas) AXF-5Q
grade graﬁhite. No difference in recoveries was noted with and without
the pyro]ytie.coating.‘ E1even mm and<18mm furnaces were therefore -
machined from-the AXF-5Q graphite. Details of the 18mm double-wall
furnace are provided ip Figure'4. The resistance'of the double-walled

furnace (0.1459 was greater than both the end-heated (0.10g). and CRA
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(0.0Zn) furnaces due to the pressure contact between the tube and

~outer sleeve. This region did not, however, cause any ﬁrob]ems with

arcing.

A 1ight baffle containing a 1.5 mm diameter hole was used in all
measurements to prevent excessive amounts of furnace light from reach-
ing the photomultiplier. Another baffle (4mm diameter hole) was pTaced
on the opposite side of the.atomizer head. This formed a box around
the furnace Which significantly reduced the amount of oxidationhexperi—

enced by the ends of the longer 18mm furnaces.

Power Supply

A Varian CRA-63 power supply was used for all recovery measure- '
ments on lead. A 5KW transformer was connected in parallel with the
CRA power supply for Co recovery measurements and to test the effect of
rapid heating rates on Pb recoveries. The parallel connection allowed
the dry and ash steps to still be performed with the CRA supply while
the atomizatidn wa§ initiated with a manually thrown double pole switch
connected to a high voltage (208 Vj variable transformer. The variable
transformer.confro]]ed the voltage on the primary windings of the 5KW
step-down £ransformer. Atomization voltages up to-18 V and maximum
current§ of 180 and 130 amperes were recorded, on the end-heated and

double-walled furnaces reépective]y.
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Optics and E]ectroniés _

~ The Tight source was a Westinghouse 1éad hollow-cathode Tamp
operated at 6 ma. A dual channel monochromator constructed in this
laboratory was operated at the 283.3 nm lead resonance 1ine and a
bandpass of 0.45 nm for all lead measurements. The cobalt 240.7 nm
line at a bandpass of 0.45 nm was used for all cobalt measurements.

The detector was a Hamamatsu R212 photomﬁ1t1p1ier dperéted at

890 V. The PMT signal wés fed into an Ithaco (Ifhaca,'New York) Tock-
in amb]ifier with a time constant of 10 ms. This output was connected
in parallel to an Omniscribe (Austin, Texas) strip chart recorder (for
peak height measurements), a 1ogarithm1c amplifier fo11owed‘by a V-F
converter and counter (for peak are; recording) and a Tektronic 564
dual trace:storage oscilloscope (to record peak shapes and measure
71 and 72). The oscilloscope trace was triggered by the power supply
voltage level produced at the onset of the.atomization stagef No |
background corrector was used. Thfs allowed separate measurements of
the background absorbance and peak shape s0 a.comparisdn among the

various atomizer designs could be studied.

Temperature Measurements
The temperature of the inner surface of the atomizer waé monitored
with a phototransistor. Measurements at the furnace center was made by

focusing through the sample port. Temperatures at the furnace ends




e NI} I i bl

76

were measured over an equal area of fhé insfdé wall. betajfsudf the
. electronics énd focusing optics have been describedhin an earlier paber
(7). The pyrometer system was calibrated by focusing.on the tungsten
filament of a Géhera] Electric ribbon fi]ament,pyrometér (#431-P-732) -
calibrated between 1300° and 2100°C at 0.664 microns. Additional
measurements below 1300° were obtained from optica] pyrometer (Leeds &
Northrup, #1858692, Philadelphia) readingé on the tungsten filament.
The temperature vs. voltage plot obtained by this procedure.was useful
for heating rates and center-end temperature differences in a furnace. .
Absolute temperatures had a greater uncertainty'and were not required
for the-information sought. The vo]tégg traces produced By.the'phdto-
transitor in Figufe 5 and therefore labelled as relative temperatqre
-curves. .The 1mpo}tant information was the difference between the two
traces over time. Dry and ash temﬁeratures weré measured:With-a

Chromel-Alumel (type K) thermocouple.

Reagents and Opérating Conditions

Standard matrix solutions were prepared.from reagent grade,salts'
and doubly d{stii1ed wgter. The 1000 .¢g/m] 1¢ad and cobalt reference
standards were prepared by dissolving the ﬁeta1‘1n distilled reagent
‘grade nitric acid. 2.4.41 a]iquots'of either a 200 ng/ml 1ead‘éo1ution
or a 400 ng/mi cobalt solution were used for aT] measuréménts.'

Solutions were dried for 30 sec at 420 K and ashed for 15 sec at
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(d) 480 pgPb -

Figure 5

Relative temperature profiles of.doub]eﬁwa]]edifﬁrnace;qur@ted-

at 0.4K/ms.

" (a) output of pyrometer focused on the 1ns1de wa]] at one end

of the furnace )
(b) output of pyrometer focused‘thrbugh sémp]e-pqrtf

(c) 480 pg Pb + 0.48479 an12
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680 K.

3.6.2 “Resufts and biscussion

The spat1a1 temperature d1str1but1on throughout the doub1e-wa11ed
furnace was far more un1form than observed w1th the two pronged support
configuration. The temperature curves 1n Figure 5 111ustrate the small
(~450 K) temperature oifference'betWeen:the furnace center 'and the ends
600 ms after‘power.was applied (0.4"K/ms){. This difference did not“'

. appreciably increase at an applied power.of 2.4 KW (1.7 K/ms) In:
.e1ther case, the furnace becomes spat1a11y 1sotherma1 before a- vo]at11e
e]ement such as lead: enters the 11ght path.

The center 14mm of the 18mm inner tube»ts heated primarily by
radiation from the outside sleeve. 'This.was confirmed from temperature
-measurements taken at several positions along this’centra] portion. A
6mm'region-to each sioe of the samp]e.port'heated with‘temporal_and A
sptaial uniformity at a11 power levels studied. The mode of heatfng
of this samp1e-c0ntaining centrat'portion resembles that of .a L'vov
‘Platform ‘However, upon 1eav1ng the atom1zer surface, .atoms’ encounter
a reg1on which is 1sotherma1 with the surface it left rather than
_ hotter. Desp1te the absence of a higher temperature region through
wh1ch atoms must d1ffuse before leaving the optical path, the double-
Wa11eq furnace reduces ch]oride'interferences to aﬂslightly greater

degree, in some cases, than the end-heated furnace. -
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The only sizeable differences in recovery between the two furnaces
(see Table 8) occurred when FeCl3 or ZnSO4 were added to the lead
nitrate. In the presence of 0.06% EeCi3,'94% recovery was obtained
using the double-walled furnace combared to 70% with the end-heated
furnace. -The best correlation which might account for this improvement
was between the differerices' in delay tihes, A?ﬁd'(ﬂ“dlis the time frbm.
onset of applied power for atomization until a signal first appéars);
for lead in the presenée of a chloride matrix (i.e., FeC13) ana Tead
as nitrate, 1;d was always smaller for lead in the presence of a
chloride matrix. Atomization of 480 pg lead with 1.41 49 FeCl3 (0.06%)
produced‘aA7%l= 100 ms using the double-walled furnace. In contrast,
AT d =280 ms in the end-heated furnace. The later appearance timé
of Tead in 0.06% FeC13 observed in the GOub1e-wa11ed furnace resu]fs
in a higher appearance temperature for equal heating kates; This pro-~
duces more complete di;sociation of PbCl2 aﬁd)or-PbCl mp]ecu1e$.' At
the heating rates utilized, i.O K/ms, “this corresponds tq a 2_00o K
higherltube temperature. Although the énd-heated furnace was observed
to be 250 K hotter at the ends compafed to the‘cgnter at the moment the
Tead (in FeC13) signal reached a maximUm'(7); this was true only over'a
Smm region centered about the contact area of each prong. Thfs 1ea§es‘
a cooler 8mm region centered about the'saﬁple port. fhe sample is

therefore not in a higher temperature environment for as long a time




Table 8

Comparison of Recoveries Obtained for 480 pg Pb Measured in Three Different Furnaces

24 ugNaCl 2.4 ug MgCl, 0.48,g MgCl, 2.4,92nCl, 0.48,g37nCl, 1.41.g FeCl,

11 m (double-walled) 6245 12
18 m (double-walled) 9446 7645
RA-63  ems 0
18 m (end-heated) t 10245 - 8746

7815
100+4
5
10045

- 5445

805
4716
9015

8844
9844

6845
10346

2.4 ¥g CuCl, 0.48ug CuCly. 2.4 ug CaCly” 0.48,g CaCl, 2.4, g ZnSO,

11 mm (double~walléd) 2 ) 7546

18 mn (double~walled) 78+6 10044
CRA-63 2 1745
18 mn (end-heated)t 6748 9845

“Peak Area Measurements

TBest recoveries. obtamed for end-heated furnace.

7745
100+4
10+8
11344

1.1°K/ms at center; 1.9°K/ms at the ends.

7845

10043
6949
10044

6616

6745
2718
- 9047

14

9416
0 -
7048

18
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" as is possible with the double-walled furnace. An effect of greater

' importance may be an increase in tempora1 overlap between matrix-
generated free chlorine and lead vapor vaused b§ the shift to an
earlier appearance time. Czobik and Matousek (35) reported the iﬁpbr—
tance of this ovér]ap to the severity of chloride interferences ,
several years ago. We also obtained comparative interference data

from ordinary and pyrolytic graphite furnaces which subports the im-
portance of this overlap shift.to the differences in recovery of lead
in 0.06% FeCl3 between the two furnaces. This will be discussed in
detail later. First we must address the issue of why there are
differences in ATd's between the furnaces at all. Our best hypothesis
is that heated gas and radiation frbm the hot furance ends of the end-
heated furnace heat the center surface slow enough to cause significant
decomposition of the FeCl, to FeCl, at 688K (26) and thereby convert
much of the lead to PbC12 on the furnace surface. The more volatile
PbCL, (B.P. =1250K) vaporizes earlier than Pb (B.P. = 2080k ) (26).
This may be the cause of the larger a4Td observed for this furnace
compared to the double-walled furnace. From temperature measurements
made during our initial work with this fufnace (7), the ends are at
most 150-200 K hotter than the center when the lead with 0.06% FeCl3‘

signal first appears. Whether this is sufficiently higher is uncertain.

However, this "early" heating is unlikely to occur in the double-walled
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furnace since the temperature difference is smaller, rapidly disappearé
.before aﬁy.signal appears, and has a greater spatial separation betwegn
the hot ends and center than the end-heated furnace. The sample would
therefore heat as rapidly as the furnace wall which, if the 2FéCl3‘(s)"
+ Pb '(s)~—§>’2FeCl2 (s) + PbC1, (s) reaction were kinetically Tlimited,
would restrict the formgtion of PbCl2 on the surface. Covolatilization
(42) of the lead with FeCl2 would then be the predominate mechanism of
the early appearance of Tead in this furancé. Formation of PbC12 and
PbC1 would occur predominately in the gas phase to an.extent dependent
on temporal overlap of matrix and ané]yte. Whether it 1s‘the.ear1ier_
Tead appearance temperature or formation of PbCl2 before entering the
gas phase which causes Tower recoveries of lead in the end-heated
furnace remains unknown at this time.

As we observed in our earlier study of the end-heated furnace,
lead volatilized in the presencé of CuCl2 and FeCl3 prdduced distofted,
unsymmetrical peaks; The average residence times for‘leéd atoms was.
increased from T3 = 200 ms for lead as nitrate to 7“2 = 360 ms for .
Tead 1in Cuplz or FeC;3 matrices. Here 7'2 is defined as the time re-
quired for the absorbance to fall form its peak value to a value e
times smaller. This assumes 73f<75 and fhat the maximum absorbance 53

representative of the total number of atoms introduced into the furnace.

However, Broek and Galen (4) have proven this aséumption to be invalid
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for the CRA-63.- They found the vaporization of afoms fnto the furnace,
not their diffusive removal, dominatéd the observed absorption curve
and concluded fhat only 5 to 10% of the anaiyte afﬁms intrdduced are.
contained in the furnace at the hoﬁent of maximum absorbance. A]fhough
this fraction {s somewhat larger for lémm furnaces used in this study
(as evidenced by increqsed peak heights) the diffusive time constant
for removal of atdmé is still less thanthe supply time (450 ms vs 1
sec). Broek and Galen (4) measured the supply of analyte vapor to
persist for 1 sec.at heafing rates up to 1.0K/ms. The dfffﬁsive
removal time constant was‘ca1cu1ated froh the expression of L'vov (3)
using a tube.1ength of 1.8 c¢m and a. diffusivity of 0.9 cm2/secufor‘Pb
‘1n Ar at 1000k. Thus our use of 7} as measured‘from the tailing por;
"tﬁon'of the absorption curve was for compafative purposes only. Thé
change observed in this value verifies that atom supply dominates the _
ébsorbance curve for this furnace. CuCl, and FeCl2 apparent]& a]tgr‘:
" the atomization process of Tead through feactiohs at thé gréphite .

| Asurfacé.l fhis change in‘signal shape was not observed for other |
matrices which continued to give less than full rgcb?gry-(i.e. 0.1%
'MgCIZ) even in fhé-optimized endfhéqted and doubIe-wa1ieaffurnaces.:
Since a difference in recovery between the two furnaces occurred for
only one -of the two chlorides (FeC13), we thought it would Be‘infor-
'mativé fo:compare this inferactibn in each furnaée."Figure 6 shows

~the differences obsérved for lead in 0.06% FeC13vwheh atomized in each
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"Figure 6

Comparison of Pbléigna]s with'and without FeCl3 present in

18 mm ordinary graphite double-walled and end-heq}ed furnacesf

(a) 480 pg Pb + 1.414g FeCls-in doub]e-wa]}ed furnace
(b) 480 pg Pb as nitréfe in doubie—wa]]ed furnace

(c) 480 pg Pb + 1.41.4g FeCl, in end-heated furnace
(d) 480 pg.Pb as nitrate in‘end—hegted fﬁrnace '
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furnace. We attributed this difference to the ear]jer appearance time’
and.the more pronounced multiple vaporization and recondensafionAat the'
wall associated with an initially cooler graphite surface. To see what
contribution the ordinary porous graphite made to the signals observed,
we pyrolytically coated both furnaces (only the inner tube was coated

on the double-walled furnacé) as described by Siemer et. al. (37).. The
dealy time, 7°d, was decreased by 100-200 ms for lead as nitrate and

in the presence of the chloride matrices in both furnaces. This is to
be expected since the aqueous so1utjons used in thfs study soak into

the porous layers of ordinary graphite which s11§ht1y de]ayS'tHé

| appearance of atoms in the 1ight path. Aithough the shift in d was .
about equivalent in each furnace, a further shift toward even earlier
appearances times in the end-heated furnace should cause additional
decreased in recovery for lead in FeC13. As shown in Table 9, not only
does this reéoVery decrease; but the interference from CUCI2 increased
by a factor of three. Pyrolytically coating the double-walled furnace,
however, produces no change from either matrix; The shift in d values
for this furnace were not sufficient.to noticeab]y alter the atomization
efficiency. The large increase in interference obsefved using CuCl2

in the end-heated furance is probabtly due to an increased temporal .




_ , Table 9 .
Correlation of aTy Values with Percent Recovery

48 mm double~alled furpage 18 mm endebeated

41d (ms) $ Recovery Ard (ms)
. 480 pg Pb +
- 1.41 ug FeCl3 ) 100 94 280 70

(graphite) :
480 pg Pb +
1.41 ;g FeCly © 240 : 94 320 55

(pyrolytic coating) ) :
480 pg Pb +
2.4 pg CuCl, 280 78 260 67
(graphite) ’ ' :
480 pg P + - . .
2.4 ug CuCl, : 380 ) 75 360 21

" (pyrolytic coating)

88
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overlap between the decomposition products of CuCl2 and-atomié lead.
The 1ncreasedvoverTap observed between the CuCllbackground peak and the ,
absorbance trace for lead in 0.1% CuCl2 when switching from a graphite
to a pyrolytic graphite tube supports this hypothesis.

The increase in slope on the rising side of the Tead in 0.06%
FeCl3 peak which occu}s upon changing to a pyrolytic graphite surface’
in the end-heated furnace (see Figure 7) indicates a large degree of
condensation and reevaporation within the layers of ordinary graphite
below the immediate surface. The lead vaporizes over a shorter period
of time on a non-porous pyrolytic graphite surface. 'Multip]e condenga-
tion and evaporation still occur but within a much thinner 1ayer on the
immediate surface.

Although a pyrolytic surface was not useful in terms of interfer- '
ence reduction, we were able to demonstrate through the above |
comparison that interactions on and within the furance wall do occur;

‘but they are not the source of the differences in recovery betweeh
furnaces. | |

No significant differences in'Aﬁina1Ues were observed between.
the two.furnaces for the atomization of lead in 0 1% ZnCl2 and MgCl2
Th1s reflects the greater stability of these molecules relative to
FeCl3 which decomposes to FeCl2 and C1 at 688 K. However, in the
doub]é-wa11ed furnace, ZnCl, and MgCl, (aTong with CuCJZ) were fhe:

‘most troublesome chlorides studied.  The combination of the re1ative‘:'
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Figure 7

Comparison of Pb signals with.and without_FeCl3 in 18 mm
-pyr01ytica11y-coated graphite double-walled and endfheated e
furnaces. ' _ . o _

(a) 480 pg Pb + 1[41«qg FeCl, in double-walled furnace

(b) - 480 pg Pb as nitrate in double-walled furnace

(c) - 480 pg Pb + 1.414yg.FeQ13 in end-heated furnace

(d) 480 pg Pb as nifrape in'end—heated.fufnacé .

(e) 1.41 44 FeCl,
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degree of temporal overlap and relatively Tow monochloride dissociation

energies, particularly ZnCl2 (288 and.377 kd/m for ZnCl2 and MQC12,

respectively (46), give the end-heated furnace a slight advantage ‘

(10-11% better recoveries) over the double-walled furnace. When other

variables are eqeivalent in both furnaces, the higher temperatures et
the -ends (400-700 K (7)) drive the PbCl reection further toward

| dissociation than can be achieved in tﬁe double-walled furnace.

A similar situation exists with the Pb-ZnSO4 system. Vaporizatioﬁ
of a solution of 200 ppb lead in 0.1% ZnSO4 in the end-heated furnace
-yeiids a 96% recovery, while only 67% of the lead sidna1 fS'recovered
from the double-walled furnace. This can be attributed to the 700 K
difference in temperature between the hot ends and cooler center atlthe
moment the lead absorbance reaches a maximum. Using 1040 K as the lead |
appearance temperafure (20); this corresponds to rv1760 K at the, fur-
nace ends when the absorbance maximizes. Hageman et. al.(68) obtained
e 96% recovery in a CTF at 1900 K for lead in 1% NaySO,. This
indicates that higher fempereiufes should removelthe remainihg inter-
ference. Longer residence times probably are not reduired; french ef.
al. (74)'using a theoretical treafment on the Pb-NaZSO4‘system in a
HGA-74 furnace under isothermal conditions concluded that‘the'feactipns'
whieh'forhed PbS were rapid enough to'reach equi1ibfium'(ﬁz=200—§00m$).

The equilibrium partial pressure of oxygen was reached at 1800 K but
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not at 1500 K. '

Manning and Slavin (66)recent1y noticed the same persistence of
interference effects from su]fates, phosphates, ahd perchlbrates using
the L'vov Platform The difference in temperature’between the p]atform’
and the wall was at most 300-400 K which explains the lack of fu]]
recovery.

Aehieving higher atomizatioe temperatures is straightforward with
a constant temperature furnace but can become a difficult probiem in
pulse-type furnaces especially with high volatility elements. Both
the L'vov Platform and end-heated furnace, in their preseht forms, are
Timited in the magnitude of the sample~-furnace tempefature difference
~obtainab]e by their heating rates. The delay in sample heatiné inher-
ent in their designrealizes the required rates somewhat from those
needed by Chakrabarti et. al. (67)who deposits the sample on the fur-~
nace wall then reaches a steady.state femperatere of 2570 Kubefore'a
lead signal appears. Heating rates up to 63 K/ms were studied, but 14

K/ms eliminated the interference of 2.5 g MgCl on 1 0-'ng Pb.

2
In contrast to the end-heated furnace, recoveries in the doub]e-
Wa]]ed furnace did not‘1mprove w1th an 1ncreased heat1ng rate over the
range of'ratee available: 0.4-1.8 K/ms. This is because of the nearly
isothermal condition developed: over the 1ength of the furnace Thus,

“heating rates closer to those used in the capacitive discharge techni-'

ques may be required to eliminate some matrix interferences. In order
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to do this, the outer sleeve on the double-walled furnace would have to
be increased from the 0.5mm thickness currently used to lmem to with-
stand the additional stress from faster heating. At rates of 1.0 to -
1.8 K/ms, the heat and pressure exerted on this section during the
atomization cycle causes it to gradually bend inward. The curvature
remains after cooling and eventually becomes large enoﬁgh to allow
.arcing between the inner and outer walls at the furnace center. The
sample heats first and 1nterferénces suddenly become severe.
Increasing the wall thickness to 1.0 mm increases the useful life of
the sleeve from 5-6 cycles to about 20 at 1.5 K/ms. The inner tube
has a Tife of twice this due to the additional shielding from oxygen.
that thé outer sleeve proVides.

Determination of cobalt in the presence of the same matrices as-
used in the lead study offers a comparative evaluation of the two fur-
nagés at a higherAanaTyte appéarance temperature. Cobalt has an
lapbearance temberéture_of 1430 K (20). As shown in Table 10, the re-

_ coveries of coba]t:in 0.1% MgCl2 are.the same in both furnaces. Theﬂ
double-walled furnace becomes sufficiently hot by the time. cobalt
atomizes to provide'éomparéb1e decompoéition of fhe gas phaSe ch]oridé.
However, this furnace still produces better recoveries in a‘0.06% FeC13
matrix than the end-heated furnace. This case, like that of lead, may

be due to prémature'heating of the .sample on the,sdrface of the wall




, ‘Table'10 _ o
Comp_arisori of Recoveries .Obtai.ned for 960 pg Co Measured in- Three Different Furnaces

18 mm end-heated : S 18 m double-walled Inteferent:

L ew | 5047 o s _ FeCly
3048 I 2547 _ e Gl
@16 - - L g,
10015 T s 100 L aa

G6




comparable in both cases and/or the premature'heating decomposes FeCl

96

by heated gases and radiation from the hot ends. This leads td a
time shift of the_anaTyte atom population and/or'inCreased reactions at

the surface between analyte and matrix due to the more.gradual heating .

and fincreased reaction time.. It'is'interesting that the absolute:

magnitude of the differences in recovery are the same for. both cobalt

and lead. Both the average furnace temperature.and the center-end '
temperature difference are higher when the cobalt signal appears com--
pared to lead, but so is the Co-C1 bond ddssociation energy.(46). |
difference in analyte¥matrix‘temp0ra1 over1ap between furnaces may be
3
to FeCl2 and forms 1arge'amountsfof PbCl2 or CoClé dn the surface

Both e1ements than vapor1ze pred0m1nant1y as the chlorides, not a11 of

" which decomposes before 1eav1ng the 11ght path. Re]at1ve tempora] j
'over1ap between analyte and matr1x would not be so important for this

' mechanism as with a stable mo]ecu]e'such as MgCi2 A similar differe

ence in recoveries between furnaces for other elements in the FeC13 '

, matr1x wou]d lend support to the format1on of ch]or1des on the surface

The severe 1nterference of CuCl2 on cobalt in a11 three furnaces

(Tab1e 10 ) is probab]y due to a large tempora] over]ap However the

Targe d1fference 1n recovery between the end- heated and doub]e—wa11ed

furnaces 1nd1cates a d1fference Ain the degree of over]ap between

furnaces and/or an increase 1n the format1on of CoCl on the surface
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- At 1263 K CuC12.decompbses to CuCl (26) giving rise to a situation
similar to that pbsérved for FgCl3. This is past the appearance
temperature of Tead (1040 K) so the interference in that caée is
probably predominantly gas phase and relatively easier to correct.
Almost no improvement over the CRA-63 is obtained with the end-heated
furnace despite-the higher temperature. Thus, the fntroduction of an
additional interference mechanism, not previously predominant in the
CRA-63 furnace, or a shift toward an'increasedltemporé1 overlap, Qould
help account for the lack of change observed with the end-heated
furnace. |

fofgrencé in'appearanCe times were difficult to observe for
cobalt because‘theiatomization rate is s]ower:ﬁhat that of 1éad at
the heating rates used. A new'furnace, described on page>100; will
provide better data to either support or disprove the hypotheses pre-
sented in this baper. The furnace should combine the advantages of .

_both the double-walled and end-heated furnaces. I hope to selectively
simulate the conditions of each furnace in the same system to provide
a better comparison. Finally, it should pe a better pulséd furnace

for AAS which approaches constant'témperature conditions. .

3.6.3 Conclusion ‘
This study of a doub1e;wa11ed-furnace demonstrated the reduﬁtfdn

in gas phase interferenées which can be -obtained by simply ihcreasing
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the residence time and maintaining a spatially uniform température.

The CRA-63 is close to a spatially isothermal furnace'due to its' short

" length (9mm). Therefore, the large differences in recdveries betWeen

the CRA and double-walled furnaces'are apparent1y'due to kinetically

1imited decomposition of the gas phase-chloride. - Despite the possible

increase in temporal overlap between matrix and analyte, increasing the

path length was always advantageous in the cases studied. Heating the

ends first should decrease any temnerature 1ag of the gas within the B

‘furnace. A]thoughﬂthis factor is considered smai1 ( 59-1000) in the-

CRA due to the small internal diameter'(21), it might‘contrfbute'to
the gas phase react1ons cons1dered here. ' _ ‘
Compar1son of the doub1e-wa11ed furnace to the end- heated des1gn .

a1so demonstrated the advantage of de]ay1ng atom1zat1on unt11 the

furnace is hotter than the appearance temperature. However, even in
" the absence of such a de1ay, use of the doub]e-wa11ed furnace 1n
: comb1nat1on with matr1x vapor1zat1on in the ash cyc]e and use of H2

in the sheath gas dur1ng atomization can s1gn1f1cant1y extend the

range of 1nterference-free operat1on of a. GFAAS system
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3.7 Dual-Pulse Heated Furnace

INTRODUCTION

A third possfb]e means of increasing the thermal energy available
to the analyte before it is diffusive]y‘1ost from the furnace is 511u§-x
trated in Figures 8 and 9. A graphite tube is held by four electri-
cally isolated supports. The curreqt can be changed from a f]bw across
both ends of the furance to a 1en§thwise flow by switching the polarity
of two diagonally opposite supports. This allows the furance ends to
heat first, as in the two-pronged support furnace; while still provid-
ing power to direcf]y heat the center. Two advanfages are thereby
gained: (1) the furnace can be made longer which gives both longer
_fesidence times and a higher temperatufé at the ends when the anaiyte
vaporizes. (2) directly heating the center eliminates the Timitations
on heatfng réte.and,fina1 atomization temperature at the .center imposed
by heating w%th two~pronged supports.- Reduction: in gas-phase fntérf,
feren§es beyond those obtained with the.two-pronged éupport furance. .

and the double-walled furnace should tﬁereforefbe possible.

- 3.7.1 Experimental

The electronic switching circuit is illustrated and described in
Figure 8. Five SC 260 M triacs, rated at 25A and 600 V (Newwark
| Electronics, Shaumburg, I11.), were used to control current tp_the

furnace. The triac gates were contrb]]éd'by MOC 3030 opticailcouples
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{Newwark Electronics) rated at 250 V peak blocking voltage and 7500 V
isolation voltage. Théy were also designed with zero-crossing detec-
tion so that the triacs‘were'on1y switched on and off at the low
vo]tage'portion of the AC 120 V RMS cycle. This provides less distor-
tiqn in the triac operation. Not shown in Figure 8 was an RC snuBber
network connected in‘para11e1lacro§s each triac. This is necessary
when switching large inductive loads (eg., transformers) fo avoid
false triggérjng after the triac gate'is-tﬁrned off. The values used
here were R = 22;i,and C = 22 pf. The purpose of monostable C in
Figure 8, which provided a 50.ms delay between switching the polarity
of two of the four furnace supports, wa§ to give additional protection
against a short cifcuit caused by fa1§e triggering. However, as‘of_thé
time of this writing, one of the two-triacs cbhtro]]ed by monostab1e_B
does not aTways swftch off on time to prevent a short. The system,
therefore, is still under development.

The furnacé is a 1abqratory—constrdcted-mode1 designed for re- -
search rather than commercial use. A wide range of furnace diameters
and lengths can be accommodated for study in order to find .an optimum
design. Internal diameters between 3 and 8 mm and 1engtﬁs'from 20 to.
- 100 mm can be used. Howevér, I anticipate that the concept of dual-
_pu]se.heétiﬁg wiT].bé adapted to commercial instrumentation because of

the relatively éimple alteration in power supply design required.
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Figure 8 .

Schematic drawing of the eTectrica]-switch{ng'nétwdrk_used to change current direction ithhe.
dual-pulse heated furnace. 'Components_A'- D are 555 monostable oscillators used to time the
duration and sequence of each triac 'on{'time,. Monostables A and:B'afe triggered by a nega-.

tive pulse from a togg]e‘switéh. . A, which confro1s power to ﬁhe'transformer'at the top of th

-

drawing, remains on throuéhqut the.entire atomizatth cycle. B‘gontro15'two of the four
triacs at the center pf.fhe diagram thgh suﬁp]y power to the 1oweh tranéfbrmer. After a
preset time period, B switches .off which turns'dn‘mgﬁoﬁtable.t.- B and:b (a]so‘C.qﬁd D) are
‘AC coupled but %his.is not shown for c]afity. C is on for a fixed 50 ms pefiod. - This pro;
vides a'time de]ay-Qf seve?al AC cycles before:monostab]e D:Fufns on the two crossed'triac§.>
This éhanggs the polarity Qf'fwo\of-fhe fbur-e]ectfical furnace;contactﬁ as”ipdicated by the
~s1ign changes‘in_parenthesis next to opposite sides'df_the'furnace. -Component Etis-a MOC 3030'.
optical coupler with.zero~crossing‘switéhing, Each one shown is connected to 7.VDC'but this

' was omitted for c1arity-as,were all powef'supp1y connectfons(
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Figure 9

Diagram of the dﬁalrpuisgﬂheated furnace. Length of the:
water-cooled a]uminum"shell is 16 cm. The gfaphite~
furnqce depicted is 25 mm.jong although ]engthsﬂup to .
100 mm can be aécdmmodated. (a) Water.porté for cpo1ing-.
coppef subport rods. (b)-Watef pbrts'for.cpo]inglalumjnum

shell. (c) Argon inlet.

&
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Conclusions

It must be.emphasiiéd that although improvements in*gas-phase

interferences were échievéd with these a1ternate furnace designs, the:

forked¥supp6rf furhace, doﬁb]e-Wa]]ed,fUrnapg‘and-dual-pu1Se héated . -

furnace do not eliminate interferences due to shifts in atomization

temperature and rate. Fast heating rates qpup]ed'with.a femperature'

‘feedback- control system would improve both matrix-inducedi7’1'énd'7“é'

changes and gas-phase interferences. It is advised, therefore, that
further development of these furnaces should ihcjudeftempefatqfe.

control.




CHAPTER 2
1. INTRODUCTION

Multielement Atomic Absorption Sbectroﬁcdpy

K During the Tast 25 years, atomic absorptfon spectroscopy has
become a widespread and highly practical ana]yticé] ioo]. ComBined
with electrothermal atomization, AAS makes ultra-trace element :
analyses and direct so11d'samplihg accessible to éveﬁ budget-Timited
laboratories. Thus the chance to even double the number of elements
that can be determined at one time with minimum additidna] cost led
many workers in the field to attempt déve]opment of a practical multi-
element étomic absorption spectrométer.(75-78). This interast led to
the devéTopment of a comﬁercia] dual channel AAS system (Ihstrumenta-
tion Labs). Workers who desire more elements usually emp1oy'modif1ed.
direct readers, which is a pract%cal‘route.for labs that acquiréd them
as part of an emiﬁsibn setup. Hollow cathode lamps are avéi1ab1é Which
.cqntafn up'to 6 or 7 elements, although Tine intensities tendfta |
decrease as the number of elements 1ncreases."A1der, et. al., (78)
used an array of 9 hollow cathode 1amps.to analyze up.to 9 e1emehté
and still retain GFAA detection 1imits.comparab1e to commercially .
available AA instruments using single element HCL's:and electrothermal
atomization. B _ . | |

0'Haver and coworkers (79) have recently brovided the best

demonstration of a practical simultaneous multielement atomic
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absorption sysfem which they dubbed SIMAAC. A Xenon arc continum lamp
was the primary source and wavelength modulation pfovided background
yorrection at each ana1yt1ca1 Tine for ub to 16 elements. Instrumen-
ta11y,-it éppears-that simultaneous multielement analyses are equally
feasible using AAS or AES. However, the use and gréwth of multielement '
AAS has in fact been quite sTow. Two main factors have contributed to
this sTow growth:' (1) some electrothermal atomizers have been prone to
chemical 1nterferences.and/or preatomization losses; (2) AAS typjca11y
has a limited working range in contrast to the wide Tinear dynamic

range for AES, particu]ér]y ICP-AES. These prob]éms tend to force thé
analyst to provide éQStom-fai1ored atomization conditions and dilution
faﬁtors for each sample-analyte combination_(63,80)._ When several
elements must be considered simultaneously, the search for a chemical
pre-treatment to resolve all possible interferences become insufﬁount-
able. A matrix inteéference free atomizer is, therefdre, as essential
tp a multielement AAS systgm as thenlight source and polychromator.

This becomes especially evident when We go beyond the synthetic solu- -
tions which have thus'far been the primary focu§ 6f‘mu1tie1ement AAS

instrument development studies. .
2. EXPERIMENTAL

2.1 Apparatus
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The nonochomrator is a variable-wavelength, dual-channel, single
grating mede1 built in this- Tab. Construction details have.been
described previously (63). It is exceptionally versatile since two
photomultiplier tubes pivot around the Rowland circle by mechanical
drive while still allowing room for 5-10 fixed ehannels, |

An Itnaco model 353 DL Tock-in amplifier system consisting of two
independent Tinear lock-in amplifiers sharing a conmon power supply was
conneeted to a dual pen omniscribe strip chart recorder.for peak height
measurements (Houston Instruments). A 1oganithmic amp]ifiér, V-F con-
verter and counter were used for neak area measurements. This setup
provided simultaneous readout from 50th-channe1s on the same chart
paper and thereby produced a permanent time history of the relative
appearance time of each analyte species.

One.power supply was used for both photomultipiien tubes to assnre
that any slight voltage variations would cause similer changes 'in their -
responses. Both photomultiplier tubes‘hane approximate]y,fhe-same
response characteristics.
| A Venian CRA-63 graphite cup eiectrotherma] atomizen was used for
pulse-type atomization. Dry and ash temperatures were measuned'Wfth a
‘Cnrome14a1ume1 thermocoupie.- A 30 ms time constant was used for all
graphite cup work. n '

A constant temperature Woodriff furnace was used for all measure-
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ments except the blood analysis. It is an ideal furnace for multi- .

element AAS due to its freedom'from matrix interferences (68,71) and the

ability to run solid samples without pretreatment (81).

Ho11ow cathode lamps were the primary source for all measurements.

‘Either multielement or single element Tamps combined with a half-

silvered mirror were utilized..

2.2 Procedure
NBS Orchard Leaves SRM 1571, bovine liver SRM 1577, Coa] SRM 1632

and coa] fly ash SRM 1633 were analyzed in the WOodr1ff furnace The.~

' coal and coa]f]y‘ash were run without pretreatment in closed graphite

cups(Si); Large samples ()5_mg) of orchard leaves and\bovine Tiver

:'were ashed prior to-introduction into the furnace aS'described by

Nichols, et. al. (81) to reduce part1cu1ate scatter1ng and mo1ecu1ar

background.
B]ood samp]es were obta1ned from the Montana State Un1vers1ty

Hea]th Center and Bozeman Deaconess Hosp1ta1 The samp]es were 1 5

" days o]d at’ the’ t1me of ana]ys1s 2. 3.41 of who]e blood were p1petted

into a Var1an CRA 63 cup along with 2. SAql of 6N n1tr1c acid: Thei

m1xture was dr1ed at 410 K for 30 seconds then 1ncreased to 450 K for

'an add1t1ona1 30 seconds Th1s a11owed comp]ete and even drying of the‘-;

viscous® samp]e w1thout 1oss due to sp]atter1ng Ash1ng was- performed

in a1r at 950 K for 55 . seconds F1na11y, the samp]e was atom1zed to a
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Y

final atomjzatibn temperature of 2600°C for 6 seconds.
3. RESULTS AND DISCUSSION

3.1 Dual Element Analysis in Solids

Many Workers have stated'that.cbmprgmise conditions of atbmization
in multielement AAS ére.not a prob]emvbecause one can simp]& use the |
atomi;ation temperatufe of the least Qo]ati]e.ana1yte'(79). This Tab
has found that complex samples can make ié more difficulf to find com-
promfse condftions. This is especially true with so]id‘sampling which
‘eliminates sample digestion and pre;treatment. In general, we havé
found thét solid bio1ogic$1 tissue .samples can be run sucééssfu]]y
under a wider‘variéty of conditions than.si1iceous materials. One
reason fqr difficulties with g1as§es'and fock samb]es is the high back-
ground ( 0.25 abs unit at 2670 K in a CTF for less than 1 mg of NBS S.
R;M. 616 glass) which appears due to vapor of silica if the atomization
temperature must exceed 2470 K for any of the analytes sought (82)..
‘ Thu§ sample weight may be éxcgssive]y.restribtedif the méximum _
temperature desired for one or.more elements pkoddces uncorrectab]y'_
high background. Here the sequential vqlati]ization available with
pulsed atomizatibh.wou1d be advantageous prqvided complete recoVeriés
are obtained. | |

- For more volatile elements, samples such as coal fly ash may show
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poor recovery under atomization conditions which work well for standard
solutions and some biological samples (Table 11). Cadmium and zinc
give good recoveries (Cd 95 + 5%, Zn 105 + 10%) in orchard leaves and
bovine liver uéing closed sample crucibles (81) at 1800 k. “However,

in NBS coal fly ash, good recoverieS'wére obtained only for Cd at this
temperature. (see Table 12). It wa§ necessary tb work at 2100 K in

order to obtain good recoveries of Zn without compromising cadmium.

3.1.1 Analysis of ‘Major and Minor Constituents in Unweighed Saﬁp1es
A multielement spectrometer provides AAS with a unique opportunity .
for use of an internal standard by which analysis of unweighed samples
or so]utions-diluted to an unmeasured V61ume (a desirable pracfice when
performing ultratrace analysis, where each transfer to volumetric
glassware brings further possible contamination) can becpme additional

standard methods in AAS analysis.

1. Determinatfbn'of Trace Ziné in Cadmium Samples

The following studylof zinc contaminétioh 1eve]§ in reagent-grade
cadmium compounds i]]us;rafes some typical problems and possible
solutions .in the use of the sebond channel of-the spectrometer to weigh
the cadmium content of a solid sample of feageht. In this case the
internal standard‘is not a separate, deliberate addition; knowledge

of the stoichiometry of the compound and the assumption that it is at




Table 11

Sample Results for Simultaneous Determination of
~Cu and Zn in Mineral Feed and NBS Orchard Leaves

Sample* ) Cu. ug/ml

found actual

~ * Orchard Leaves 0.103 0.10

Mineral Feed 13.0 12.8

*microwave digested with HNOq

(fesults read vs simple agueous standards)

Zn. ug/ml

found actual

0.25 0.21

12.7 11.5

¢ll




B E . Table 12 _
Simultaneous Determination of Zinc and Cadmium In NBS Coal Fly Ash (SRM 1633)

. Zinc/ng Cadmium/ng
: T Percent :  Percent
Semple Size Observed Expected Recovery Observed Expected Recovery
- | _
0.9 100 - 189 52,9 4.3 1.3 - 3405
3.8 285 800 35.6 6.4 5.5 116
8.6 5% 1800 - - 32.8 10.8 12.5 85
9.7 710 2035 34.9 °  11.6 140 = &

 18.5 1345 - 3880 34.7 - 24.0 "26.8 90 -

4 Atomization temperatures 1770

Tin=307.6m  Tgg326.1 m |

b Bigh 04 recovery due to inhamogensity effects encountered at small
| sén@le sizes. | ' | ’

€11
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Teast 95-99% pure compound, allow us to ca]cu1ate the gross sample
"~ weight from the measured amount of cadmium. |
The zinc ana1yses.were3performed usinguthe 307.6_nm_11ne_instead
of the excessively sensitive.213;9 nm zinc 11ne. This permitted use of
convenient samp1e'sizes of the reagents.being ana]yzed (on the order of
1 mg). HoweVer such samp1e sizes also produced extreme1y.1arge '
responses for cadm1um Tine at 326 1 ‘nm.. The reSponse‘pegged in excess
of 0. 8 absorbance un1t for at least 40 seconds dué to 0.5 mg cadmium.
Fortunate]y, the diffusion controlled 1oss of samp]e vapor from a
constant temperature furance can be‘expressed as one or a sum ot' |
exponehtia] terms’containing tine constants re1ated'to residence”tthe‘
and the time required to attain a particu]ar absorbance value (15).
The length of time that the response is above a fixed peak height (in

this case, 0.8) can thereby be related to the 10garithm of the analyte.

qUantity. Normally, a ]inear re1ationship between these_two parameters '

" can be obtained'over a concentration range for cadmium of one thousand

t1mes h1gher than the concentrat1on at wh1ch the response f1rst exceeds
the chosen he1ght (0 8 absorbance un1t)

Some of our responses were in excess of this']inear-range and so

it was necessary to establish emp1r1ca11y the curvature of the re1at1on-A

'sh1p at h1gher concentrat1ons Onset of curvature appeared to vary

from compound to compound as shown in Figure 10.
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© Fi 'gu:r“e. 10.

gPlot of the peak w1dth 1n m1111meters measured at a f1xed

:absorbance Tevel (O 8 absorbance un1ts) versus the welght

pf cadm1um as:
(o)l'so1ut1on of n1trate sa]t?-
(o) sotid ch]or1de sa]t ‘

(X) solid sulfate salt

S
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On the abi]ity to weigh these samples by use‘of the 326v1 nn
cadm1um line was estab11shed, it. was quite stra1ght forward to measure
s1mu1taneous1y the zinc responses w1th the other channe1 of the | |
spectrometer.set'at 30776 nm. An example of the data obtained is shonn .l
in Table 13. | | =

‘An a]ternative polsolid sampling, in the above'case; would be to - -
. dissolve the reagent and pipet sna11 enough aliquots to aroid_part‘of
" the difficulties of ca]ibration-for cadmiom.'.However, certain,samples-
.may be insoluple;or'difficu1t to dissoive completely (for eXamp1e,
‘ana]ysis of arsenic in some sanples of"antimony.oxides), and solid

sampling may be appreciably faster:and simpler.

2. -Use of Iron'In Hemoglobin as phe Internal Standard in Biood-
‘The same technique was.appi%ed>to tne determination of Tead in
human who]e b1ood analyses us1ng the 1ron in hemog]ob1n as the 1nterna1v
standard The Tead. Tevels of nine djfferent b]ood samples were‘deper—
-mined. by standard'additions A p]ot of Iead concentration agaihst tne'
rat1o of iron to 1ead absorbance (peak areas) produced a 11nar graph ,:
from 25 to 90 pb Pb (Figure’ 11) "The: range of 1ead concentrat1on 1n
the samples stud1ed was between 25 and 45 ppb 30 ppb " Pb 1s-cons1der4»‘
ed average and 80 ppb or above is toxic (83). Data at higner'lead :-f-
concentrat1ons were obta1ned by add1t1on of standard 1ead n1trate

so]ut1ons to several blood samples. Th1s.produced a graph which




Table 13

CaTculation of Zinc Concentration in an Unweighed Sampfe

Zinc Absorbance

‘BAmount of Zinc £rom Calibration Curve

'ﬁWAFH'of Cd Signal*
Emount of Cd frcm,Calibration.Curve-' h

~ém9unt of CdCl, ° 2.5 HyO Corresponsing.tb Cd found
Concentration of Zn in the Unweighed Sample
Cbnéentration of 7n According to Baker's Analysis

Concentration of Zn on the Basis of a Weighed Sample

| %DWAFH: Peak Width at Fixed Height

0.12
0.47 g
21.2 div
56019
" 1.09mg.
0.4319/mg

" 81T

0,3ug/m§

:_'0~3l19/mg




st

119




-:-Figpre“li'f

Plot of the we1ght of 1ead aga1nst the rat1o of-

absorbances measured s1mu1taneous1y for 1ron and 1ead'1‘7'

~in each of nine b]ood samp]es




P

120

40 50 60 70 80 90 100 110 12.0
Fe/Pb ABSORBANCE RATIO




121

covered the range of lead concentrations usually found in c]infca]
1aboratories with a standard deviation representative of the hatura]
' f]uctuations.in iron levels for a small number of people. |
Hemog]obin Tevel$ can vary from 12 (anemic) to 16 (high altitudes)
hemog]obiﬁ/loo m1'whoie blood (both males and female ranges included)
(84). This corresponds to a range of 408 to 544~;pm iron. -The aQerage
iron concentration among the nine samples used'in this studija5'460'j;
13 ppm. Using a 1eaa absorbance which corresponds to 44 ppb Pb and tﬁe
Pb vs Fe/Pb plot, values from 35 to 50 ppb lead ‘are possible dueyto the -
iron related fluctuations in the Fé/Pb absorbance ratio. Thus a 14-18%
error is possible at thésé extfemeﬁ. However, general screening tests
are usually designedlto distinguish between a 44 ppb and an 80 ppb iead i
level. An anemib-person'might be misinferpreted'to have a hfgh lead
Tevel but this would trigger further tests té determine whether the
problem was the iron or 1ead'1eve1, A high altitude area would be.
calibrated for higher iron levels to avoid'erroneous1y Tow lead read-
ings. Thus the effectiveness of ratioing Fe to Pb (or other trace |
metals), Whiéh avoids tﬁe need for accurate blood volume readings,
should be‘sufficient for mass Screening programs 6r any situation Where

speed is important.

3.2 General Analysis

It is always desirable in a high volume analytical laboratory to
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obtain two or more determinafions With,a,neg]igib]e increase over the
Tabor required for one. In this Tab, we have made extensive use of
multielement AAS in analyzing trace elements fn méta1s,with both CTF
and CRA énd generally group elements by QoTti]ify to minimize degrada-
tion of the graphite. For the refrgctory elements in particular,
lifetime bf HGA furnace>fube is an important Tlimiting factor. on
productivity of automated seqqentfa] andTyses, as well as an egpensive
rep]acementffactdf. Combinations such as Pb-Cu, Mn-Cu, Mn-Co, Cr-Ni,
A1-Si and éh-Si are typical exampiés of dua];e1ément determinations
pefformed-in this 1ab{- '

Element ratioing has proven usef@] in saving time and labor when
_seeking to éstab]%;h that two meté1 1tems'are of the séﬁe composition.
This obviates the need for standards and §imp1ﬁfies'rangé finding
through use of random dilutions. Another approach to range finding is
‘to set each monochromator chaﬁne] on a different wavelength of the same ’
element but with different sensitivities. High and low concentrations
-samples can be run together and one or both Wave1engths will give a,-
useful respénse. If a computer is‘avéi1ab]e and a suitéb]e.a]gorithm

to fit thé curve ‘can be found, non-linear portion may be useable.




CHAPTER 3

INTRODUCTION
Graphite Furnaces As Sources. For Atomjc Emission Spectroscopy
1. Electrical Plasmas for Emission Spectroscopy '

Analytical uses of plasmas for emission spectroscopy require .
‘several properties in an excitation source. (1) Capability of exciting
Tines of a large number of elements. (2) High sensitivity. (3)
Minimum fluctuation in intensity arising from insfabi]ity of the source.
(4) Freedom from interferences. These include spectroscopic, chemical
and ionization interferences. Spectroscopic interferences arise from
the inability to resolve the line of -interest from a line or lines of
one or more other elements or from a band of a molecular spectrum.
ZChemicaf ihterferences arise from a reduction in thé population of ffee
atoms dué to the formation of molecules or radicals. Ionization inter-
ferences are the result of the presence of easily ionized elements
which can cause a significant chahge in'the electron density of the
source thereby shiftiﬁg the ionization équi]ibkium. Interferences due
to confamination from the construction materials of the soﬁrce'(eg..
electrodes) must also be considered. (5) Reproducibility in the intro-
ductioh.of samples. This is a function of both the sample introduction -
system itse]f-aﬁd the stability Qf the source toward the intfqduction
of foreigh matter. This property of an excitation source was a major
focus of the plasma design studies presénted in this ghapfer. :Satisf

factory attainment of each requirement in a single source is usually -




128

difficult ﬁince fhey are not necessqri]y compatible. Theréfofe a brief
review of the' current status of three types of e1eétrica1lp1asmas
developed for elemental analyses is presented below. It has been‘
developed to provide a-background on -the technica1 difficulties still
remaining when 1 began studies on confined plasmas. The discu§sion'has
been Timited to D. C. arcs and radio and microwave frequency plasmas
because they are the types of plasmas which were uséd in the studieé.
The area of flame soUrces alone 1is enormous and cértaﬁn1y still a via- -
ble means of excitation~desp1te the recent decline in interest. In
fact, the first source used for qdq]itative analyses wés the flame of

a Bunsen burner (85). Although the work of Kirchhoff and Bunsen led to
'deve10pmeht of.the modern spectroscopé (86), it soon became clear that
this source did not have sufficient energy for univer§a1'app1ication to
most samples. High temperature‘flahés have since been developed:
acetylene - oxyéen; 3400 K, carbon subnitride - ozone;.5516 K, cyaﬁogeh
ozone; 5200.K,atomic hydrogen; 4000 K and the ozone decomposition flame;
2677 K to mention a few (87). However, some of.these are diffi6u1t
and/or dangerous to usé.. More fundamenta]]y,:the temperature of the
gas in fiame sources is limited by the heat of combustion of the fue]."
Electric discharges h;ve no such fundamental limitation and theréfore
"their use has grown from the belief thét excitation capabi]ity;.seﬁsf—

tivity and freedom from matrix interference increase with temperature.
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A]though this is true, un]ess other parameters of the source des1gn are
carefu]]y considered the fu]] potent1a1 of a-high. temperature p]asma is
. never rea11zed. ‘ '

Two parameters which are often:neg1ecteu in characterizing a
plasma but which a1so exert a strong influence on the desired propert1es
of anatyt1ca1.p1asmas are: (1) the presence of 1oca1 thermodynam1c
equilibrium (LTE) and (2) the residence time of ‘analytes in the obser-
vation zbneﬂ, LTE refers to systems where the energy distributfon‘of. _

" particles is subject to the laws of thermodynamic‘equilibrium but where.
the radiationvis not. .Thus the dbminating mode of energy transfer is
" by co]Tisiun'between partjcles rather than by absorption or emission of
‘radiation: A11'three types of temperature measurement gjve.equtua1Ent
temperatures-for.ahsystem in LTE and the re1atﬁye'popu1atidns;of vari--
-0us exciteu states‘are giVen by Bottzmann's-Tawu(BB): ‘ .

| N ./Ng.-" = ",9';/9;:- exp [- (£ - E# )/4£T]
where N is the popu]at1on g}the stat1st1ca1 weight and E the energy of _.“
the A,t»{,and;z-}h energy Tevels.  The pract1ca1 1mportance of LTE to an..
anaiytica1 plasma is'that (1) a h1gh kinetic temperature i's most '

Tikely to be ach1eved with.a system 1n LTE-since energy transfer is U'

dom1nated by - co]11s1ons - (2) In LTE, the rat1o Ng /N depends essen- f

'5,,t1a11y on]y on temperature (a]though e1ectron dens1ty 1nf1uences the

partition functTOn-through_the drop 1n‘1on1zat1on potent1a1 (88))._‘:'




126

ated without interference. The chance to increase the sensitivity of
" atomic emission, which currently -is lower than atomic absorption,

should be worth the effort.

1.1 D. C. Arcs '

The wide range of devices whtch fa11 into this category all have .
the common character1st1cs of relatively high currents (~1-200A) and
the need for at 1east two e1ectrodes Beyond these similarities, two
distinctive categor1es must be recogn1zed: (1) arc devices in which
observations are made in the current - earrying portion of the plasma,
and (2) plasma jetfdeviceS'in which observations are made in -the f]ame—
Tike plume which does not carry the discharge current. ‘

(1) The basic tWo;e1ectrode D. C. arc has been in use since the _
early 1920's. Since then, numerous modifieatiens have been made in an
effort to stabilize the pos1t1on and intensity of the arc which tends
to-wander. This em1ss1on source is.also subJect to fa1r1y severe
ionization interferences due to its moderate degree of jonization. .
Morrison et. al. noted that an dptimum current of 28 A resulted in
jMar1nkov1c and Dimitrijevic (91) stab111zed an arc with a ser1es of
water cooled brass segments and added potass1um ch]or1de as a buffer.
to Tower the arc temperature to 3100 K. They found that Towering the

arc temperature in this manner perm1tted the use of a 1ow-d1spers1on'
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monochromator (fewer lines). The greater stability allowed the use of
non—integrating‘photoe]ectric_detectors (as opposed to film). Vukanovic
et. a1.>(92,93) dembnsfrated that external magnetic fields stabilize a
d.c. arc and increase sensitivities. The magnetic fields made the
'p]asma'more diffuse théreby increasing the plasma volume. .The authors
postulated that this Vo]ﬁme increase was the cause of an.obSefved in-
crease in_thé.residence time of.partié]es in the plasma. This in turn
resu1ts'in'hfgher sensitivities. Another interesting finding of this
study was the optimum shape for the electrodes: rather than a pointed
cathode, as is commonly used, the authors found that a flat anode and
cathode (the anode being about twice as wide) weré optimum for plasma
stability. Marinkovic and Antonijevic (94) stabi]ized an arc and in-
creased the residence time of analytes in the obser?atioﬁ zone by .
using a U-sﬁaped d.c. arc.. A fairly long horizontal part of the afc
column made possible iend-on' observation along the column. A pofas-
sium chloride buffer was necessary to suppress ionization interferences..
(2) A plasma jét is formed when the'ﬁurrent density to be dissﬁ-
pated on the surfaée.of an electrode is greéter than can be rémoved,
by radiation and conduction alone. Maecker (95) showed that any
constriction of an arc gives risé to a jet by fofcing‘an arc to burn
in a narrow water pipe; When the periphery of the arc éoTumn fs

deliberately cooled or constricted by any means the ionization, and
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therefore the conductiyify of the outer gases, Towers. The current

then concentrates.in the central region which increases the témperature
and‘hence the conductivity. Thiélincrease in current density caused by -
a thermal pinch cantbecome high enough to form a magnetic pinch due to
the attractidn of ‘streams of flowing charged particles. 'Thé advantages
of a constricted arc are greater stability, hfgher.energy concentration‘
and higher temperatures. There are also several dfsadvantages of

piasma jets. Their analytical application was hindered due to random
wandering of fhe arc streamer over the surface of the cathode which
perturbed fhe jet (96). Owen (96) stabilized the jet by using a third * .
e]ectrodé. Thrée electrode plasma jets of slightly different désign_

are now commercially made by Spex Industfies. Another means of stabi-
1izing the plasma ‘column is to place it in the center of»a gas vortex
whicﬁ cools the outer co]qmn thereby'constripting a d.c. arc to a x
plasma jet (97). Plasma jets ha§e electrodes (often thoriated tungsten)
which operate at high femperatures and producé their own spectroséopic :
contamination of the sampie. It is difffcu]t to inject aerosols into
the plasma jet other than direct injecfofs which bass the whole aerosol -
Qf the nebu]izedlsamp1e into the b]asma. Many of théA1argef droplets
leave the p1asmé without being atomized and consequently sfmp]y cool

the plasma (98). Temperatures between 5000 K and 15000 K (95) have.

been reported. However, the hottest.pbrtions also have exfreme1y
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intense background. The cooler piume above the current dense reéion
is therefore utilized. Despite these drawbacks, plasma jets are re-
latively inexpensive and offer greéter sensitivities thén conventional
d.c. arcﬁ.- , | _

. No mention of LTE conditions has been mentioned for either d.c.
plasma. This is because few adthors attempt'to‘determine'suchlparaﬁ
meters which is by no means easy or reliable. -However, fn general
atmospheric pressure plasmas are more likely to be in LTE than Tow
pressure (~ few torr) plasmas due to the greater collision frequency.
Higher current densities also tend tb improve attainment of LTE. Tﬁus
the plasmas just reviewed can be assumed to be in LTE (temperature

measurements made on these sources depend on the presence of LTE for

:their validity).

1.2 Radioffequency P]asmas

This class of emission source invqlved generation of a plasma in
~an electromagnetic field osci]iating between 1 and 3OOJMHZ using fwo,
one or no electrodes (99). Badarau et. al. (100) utilized a high-
frequency'plasma generated between a circular plate and a hollow
cycTlinder for specfrochemical analysis in 1957. Mavrodineanu and .
Hughes (101) analyzed solutions by passing the sample éerosol through
a‘single'ﬁollow conductor which formed both a central e]eétrode andﬁa

~ coaxial coil surrounding it. The plasma wés thus both capacitively
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and inductively coub1ed. A 1arge variety of'configurétiqns have
evolved éver the years but most -can be characterized by capacitive
coup]ing'and powers Tess than 1000 W. The 1ow.¢urrénts (< lA) and
presence of only one or no e]ectrédé reduced backgrdund ehission con-
| siderably compared to the direct current arcs but the Tow poWérs and
sometimes low pressures  often used made these rf plasmas very sus-
ceptible to matrix interferences and unstable towafd sample introduc-
tion. They were also susceptible to ionization interferences.
Greenfield et. al. stated that the chemical 1nterfefences observed -
.with these plasmas was direcf evidence that the kinetic gaé tempera-
ture was not sqfficfent]y.high (99). This coupled with reported
electron temperatures between 10;000'and 100,000 K (102) indicated
that these p]aémas.were not in LTE. de pressure plasmas wére likely
to deviate even more from LTE. |
The most successful of the rf plasmas has been the inductively -
coupled p]ashé QOW‘known as the ICP, The basjc ﬁesign ;onsists of".
two turns'of a heavy, water-cooled copper tubing wrapped around a
quartz tqbe. Radio-frequency (27 MHZ} cufrent'betweén 1 and 2 A is
passed down the copper tubing. Argon (or in some cases.nitfogen or
| argbn/nitrogén) gas at 15-18 /min is forced tﬁfough the quartz tuBe ‘
‘as a vortex. The argon inductive1y'coupies to the rf fie]d.(as in a i

transformer) which causes sufficient ionization to preduce a plasma. -




131

Powers between 0.4 and 10Kw,have been studded but hai.ZKw'has become
fhe standard operating power in commercial instruments. Sampdeé are
introduced as nebulized solutions into the center of the plasma vortex.
The analytical viewing zone 1i$ generally 15-25 mm above_the copper 1oad
coil. Because of the popu]arity of this excitation source, it is
probably one of the most thoroughly stddied (103-109). As a copse-
quehce,-a bewildering array 'optimum' conditions for various groups of*
elements appeared' Sensitivity, matrix 1nterferences and ionization
1nterferences depend in a complex manner on rf power, gas flow, obser-
vation height 1n the plasma-and size of the observation zone (106).
Several groups have intensively studied temperature d1str1but1ons,
electron densities and the existence of LTE conditions 1n the ICP w1th
respect to these .operating parameters (103-105). Kalnicky, Fassel and
Kniseley (103) concluded that LTE depended on the operating parameters
of the ICP and therefore many ICP's reported in the literature did
not-attain LTE (107). They also found that LTE Was more 1dke1y.to
exisp at Tower observatien heights in the plasma near the load coil,
at ‘higher power levels and Tower gas fiows. "Thjs'Was in'good agree- -
ment w1th the studies of Boumans and De Boer (106) who found -that
matr1x interferences decreased w1th higher powers, 1ower gas f10ws |
and 1ower.observat1on heights. They also. concluded in a comparat1ve1.

study between the ICP and capacitive]y-codp]ed microwaye p1asmas (CMP,




132

which will be covered in the next section) that the ICP was ‘superior
in all respects' to the CMP (108). Many of the interferences. which
. were observed were attributed to 'nebulizer - desbivat{on' effects.
The aqueous sample aerosol was passed through a desolvation appératus
which ponsists of a heating tube to vaporize the solvent followed by a
condenser to remove the solvent. Apparently, some matrix salts selec-
tively trapped out certain analytes in the condenser thereby causing a
' signal depression. A desolvator was required for their ICP because of
the Tow power used (0.7 kw). Later ICP's Qsing 1 KW or greater power
were able to directiy introduce the aerosol into fhe-p1asma without
perturbation. The remaining interfergnces are due to changes in
electron density when an easily ionized element 1§ introduced in large
amounts. The magnitude of this effect varied widely from author to
author until Horlick (109) found that the size of the observation zone
‘used had a large influence on the 1line intensity changes observed.’
Observation over a 1arge area of the plasma resﬁ]ted'in a much 1owef,
éveraged ionization interference than small areas. | |
The ICP is currently one of the best emission sources available.
It's main disadvantages are short residence times, analyte dilution
by the high gas volumes used (both factors result in sensitfvities one
to three drders of magnitude'higher than f]ame]es§ AA), problems with

solid samp]e.intfoduction systems which are reliable and non-pefturbing,
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and some ionization interferences the exact magnitude of which is still

dgbated.

1.3 Microwave Plasmas

Microwave plasmas are in some ways similar to the rf plasmas.
However, bécause of their shorter wavelength, microwaves'deliver more
of their total energy to the plasma. They cén also.be more difficult
to couple to a gas and the coupling is usually sensitive to temperature
fluctuations of the system. There are two basic types of microwave
piasmas: (1) the microwaves generated from a magnetron and conducted
through a coaxial cable to the tip of a coaxial e1ectrodg where a
flame~1ike plasma is formed. They are capacitively cdup]ed systems
and'are often referred to CMP's. f?) Electrodeless systems where the
microwave energy is coupled to a gas’st?eam contained in a nonconducf
tive tube'(eg;, quartz) placed in a resonant caVity (110). The micrb;
- waves are radiated intolthé cavity where standing waves are set ub. :
The quartz tube fs placed in.the cavity at a point where the field
" intensity is greateéf thereby causing breakdown of the gas to a plasma
(111). These systems are known as microwave fnduced plasmas (MIP). .
Powers less than 200 W are commonly used because medical diathermy |
~ units operating at 2450 MHZ and 5v100 W are.wide1y available. Some
microwave plasmas are also operated at Tow pressures (~ 25:torr) be-

“cause gas breakdown can be difficult at low powers unless coupling is -
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efficient (111). As a consequence, these plasmas are not in LTE,

“cannot handle 1érge amounts of sample without extinguishing, have

fairly severe jonization interferencés and interferences from radical
and molecule formation in the plasma (108).' Such prob1ehs are the
résult of 1nsufficieﬁt kinetic gas temperatures which, coupléd with
high gxcitation'temperatures, is indicative of the absence of LTE.
The most useful application of microwave plasmas has been as element

specific detectors for gas chromatography (112).

2. StabiTizatiOn of Plasmas by Confinement in a Constant Temperature
Furnace. ' |
In Tight of the pfob]ems ehéountered'with fhe three c1asses of
plasmas révieﬁed (ie, residence time, sample introducfidn stability,
interelement effects and intensity f1uctuétions) I'consfdered thé
use of a constant temperature graphite tube as an emission source.’

The thermal energy provided by a hot graphite tube has been utilized

" as an emission source by Hutton et. al. (113). Useful Sensitivitiés

were obtained for a féw elements with Tow-lying excited states other-

wise the energy available was insufficient for most elements. However,

:if a plasma discharge were generated within a hot graphiteé tube, then

sufficient excitation energy would be available for a useful emissi@n :

source and the hot graphite would provide the therma1nen¢rgy neceésary ‘

“for sample decomposition (both liquid and solid). This combination |
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would bring the whole system c105ér to LTE. The hot graphite (which
has a fairly 16w work functioh) also generates a moderate electron
pressure within the tube through thermionic emission. .Sturgeon;-Berman
and Kashyap (1145 méde direct measurements of the é]ecfron édntentra-

tion in an HGA-2200 furnace by microwave attenuation experiments.

They obtained a value of 7.8 x 1012 em =3 at 3000 K. This value may

be compared to values of 10" cn™

1 x 1013 em 3

for a clean air-acetylene .flame (115)t

for the same flame in which 1M Cs(NO;) was aspirated

15 16

(116) and 10°° - 10*" cm =3 for the ICP (163). This electron pressure
should have two effects: (1) providé 'seed’ electrons to initiate a
plasma and maintain it at greater stabilities. (2) reduce ionizatioﬁ
" interferences to sdme extent by suppressing‘ionization which is the

purpose of adding KC1 as a buffer to d.c. arcs.

2.1 D.C. Arc in a_Closed Tube

Experimental and Results

The first plasma tried was a high current (10-45 A) d.c. arc.
Since sufficient thermal energy ‘is avaiiablé in these plasmqs fof
sample vo]ati1izdtioﬁ and afomizatidn, the discharge was merely con-
fined in a cold graphite tube. The plasma quickly heated the tube to -
-a steady temperature (1400 - 3000 K depenaing on the currénf). .Other—
wise the sample introduction system and furnace design were thé séme

as in a constant tehperature Woodriff furnace (2). Figure 12 -
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Figure 12

Top view of the d.c. arc_éonfined in a boron nitride g

tube. The entire apparatus js contained in a water-
cooled shell ident{cal to a constant temperature

Woodriff furnace for AAS. The shell i;-shown with

the top half removed. Samples are introduced through .

a side.tube attached to the bottom-of the steel shell.

6%\ .
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illustrates the e1ectrode,arrangement inside a boron nitride tube whieh
was tried as an alternate, non-conducting material. The tungsten
e1ectrodes were simply fitted into holes drilled into the walls of the
smaller graphite tubes. Tungsten rod; were used for the electrode tips-
rather than.grapnite because of their greater resistance to wear at
high discharge currents. Observation of the plasma emission was made
through one of the graphite tubes which hold the‘tungsten electrodes.
This arrangement greatly reduced.the intensity of tungsten Tines and
bremsstrahlung continuum which are more intense when the e1ectr6des

are v1ewed directly. .

The purpose of conf1n1ng the p]asma inside a tube was to stabilize
'the emission. It was though that‘once the plasma expandeq to the wa11s,‘
| it would stabilize. By viewing down.the Tength of plasma and forciné,
a flow of argon gas to exit through the graphite electrode hq]ders,
the residence time of analyte atoms would be tncreased. Mercury salts,
. deposited as dried aqueous solutions in a graphite cup were introduced
into the.furance'on a pedastle as in the Woodriff furnace. A1thougn |
the plasma did expand to the walls at currents greater than 35 A, it
did not do so un1f0rm1y A concentrated d1scharge usually arced to
the wall over a small area eventua]]y burning a hole in it. A high
temperature material whjch was non-conducting was tried instead.

Boron nitride was ehosen as the most suitable material. Although no
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| direct arcing to wall océurred, the emission inten$ity remained too
erratic to.bé analytically useful for periods of moré'than.a"few
minutes. The signals measured for a giveh'amount of meréury (the
 253.6 nm Tine was used).variEd by 30%. . Examination of the.tube and :
electrodes after fifteen minutés of opéraffon revealed significant
shortening of the electrodes due'to.méTtingxahd.oxidétiqn.‘ The tubé
walls were also unevenly pitted. Apparently, the position of the -
arc drifted és these materials changed with wear. The émbunt of
sample which entered the plasma changed with time as a consequence.-
Other designs could have been tested but it became apparent that
a continuous operation emission source would require lower currents
. to reduce materials wear. Thus, the 1ow.current, high frequéhcy

p1asmés weré‘tried:fnsteadp“

2.2 Radid—Frequenpy P1a§ma in a Constant Temperature Furnace

, Experimenfa]_

An"rf plasma was generated in'achnstaht temperature Woodriff
furnace by coupling the-output of a radio-frequency diathermy'unit to
the hot graphite heater tube via two tungsten wire e1ectr6des. The
diathermy unit-output a rich speﬁtrhm (numerous harﬁonics) between
o~ 10 and. 50 MHZ. No_impedénce matching network was inifia11y.used :
and Jater attempts were not useful. Figures 13 and 14 'i11ustrate the

various electrode configurations which were tested.
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i Figure -_13'

. Top views of two e]ectrode arrangements used' to couple"
.. rf power to a constant temperature graph1te furnace

~,_-'Except for the electrodes “the furnace conf1gurat1on o

' and sample 1ntroduct1on system are 1dent1ca1 to a

:s1ng1e-phase heated woodr1ff furnace
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TOP VIEW
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Figure 14

ITlustration of an overlapping electrode arrangement
used to couple rf power to a constant temperature
graphite furnace. The discharge formed along the
length of both electrodes. Other furnace details

are the same as those given in Figure 13.
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The furnace itself was run the same as in atomic absorption
analyses. An'$rgbnlf10w of 150 ml /min was used throughout the exbéri-
meﬁts except when the effect of'using helium was tested. The gas flow
through-the furnace tube is norma11y'stobped when the sémp]é pedéét]e
seals to the furnace tﬁbe,enfrance port. This perturbed the plasma
stability so §1its were Tater cut in the sides of the peda§t1e to a110w'
gas flow during same introduction. Furﬁace temperatures were kecordéd
with a Leeds aﬁd Northrup optical pyrometer, a Beckman DU monochromator
operated at a spectral resolution of 2.0A°, an IP 128 phqtomu]tip]ier
tube operated at 900 V and an omniscribe strip chart recorded (HOUston
Instruments, Inc.) were used to record spectfa. |

Solutions of cadmium nitrate diluted from a 1004?g/hﬂ stock
solution were used to characterize the pTasma's analytical capabilities.
The cadmium 228.8 nm line was useq throughout the study because ﬁo
‘modulation system was utilized to fejeCt the intense plasma and fur-
nace wall continuum_whfqh_were emitted along with the atomic Tines.

The continuum was acceptably low in the UV.

Results and Discussion

Two trends were observed in the coupling of power to the plasma:
(1) coupling improved with decreasing distance between electrodes and
- (2) increasing furnace temperatures. The relative changés in coupling

_were determined by,mdnitdring'the forward output current‘metér (0-500 '
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ma) on the diathermy unit. Lﬁne intensities also increased with
highef-chrrents and coupling efficiencieé. Table 14 1ists fhe peak
areas obtained for varying amounts of cadmium using three differént
e1ectrode.configurationsf When the e]ectrodes'were far apart, local
discharges around each electrode occurred due to arcing fo the fur-
nace wall. Moving the electrodes closer together (four centimeters
apart or q]oser) produced a continuous discharge between them. Pfacing
them on opposite sides of the furnace.tube increased the plasma '
stability and volume.

The diséharge‘cou1d not be initiated when the furnace tube was
less than 1200K even with a Tesla coil. This, along with the increased
plasma currents measured at higher temperatures, supported the
importance of thermionic emission from the furnace walls fhat was
initially postulated. Potassium ch]oride'is often used as a buffer
and a stabilizer espécially in ]ow power (£ 1000W) plasmas. bﬁe to
the age of the diathermy unit, the exact power rating was not available
but it appeared to output approximate]& 400K at tHe best coupling -
obtafned (~400'ma). To roughly teést the buffering capacity of the.
' hot graphite; 1 mg of potassium ch]oridé were added to the Qraphite
sample cup‘aIOng with 1 ng of cadmium. There was no signal increase.
whén.potassium chloride Was,éddéd. The 228.8 nm'résonance-1ine was

monitored which would not be as sensitive ‘to electron density changes




TABLE 14..

Summary of'Peék Areas Obtained for Various Electrode Configuratjons'

Nanograms Cd .. 0.250 2.5 . 25 - 50

Peak Area

Electrode éeparation;_s cm
same side of furnace : o 32+ 3-

Electrode separation; 4 cm

opposite sides of furnace . : .

. a) Argon flow 150 ml/min. : . 66+ 4 236+ 22
b)  Helium f£low 150 -ml/min. : ' 61+ 12

Electrode separation; 2 cm

opposite sides of.furnace 69+ 9 255+ 12 83L+ 11 -

Conditions: Argon flow 150 ml/min. Fﬁrnace.ﬁemgeracure 1850 K.

B
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as an Jonic Tine. However, no ionic lines of sufficient intensity
could be found. Although the degfee of ionization depends on tﬁé
plasma temperatﬁre, high-frequeﬁcy plasmas have‘specifica11y been
exploited for their high excitation temperatures. fhe problem with
. the Tow power discharges commonly used has been the low gas tempera-
.tures not 10W electron temperatures. Thus it'appeqrs that thermionié
emission from hot (~-1500K) graphite provides a resonab]y effective
jonization buffer. Other, more easily ionizable elements need to bé 
tested to determine the system's full capabilities. |

The plasma did become more diffuse and fii]ed the volume between.
electrodes when potassium chloride was added. This increased the in-
tensitj of the background continuum slightly. Also an expoﬁentia]
increase in inténsify was observed for cadmium at high concentrationsl
(Figure 15). Why this occurred is unknown. More severe prob]ems with
plasma stability had to be dealt with first before this could be in-
vestigated. Although the data in-Table 14 shgws a relative standard
deviation of 12%, the agreement between va1ue§.obtained‘oﬁ differenf'
days often varied by 560%. Once operational, the plasma could -remain .
stable for over an hour of continuous use; If then extinguished and
the furnace cooled down, iﬁtensitiés of analyte 1lines and plasma
stability could be several times highef or Tower upon reignitiont

Coupling and stability were too depéndent on changes in furnace
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conditions. Changes in the electrode chemisfry also altered the plasma
condftions. Oxidatfon, carbide formation and heat‘changed~the surface
of the tungsten e1ec£rodes and reduced.the coupling efficiéncy‘with
age. The Backgrqund continuum was also unacceptably high above 290nm.
Even with a quartz refractor plate and 1ock-in ahp]ifier, backgroﬁnd
to signal ratios greater than 1000 became too difficult to extract a
signal from without high'nqise levels. The intense background was
Targely due to thé bright bremsstrahlung radiation from fhe electrodes.
Higher powérs, one electrode coupling and a power supply with a
narrower frequency range would improve the system. The broad fkéquency
range of the rf oscii1ator used made coupling at a fixed power level
more difficult. Higher powers would lessen the'effecté of furnace
wear on plasma stability. Therefore, magnetrons, which.osc111ate at .
very specific frequencies, were tried next since no other rf source

was available.




s




* Figure 156

Plot of erm'ss1_'on intensity. versus concentration of -

-cadmium. 20 4.2 aliquots- were used for aH samples, -

M e = et i st
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Figure 16-

Plot of emission intenéity versus weight of cadmium.
{0) indicates aqueous so]utjon'df cadmium nitrate.
(a) indicates solid ‘NBS 1633 fly ash sample atomized

in closed graphite cups.
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2.3 Microwéve Plasma Confinedlin a anstant Temperature Furnace

EXPERIMENTAL

A 100 W, 2450 MHZ Raytheon microwave diathermy poWer‘supp1y was
coupled to -a constant temperature graphite fﬁrnace as illustrated in
Figure 13. Coupling was more difficu]t.and‘éxacting at this higher
frequency. A standard 50.£. coaxle cab]e.transferred power from the
power supply to a laboratory-constructed doub]é-stub tuner for imped-
" ance matching. The tuner was constructed of brass rods and tdbing.
The brass rod center conductor was silver soldered to a tungsten rod
which formed the center conductor of a 50. coaxle Tine constructed of
tungsten tubing ahd rod. Boron nitride spacers were used to qéhter
“the tdngsten'rOd. The spacers change the impedance of the line in-
significantly as long as their width is small (.2cm) compafed to the
radiation wavelength (4 cm) (117). The center conductor'projécted |
" approximately 3 mm into the center of theAfurnacé directly above the
sample port. A final boron nitride spacer, fitting into the ﬁo]e made
in the side of the furnace'for coupling, prevented direct electrical
contact befween the coaxle Tline and fﬁrnacé tube.  This probe-coupled
circuit‘was'designeq to transfer power from the mégnetron power subp]y

to fhe graphite furnace even at high temperatures.
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Figure 17

Schematic drawing of the apparafus used to couple

2.45 GHZ microwaves ‘to a .constant temperature graphite
fyrnaée. lThe furnace is viewed from the}fop withouf'
the upper ha]f”of:the water-cooled sheTi. Operafing .
conditions of the furnace‘are the same.as a single-

phaée heated Woodriff furnace.
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A standard Woodriff furhace heater tube, 30 mm 1ong, 9 mm i.d,,
was used.- However since this was used as the resonant cavity for the,
2450 MHZ microwaves, both ends were fitted with threaded .graphite caps.
In order to view the plasma,. the cap on one end had a's1it 2 mm x 4 mm.
A hole this small (relative to the radiation,waveiength) does not ieak
significanf amount§ of radietibn. From the wavelength and furnace x
“dimensions ‘that were used, a TE{41 resonant mode eheu1d have been

established (117, 118).

Results and Discussions

, Two peihary requirements hae to be fulfilled: (1) Using the doub]e
Astub tuner, the magnetron- transfer Tine impedance had to be matched to
the furnace impedance to prevent most of the power from being ref]ected
back into the magnetron. (2) A resonant mode of standing waves had tq

. be estaB]ished and sustained wifhin the hot'graphite tube in order to
create a high~frequency electric field sufficientfy intense to cauee
breakdown of the argon gas which fills the furnace. These requirements
are often difficult to fulfill in systeme where high conductivity
“metals (eg. silver) afe p1ated‘onto the cavity and cavity configura-
tions haye been carefuliy desiéned. The system used in this stgdy
'utilized tungsten coaxle 1ine and a graphite cevity of non-fdea1 dimen-
sions. The_1OWer electrical conducfivity of graphite compared to k

metals ( ~ 100 times 1ower) also considerably Towers the éfficiency of




the cavity (the Q va]ue). Thus, even when efticient]y cdup]ed,-a

Targer fraetion of the total input power is wasted as-heat. Hewewer,
efficient coupling was never obteihed with this system. So much poweY '.
was reffected that the magnetron dangerous]y overheated Repeated

shutdowns of the power supp]y were required during the tun1ng proce~

. dure. Add1t1on of a d1rect1ona1 coup]er wou]d have protected the

magnetron from the ref]ected power-but so much of the tota] wattage

was Tost as heat. that there wouldn't be suff1c1ent power remaining to

generate a plasma. Thus it appeared that, although the system wae far

from ideal, higher tota] powers might still accomp11sh a breakdown

_Unfortunate]y, I was Timited to-a 100 W magnetron.

" Several months-]ater I learned that Koizumi (119) had also been
attempting to couple micrOWawes to a grephite furnace. - Using higher

power magnetrons; he also was unable to couple microwave energy to -

’ the furndce.‘ The féasfbi]ity of this route‘to plasma generation

appears low.
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