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Abstract:
Four electrically heated graphite furnaces were constructed, and the use of these furnaces as
atomization cells for atomic absorption spectroscopy was studied.

Solid and nebulized liquid samples were run. The solid samples were inserted using a graphite cup and
the liquid samples were ultrasonically nebulized into the furnace. Sensitivities of 22 elements ranged
from 10-11 to 10-13g for solid samples and 10-9 to 10-10 g/ml for liquid samples. The reproducibility
of analysis was in the range of 5 to 10%.

The results of analyses of samples containing diverse matrix elements indicated no interferences due to
non-refractory cationic species. Molecular absorption in the furnace was exhibited by microgram
quantities of NaCl and KCl. No molecular absorption was observed with NaNO3, Na2SO4, Na3PO4,
H3PO4 and H2SO4 . Sodium chloride repressed the atomic absorption of Ni and Ag. Simultaneous
background correction was used to correct for molecular absorption .

The critical instrumental parameters, lamp current, gas flow-rate, furnace temperature and heater tube
cross-sectional area, were studied. Data which suggest that atomic vapor loss from the furnace is
diffusional in nature are presented. The atomic vapor was shown to be uniformly distributed over the
transverse cross-section of the absorption volume.

Experimental data, which suggest that the atom production in the furnace may be associated with a
solid carbon-metal oxide reaction, are presented. Theoretical calculations, which show that the
Woodriff furnace is extremely efficient at producing and containing atomic vapor, are given and
discussed. 
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ABSTRACT

Four electrically heated graphite furnaces were con
structed, and the use of these furnaces as atomization 
cells for atomic absorption spectroscopy was studied.
Solid and nebulized liquid samples were run. The solid 
samples were inserted using a graphite cup and the liquid 
samples were ultrasonically nebulized into the furnace. 
Sensitivities of 22 elements ranged from IO-H  to IO-I3 g 
for solid samples and IO-9 to IO-IO g/ml. for liquid .sam
ples. The reproducibility of analysis was in the range of 
5 to 10%'.

The results of analyses of samples containing di
verse matrix elements indicated no interferences due to 
non-refractory cationic species. Molecular absorption in. 
the furnace was exhibited by microgram quantities of NaCl . 
and KCl. No molecular absorption was observed with NaNO3, 
Na2SO4, Na3PO4, H 3PO4 and H 2SO4 . Sodium chloride repressed 
the atomic absorption of Ni and Ag. Simultaneous back
ground correction was used to correct for molecular absorp
tion .

The critical instrumental parameters, lamp current,. 
gas flow-rate, furnace temperature and heater tube cross- 
sectional area, were studied. Data which suggest that 
atomic vapor loss from the furnace is diffusional in 
nature are presented. The atomic vapor was shown to be 
uniformly distributed over the transverse cross-section of 
the absorption volume.

Experimental data, which suggest that the atom pro
duction in the furnace may be associated with, a solid 
carbon-metal oxide reaction, are presented. Theoretical 
calculations, which show that the Woodriff furnace is ex
tremely efficient at producing and containing atomic 
vapor, are given and discussed.



INTRODUCTION

Few methods of analysis have attained such wide use 
in so short a time as atomic absorption spectroscopy..
Since its introduction by Walsh.in 1955 (I), atomic absorp
tion spectroscopy has become a very useful analytical 
technique and is a part of almost every modern analytical 
laboratory.

The current phase of applied research has placed a 
heavy demand on the analytical chemists for methods of de
termination for an increasing number of chemical species 
at progressively lower concentrations. Atomic absorption 
spectroscopy (AAS) has been amply demonstrated to be cap
able of providing sensitive and selective analytical 
methods for the determination of trace metals. The present 
environmental concern has prompted an improvement in the 
available instrumentation and has led to improvements in 
analytical sensitivities and detection limits. Two of the 
most important factors limiting the attainable sensitivity 
in AAS are the characteristics of the primary radiation 
source and the atomization of the analyte.

Hollow-cathode discharge lamps are commercially 
available for most metallic elements and continue to be 
the most popular radiation source for AAS. In recent



2 . ■ .

years their design has been optimized to.give a high spec
tral output by incorporating shielded cathodes, improve
ments in electrode assemblies and better choices of filler 
gases and pressures.

By far.the greatest amount of research in.AAS in
the past few years has been devoted to developing new
methods of sample atomization. Until recently, flames
were used almost- exclusively gs the atomization media in
AAS. It was realized in 1966 (2), however, that flames
had bed/n dtudied and dxploited. almost to the limit of

i- ■ - ' ■ ’■ ’ ’ '
their usefulness and that significant advances in lowering
sensitivity limits could only.be achieved by using more 
efficient atomization techniques

Flames represent a violent chemical reaction cap-■ 
able of breaking down and atomizing many compounds. How
ever, the.liberated, atoms find themselves in a hostile 
chemical, environment and this imposes certain limitations, 
on the use of the flame as an atomization media. These 
limitations are:

■ I. The signal to. noise ratio.is limited because of 
,the high noise level'of the flame (.3,4).

2. Light is scatterfed by solid and liquid parti
cles of the sample in the flame (5,6,7).
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3. The background is high over many regions of the 

spectrum because of absorption by the flame 
gases (5,6,7).

4. There is little control over the environment of 
the absorbing atoms (8). For example, oxygen 
cannot be eliminated because it is a component 
of the'flame.

5. The degree of dissociation of many compounds in 
flames normally used is small (9). For many 
elements, particularly those that form thermally 
stable oxides, the efficiency of free atom pro
duction from the sample introduced into the 
flame is low.

6 . . The attainable atom concentration in flames is 
. limited by the dilution effect of the rela
tively high flow-rate of the unburnt gas used 
to support the flame and to transport the sam-' 
pie solution into the flame. The atom concen
tration is also limited .by the flame gas expan
sion that occurs on combustion.

7. The flame cells are only rarely able to atomize
'

solid samples directly.
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For 'the analysis of small liquid or solid samples, 

and for the determination of trace amounts of many elements- 
in larger samples, it is advantageous to achieve a higher 
concentration of atoms in a small cell volume than is pos
sible with flames with which solution nebulization tech
niques are used. This gain in atom concentration can be 
accomplished by the use of non-flame atomization cells.
This gain can result directly from the avoidance of the 
limiting sample dilution effects that occur in flame cells. 
To assist in the formation and maintenance of a high free- 
atom population, the chemical environment of the cell can. 
be controlled by the use of an inert gas. With suitably 
designed non-flame cells, a reduction in noise caused by 
background absorption or background emission or sample 
emission, which originated from the cell, can result.

The first successful non-flame method proposed for 
AAS was described by L'vov (10,11,12,13,14), who used a 
modified version of a graphite furnace developed earlier 
by King (15,16,17,18,19). In this system the cuvette 
(atomizer) and 5 or 6 samples pipetted onto the ends of 
auxiliary carbon rod electrodes are placed into a chamber, 
which is then evacuated. The chamber is then pressurized 
from 2 to 9 atmospheres with argon. The cuvette is then
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heated to the desired temperature. An auxiliary electrode, 
the tip of which is shaped to fit an orifice in the cuvette . 
wall, is then moved into place and heated electrically by. 
an AC current, and the sample vaporized. L'vov reports 
the best absolute sensitivity of anyone in the.field.
However, the apparatus is comparatively complex and re- . 
quires skilled personnel. Although the sensitivity is 
high, the reproducibility has been poor and has diminished 
its value as a quantitative analytical tool (20).

Massman developed a simplified variation of the 
King-L1vov furnace (21,22), which has been marketed as a 
commercial product by Perkin-Elmer (23,24). The.Massman

I •

device consists of' a graphite tube, of about 8 mm inside 
diameter and 55 mm long, with one or more holes in the top. 
The sample is introduced as a liquid with a pipette 
through a center hole; a current is passed through the 
tube to dry, then to ash, and finally to atomize, the sam
ple. The atomizer tube is supported at the ends by water 
cooled electrodes, which allow the tube to cool rapidly 
for the introduction of the next sample. Sensitivities 
reported are one to two orders of magnitude less than 
L'vov's.
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Another type of non-flame atomizer-, the carbon-rod,

has recently been introduced by Varian Techtron (25,26,27)
This atomizer consists of a short length of graphite tube,
9 mm long and 3 mm i.d. The mode of sample introduction
and the heating cycle are the same as for the Massman
atomizer. A,minor variation.of this apparatus consists
of the use of a vertical cup, rather than a horizontal

. ■ Ifurnace tube. .
The Massman and Varian Techtron atomizers are con

venient for a few samples when, the ashing and volatili
zation of the sample do not overlap.. However, there are 
several major disadvantages to these atomizers,. .Errors 
can be caused.by rapidly varying the temperature while . 
absorption readings are being taken. The sensitivity of 
absorption measurements for each element varies with tem
perature. Some matrix elements reduce the rate of evapo
ration of an element; others accelerate it. The maximum 
concentration of the atoms of the element being determined 
will, therefore, be reached at different temperatures 
depending on the matrix elements present. Also, the 
Massman design leaves the sample port open when the sample 
is atomized. Thus, depending on the sample placement,
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matrix elements and gas currents, more or less of the sam
ple can be lost through the sample port. To a limited ex
tent, :L'vov's heated cuvette eliminates these errors by 
keeping the atomizer tube at constant optimum temper attire 
for each element and by closing the port behind each sam
ple. .

Boats, rods and wires have also been used as atom
izers . These are the. "filament"- or "strip"-type atom- ■ 
izers . These are devices, in which the sample is deposited 
on top of a filament or rod of graphite or a strip of 
metal. Heating of the filament or strip by the passage of 
electrical current then causes atomization to. take, place; 
and the cloud of atoms, streams away from the hot. surface..
An important characteristic to be,noted is that the atoms 
are observed in a. region away from the highest temperature 
generated. These atomizers require rapid sample atomi
zation and depend completely upon the support gas to con
fine the sample to the light path. These atomizers are 
very sensitive to changes in atomization rate, which may 
be brought about by power fluctuations, resistance 
changes, differences in sample placement, air currents or-., 
matrix materials. The two most used of these atomizers



are the West-type rod (28) and the tantalum strip (29,30,.

31). .. " ■ ' ' : ; ,
Mislan (32) used an ordinary wire-wound, combustion 

furnace with a. separate sidearm heater. The sample,. in 
solution form; was aspirated into a Spray chamber, pre
heated in a sidearm furnace, and then passed continuously 
into a large furnace.. The primary disadvantage to this . 
method "is the fact that the maximum operating temperature 
of the. furnace is 1250°C. This results in molecules which 
are not completely, dissociated.into atoms. This method is 
essentially limited to the very volatile elements' such as. 
Cd, Hg and Zn. j V . ■; \ '•

the subject of this thesis, is the development of 
the Woodriff furnace (33,34,35,36,37,38,39), a non-flame 
atomization device developed at Montana State University. 
The Woodriff furnace is a constant temperature graphite 
tube furnace, capable of operating at temperatures in.:ex- . 
cess of 2500°C.

It was.stated previously that flame atomizers suf
fer from several major disadvantages. "Early work by L'vov 
suggested that these disadvantages could be overcome by 
using a graphite atomizer. However, L'vov's system was •
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very complicated and not convenient for use in most labora
tories. Mislan1s system of introducing nebulized, samples 
into a quartz combustion furnace was unable to volatilize 
the more refractory elements. . The pulsed atomizers, such 
as the carbon-rod and "strip-type", are subject to extreme 
matrix effects. Woodriff arid Ramdlow (33,34) were able to 
get an increase in sensitivity of two or three orders of 
magnitude for the more refractory elements by carrying 
nebulized vapor into a high temperature graphite tube fur
nace. The Woodriff and Ramelow design also, seemed to be . 
relatively free from matrix effects. (34).

An ideal atomization device would be one which is 
capable of handling both solid and liquid samples and 
which.is relatively independent of sample composition. In 
this context, it was' decided to modify the Woqdriff and 
Ramelow furnace.to permit the analysis of both liquid and 
solid samples: In order to accomplish this modification,
several furnaces would need to be constructed and evalu- .:
■ ated. The critical instrumental parameters, such as fur
nace temperature, geometry of. the atomization chamber, 
flow rate of inert gas, etc., which influence.the produce 
tipn of atomic vapor, would, require study. . A method of
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introducing solid samples into the absorption volume would 
need to be developed.

The detection of an element in the presence of 
large concentrations of.other elements or compounds would 
need to be considered. These matrix effects fall into 
two main categories. These, are: ■

"I.. An incomplete vaporization of the samples takes 
place with fractionation, so that the ratio of 
the number of atoms of the impurity atoms to 
the atoms of the main component in the vapor ■ 
phase can differ from the original composition 
(40,42,51). . /

2. Absorption measurements can be affected by high 
■ concentrations of particles of the main compo
nent in the vapor phase; this is mainly due to 
light scattering and molecular absorption . 
.(40,42,51).

The scattering of the light beam passing through an 
absorption volume is caused by incomplete vaporization or 
condensation of the main component forming, a "fog". The 
interference due to molecular absorption, is caused by An 
incomplete dissociation of molecules of the main component-
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Many molecules (for instance,, the alkali halides) possess 
comparatively.strong absorption bands in the visible and 
ultraviolet regions. It was thought that by using, a long 
high temperature absorption tube and the high heat capacity 
of the furnace, that the problems of light scattering and 
fractionation could be eliminated or reduced. If the sam
ple is confined to a high temperature graphite tube for a 
reasonable length of time, the dissociation of molecular 
species should b e ■facilitated;

Two other, factors can affect the detection of - ele
ments by atomic absorption Spectroscopy. These are:

1. The formation of refractory compounds in the 
gaseous phase by the element being determined.

. This is usually oxide formation (40.,41,42). '
2. The ionization of free atoms in the atomic

■ phase (40,41,42). .
The elimination of high concentrations o f .oxygen 

from the absorption volume should reduce oxide formation
in the gaseous, phase. However, this factor and the effect

r ■ ■ ■ • ' , • • ■ - ' , ' •

of ionization would need to be studied in order to make 
some comments about the efficiency of atom production in . 
the furnace.
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Because graphite elements are used, a new problem . 

can exist in non-flame, atomization— that/of refractory 
carbide formation■(52). The extent of this problem would 
need to be studied for elements which form highly, stable 
carbides.



GENERAL CONSIDERATIONS

To observe atomic absorption, a steady beam of 
light containing the emission spectrum, of the element to ; 
be determined is passed through a cell containing an . 
atomic vapor of the same element. The metal atoms absorb 
at characteristic wavelengths (identical with the emission 
wavelengths), and the degree of absorption is a measure 
of the number of atoms present (I,2,Tl,12,40,41,42). Under 
ideal conditions, the general absorption equation holds:.

■ Iv = i, ®~Kvl . <i>

where I 0 =- initial light intensity at frequency v , .
I = intensity after absorption at frequency, v, v
K = apparent absorption coefficient,
v  ̂ ■'

and
5, = absorption path length.

The absorbance is given by:

Absorbance = A =  0.434K^& (2)

There are three principle factors which influence 
the absorption process: natural line width, Doppler
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broadening, and external effects such as pressure and 
Stark broadening. If only Doppler broadening is important 
the absorption coefficient is

Kv
,In 2 ire2 
^  i t  .  ̂ me Nvf (3)

where Av d = Doppler half-width at frequency v, 
e = electronic charge,
m: = electron mass,
c = velocity of light,
N = number of atoms per. unit volume capable of

absorbing in the range v to v + Av d',
and ■

f = oscillator strength: defined as the aver
age number of electrons per atom which can 
be excited by the incident radiation. ■

Since Av d is proportional to (T)^ (40,41,42), is rela
tively insensitive to temperature, and the degree of ab
sorption is a linear function of concentration. In prac
tice, the most useful absorption wavelengths are those 

.• ■ ■ 
associated with transitions' from the ground state of the
neutral atom since their oscillator strengths are usually 
larger.(1,2,11,12,40,41,42) and the ground state generally



has a much higher population than the excited states 
(Boltzmann distribution).

The term absolute sensitivity as applied to atomic 
absorption spectroscopy refers to the number of grams 
(solid samples) of an element which will absorb i% of the 
intensity of the emission line. This is equal, to.an ab
sorbance of 0.0044. When speaking of liquid samples, the 
sensitivity implies the concentration in gm/ml which will 
absorb 1% of the incident radiation.



EXPERIMENTAL■

Furnace Design .
Four different designs of the Woodriff furnace were 

used as atomization chambers for atomic absorption measure 
ments. These furnaces were all modifications of an ear
lier design suggested by Woodriff and. Ramelow (33,34) . 
These furnaces were used to determine the optimum condi
tions for sample.atomization and confinement, for heater 
tube life and for minimum power consumption.

Figure I (35,36) illustrates the first design,
Model I . This furnace had heater tubes 9-mm o.d. and 
7-mm i.d., 150 mm long. A shield tube 2O-mm o.d.,
12-mm i.d. and 290-mm long was used. The shield tube pre
vents the graphite felt insulation from coming into con
tact with the heater tubes and also helps reduce heat loss 
from the heater tubes to the rest of the furnace. The 
heater tubes were suspended inside the shield tube by 
silica insulators.at each end where it was water cooled 
and by a graphite tee tube in the center. The sidearm 
(made from thin walled graphite) allowed the introduction 
of the sample as either nebulized vapor or as solid sam
ples placed into a small graphite cap attached to a
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29 cm

SHIELD TUBEINSULATOR

Tmm ID . 9 m m  Ol

WATER
COOLING

INSULATION 
(g ra ph ite  fe lt )

Figure I .  Furnace Model I .
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graphite, rod. The furnace was heated by a current of 100 
to 150 amperes from an AC arc welder.

The cups used for sample introduction were made 
from high density graphite, and were. 6x16 mm outside dimen
sions. The cups were designed to hold a maximum of 100 
microliters of, solution. After drying samples placed into 
the cups, the cups were screwed onto a threaded, 1/8 inch 
graphite rod and inserted through a Vycor socket attached 
to the entrance port. The cups were pushed through the 
sidearm tube until they rested against the. shield tube.
Any sample present in the cup was rapidly vaporized into 
the light path.

The first design proved very effective as an atom
ization cell; however, several problems were encountered. 
The ends of the heater tubes were open to the atmosphere, 
and back diffusion of oxygen caused a rapid deterioration 
of the heater tubes. At temperatures below 1900°C,. the 
heater tube life was about 100 hrs. Increasing the tem
perature to 240d°C reduced the heater tube life to less 
than 30 mins. In addition, the outside shell of the fur
nace was not cooled and at high temperatures, excessive 
heating of the shell occurred. Another difficulty
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resulted from the inability of the electrical contacts to . 
compensate for.the expansion and contraction of the heater 
tubes. This caused arcing between the heater tubes and 
the electrical contacts.

An improved furnace design, Figure 2 , Model 2, was. 
constructed in order to overcome these difficulties.. At 
the outer ends, the heater tubes were connected to a spiral 
copper tube which acted as the electrode contact as well 
as an end cooling plate. The contacts were flexible and '. 
allowed for the expansion and contraction of the heater 
tubes. Outside retainer plates, insulated from the elec
trode coils with rubber washers, sealed the ends of the 
furnace and reduced the back diffusion of oxygen. Copper 
cooling coils were attached to the outer shell of the fur
nace in order to cool the shell. This design increased 
the.life of the heater tubes to over 100 hrs. at tempera
tures of 22000C to 2400°C. Argon gas entered the sample 
port and side tube through small aligned holes in both.
A Vycor 18/9 socket was attached to the. sample port 
through which samples, either solid or nebulized liquid, 
could be introduced into the furnace.
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A third generation furnace, Model 3, was also.used 
as an absorption cell, Figure 3. It was essentially of 
the same,basic design as the furnace shown in Figure 2 
with two major exceptions— the outside shell was double- 
walled stainless steel for better water cooling, and the 
shield tube and center, electrode contacts, were constructed- 
of one piece graphite. These two features greatly improved ' 
the lifetime of the graphite parts in the furnace. If 
operated at temperatures under 2000°C,. heater tubes lasted 
up to 1000 hrs. before it was necessary to replace them.

A fourth furnace, Model 4, Figure 4, similar to the 
Model 3 furnace was constructed. The overall dimensions 
of this furnace were smaller than.the previous models, and 
the entrance port and electrical contacts were, constructed 
of graphite. This furnace was constructed, for two.reasons. 
The first reason was to build a smaller furnace which 
would be more easily adaptable to existing, atomic absorp
tion apparatus. The second was to. increase the Sensitivity 
for. the elements by. reducing the croSs-sectional area of. 
the heater tubes.

Specifications of all four models of the furnaces . 
used are summarized in Table I. . . . . . . .  .
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Table I. Furnace Specifications

Model

Heater Tube Power Consumption (watts)
Cross-sectional 

. area 
(mm2 )

Wall. 
thickness 

(mm)
I. D .
(mm)

Length
(mm)

1800°C . 2200°

I 50.3 1.0 8.0 152 1500 4130

2 50.3 1.0 8.0 152 1750 4200

3 41.7 1-1 ' 7.3 152 . 1080 2400

4 33.2 0.8 6.5 125 , 1200 2450

27.3 1.1 5.9 125 2520 4800

24 •



Two.power supplies were used to heat the. furnace.
A GE arc welder, 6KVA maximum output, was used, with furnace 
models I and. 2. The power supply for Models. 3 and 4' was a 
GE dry-type 5KVA transformer. The voltage input to the 
primary of the dry-type transformer was regulated■with a 
220 volt rheostat, obtained from the Superior Electric Co., 
Bristol, Conn,

The graphite felt insulation, £" thickness, was ob
tained from the Carborundum Company or from the Union 
Carbide Corporation. High density graphite, AGKSP, ob
tained from Poco Graphite, Inc., was used to construct all 
heater tubes, sample cups arid sidearm tubes. The remaining 
graphite parts were made from GRAPH-I-TITE series "A" 
graphite obtained from the Carborundum Company.

Optical Systems and Readouts
A general diagram of the optical system and asso

ciated electronics is shown in Figure 5.
Light from the hollow-cathode lamp was rendered ap

proximately parallel with a lens, then chopped to exclude 
furnace light, sent through the.furnace and focused on the. 
entrance slit of the monochromator with a secorid lens..
The lens used to focus the hollow cathode light on the -
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Figure 5. General Optical System.
I, 2 and 3. Power supplies, 4. Hollow cathode, 5. H2-Iamp,
6. Half-mirrored chopper, 7. Commutator, 8. Furnace, 9. Mono
chromator, 10. Two-channel amplifier, 11 and 12. Recorders.



slit had the required focal length to exclude light emitted 
from the walls of the heater tubes.

The instrumentation used to determine the absolute
’ ' , ' ■sensitivities of the elements was: the furnace Models. 3

and 4, a ,Spex 3/4-meter Czerny-Turner Spectrophotometer, . .
a Princeton Applied Research (PAR) HR8 lock-in applifier
and light chopper (400HZ), a Honeywell 6-ihch multispeed
recorder, arid.associated electronics (Hewlett-Packard and
Fluke power supplies and a RCA IP28-A photomultiplier
tube). The instrumental resolution of the spectrophoto- 

■■■meter was 10 A/1 mm slit width.
Furnace Models I, 2, .3 and 4 were used to study ' 

"matrix", effects and to determine the optimum conditions . 
for sample nebulization.. The monochromator, used was a 
modified Beckman DK-2 spectrophotometer. The light from 
the hollow cathode was chopped at 6OHZ with a half- 
mirrored chopper. In order to allow for'interference from 
molecular absorption and scattering, beams of light from 
a line source and a continuous source were recorded . 
simultaneously.

The beam from the line source (a hollow-cathode 
lamp) and from a continuous spectrum source (a deuterium
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lamp) were passed alternately along the optical path to the 
entrance slit of the -monochromator. The continuous source 
was set at a right angle to the line-source and was re
flected off the mirrored surface of the chopper. ■ The- radi
ation from the line source was allowed to pass through the 
aperture of the chopper. The signals from the photomulti
plier tube were sent through a two-channel log-difference, 
amplifier (Appendix I), and the absorbance difference be
tween the two signals was recorded. The recorder used was 
a Heath-kit Multi-speed, Model IR-18M.

Sample Preparation
Standard solutions, IN in nitric acid, were prepared 

from spectrographically pure metals or metal oxides dis
solved in re-distilled nitric acid and twice distilled 
water. These standard solutions all contained the metal 
at a concentration.of 1.00 mg/ml. The standard solutions 
were diluted with I normal nitric acid to give working. 
solutions in the desired concentration range. Five to 
100 microliters portions of the working solutions were 
pipetted.into graphite cups and evaporated to dryness 
under an infrared heat lamp. The graphite cups (6x11 mm) . . 
were, screwed onto an 1/8 inch graphite rod and inserted



into the furnace for analysis. Reagent blank solutions
were prepared in the same manner as the standard and work-

,

ing solutions.
Working solutions to be nebulized weie prepared by 

the dilution of the standard nitric acid solutions, with 
distilled methanol or an equal-molar mixture of ethanol 
and twice distilled water.

The standard solutions were kept acidic and pre- . 
pared at a relatively high concentration in order to re
duce the amount of adsorption of metal on the walls of the 
container (43,44,45). All working solutions were trans^ 
ferred to polyethylene containers after dilution in order 
to prevent excessive loss of metal (43 > 44,45).

Splutions, used to study matrix effects were pre
pared in the same manner as the working solutions. The 
appropriate amounts of the matrix.metals or compounds were 
added to the working solutions before dilution. A blank 
solution containing all matrix elements, minus the ele
ment being determined, was also prepared. The purpose of 
the blank matrix was to determine if absorption from the 
matrix was molecular in nature or if it was due'to atomic 
absorption caused; by the specific absorbing element being 
present as an.impurity in the matrix element or compound.
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Sample ISfebulIzation

Nebulization of the sample solution, was carried out.
V • . ■ ■ . - .

using both pneumatic and ultrasonic nebulizers...
The pneumatic nebulizer was one of our own design. . 

(34) made of glass. The gas jet had an internal diameter 
at the tip of 0.3 mm. The solution tube, came, up at a right 
angle to the gas jet and was drawn to a thin wall with an 
internal diameter of 0.2 mm. A 500-ml spray chamber was 
used to allow larger sized droplets to settle out of the., 
gas stream.

Two types of ultrasonic nebulizers were used. The 
first was a Browhwell Biosonik nebulizer (34) rated at a 
frequency of 20,000 HZ, fitted with a 500-mT glass spray . 
chamber.

The second type ultrasonic nebulizer was one de
veloped by Owen (46,47) and is. shown in. Figure 6. The. 
solution was pumped across the silvered face of the vi
brating piezoelectric crystal (1.3 MHZ). The pump was a

. " -fCoIe-Parmer variable speed (0-10 ml/min). The .size of 
the aerosol droplets was estimated to be in the order of 
10 microns diameter (47). This nebulizer was used to 
determine the final sensitivities for nebulized samples.
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Absorption Measurement Procedure

Before absorption measurements were made, any trace 
of oil left during manufacture, or of the element being 
determined, was removed from the furnace and graphite cups. 
For this purpose, they were baked at a temperature ex
ceeding that at which later analyses were.performed.

The furnace and cups were taken as sufficiently 
clean if the light intensity from the hollow-cathode re
mained constant for a period of 15 min. and if no absorp
tion of light occurred when the cup was introduced into 
the furnace.. When the graphite cup was clean, it was 
allowed to cool to room temperature in the sidearm of the 
furnace. This was done in order to eliminate the absorp
tion of impurities from the atmosphere âs the cup cooled. 
The cooled cups were then stored in acid cleaned desic
cators until use..

Experimental calibration curves.for solid samples 
were determined by pipetting 5-u I to. 100-y I aliquots of 
the working solutions into the graphite cups, drying under 
a heat lamp and inserting the cups into the furnace. ' The 
peak amplitude of the absorption curve was taken as the 
measure of concentration. The peak amplitude was converted
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to absorbance A , , and the absorbance plotted as a func peak
tion of grams of absorbing element.

Nebulized liquid samples were introduced into the
furnace and the equilibrium absorbance value A ■ measuredeq
The absorbance was plotted as a function of the concen
tration (g/rhl) of the absorbing element.



■ RESULTS AND DISCUSSION

When determining the calibration curves, for the ele
ments, it was necessary to optimize, as. much as possible, 
the instrumental parameters used for each.element. It was. 
found that the slit width used for a particular element had 
little or no effect on the sensitivity obtained. This is 
in agreement with hollow-cathode lamp data available from 
Varian- Techtron. -In order to keep furnace emission enter
ing the monochromator at a minimum and reduce the possi
bility of spectral interference, slit widths were kept as 
narrow as possible without causing increased noise or 
making necessary the use of excessive current and voltages 
to the hollow-cathode lamp.

Solid Sample Absorption
The application of the furnace, method was investi

gated by evaluating the effect of the following instrumen
tal parameters oh the absorption observed when solid sam
ples were introduced: : furnace temperature, lamp current, . 
cross-sectional.area of the heater tube and the rate of 
gas flow through the furnace. .When these were determined, 
the instrument was set at the optimum values and the cali
bration curves and sensitivies determined.



Furnace temperature
For each element studied there was a minimum furnace 

temperature above which maximum absorption was observed. . 
Curves showing the relationship between absorbance and tem
perature for lead,,mercury and zinc are given in Figure 7. 
The shape of the curves are very, similar to those observed 
for the other elements. When the absorption reaches a 
maximum value, the maximum usually remains■constant for a 
further increase.in temperature of 500 to IOOO0C .

The rise in the curve is indicative of the produc
tion of free-ground state atoms in the furnace. The pro
cesses involved are. the dissociation of compounds present, 
in the sample and'the evaporation of the sample. At the. 
point of maximum absorption, ■ the metal atoms are present 
as free atoms, most of them being in the ground state.
The fact that the maximum differs for each element is due 
conceivably to a difference in the energy-requirements for 
free-atom production, The major reason for the p.lateauing 
of the absorption maximum, is".that, the absorption coeffi
cient. for the line source is relatively insensitive.to 
temperature changes and ionization effects are very small.

r
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Lamp current ■ "
The current at which the hollow-cathode, is -operated 

can have a large effect on the observed absorbance values. 
This is illustrated in Figure 8, which shows the absorbance 
as a function of lamp current for zinc,' cadmium, ,cobalt . ... 
and copper.

An assumption is made in atomic absorption spectro
scopy that, the half-intensity line width of the absorption 
line is wider.than' the half-intensity line width of the 
source. This, leads to a direct proportionality between the 
absorbance and the number of atoms absorbing. In actual 
practice, this may not be true.

The spectrum intensity output, of ,a hollow-cathode..- 
depends on. several .factors,, the primary one being the ef-r 
ficiency of the inert gas bombardment on the cathode.■ The 
kinetic energy of the gas is controlled by the potential 
impressed on the electrode and the mass of the atoms (48). : 
Therefore, as the-current and voltage increase, the kinetic 
energy of the fill gas becomes much greater, causing more 
sputtering.to take place and a broadening.of the spectral 
line by the Doppler effect. . However, some of the residual 
unexcited metal atoms cool off and form a cloud of neutral
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atoms■in front of the cathode. This cool."atom cloud" can 
then absorb light as radiation passes through it (49).

The energy that is absorbed is also at the center 
of the resonance line, which causes a loss in the total 
signal and a distortion of the emission line. This dis
advantage can be overcome to,a great extent by-operating 
the lamp at lower currents, which reduces the Doppler 
broadening and the distortion of the line, although at the 
same time it reduces the signal output.

The distortion of the spectral line due to self
absorption is pronounced with very volatile elements, 
such as Zn, Cd and Hg. A low lamp current should be 
used in order to minimize curvature of the calibration 
graph.

Cross-sectional area of heater tube
The fact that emission lines are not monochromatic 

is bound to cause curvature of the calibration graph, and 
this will be particularly appreciable at high absorbances. 
Emission line broadening is not, however, the only cause 
of curvature of calibration graphs. As Menzies first, 
pointed out (50), the heterogeneity.of the atomic vapor 
(over the cross section of the beam) can. have a
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substantial effect on the curvature of calibration graphs. 
This effect, is due to a heterogeneous layer of atoms which 
absorb different amounts of light, when the light beam is 
at different positions relative to the absorption volume. 
The effect is very predominant in flame spectroscopy and 
is well documented (40,41,42,48,50). Ah optimum burner 
height is usually reported for a particular analysis in . 
flame spectroscopy.

This is not the case with the Woodriff furnace.
Table II shows the relationship of the absorbance measured 

-10for IxlO g of Ag to the cross-sectional area of the 
heater tube. Measurements were made using the Ag 3,28.1 nm 
line.and the standard deviations are given for the 95% 
confidence level.

Table II. Relationship of Absorbance to Heater 
Tube Cross-sectional Area.

Tube JLxinIC -
diameter S(Cmz) Absorbance(A) M(.gxl010 ) AS 
■■(mm) -

8.0 0.503 0.362±0.05 1.00 5.49 
7.3 0.417 0.440±0.03 1.00 5.44 
6.5 0.332 0.55410.04 1.00 5.45 
5.9 0.273 0.671 + 0.03 . 1.00 , . . 5.47
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The results of the experiment show that the absorb
ance (A) produced by lx 10 grams, of Ag(M) - is exactly- pro 
portional to the.cross-sectional area (S) of the heater 
tube. This data confirms experiments done by L'vov (42). 
This relationship should be true only if the atoms are 
uniformly distributed over the transverse cross-section of 
the absorption tube.

Cashflow rate . '
The flow rate of argon through the furnace.was 

found to have no effect on the.absorbance values obtained, 
until flow rates in excess of 320 cc/min were used. This 
iA illustrated in Table III. The absorbance values were 
obtained, using triplicate funs for the same amount of the 
element, at each flow rate. The flow rate of gas leaving 
the furnace was equal to the entering rate.

The fact that the absorbance values obtained are 
essentially independent of flow rate at low flows could be 
explained if the sample is atomized at a much faster rate 
than the absorption volume is flushed. One measure of the 
rate of flushing is the mean time that the atoms spend in 
the absorption volume (42). Table IV gives the experi
mentally determined mean, residence times for Ag (5x10 ^ g )



as a function of flow rate. .The mean residence time (r ). m-•
■ was taken as the.time required for the absorbance to fall 
to 36.8% (1/e) (42) of its peak value. Each residence time 

; was determined in triplicate. The temperature was 1950°C 
...and the chart recorder was run at a speed of one inch per 
second in order to minimize the error in the measurement. 
The experimental standard deviations are given at the 95% 
confidence level;.

Table.III. Absorbances Values.at Various Gas 
Flow-rates for Ag., Pb, Hg and Zn.

Flow rate Absorbance
Cm-3/min Ag .-Pb Hg - Zn

0 0.565 0.323 0.196 0.423
40 0.561 0.324 0.197 0.429
80 0.570 0.327 0.193 0.419

160 0.567 . 0.325 0.201: 0.422
320 0.559 0.319 6.190 0.413
350 0.503 0.287 0.176 0.380
450 0.402 0.198 - O rIOl 0:315 -

The data. indicate that the..loss of. atomic vapor
from the furnace may be diffusion controlled. If, when the
sample cup is seated in the vaporization chamber, the gas
flow through the heater tubes is stopped, diffusion would 
be the expected mechanism for vapor loss.



Table IV. Mean Residence.Time, as a.Function of 
Flow Rate for, SxlO-IQg Ag.

Flow rate (cc/min) ■ V sdo) .
. 0 7.84+0.11
40 ' ■ 7.92+0.12 ,
80 7.90+0.10

160 7.98+0.11
i 320 8.10+0.15

500 4.90+0:09

• If the mechanism for vapor loss from the furnace ■ 
is diffusion, there should be a dependence of Jm on tem-r 
perature. According to L'voy (12,42),if. we assume that ., 
the density of the atomic vapor falls linearly from some 
value at the center of the absorption tube, where the' 
sample is atomized, to zero where it leaves the tube, the 
mass in the tube at any given instant of time is given by

M
T

g-(8D/A=)T (4)

M 0- is the mass of the vapor at the initial instant of
time, 'M is the mass at time t , D is the diffusion coeffi-

■ ■■ ■

cient and A is the length of the absorption tube from the ... 
center ■ to the. end;
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is
The mean time the atoms spend in the absorption tube

(5).

where

and P is the pressure in atomospheres, T is expressed in 
degrees Kelvin, and D 0 at S.T.P. (P0 =I atm, T 0 = 273°K). 

From the above equations

H2T1nP ..
log Tm = log - nlog T (7)

or if P remains constant

log Tffl - constant - nlog t . (8)

An alternative equation can be derived for the loss 
of mass through the graphite walls of the absorption tube. 
If it is assumed, for the purpose of simplicity, that the 
density of the atomic vapor varies linearly from some 
value at the center of the absorption tube and. that the .



vapor has a uniform cross-sectional area, (12,42), then.

Here Sw is the area of the walls of the absorption tube,
V is its volume, and t is the wall thickness. This .

W W

equation takes the same form as equation 4.
Figure 9 gives curves for log Tm plotted against 

log T for.zinc,1 silver, mercury and lead. The resulting 
plots are linear. Calculation of the values of n gave . 
3.03, 2.44, 1.34 and 1.27 for zinc, silver, mercury and 
lead,respectively. The value of n should vary between 
1.5 and 2 (12,42) for different gases. The expected value 
for argon is 1.6 (42). The experimental.values of n for 
zinc and silver are not in,good agreement with the pre
dicted value. The values for mercury and lead.are some
what better. ’ ;. -

The Woodriff furnace, does not have a uniform dis
tribution, Figure 10,: as is. shown for. the Model 3 furnace) 
over the length of the absorption,tube. . Since the temper
ature is n^t uniform, the value of D may. change as the . 
vapor moves .along the absorption tube from the center.
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Figure 9. Log Temperature (0K) versus Log Mean Residence Time for 
Zn, Ag, Pb and Hg.
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Figure 10. Temperature Profile of the Woodriff Furnace.
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If this is ,the case, there could be a change in the appar
ent value of n .

Since, with an absorbance of up to 0.8, A is pro- . 
portional to M, equation 4 can be rewritten as follows:

_/8D) T .
Ax = A 0 e U2/ ■ (10)

' '

When log. A' is plotted against t  , the resulting plot 
should obey an exponential law if D remains constant.

Figure 11 shows the variation.of the absorbance of 
the Ag 328.1' nm line plotted against time for different 
temperatures. The graphs shows that this variation fol
lows an exponential law for a reasonable length of time. 
There is a departure from the exponential law at longer 
times, however, the plot is linear in all cases up to 
times exceeding the value of .Tm .

The equation for the loss of mass through graphite 
takes the same mathematical form as for diffusion but of 
the ends.of the absorption tube. Therefore; the data pre
sented in Figures 9 and 11 would be equally applicable to 
loss of mass through graphite. According to Kirk (53) 
and Yost (54), one very important factor determining the 
relative, diffusion rates for different gases through
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npnporous solids is their molecular diameter. Smaller mol
ecules having a higher diffusion rate. According to Yost 
(54) diffusion rates through nonporous solids are highly 
temperature dependent. It may be that smaller diameter 
atoms, such as zinc, have a greater tendency to diffuse 
through the graphite then do larger atoms (lead or mercury). 
This could be a possible explanation for the large dis
crepancies in the values of. n for zinc and silver.

Although the exact type of the diffusion process 
is not apparent, the experiments done indicate that the 
departure of samples from the furnace absorption tube is 
of diffusional nature.

Absolute, sensitivities
Values are given in Table V of the sensitivity cor

responding to 1% absorption for each of the elements 
tested. The' temperature at which the sensitivity was de
termined is given,, along with the analytical line used.

There was no marked deviation from linearity for 
calibration curves of any of the. elements tested, at ab
sorbance values below 0.8. However, small changes in.the 
conditions of the furnace from day to day will cause •' 
slight changes in the slopes, of the calibration curves. .



Table .V. Absolute Sensitivities, for. Elements 
Introduced as Solid Samples into.

. the Woodriff Furnace

Element
.Furnace 
Temp (°'C) Wavelength

(nm)
Sensitivity 

(1% Absorption)(gm)

Al 2200 309.2 ■ 5 xlO-11
Ag 1750 328.1 I.OxlO-12

338.3 i.sxio™12
As 2200 193.7 CO Ul £

 
O

 
. 

I H
 

H

Au 2200 242.8 5 .IxlO-12
Be 2350 234.9 I XlOw.12.
Ca 2300 422.7 I xlO-12
Cd 1500 228.8 . I , xlO-13. '

326; I. , I . xlO"10
Co 2400 240.7 2 xlO"11
Cr 2300 359.4 ’ I.SxlO"10

: Cu 2200 324.8 2.SxlO"11
327.4 5.2X10"11

Dy 2200 421.2 8 . xlO"11
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Table. V (continued)

. Furnace Sensitivity
Element . Temp(°C) Wavelength (1% Absorption)(gm)

(nm

Er 2200 400.8 7 xlO-11
Fe 2400 248.4 5 xlO-11
Hg . 900 253.7 3. 6 xlO™1"1"
Ho 2200 410.4 7 xlO-11
Mg 2300 285.2 I xlO-12
Mn 2200 279.4 6 xlO"13

280.1 2 xlO"12
403.1 . 3 xlO-11

Ni 2350 232.0 5 xlO"10
Pb 1750 217.0 2 xlO"12

283.3 4. 3xl0"12
Sb 2100 217.6 I xlO"11
Se 2100 196.0 . 6 xlO"11
Zn 1500 213.9 8 xlO"14

307.6 . I xlO"9
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While this does not require a complete recalibration, it 
does require that a standard sample, preferably in tripli
cate, be run with each set of unknown samples.

The reproducibility of the blank was at first a 
problem using the graphite furnace technique (35). This 
problem was encountered initially with silver, cadmium and 
zinc. It was found that the graphite parts were heavily 
contaminated. The same was true with the sample cup 
holders and desiccators. The graphite felt used foi in
sulation was found to be relatively clean as. compared to 
other graphite parts. The problem was reduced in several 
steps. The entire furnace was cleaned by prolonged heat
ing. Improved, sample preparation was instituted with care 
taken not to handle.the graphite cups with anything other 
than nitric acid cleaned stainless steel forceps. All,cup 
holders, desiccators and the Vycor socket were cleaned 
;regularly with concentrated nitric acid. The sidearm 
tube was found to be highly contaminated. Removal of the 
sidearm tube eliminated this source of contamination. Nb 
problems were encountered when inserting the cup into the 
vaporization chamber with the sidearm.tube absent.

Very reproducible blanks were finally obtained. 
Fourteen blanks run on different days for zinc gave an



average blank of 0.004±0.001. The standard deviation-is . 
given at the 67% confidence level. Fifteen silver blanks 
gave an average absorbance of 0.007±0.002 and ten cadmium 
blanks gave 0.016+0.003.

The reproducibility of the standard samples in gen
eral was good, after the problem of the blank was solved. 
For example, eleven determinations for 5.0xio grams of 
zinc, using the 307.6 nm line, gave, an absorbance value of 
0.188±0.005. The relative standard deviation (R.S.D.) was 
2.5%. Eleven copper determinations for 5.0x10 ^grams, 
using the .324.7 nm line, gave an. absorbance value of
0.879+0.011,, with an R.S..D. of. 0.8%. If the reproducibil
ity of the blank remained good, standards for all elements 
tested could be reproduced with relative.standard devi
ations of 5 to 10 percent. .

In general, the furnace gave an increase,in sensi
tivity of. a factor of IO2 to IO4 over conventional flame 
absorption. methods'. For example, the. sensitivity for 
cadmium using the. flame as an atomization device is

O3x10 g/ml (14). The sensitivity for cadmium using the
-13 .furnace is 1x10 g. If a 100 microliter aliquot of a

sample is taken, the sensitivity fpr cadmium will be
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-12IxlO g/ml of .solution. This is an increase in sensi- . 

tivity of 3xIO4 times.
The high absolute sensitivity of the Woodriff fur

nace permits very small samples to be analyzed effectively, 
by atomic absorption analysis. The results for precision 
obtained with the system is not as satisfactory as those 
attainable with flame systems. Efforts to improve the . 
reproducibility are warranted only if the 5 to 10 percent 
coefficients of variation typically attained are unsatis
factory. For small samples containing traces of analyte 
elements, coefficients of variation of 5 to 10 percent may 
often be acceptable.

Samples which gave absorbance values in excess of 
I did not give consistent results when peak absorbance 
was plotted against sample size (36). However, work has 
indicated that if the absorbance is measured at a fixed 
time after sample introduction, consistent results can 
be attained with samples containing silver in the micro-, 
gram range. Figure 12. shows calibration curves for silver 
at different furnace temperatures, for 12 sec and 24 sec 
after introduction of the solid sample. The absorbance 
at 12 sec and 24 sec after introduction was quite repro
ducible and gave,relatively good calibration.curves. For
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example, absorbance measurements on four separate 0.6 
microgram samples at 1550°C and 24 sec after introduction 
gave values of 0.063, 0.062, 0.063, and 0.064.

The reason for this relationship to exist becomes 
apparent if one examines the diffusion equations (4 or 9) 
which govern the loss of mass from the furnace. If the 
.diffusion coefficient (D) remains constant over the period 
of time involved,. then the absorbance at any time T is

At/= -k A 0 , • (llO-

where k is a constant and A 0 is the absorbance at t = 0.'. 
Considering the equations governing the absorbance and the 
absorption coefficient, equations 2 and 3, it can be 
shown that

At = k' M 0 ■■ (12)

where k' is a constant and M fl is the initial mass intro
duced into the furnace.

This method may offer a way of analyzing samples 
that contain elements which are present in high concen
trations .
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' Absorption of Nebulized Liquid Samples

The application of the furnace method to the analy
sis of liquid samples by nebulization techniques was 
briefly investigated. The following instrumental param
eters were evaluated with respect to their effects on ab
sorption: choice of solvent, efficiency of nebulization,
and furnace temperature. The effects of monochromator 
slit width ahd hollow-cathode lamp current were discussed 
in the section on solid sample absorption. .Argon was 
used as the carrier gas in all cases.

Choice of solvent
Water solutions sprayed into.the furnace eroded the 

heater tubes, presumably by forming carbon monoxide and 
hydrogen. Absolute ethanol was used in early work, but it 
was found to form minute carbon particles and caused the 
heater to get thicker by deposition of carbon. ..In addi
tion, the minute.carbon particles caused a high kegree of 
blank absorption due to light scattering.■ The proper 
water-ethanol, mixture (equal molar ratio.) did not seem to 
affect the heater tube or cause light scattering. Absolute 
methanol seemed to be the best of the solvents tested, and
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was used to determine the sensitivities for the elements 
and the optimum instrumental parameters.

Furnace temperature
For each element studied, there was a furnace tem

perature at which maximum absorption was observed. A 
curve showing the relation between absorbance and temper
ature for silver is given in Figure 13. The shape of the 
curve is similar to those observed for the other elements. 
The absorbance increases until a maximum is reached, and 
then it decreases fairly rapidly.

The rise in the curve is the time during which the 
production of.free ground-state atoms occurs in the fur- 
nace. The processes involved are the evaporation of the 
solvent and the dissociation of any compounds formed. The 
major reason for the decline in the absorption once the 
peak has been reached, unlike similar curves for the in
troduction of solid samples, is that the number of absorb
ing atoms per cubic centimeter in the furnace decreases 
due to the expansion of the gases. Also, back pressure on 
the nebulizer increases with temperature.
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Efficiency of nebulization

Three different nebulizers were tested with respect 
to their efficiency of aerosol generation. The results of 
these tests are given in Table VI. The I MHZ ultrasonic 
nebulizer proved to be the most efficient. The higher 
frequency ultrasonic nebulizers produce aerosols of 
smaller mean droplet sizes (48). For example, using vari
ous frequencies such as 100 KHZ and 3 MHZ, mean drop sizes 
are 20 and 2 microns diameter, respectively. Smaller, 
droplets are carried more efficiently by smaller volumes 
of carrier gas. At a carrier gas flow-rate of 250 cc/min 
and a liquid flow of 2.5 cc/min, the amount of methanol 
carried into the furnace was 0.5 cc/min. This corresponds 
to an efficiency of 20%.

Sensitivities
The. sensitivities for silver, lead, chromium, 

cobalt, manganese and copper were determined using the 
I MHZ ultrasonic nebulizer. The results are given in 
Table VII, and the sensitivities of the furnace method 
compared, to those of the flame method of atomization. In 
general, the sensitivity of the furnace method was 50 to 
100 times better than the flame method.
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Table VI. Effects of Different Type Nebulizers 

on the Sensitivity of the 328.1 nm 
Line of Silver

Nebulizer
Type Frequency

Optimum 
Temp(0C )

Gas-flow
rate

cc/min
Sensitivity*

(g/ml)
pneumatic — 1550 3600 2xl0~9
ultrasonic 20 KHZ 1550 3600 Ixio"8
ultrasonic I MHZ 1600 250. 2xl0~10
* Concentration in g/ml which will give 1% absorption

Table VII. Sensitivies (g/ml) for Nebulized 
Liquid Samples for Ag, Pb, Cr,
Co, Mn, and Cu. (I MHZ Ultrasonic 
Nebulizer)

Analytical Furnace Flame
Element Wavelength Temp(0C) Sensitivity* Sensitivity •

(nm) (g/ml) • (g/ml)

Ag 328.1 1600 2xl0"10 I xio"7
Pb 283.3 1650 5 xio"9 1.9xl0"7.
Cr 357.9 1850 5xl0"9 I.IxlO"7
Co 240.7 2000 SxlO"9 1.6xl0"7
Mn 279.4 1700 OxlO"10 6 xio"8
Cu 324.75 18.00 8 x.l0"9 I xlO"7

* Concentration in g/ml which will give an absorption of
1% .
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The calibration curves were all linear over the .con 

centration range studied, up to absorbance values of 0 .8 . . 
Re-distilled methanol did. not give a blank absorbance for 
any of the elements tested.
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Matrix Effects— Solid Samples ,

Cationic interferences
In general, the quantitative results obtained with 

the Woodriff furnace did not depend upon the matrix cations 
present. This is illustrated by the determination of sil
ver in the presence of other cations, Table VIII. On ad
dition to the silver of an excess by weight of metallic 
cations, the absorbance of the silver 328.1 nm line re-, 
mained constant within the limits of experimental error 
(35). Similar results were obtained by. varying the ab- . 
sorbing element in the presence of the remaining cations 
that are shown in Table VIII.

The addition of the more refractory elements, tan
talum and tungsten, gave a reduction in the peak absorb
ance measured for silver at low temperatures. By increas
ing the temperature of the measurement,, this effect was 
eliminated, Table IX. A similar effect was seen for the 
more volatile elements, cadmium, zinc, lead and manganese. 
However, for aluminum, iron, nickel and cobalt, the re
pression in the peak absorbance signal could not be cor
rected for by increasing the temperature. Reducing the 
amount of tantalum and tungsten by a factor of 10,
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Table VIII. . Effect of Various Cations on the Absorbance.

of Silver at 1750 °C
. Net

Absorbance Absorbance
Cation Amount Blank (Blank + for
Added Added Absorbance 5x10-10 Ag) 5x10-10 Ag

None _ _ . 0.030 0.517 0.487
—  — 0.030 0.472 . 0.442

: —  — . 0.030 0.488 . 0.458
— — 0.030 . 0.486 0.456

Al 3x10"5
3*10-5

0.021
0.027

0.480
0.516

0.459
0.489

5x10 0.022 0.488 0.466
Cr 5xl0Is5x10 J 

lxIO"4
0.026
0.036
0.029

0.484
0.467
0.476

0.485
0.431
0.447

Cu 4*10'?
IxlO-5

0.041
0.044

0.491 
0.490.

0.450
0.446

Fe 4X10-®
IKlQ-5

0.033 
0.035

0.486
0.494

0.453
0.459

.Ni ' 4x10"® 0.031 0.476 . 0.445
IxlO"5 0.033 0.488 0.455

Mn 4x10"®. 0.029 0.502 0.473
IXlO"5 0.027 . 0.475 0.448

Zn 4x10"® 0.028 0.476 0.448
IxlO"5 0.029 0.484 0.455

Mg 4xl0IsIxlO °
0.029
0.029

0.486
0.467

0.455
0.438
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from Ixio to 1x10 ^g, eliminated this effect. Also, 

—31x10 g of tantalum and tungsten caused a depression of 
signal at high temperatures for the volatile elements.

Table IX. Effects of Tantalum and Tungsten on the
Absorbance of Silver at Various Temperatures

Cation
Added
None
Ta

W

Weight Cation 
added (g)

1x10
1x10
1x10

-5
-4
-3

1x10
1x10
1x10

-5
-4
-3

-9Absorbance IxlQ g Ag
1750°C 2050°C 2400°i
0.965 0.970 0.966
0.888 0.943 0.962
0.834 0.921 0.960
0.765 0.834 0.921
0.810 .0.935 0.961
0.795 0.911 0.956
0.720 0.795 0.911

The reduction in the peak absorbance signal in the 
presence of refractory metals is indicative of a change in 
the rate of evaporation of the absorbing element. The 
evaporation rate and, therefore, the concentration of free 
atoms depends on the vapor pressure at the particular tem
perature (55). If the rate of evaporation is decreased, 
some loss of atomic vapor from this furnace could occur, ,
before the sample is completely evaporated. .This would 
decrease the peak concentration of the absorbing element.
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Salt effects

At the high sensitivities produced by the Woodriff 
furnace, absorption by matrix salts at the wavelength of 
an elemental resonance line can cause significant errors. 
Figure 14 shows the absorption spectra that were obtained 
when 25 micrograms each of sodium chloride and potassium 
chloride were volatilized into the furnace. The absorb- ■ 
ance was measured at 5 nm intervals, with a slit width of 
0.050 mm. The temperature was 1900°C. These spectra are 
in good general agreement with those published by 
Kiortyohann and Pickett (56). Their spectra were.obtained 
by aspirating concentrated aqueous solutions into a 
hydrogen-oxygen flame directed into a 40-cm. Vycor tube. 
There are differences in the relative intensity of some, 
peaks, but the wavelength at each maximum and minimum 
agree well. They attribute the spectra to molecular ab
sorption rather than to light scattering (51,56,57).

Molecular absorption spectra has been observed in 
the flame for KI, KBr, K2SO4, Na2SO4, LiOH, H 2SQ4, H 3PO4 
and NaNO3 (5,13,14,51,56). The maximum absorption for 
these molecules is in the 200-300 nm wavelength region.
No molecular absorption was seen for 25 micrograms of 
H 3PO4, H 2SO4 or NaNO3 in the Woodriff furnace.■ However,
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it seems logical to expect that many systems showing molec
ular absorption will be encountered using non-flame■tech
niques . Work with very small concentrations of the analyte 
element in concentrated solutions of complex materials must 
be done.with this possibility in mind.

Koirtyohann and Pickett (56) proposed a technique 
to correct for background absorption in flames. Their 
method consisted of making successive measurements of ab
sorption with a continuous source (H2 lamp).and a hollow- 
cathode lamp. Since slit widths normally used in atomic 
spectroscopy are very narrow, the magnitude of the atomic 
absorption on the reference beam can be ignored (14,56,57) 
Also, the use of a nonabsorbing line at a wavelength near 
the resonance line of interest for the purpose of back
ground correction has been reported in.several publi
cations (50,58,59,60,61).

In the case of graphite furnaces, successive meas
urements, of absorption are not suitable due to. the non- 
reproducible nature of the background absorption. In view 
of this, a two-channel amplifier (Appendix I.) which, simul
taneously recorded the absorption from both sources was 
used to allow for background interference., .
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Urine, which contains organic material and a fairly 
high "salt" concentration, was chosen as a natural matrix 
material to test the effectiveness of simultaneous back
ground correction. Two. milliliters of a urine sample; 
diluted to 5-mls.. with twice-distilled water, was used as 
a blank matrix. Zinc, manganese, copper and silver "were
added to another 2-ml aliquot of the same urine sample and

' ' ' ;diluted to 5-ml with twice-distilled water. A ten micro-
_ Q  ■.

liter aliquot of the "spiked" sample contained SxlO Cu', 
2x10 "*"®g Ag, 6x10. "^g Mn and 2.5x10 ^g Zn, as added quan
tities.

No background absorption was observed at the 
324.7 nm line of Cu or at the 328.1 nm line of Ag. The 
recoveries of added Cu and Ag were 98% and 101%, respec
tively.

Background absorption .was seen on the 307.6 nm line 
of Zn and the 279.4 nm line of Mn. The results of the ex
periment are summarized in Table X for Zn and .Table XI 
for Mn. The need for simultaneous background correction 
is evident when the variability of the H 2-Iamp absorbance 
is examined with respect to successive measurements, for 
both Zn and Mn. For the six successive measurements in



Table. X. Recovery of Zinc in Urine Sample using Simul
taneous Background, Correction-Furnace , 
Temperature ISOO0C .: '

Urine 
Aliquot 

U Jl
Zn

Added
(g)

Cathode*
. Absorbance

H 2-Iarbp 
" Absorbance

Net.Cathode. 
Absorbance

0 . S x K T 8 , 0.186 o 0:186
0 SxlO-8 0.187 0 .0.187
0 SxlO-8 0.186 0 0.186

20 0 0.156 0.127 0.029
20 0 0.165 0.143 0.022
20 .0 0.119 0.090 . 0.029

20 SxlO-8 0.296 .
.■ ■ ■■ ,■
0.088 0.208

20 SxlO-8 0.338 0.137 0.201
20 SxlO-8 0.363 0.156 . . 0.207

ave.. recovery of ■ -85x10 g Zn = 96(2)%
* 307.6 nm line
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Table XI. Recovery of Manganese in Urine Sample using 

Simultaneous Background Correction-Furnace 
Temperature 2100°C

Urine
Aliquot

.

Mn
Added
Cs)

Cathode*
Absorbance

H 2-Iamp
Absorbance

Net Cathode 
Absorbance

0 ' GxlO""11 0.281 0 0.281
0 GxlO"11 0.273 0 0.273
0 GxlO"11 0.290 0 0.290

10 0 . 0.190 0.029 0.161
10 0 0.181 0.013 0.168
10 0 0.234 0.057 0.177

10 GxlO"11 0.483 0.020 0.463
10 GxlO"11 0.528 0.062 0.466
10 GxlO"11 0.498 0.039 0.459

““11ave. recovery of GxlO g Mn = 102(2)%
* 279.4 nm analytical line
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the Zn 307.6 nm region, the average H2-Iamp absorbance was 
0.123 with an R .S.D6 of 40%. The average H2-Iamp absorb
ance in the Mn 279.4 nm region was 0.037 with an R.S.D of 
52%, for six successive measurements. This variability of 
the background absorbance would be reflected upon succes
sive measurements using the hollow cathode lamp, thus com
pounding the error in the measurement. In contrast, the 
R.S.D*value for the net cathode absorbance due to the added 
amount of element plus the amount of element present in the 
urine sample was 2% for both Zn and Mn, using simultaneous 
correction.

Another example of interference was observed when
a small amount of nickel was vaporized in the presence of
large excesses of NaCl. The results are summarized in

-7Table XII. When the added NaCl was 1x10 g, a noticable
depression in the absorption of the Ni 232.0 nm line was

-6observed. If 1x10 g of NaCl was added, there was no de
tectable atomic absorption in excess of the background 
absorption.

The presence of a large excess of NaCl would greatly
increase the concentration of Cl ions in solution. This

-could possibly favor the formation of volatile NiCl2, which 
sublimes at 9730C. Nickel also forms a relatively stable
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Table XII. Effect of Sodium Chloride on the Observed 

Absorbance of the Nickel 232.0 hm Line at 
24dO°C

Wgt. NaCl . 
Added 
(g)

Ni
Added. 
(g)

Cathode
Absorbance

H 2-Iamp
Absorbance

Net Cathode 
Absorbance

0 IxlO"8 0.105 0 0.105
0 . IxlO"8 0.101 0 0.101
0 IxlO"8 0.103 0 0.103

IxlQ-B -81x10 ° 0.101 0 0.101
IxlO"8 IxlO"8 0.102 0 0.102

IxlO"7 IxlO"8 0.092 O'. 008 0.084
IxlO"7 IxlO"8 0.089 0.006 0.083

IxlO"6 IxlO"8 0.054 0.049 0.005
IxlO"6 IxlO"8 0.066 0.063 0.003•

IxlO"5 IxlO"8 0.625 , 0.629 -0.004
IxlO"5 IxlO"8 0.676 0.670 0.006
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diatomic chloride, NiCl, in the gaseous phase, D 0 =5-7 ev 
(62), D 0=3.8 ev (63). If NiCl is present as a gaseous 
molecule and is not dissociated before leaving the fur
nace, a considerable depression in the atomic absorption 
would be expected. A similar, but not as pronounced ef
fect, was found in the case of silver.

All the elements in Table VIII were checked in the 
presence of 10 pg of Na2SO4, Na3PO4 and NaNO3. No back
ground absorption was observed with these compounds and 
no repression or enhancement of the atomic absorption sig
nal was observed.

Because graphite elements are used, a new problem 
shows itself in non-flame atomization— that of carbide .. 
formation. As might be expected, this shows itself as 
a difficulty with elements which form extremely stable 
carbides, such as, boron, vanadium, tantalum and tungsten 
(27,68). Boron, tantalum and tungsten proved impossible . 
to run in the furnace, even at a temperature of 2950°C..
As much as 50-micrograms of these elements were introduced 
into the furnace, with no apparent atomic absorption ob
served. An atomic absorption signal was observed for 
vanadium at 260Q°C if the solution was not allowed to dry



in the graphite cup before introduction into the furnace. 
However, the atomic absorption signal decayed very slowly, 
and would persist for 30 to 45 minutes, with one micro- 
gram of vanadium.

From these previous examples,, it is not possible to 
generalize with respect to matrix interferences in the 
graphite furnace technique. . It will require somewhat more 
study before the exact nature of matrix interferences can 
be recognized. However, it may be noted that no metallic 
salts containing ah oxy-anion gave a matrix interference.
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,Dissociation and Ionization 

Even with complete evaporation of the salts in the 
furnace, the proportionality between the concentration in 
solution and the number of free atoms in the furnace can 
be influenced by chemical reactions, which may shift the 
particular equilibria between free atoms and some other 
forms of existence of the element whose concentration is to 
be determined. From the analytical point of view, the most 
important of the reactions, in the gaseous phase, are the 
dissociation

MX = M + X (I)

and the ionization

M = M+ + e . (II)

Here, M represents a metal atom, X the non-metallic ion and 
e a free electron.. Each reaction, at equilibrium, is char
acterized by a temperature dependent equilibrium constant.

In the special case where MX is a heteronuclear 
diatomic molecule, the temperature dependence of the equi
librium constant is given by (40,41)
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log Kp = 20.432 + 3/2 log + log ^
MX e zMX

I 44vT/T1 5040 D+ log B + log(l - e 1 i44v Zt) + 4 log T ---- =---

(13)

Qe denotes the electronic partition function of the indi
vidual species, B is the rotational constant and v is the 
fundamental vibrational frequency of the molecule (both in 
cm ), M is the mass in atomic weight units, D q is the 
dissociation energy of the molecule (in ev), the tempera
ture is expressed in °K and in cm ^ .

The temperature dependence of the ionization, con
stant is given by (40,41)

5040 E .
log Kp = 15.684 + log QiZQa + 3/2 log T ---- f— - (14)

where Qi and Q^ are the partition functions of the ion and 
neutral atom, respectively, and Ei is the ionization energy 
in electron volts and T the temperature in °K.

Metal compounds at high temperatures are usually 
simple diatomic molecules or triatomic molecules, such 
LiOH. More complex molecules are not stable (14,40,41,55).
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In the case of most elements, the MO molecule is the-tripst 
stable (14,40,41,55). Alkali metals and the third-group 
elements, gallium and indium, have more stable MOH mole
cules. Halogen compounds of the alkali metals, such as 
NaCl, KCl, KF, etc., are equally stdble (14,40,41,55).

One of the biggest problems encountered in flame 
absorption is the loss of sensitivity due to refractory 
oxide formation. For example, the calculated equilibrium 
values, given by Dean and Rains, of a^ (degree of disso
ciation) for the monoxides of Fe, Ca, Al and Ba. in a fuel- 
rich, oxygen-hydrogen flame at 2600°K, were 0.95, 0.60,
0.08 and 0.03, respectively (40). The concentration of 
atomic oxygen was 1.3xl015 atoms/cm3. The D q values em
ployed were 4.3, 5.0, 5.5 and 6.0 ev for FeO, CaO, AlO and 
BaO. The values of the equilibrium constants used were 
2.6xl016 , 1.9xl015, I.IxlO14 and 3.9xl013 for FeO, CaO,
AlO and BaO.

The graphite furnace should be more effective in 
dissociation of refractory oxides because of its relatively 
low oxygen content. Under conditions of. thermodynamic 
equilibrium, the oxygen content of the furnace should be 
governed by the reaction
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C(g) + 0(g) = 00(g). (Ill)

D q for CO is 11.09 ev (41, p. 339), the dissociation con
stant at 2500°K is 3.7x10 ^  atm and the vapor pressure of

— rIcarbon is 1.4x10 atm (14).
Contributing to the formation of CO in the furnace 

is the amount of oxygen in the argon and the oxygen pro
duced by the atomization of the sample. In the extreme 
case where the volume of the vapor in the furnace is equal 
to the volume of the absorption tube, the pressure of CO
may be has high as I atm. Even in this case, the partial

-9pressure of atomic oxygen does not exceed 2 .6x10 atm (at 
2500°K) according to the equilibrium expression. This is 
equivalent to an atom concentration of 7.6xl09 atoms/cm3. 

The degree of dissociation (a^) is given by

a, = (I + -IT) . (15)
Kp

From equation 15, dissociation is promoted by an increase 
in Kp and a decrease in [X]. ■ If [X] << K^, the,dissoci
ation is nearly complete and 'V  I, Thus, it would be 
expected that the graphite furnace would be very effective
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at maintaining a complete dissociation of compounds, such 
as FeO, CaO, M O  and BaO.

Table XIII gives the log values for several 
gaseous monoxides, calculated at the temperature , where 
the maximum absorbance is first attained. The most recent 
value of D 0 was used in the calculation (62,63). The 
values of B0 and v were taken from reference 63. The 
electronic partition function of the molecule was evaluated 
from tables of (Q0 )mo as a function of temperature found 
in reference 59. Values of (Q0)m and (Q0)o were evaluated 
from equations, available in references 60 and 61, which 
give the temperature dependence of Qg for atomic species'.

dThe calculated values of indicate that all the.p
monoxides shown should be at least 99% dissociated at the 
temperature T ^  if the oxygen content of the furnace is 
controlled by the CO equilibria.

It has been assumed up to this time that the rate 
of dissociation of the gaseous MO molecule is much faster 
than the rate of loss from the absorption volume. The 
rate of relaxation will be fast when the quanta of energy 
which have tp be transferred are small compared with kT—  

the order of magnitude of thermal energy which can be 
readily supplied or absorbed in collisions, . Hpwever,. the



dT&ble XXXI. Calculated Values of Log Kp for Gaseous Monoxides at the Temperature at Hhich the Maximum 
Absorbance First Occurs

Molecule V 0K)* D0(ev> (62'63) B0 (Cm- V 63i V(I-O) (Cm-V63j CQeV 631 CQe)M(64,65) (Qe>0(64'6l5J
(cc-1)

BgO 1173 <2.82 0.299 480 1.00 1.00 8,28 >11.416
CdO 1473 <2.91 0.3515 550 1.00 1.00 8.40 13.874
PbO 1523 3.87 0.3063 714.4 1.00 1.01 8.44 11.533
ZnO 1723 <2.87 0.4332 680 1.00 1.00 8.42 15.014
AgO 2023 2.22 0.3015 484.4 6.16 2.00 8.58 17.603
MgO 2173 3.39 0.5718 774.7 7.14 1.00 8.59 14.776
MnO 2123 4.17 0.4878 830.0 5.99 6.05 8.60 14.093
CaO 2273 3.66 0.4428 722.5 7.74 1.00 8.61 14.829
CoO 2423 3.57 0.4429 622 7.14 2.00 8.66 15.883
AsO 2473 . 5.00 0.4816 957.4 3.10 4.00 8.67 13.969
AlO 2473 5.04 ■ 0.6395 965.3 2.02 5.72 8.67 14.208
CrO 2573 4.79 0.5261 885.8 5.76 7.00 8.69 14.706
NiO 2623 3.87 0.4982 615 7.60 22.90 8.70 16.916
BeO 2623 4.26 1.642 1463.7 4.63 1.00 8.70 15.233
FeO 2673 4.16 0.3477 861.9 5.61 23.38 8.71 16.607
CoO 2673 3.82 0.4921 840 6.00 19.29 8.71 17.401

* Tanperature at which maximum atomic absorption is first attained.
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dissociation energies of the metal monoxides are in general 
quite large, in the order of 100 kcal/mole, which is much, 
larger than kT.

For bimolecular gaseous reactions, the rate of re
action can be approximated using the collision theory of 
bimolecular reactions (66,67).

The rate of reaction (k) is given by

k = PZe-E /RT, (16)

*where P is the probability factor, E is the activation 
energy, R is the gas constant and T is the temperature in 
°K. Z is the number of molecules colliding per cubic cen
timeter per second and is given by

i
Z = 1.14xlb4(a1 + c2)2 n*n*(^) . (17)

Here c i and c2 are the molecular diameters of the respec
tive molecules, n* and n* are the number of molecules of 
each type per cubic centimeter at temperature T(0K) and y 
is the reduced mass.

Because the concentration of MO molecules in the 
furnace is much smaller than the concentration of argon
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atoms, only the collisions between the MO molecule and
argon need be considered. P may have values ranging from 

-9unity to 10 (67). In order to maximize the rate of dis
sociation, P was taken as unity for subsequent calcu
lations.

The maximum atomic absorption for lead is attained
at a temperature of 1500°K. At this temperature
n* = 4.2x1018 atoms./cc; The value of cr • was taken as Ar PbO

__ Q — R4x10 cm and a, as 3.4x10 cm (74). The calculated
value of Z per molecule of PbO was I.SxlO9 collisions/
sec*cc. The activation energy for the dissociation of
PbO is equal to the enthalpy of dissociation (92 kcal/
mole). Inserting these values into equation 19,,the

-  5  ’value of k = 9x10 molecules/cc•sec. The calculated re
laxation time for one molecule of PbO is l.lxio4 sec, at 
ISOO0K.

Other approximate values for the molecular relax
ation times, calculated at the temperature T ^ , were 6,
0.1, 0.1 and I sec, for MnO, BeO, MgO and ZnO, respec
tively.

It. is difficult to see how equilibrium could be 
attained by gaseous dissociation in the furnace, especi
ally in the case of PbO. Several elements reach maximum
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absorbance ait temperatures below the melting point of .the 
solid oxide, Table XIV. It is hard to. believe that the 
rate of evaporation of these oxides, MgO, CaO and BeO 
would be sufficiently fast to see a peak absorbance in 
3 to 4 seconds after introduction of the sample. In most 
cases, at the temperature T^, the first appearance of the 
absorption peak occurs within 0.1 to 0.2 seconds after 
introduction and the maximum absorption is attained in 
3 to 4 seconds.

The rate at which a sample is vaporized in a vacuum 
from an open surface is (14):

— 9 M 4Rv = 5.8x10 P(ip) g/cm2 • sec (18)

Rv is the mass a sample heated to a temperature T(0K) loses 
per unit of time from unit surface area, P(torrs) is the 
saturated vapor pressure at temperature T.

The atomization rate is lower in the presence of a 
gas which does not react chemically with the sample atom
ized (14). At a pressure of I atm, the atomization rate 
in the presence of argon is about one-sixtieth to one- 
hundredth the rate in a vacuum (14,75).
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Table XIV Melting and Boiling 

and the Metal Vapor
Points of Metal 
Pressure at Tm .

Monoxides,

Element T^C'C)*
.Melting^68’ 69) 
Point 

.MO(S)(0C)
Boiling(68,69)
Point

MO(S)(0C)

. Metal(70) 
Vapor 
Pressure 
at Tm 
(torr)

Hg 900 — — >760
Cd 1200 321 767 >760
Pb 1250 1160 1745 . . 50
Zn 1450 420 907 >760
Ag 1750 — — -- 55
Mg 1900 2892 — >760
Mn 1850 1785 — >760
Ca 2000 2614 >760
Cu 2150 1337 — >760
As 2200 — — >760
Al 2200 — ™ 100
Au 2200 — -- 45
Cr 2300 — — — 70
Ni 2350 1984 — 50
Be 2350. . 2870 -* >760
Fe 2400 1369 — 60
Co 2400 . 1805 -- 50

* Temperature at.which the maximum atomic absorption is 
first ,attained.
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The vapor pressure of PbO at ISOO0K is 50 torr (68). 

If we assume the surface area of the sample vaporized 
(equal to the bottom area of the graphite cup) to be 
0.13 cm2 and.the.rate of vaporization to be reduced by 
100 times in argon, the time required td vaporize 
1x10 ^ grams of PbO is calculated to be IxlO-6 seconds.
For elements which have a vapor pressure of ~ 50 torr, at 
the temperature T^, the calculated vaporization times are 
in the order of 10 6 seconds for ixlo-® grams.

Data were not available on the vapor pressure of 
MgO and CaO.' However, the vapor pressure of SrO, melting 
point 2700°K (68), at 2000dK is IO-2 torr (68). The cal
culated time required to vaporize 1x10 ^ grams of SrO is 
0.02 seconds. At 2600°K the free energy of sublimation of
BeO is 67.630 kcal/mole (84). The calculated saturated

-3vapor pressure of BeO at this temperature is 1.58x10 torr. 
The time required to vaporize 1x10 2 grams of BeO is 0.08 
seconds.

For. the sample to be vaporized rapidly, it is a 
necessary, but not sufficient, condition that the vapor 
pressure at temperature T^ be a certain value. It must be 
recognized that the vaporization of the sample begins at a
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temperature lower than and takes place throughout a 
certain temperature range close to T . Therefore, the 
3 to 4 seconds that it takes to reach the maximum absorb
ance after the sample is introduced, may be indicative of 
the time required for the graphite cup to reach the tem
perature T .M

The calculations, though only approximate, suggest 
that even MgO, CaO and BeO may be vaporized in the length 
of time that is required to reach maximum absorbance. Al
though PbO may be volatilized very rapidly, it is highly 
unlikely, in view of the long relaxation time calculated 
for the PbO molecule, that even a very small fraction of 
the equilibrium lead concentration could be attained by 
monoxide dissociation in 3 or 4 seconds.

Admittedly, the value of the calculated relaxation 
times are only approximate. However> the value of P was 
taken as unity. This assumes that all collisions between 
activated molecules will result in reaction and does not 
take into account a preferred critical orientation of the 
reacting molecule. If this is the case, not all colli
sions between activated molecules will result in reaction, 
and thus the calculated rate will be higher than the
actual.



If the dissociation of the gaseous MO compound was 
the controlling mechanism, there should be a correlation 
between and the dissociation energy (D0). Re
examination of Table XIII shows that no such, correlation, 
exists. For example, it would be expected that the. com
plete dissociation of CuO and PbO would occur at roughly 
the same temperature. Their melting points are relatively 
close, Table XIV, as are their D 0 values. However, the 
maximum absorbance for copper is not reached until a tem
perature of 900°K higher than that for lead.

The previously presented data would suggest that 
the production of atomic vapor in the graphite furnace may
not be a direct result of gaseous monoxide dissociation.

dThe calculated Kp values, Table XIII, indicate that a. gas
eous recombination reaction between the metal and atomic _ 
oxygen would be unlikely, if the free metal atom was pro- 
duced by some other mechanism. '

The conditions under which samples are atomized in 
the furnace differs substantially from conditions under 
which mists are atomized in flames.

The atomization of samples in the furnace takes 
place in a highly reducing medium (from the surface of
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incandescent graphite) (14). The breakdown of the crystal 
lattice of the sample and the decomposition of compounds 
may be accelerated by the process of compound reduction.
It also takes a longer time to atomize a sample in the 
furnace (3-4 sec) than in the flame (10~4 sec) (14,40). 
This longer atomization time may allow ample time for re- ' 
fractory compounds to decompose on the graphite surface.
A very common technique for the determination of .oxide 
impurities in metals or for the determination of the oxy
gen content of metal oxides involves the high-temperature 
fusion of the specimen in a graphite crucible (71,72,73). 
Carbon monoxide is formed by the carbon reduction of the 
metal oxide and is carried by an inert gas into an analysis 
system.

A good correlation was found between the tempera
ture Tm and the free energy change at 298°K (AG2g8) for
the following reaction:
■

nM(g) + i02(g) = MnO(S) (IV)

This is the free energy of formation of the oxide, from the 
gaseous reactants. Table XV gives the values for the 
thermodynamic data used to calculate .AG290 for reaction IV.



Table XV. Free Energies of Formation of Oxides and Free Energies of 
Vaporization of the Metal

Oxide V ' E ) *

AGo(68,69)
Vaporization

Metal
kcal/mole

AGo(68,69)
nM(s )+i02(g)=MnO(s) 

kcal/mole
nM(g)+i02(g)=M 0(s) 

kcal/mole11
HgO 1173 7.59 - 13.99 - 21.58
Hg2O 1173 7.59 - 12.80 - 27.98
CdO 1473 18.69 - 53.79 - 73.40
PbO 1523 38.5 - 45.25 - 83.72
ZnO 1723 22.7 - 76.05 - 98.74
Ag2P 2023 59.84 - 2.59 -123.27
MnO 2123 58.2 - 86.8 -145.0
MgO . 2173 27.6 -136.13 -163.73
CaO 2273 37.98 -144.4 -182.4

. CuO . 2423 72.04 - 30.40 -102.44
Cu2O 2423 72.04 - 34.98 -179.02
BeO 2623 67.6 -139.0 -206.6
NiO 2623 90.17 - 51.7 -141.87

■ -.

FeO 2673 . 85.76 - 58.4 -144.2
CdO 2673 94 - 51.0 -145.0
* Temperature at which maximum atomic absorption is first attained.
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Figure 15. Plot of the Free Energy of Formation (AG) for 
Reaction IV of Several Oxide versus the 
Temperature T .



93
Only oxides containing one atom of oxygen per molecule 
were considered.. Figure 15 shows a plot of the value of . 
AG298 for reaction IV for several oxides versus the tem^ 
perature T .

The oxides of iron, nickel and cobalt do not fall • 
at their expected position on the curve. However., these 
metals form relatively refractory carbides. (68,76). If 
carbides of these metals are formed, it may take, a higher 
temperature to thermally dissociate these compounds.

It is interesting that the temperature does not 
correlate well with AG° ,■ the standard free energy of

£ 298

formation of the oxide. . This can be seen in column 4 of 
Table XV. When the free energy of vaporization- of the 
metal is considered, the correlation becomes apparent.

A possible reaction chosen on the basis of thermo
dynamic calculations is:

C, , + M 0(s) = nM(g) + CO(.g). ■ . (V)(s) n

From thermodynamic data (69), the free energy 
change for reaction V was calculated for several oxides 
at the temperature T^. The results are given in Table XVI 
Reaction V is thermodynamically favorable for all oxides, 
except possibly, CaO..
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Table XVI. Free Energy of Reaction at Tm for Several

Oxides. C(s). + M 0(s) = nM(g) + CO(g)n
Oxide T^CK) AGrxnCkcal/mole)

CdO 1473 -36.2

PbO 1523 .. -31.7

ZnO 1723 -35.5

Cu2O 2423 -58.5

MnO 2123 -31.7

FeO 2673 -45.0

CaO 2273 + 5:5

MgO 2173 - 3.5

BeO 2623 - 2.5

NiO 2623 -57.5

CoO 2673 -65.5
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Another reaction that would be favorable from the 

thermodynamic viewpoint is

C (s) + Mn°(g ) = nM(s) + CO(g) . (VI)

In this case, the graphite wall should be able to act as 
the third body for the reaction. The free energy change 
for reaction VI would, in most cases, be more favorable 
than reaction V, since the free energy of sublimation of 
an oxide is generally positive.

I

Reactions V and VI have a large temperature depen
dence with the reaction becoming thermodynamically more 
favorable with increased temperature. The free energy of 
formation of CO becomes more negative with increased tem
perature, while the free energies of formation of the ox
ides by reaction IV become more positive.

Amos (27) suggested reaction V as a possible mecha
nism to assist in the atom production associated, with 
Varian carbon rod device, but presented negative evidence 
against it. He found that the less reactive pyrolytic 
coated graphite and vitreous carbon produced atoms with 
equal effectiveness. No mention was made, however,. re
garding the temperature required to produce equal absorb
ances with the different types of carbon.
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What mechanism is responsible for atom production 

in the Woodriff furnace is still unclear. There is, how
ever, a strong suggestion that the mechanism is associated 
with a reaction between carbon and the metal oxide. All 
that does seem certain is the importance of a reducing 
environment, as well as a suitably high temperature.

. The problem of ionization in' the Woodriff furnace 
was briefly considered. Of the elements in Table V, cal
cium is the only element with a low ionization potential 
(6.11 ev). Calculations using equation 14, Qi = 2, Qa = I, 
at 2500°K gave a value of 0.06 for the degree of ionization 
of IxlO ^  grams of calcium. The addition of IxlO ^ grams 
sodium (E^ = 5.14 ev) will completely repress the ioni
zation of calcium. The assumption was made that the metal 
was the only ionizing species in the furnace.

The degree of ionization or is expressed as 
CL2 /(l-ou ) = / [M+M ]. Normally when ionization is a
factor, the calibration curve will have a concave appear
ance. The degree of ionization is greater for lesser con
centration of the metal. None of the elements in Table V 
exhibited this type of a calibration curve.

Metals such as potassium (Ei = 4.34 ev), sodium 
(E. = 5.14 ev) and Ba (E. = 5.21 ev) (40).would beI I
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expected to be ionized to some degree in the furnace, de
pending on the temperature.

Sodium and potassium are found in most matrices and 
would be expected to repress the ionization of metals of 
higher ionization potential.
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Furnace Efficiency

A good estimate of the theoretical sensitivity of 
the furnace for an element if all of the element is atom
ized into the light path can be made by standard calcu
lations.

Like emission lines, absorption lines are not mono
chromatic and infinitely fine lines, but. have a certain 
finite width. By the half-width Av of an absorption line, 
we mean the width of the profile at the point at which the 
absorption coefficient is halved.. An absorption line 
profile is governed almost entirely by the combined effect 
of the following factors (14,40,41,55,77).

1. Natural broadening
2. Doppler broadening.
3. Lorentz broadening

In most cases, the natural broadening Av̂ . does not exceed 
“ 3 " I10 cm (14,41,77); in comparison with other types of 

broadening, the natural width can therefore be ignored. 
Figure 16 shows the absorption line profile as a function 
of Ky for the same half-width for Doppler and Lorentz 
broadening.
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The magnitude-of K 0 ̂  (absorption coefficient for 

pure Doppler broadening) at the center of the line is 
given by ■

KD = 2(TTln2)^e2 Nf 
0 me Avd (19)

where f is the oscillator strength, m is the mass of the 
electron, N is the population of atoms (atom/cc) and Avn 
is the. Doppler half-width.

The Doppler half-width of the line is given by

AvD (20)

where R is the gas constant, T is the absolute temperature, 
A is the atomic mass and v Q is the frequency at center of 
the line. If numerical values are substituted for the 
constants,

Av d = 7.16x10 5 sec-' (21)

Lorentz broadening is caused by the interaction be
tween the absorbing atoms and the molecules of a foreign 
gas. Increase in the pressure of the foreign gas causes, 
broadening of the line (Avt ), displacement of the maximum
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Figure 16. Doppler and Lorentz Profiles for the Same 
Half-width and Integrated Absorption.

Figure 17. Effects of Pressure on Line Profiles.
Unaltered and Broadened and Shifted Profile.



of the line relative to its undisturbed position (Av3), 
and asymmetry of the line profile (14,77)-. Figure 17 is 
a diagrammatic representation of changes in the line pro
file as the pressure is increased. According to. L.'vov 
(14), the relationship between Av^ and Av3 is given by

■ .101

AvL
Av -v 2.77 (22)

for nitrogen and argon.
The maximum of the absorption line is therefore 

shifted by an amount Av3 relative to the maximum of the 
emission line from the source (which, owing, to the low 
pressure of the foreign gas; is not shifted). The expres
sion for the absorption coefficient must accordingly allow, 
not only for Doppler and Lorentz broadening, but also for 
line shift (14). The profile of the absorption line,with 
these factors acting together, is expressed by the Voigt 
equation (14,77,78,79,80).

Ks
e dy

a 2 + (Uis - y)2
(23)

CO
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where

Av t ' x 2Av x 2ef 1
(1"2>s- “s - 1112I8. ? =

and ^  is the frequency displacement from v-v Q.
The Lorentz broadening Av t is given by

L

Avl = f cl N[2TRT(1 + I)]3 (24)

where N is the number of foreign gas molecules/cm3, M is 
the mass of the foreign gas, A is the atomic mass, and 
o£ is the optical cross-section for pressure broadening. 
Substituting numerical values for the constants

i
Av l = 1.46xl04c2 [T(^ + |)3 N sec* (25)

where N = ^ • ' Pxio15 and p is the pressure of the for
eign gas in mm of Hg.

Finally the absorbance (A) will be given by

A = 0.434K & (26)

where £.is the absorption path length.
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Calculations to determine the theoretical sensi

tivity (the number of grams of the element which will give 
an absorption of 1%) of several elements in the Woodriff 
were done. Argon was the carrier gas used. The values, of 
the optical cross-sections (a2) and oscillator strengths 
(f) used in the calculations are given in Table XVII.
Table XVIII gives the calculated values for the Doppler 
and Lorentz half-widths at the given, temperature and a 
pressure of 640 mm Hg.

Accurate values of the collisional cross-sections 
are not known for most spectral lines of atoms. However, 
Parsons et al. (82) observed that C 2 invariably fell into 
the range of 20-100x10 ^  cm2. ' Calculations showed that 
a change in a2 from 20x10 ^  cm2 to lOOxlo-^® cm2, changed 
the calculated sensitivities by a factor of about two.
When a2 values were estimated, they were taken in the 
middle of the range, in order to minimize the error.

The reported literature values for a2 were measured 
at 2500°K (77,81). The furnace temperatures varied from 
1200°K to 2700°K. According to Hoffmann and Kohn (83), 
a2 varies as T ^^^ and is rather insensitive; to tempera
ture changes. For example, if a2 = 60x10^^ cm2 at
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Table XVII. Optical Cross 

.Strengths (f)
-sections (a2) and Oscillator

Element
Analytical. 
Line (nm) C2XlO16 cm2

. ■ 
f

Ag 338.3 Y5(Sl) 0:27
328.1

■HCdV
-ZCOCO 0.45

Pb . 217.0
' *70 0.53

283.3 ■ 70* 0.21

Cd 228.8 80* 1.2 .
326.1 . 80* 1.8X10™3

Zn 213.9 60* ' , 1
; 307.4 60* . 1.7xl0™4

Hg 253.6 : . 70(7?) 3.OxlO-2

Mn . 279.4 G) 00 Z
-N

 00 ■ H 0.58

Co 240.7 CO 
■ 00 H V

-Z 0.16

Be 234.9 60* 0.62

Cu 324.8 : 46(81) ' 0.31
* estimated
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Table XVIII Calculated 

P = .640 mm
Doppler and 
Hg

Lorentz Half -widths.

Element
Analytical

Line
(nm)

T(0K) ivD ■ ■-I(sec )
AvL-I.(sec. . )

Ag 338.3 2023 2.7x10* 3.0X10*
328.1 2023 2 .8x10* 3.0x10*

Cd 228.8 1723 3.7x10* 3.2x10*
326.1 1723 2 .6x10* 3.2x10*

Zn 213.9 1773 5.2x10* 2 .6x10*
307.6 1773 3.6x10* 2 .6x10*

Hg 253.4 1173 2 .0x10* 3.2x10*

Pb 217.0 2023 3.1x10* 2.4x10*
283.3 2023 2.4x10* 2.4x10*

Cu ■ 324.7 2473 4.1x10* 1.7x10*

Co 240.7 2673 6 .0x10* . 2.5x20*

Mn . 279.4 ' '2473 5;2x10* 2.7xio*'

Be 234.9 2673 15.6x10* 3.9x10*
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2500°K, decreasing the temperature by IOOO0K would change 
O 2 by only 10%.

The value of the calculated sensitivity changes 
only slightly with temperature. The effect of temperature 
on the calculated sensitivity of the 328.1 nm line of sil
ver was determined. At 1523°K, the calculated sensitivity 
was 5.1x10 ^  grams and at 2623°K, 4.6xl0-1  ̂ grams. Al
though the Doppler half-width increases with temperature, 
the Lorentz half-width decreases. The. Lorentz width de
creases because the system is open to the atmosphere and 
the number of argon atoms per cm3 decreases with an in
crease in temperature.. Thus, the absorption coefficient 
remains relatively constant over the temperature range.

Cobalt was the only element which required correc
tion for the ground state (4Fcwo) population. Cobalt9/2

-Ihas excited energy levels at 8.16 cm ( Fr. / Q), 1407 cm-I
-I

7/2
(4F5/2) and 1809 cm ^ (^Fgyg)- Calculations using.the 
Boltzmann equation gave a value of 0.518 for the fraction 
of the atoms in the ground state, at 2673°K.

No corrections were made for non-monochromaticity 
of the emission line. The experimental sensitivities were 
obtained by extrapolation from absorbance values on the
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linear part of the absorbance versus concentration curves. 
The Voigt integral was evaluated from tables provided by 
Mitchell and Zemansky (77).

Most oscillator strengths in the literature are 
reported to ±20%. It is difficult to estimate the total 
error related to the calculations. However, the results 
given in Table XIX show that there is no great discrepancy 
between the calculated and experimental sensitivities of 
the more volatile elements. The agreement is quite good, 
within a factor 3, for all elements except Cu, Co and Be. 
This would suggest that the. Woodriff furnace is quite ef
ficient at producing atomic vapor and confining it to the 
absorption volume. The reason for the large discrepancy 
between the calculated and experimental sensitivities for 
Cu is not apparent at the present time.

Several other furnace type atomizers were developed 
concurrently with the Woodriff furnace and were previously 
discussed in the introduction.

■ The experimental sensitivities of the L'vov, 
Massmann and Varian Techtron systems are compared to the 
Woodriff furnace in Table XX. The sensitivities are given 
for a cross-sectional area of I cm2. The sensitivities



Table XIX. Experimental and Calculated Sensitivities for the Woodriff 
Furnace. Heater Tube Diameter 7.3 mm

Ratio
Analytical Experimental Calculated Experimental/

Element line (nm) Sensitivity Sensitivity Calculated
Ag 338.3 1.5 xlO-12 8 ,IxlO"13 1.8

328.1 1.0 xlO-13 4.7xl0"13 2.1
Pb 217.0 . 1.7 xlO-12 7.2xl0"13 2.4

283.3 4.3 xlO-12 1 .6xl0"12 2.7
Cd 228.8 1.1 xlO-13 2.IxlO-13 0.52

326.1 —lO1,0 XlO Vu 1 .2xl0"10 0.83
Zn 213.9 -I 30.84x10 d l.SxlO"13 . 0.65

307.6 9.6 xlO-10 7.4xl0"1^ ■ 1:3 . ..
. Hg 253.6 2.7 xlO-11 . -111.3x10 2.1
; CU .324.7 2.5 xlO-11 3.SxlO"13 76
Co 240.7 2.0 xlO”11 I .9xl0"12 11
Mn 279.4 6.0 xlO-13 _i 32 .1x10 ' 2.9
Be 234.9

’ _ . ‘ . -‘2.’

-121.0 xlO -14 .. 8 .1x10 12
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Table XX. Sensitivities of Various Furnace Type Atomizers, Sensitivities 
Normalized to a Cross-sectional Area of 1.0 cm2

Element L'vov^14)
Vafian . .

Carbon Rod^ ' Massmann^ 23^ Woodriff .

Cd228.8 16 xlO"13 86 xlO'13 14 xio"13 2 .4X10-13

Pb283.3 4.1 xl0~13 2 .8xl0"13 4.Oxio"13 1.2’xl0"13

Cu3 24.7 1.3 xlO"11 7. IxlO"11 -117.9x10 6 .OxlO"11

Mn279.4 41 xlO"13 240 xlO"13 120 xlO”13 14. xio"13

Hg253.7 160 xlO"11

-11

310 xlO"11

-11

2600 xlO"11 

-11

7.IxlO"11 

-11
Co270.4 4.1 xlO 21 xlO 21 xlO 4.8x10

Be234.9 0.43x10 12 16 xlO"12 5.9xl0"12 2.4xl0"12
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H O
reported in the literature were obtained using tubes of 
the following cross-sectional areas: L'vov (14), 0.049 cm2,
Massman (23), 0.58 cm2 and Varian (27), 0.071 cm2. The 
elements compared were ones for which published sensi
tivities were available on all systems.

The sensitivity is inversely proportional to the 
cross-sectional area of the absorption volume. Thus, if 
all atomizers have the same, efficiency, the sensitivity 
per unit cross-section should be the same.

The Varian and Massman systems are run at atmos
pheric pressure and should agree quite well with the 
Woodriff furnace. L'vov's sensitivities are reported at 
a pressure of two atmospheres. According to. L'vov (14), 
the pressurized system gives wider absorption lines and a 
more linear absorption curve at high absorbances. However, 
increasing the absorption line half-width decreases the 
absorption coefficient, which.in turn increases the detect
able concentration of. atoms. Thus, the L'vov system -• 
should be slightly less sensitive than the other systems, 
when corrected to a unit cross-sectional area.

The Varian and Massmann systems seem to be the least 
sensitive of the atomizers. This may be partially caused 
by the large flushing volume of inert gas required,
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creating a dilution effect. The rate of heating may be 
slower, which will result in the sample being atomized over 
a longer period of time. Therefore, some loss of sample 
could occur before the peak concentration is attained.

The Woodriff furnace, in most cases, gives the best 
sensitivity per unit cross-section and L'vov's elaborate 
system seems no more efficient than the Woodriff furnace.



CONCLUSIONS

The Woodriff furnace has been shown to give a dra
matic improvement in the elemental sensitivities associ
ated with atomic absorption spectroscopy. This gain re- . 
suits directly from the avoidance of sample dilution 
effects by concentrating the atoms within a well defined 
volume. Also, in the.inert argon atmosphere, the forma
tion of refractory oxides in the gaseous state is retarded. 
This high absolute sensitivity permits very small samples, 
which could not be examined by flame techniques, to be 
analyzed. The results for precision obtained with the 
system are not as satisfactory as those obtainable with 
flame systems. However,.for very small samples containing 
traces of analyte element, coefficients of variation of 
5 to 10% are often acceptable.

Results of theoretical calculations, show that the 
expected sensitivites agree well with the experimental 
values for the more easily atomized elements. The Woodriff 
furnace proved to be as effective at producing, atomic vapor 
as L'vov's system and better than the pulsed type atom
izers.

It seems clear that the process of atom formation 
in the graphite furnace differs from that of the flame.
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It appears unlikely that, for many compounds with, high 
dissociation energies, purely thermal dissociation of the 
gaseous molecule contributes effectively to atom produc
tion in the furnace. The graphite furnace generally oper
ates at lower temperatures than the flame— i . e : ■, 1200 to 
2700°K compared to 2500-4600°K. The relaxation time of a 
gaseous diatomic molecule is highly temperature dependent. 
Therefore, reactions which are very rapid at flame temper
atures, may be slow at the lower furnace temperatures.

Experimental data suggest that a reaction between 
a solid or gaseous metal oxide and solid parbon may be the 
mechanism for atom production in the furnace; 'What mecha
nism is responsible is still unclear. If the presence or 
absence of the gaseous oxide could be confirmed by molecu
lar spectra, a more definitive answer could be made.

The furnace did not seem.to be efficient at dis
sociating molecules such as NaCl and KCl. Molecular spec
tra of these compounds were observed, and a 100 fold excess 
of NaCl completely, depressed the. atomic absorption of .
nickel. .A similar, but not as pronounced, depression was• . ■■ ■' • . • - ■; •, •- ■ ,
seen with silver in . the presence of .NaCl,. • A similar ef- 
feet was,seen by Matousek (85). using a Varian carbon rod.
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He found that a 1000 fold excess of either NaCl, KCl,
MgCl2 or CaCl2 depressed the measured atomic absorption 
signal of lead by 30 to 40%.

It could be argued that the low oxygen content of 
the furnace and the favorable thermodynamics for the metal 
oxide-solid carbon reactions allows the hot carbon itself 
to assist in atom production through a chemical reaction. 
No molecular absorption or chemical interference was seen 
from Na2SOlt, Na3PO4 , H 3PO4 or H 2SO4 . These compounds ex
hibit molecular absorption in the flame. Thus, the low 
oxygen content and reducing properties of the hot carbon 
seems to be a favorable environment for the dissociation 
of these compounds.

The dissociation of NaCl, KCl, PbCl2 or NiCl2 may 
have to proceed simply by thermal means. At the furnace 
temperatures normally employed, the rate of thermal dis
sociation may be sufficiently slow to preclude an appreci
able atomization of the compound. The relatively volatile 
PbCl2 (B.P. 950°C) or NiCl2 (sublimes :973°C) may be vapor
ized at temperatures below the equilibrium furnace temper
ature and escape from the furnace before the. temperature 
necessary for atomization is reached. Additionally, 
chlorine atoms produced by a small degree of dissociation
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of a large excess of NaCl would decrease the degree of 
dissociation of a diatomic nickel or lead chloride in thet ■
gaseous state.

It is not yet possible to generalize with respect 
to all matrix interferences in the furnace technique. It' 
will require a more extensive study before generalizations 
can be made.

s
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