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ABSTRACT.

Atomic absorption spectroscopy has been applied
to the determination of traces of copper and molybdenum
in refractory mgtrices. Copper is extracted into ethyl
acetate at pH 4.5 as its 8-hydroxyquinolinate, before
aspirating into air-propane or air-acetylene flames for

absorption measurements,

Molybdenum is extractgd as its 8-hydroxy-
quinolinate into n-butanol at pH 4.5. Absorbance
measurenents are made within the red 'feather! region of
the nitrous oxide-acetylene flame, Interferences from

other ions is prevented by the addition of E.D.T.A.

The causes of the effectiveness of the nitrous
oxide—acetylene flame for the determination of refractory
elements is investigated, and a mechanism is postulated
for the production and protection of ground state metal
atoms by the CN and NH species present in large quantities

in the red 'feather! region of the flame.

Temperature profiles for the nitrous oxide -
acetylene flame under different fuel : support gas ratios

have been obtained.



An investigation into the analytical utility
of other premixed gas flames is described, and their
properties for atomic absorption spectroscopy compared

with more usual flames.

In the final chapter some suggestions for
increasing the sensitivity and extending the scope of the

method are made,
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INTRODUCTION,

In the nineteenth century Kirchof?f (1) and
Bunsen (2) clearly demonstrated the great power of atomic
emission spectroscopy and its scope as an investigative
tool in chemistry aﬁd physics. Several elements (e.g.
indium, caesium, rubidium and gallium) were discovered by
observation of their atomic emission spectra, and qualitative
and semi-quantitative spectrography rapidly evolved as a
ugeful tool in chemical analysis. During the past half-
century many improvements in monochromator and photo-
electric detectors have been made to exploit the potentially
high sensitivity and selectivity of emission spectroscopy
in inorganic analysis. These developments have resulted
in the emergence of direct reading instruments whose general
utility for inorganic analysis cannot be challenged by any
other technique.

In 1800, Praunhofer (3) observed dark absorption
(2)

lines in the spectrum of the sun, and Bunsen and
Kirchoff (1) demonstrated that the positions of these dark
lines corresponded with those in the emission spectra of 4
certain elements, Observation of such line spectra,
produced by the discretely quantised absorption by atoms of
radiation from a continuum background source, thus has

permitted the chemical analysis of stellar atmospheres.

With the exception of its utilisation in astro-physics,



however, atomic absorption spectroscopy found little
application in inorganic analysis in the laboratory until
1955,

(4,5) researching into the physical

Workers
aspects of atomic structure use the technique appreciably,
but apart from isolated applications, e.g. the determination

(6)

of mercury vapour in laboratory atmospheres, it was
unknown as an anslytical method of importance., The
principal experimental difficulty which delayed the
application of the technique to inorganic analysis was the
unsuitable nature of host available background sources.

When 8 continuum source is employed the integrated
absorption over a finite bandwidth must be measured,
Measurement of the absorption line profile is experimentally
difficult, and imprecise. In 1953 Walsh (7) proposed that
the absorption coefficient be measured at the wavelength of
maximum absorption by the use of a stable sharp-line
background source of high intensity. He proposed the use
of hollow cathode lamps which emit sharp-line spectra of the
element of the cathode and permit absorption measurements

to be made accurately. It was the introduction of these
intense and stable sources which enabled the potentisl of
atomic absorption spectroscopy in inorganic analytical
chemistry to be realised. Walsh devised a sgimple flame
spectrophotometer which could be applied to the analysis of
solutions of & wide range of elements by this absorption

technique,



The first publications on atomic absorption
spectroscopy appeared in 1955, when Walsh (7), Alkemade
and Milatz (8) independently applied the technique to
chemical analysis. The first monograph on this subject
was written by W.T .Elwell and J.A.P.Gidley (9) and was
published in 1961, this book is now in its second edition.
During the past decade atomic absorption spectroscopy has
been applied to an increasingly wide variety of problems,
and the advantages of this method over emission methods
shown emphatically for many elements. Three of its
principal advantages are, that the sensitivity of the
technique for flame sources is independent of the excitation
potential of the transition involved, that the sensitivity
is less subject to interference from temperature variation

and extraneous radiation or inter-element effects.

Thermal Emission Spectroscopy.

In emission spectroscopy methods the sample for
analysis is atomised and excited. The emitted radiation
is then dispersed and the intensities of the selected
atomic lines measured. If self-absorption and induced
emigsion are neglected, the integrated intensity of emission

of a line is given by,

fI.) dv. = CN,f (1)
where l\I‘j = The number of atoms in the excited sﬁate

involved in the transition responsible for the line.



f = The oscillator strength - a measure of the
average number of electrons/atom capable of transition.
C = A constant depending on the dispersing and
detecting systems,
Assuming that the atomic vapour is in thermal
equilibrium at temperature T, the number of atoms NJ in the

excited state j of excitation energy Ej is given by,

P -E /KT
- J J
Nj = NO ?-O- e (2)
No = Number of atoms in the ground state.
X = Boltzmann Constant.

Pj and PO = The statistical weights for the excited and
ground states respectively (For the atom P = 2J +‘1 where J

is the quantum no. for total angular momentum of the

electron for the ground state).

FProm equations (1) and (2) it is evident that the
number of atoms in the excited state and hence 'I' the
emission intensity, depends on T and Ej (which for resonance
lines is inversely proportional to the wavelength).

Emission of high intensity requires a high temperature and low
excitation potential., Examples of the variation of Nd/No
with T and E for several elements are given in Table 1,

Even for the alkali metals with low excitation potentials

the number of atoms in the first excited state is small

compared with the number in the ground state. Generally
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W, is 104 - 107" times greater than Nj' N_ is virtually

o)
constant over a wide range of temperatures, whereas NJ

varies exponentially with temperature.

TABLE 1.
liéégﬁghce Transition |P./P | N./NO
Line Foo o
(4) | | 1 1=2000% |1=3000°% |r=4000°% |7=5000%K
2. o f 4 -3 -2 -2
Cs 8521 |°8) /o="Py 5| 2 |4.44%107"|7.24%1077|2.98x10°] 6.82x10
2, 2 -6 4 -3 P
ca 4227 |'s_ -l 3 | 1.21x10° 7 {3.69%x107° |6.03x10~%|3,33x10™>
zn 2139 |'s_ -'p, 3 7.29x10'1ﬂ5.58x10‘101.48x1o‘7 4.32x10"°

(after Elwell and Gidley).

Atomic Absorption Spectroscopy.

Congsider a parallel beam of radiation of intensity
'Io' and frequency 'y ' incident on an atomic gas or vapour‘

of thickness 1 cm,

FIGURE 41,
1, L,
— =

3 lcm, >
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Then if I, is the intensity of the tramsitted radiation,
the absorption coefficient K of the vapour at frequency

'v!' is defined by

I = 1 e K1 (3)

v o)
According to classical dispersion theory the relationship

between integrated absorption and concentration is given by,

2
fK.dy = “’mi . N, .f (4)
where,
e = electronic charge
m = electronic mass
¢c = velocity of light
Ny = number of atoms/cm3 capable of absorption in

the range ¥ + dy to v .
Equation (4) assumes a refractive index of 1 over the
breadth of the absorption line and is not applicable +to
strong absorption lines,

For a resonance line due to a transition from a
ground state which is well separated from the lowest excited
state, N, can be considered equal to N, the total number
of atoms/cm3. If, however, the transition does not

originate in the ground state, then the number of atoms

capable of absorbing is given by,

~E. /KT
Pi e T

N, = N. (5)
PJ e Ej /KT

where 'i' denotes the initial state involved in the
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transition, and the summation in the denominator extends
over all possible energy states. In practice the summation
can be regtricted to the low lying levels.

Putting equation (4) in terms of transition
probabilities we obtain,

2 1 -7P. N.
Jk dy h) ‘ 17
8 P

I
&
X
c_'b>
=

(6)

I
where A is the wavelength at the centre of the absorption
line,
Pi and Pj are the statistical weights,
Aji is the Einstein coefficient of spontaneous
emisgion for the J —»i transition.

In the general case where N, >} N. eq. (6) reduces to the

J
well known equation,
2
2 P.
ﬁ( dwy = BﬂPi R NU Aji (7)

N,, is generally given by equation (5) but for resonance
lines is equal to N, Similarly if the transition from
the 3™ to 1" state is the only one which can occur (as is

the case for resonance lines) A.. = 1/x , where ' ' is

ji
the average lifetime of an atom in the excited state 'j'.
The most difficult problem lies in the measurement
of the integrated absorption. In flames at temperatures
between 2,OOOOK and 3,5000K the width of the absorption

line is of the order of 0,02 A. The width of an absorption
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line depends on
(1) the natural line width — due to the finite time an atom
is in the excited state;
(2) Doppler broadening - due to the thermal motions of
the atoms;
(3) Iorentz broadening - due to collisions with foreign
gases;
(4) Holtzmark broadening - due to collisions with atoms
of the same kind;
(5) Stark broadening - due to electric fields, either
internal (ions or electrons) or external.
The natural width of the line, ca. 1074 R may be neglected
in relation to other factors, of these Doppler, Lorentz
and Holtzmark broadening contribute significantly to the
line width at low partial pressures of an clement in
ordinary flames or furnaces, Doppler broadening probably
predominates.,
To measure the profile of an absorption line
accurately, and thereby obtain the integrated absorption,
it 1s necessary to use an instrument with resolution of
500,000, which is beyond the capabilities of most
spectrographs. However, the method of measurement suggested
vy Walsh(7) is simple and effective and eliminates the need
for a high resolution instrument. By using a sharp-line
source which emits lines with a much smaller half-width
than the absorption line, the absorption coefficient at the

centre of the line can be measured,



FIGURE 2, 14,

Absorption line

Emission line

‘A LISNHEINTI

WAVELENGTH,

Doppler broadening produces an absorption line width of the

order of 0,01 X at 2,000°K and is given by the expression,

A /[omT

\ A= wavelength, R = Gas constant, M = atomic weight.
TABLE 2,
Values of Doppler widths at various temperatures.
Element >\ M Da
o} o} | C
1,0007K 2,000°K 30007K
Na 5890 22.3 10,028 A 0.039 A 0.048 A
Cu 3247 63.6 { 0,00924 03013 A 0,016 A
Zn 2139 65.4 | 0.0060A 0.0085A 0,010 A

The same factors as well as self-absorption govern

the width of the emission line from the source and the

absorption line in the flame.

For maximum sensitivity the

emission source must be operated at as low a temperature as

possible, and the path-~length of light through non-emitting
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regions of the source must be minimised as this is where
self-absorption can occur.

If the half-width of the emission line is
negligible compared with that of the absorption line, and
if the shape of the latter is determined solely by Doppler
broadening, the relationship between KmaX (absorption

coefficient) and concentration is,

2
2
_ 2 A in,2 T e
Knax = D,  =® ° 7 - N1 (9)
% m c

1
From equation (8) Dy « T and this shows that the

absorption coefficient is independent of quite large
fluctuations in temperature. Equation (9) implies a
linear relationship between Kmax and N._ This in practice
occurs only at low atomic concentration. At high
concentration the other broadening factors compete
seriously with Doppler broadening for control of the width
of the absorption line.

Since the most convenient method of atomisation
is a flame, pressure broadening will be caused by the
presence of gases other than the atomic vapour. This is
a constant factor and is independent of sample concentration,

and therefore causes a constant lowering of Kma The

XQ
linearity between the absorption coefficient and
concentration is maintained but the sensitivity is reduced.

When the sample concentration is increased, the increase
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in the partial pressure of the atomic vapour causes resonance
broadening which results in the lowering of the absorbance.
This is not a linear function of the atomic vapour
concentration and hence destroys the linearity between

Kmax and N, and the growth curve of absorbance for the
element concerned bends towards the concentration axis.

It is necessary to know whether sutiable
absorption lines lie in the regions of the spectrum which
are amenable to measurement. In terms of sensitivity it
is obviously desirable to use the strongest resonance lines,
and in general these will correspond to the strongeat

(10). All elements have their most

emission lines
sensitive lines in the region 2,000 - 9,000 X, therefore
the lines of all the common elements lie in a region of the
spectrum where measurement is easily made.

The oscillator strengths of certain elements have
been calculated and are listed in Table 3, Theoretical
ogloulation is possible for atoms having simple electronic
structures, but this has not been carried out yet for the
heavy atoms having complex structures. For those elements
with known oscillator strengths the atomic concentration

can be determined from the integrated absorption

coefficient using equation (4).
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TABLE 3.
Resonance ILinec K Transition Oscillator |
Strength ()
Ii 6708 231/2 - 2P3/2 | 0.50
Na 5890 231/2 - 2P3/2 0.70
K 7665 °81 /0 = “P5 5 0.64
Cu 3247 °S1 /5 = %P5/ 0,62
Cs 8521 231/2 - 2P3/2 0.66
Be 2349 s, -1p, 1.82 *
Mg 2852 s, -1p, 1,74 *
Ce 4227 s, -1p 2,28 *
cd 22883 s, - 1p, 1,20
Ba 5535 s, -1'p, 2,10 i
Hg 1849 s, -1'p 1.19
71 2769 2P1/2 - 2D3/2 0,20
Cr 4254 733 - 7PZ 0.084
Ni 3415 3D3 - % 0,02
Fe 3720 a5D4 - 25F5 0,013

* Uncorrected values, for method of correction see

Trefrtz (11)

If a sharp-line source is used it is no longer
necessary to use & spectral band width of the same order
as the half width of the absorption line. The requirement

now is solely the ability to separate and isolate a
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selected 1line from other lines emitted by the source.
Thus spectrometers having the same resolution as those used
for conventional emission methods are adgquate, and in
some cases it is possible to use filters,

There are various forms of sharp-line background
sources but the most common source is a hollow cathode
12,13)

lamp These were used in all the studies undertaken

by the author and found to be very suitable.

FIGURE 3,

Tungsten '
anode,
) {1 ‘ € Quurtz
Cathode, windew,
IneI‘t ges, /

The necessity for the emission line to be narrower than

Gluss envelope,

the absorption line and for a narrow line source free from
self-reversal eliminates the use of conventional sources
such as arcs and flames. Fortunately the hollow cathode
lamps fulfil most of the requirements,

These lamps comprise a gas discharge tube in
which the cathode is a hollow cylinder open at one or both

ends, the exact shape being unimportant. The ges pressure
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in the tube is adjusted so that the "negative glow" at the
cathode is confined almost entirely to the interior of the
cathode, Under these conditions the potential gradient is
found to be a maximum near the cathode surface, indeed
almost all the potential applied to the tube is found across
a distance of about 1 mm from the cathode. Pogitive ions
from the filler gas are accelerated through this intense
field and bombard the cathode causing sputtering of the
cathode material, The 'sputtercd atoms' become excited by
further collisions, so that in the glow within the cathode
the spectrum of the cathode material is seen, in addiﬁion
to that of the carrier gas. If helium is the carrier.gas
(Ionisation potential 19,7 eV.)_the cathode material
gpectrum is due largely to ions. Arc 1@nes, due to the
atom, are more prevalent when argon (I,P. 1568 eV ) is
used as the carrier gas. This is preferred as the
resonance lines of the cathode material are enhanced,

The emigsion lines obtained in this way are narrow
because the potential gradient in the negative glow itself
is small so there is 1little tendency for Stark broadening,
while the low pressures (1 - 2 mm of mercury) at which this
type of dischargg occurs ensures that pressure broadening
is ingignificant. Nearly all the power is dissipated at
the cathode and even a comparatively heavy metal cathode
rapidly_becomes hot, therefore Doppler broadening is more

serious. However, the effective gas temperaturc is always
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considerably lower than that in the population of absorbing
atoms in the flame so that the emissiog line is always
much narrower than the absorption line.

A difficulty in practice arises from the
vaporisation of sample producing emission at exactly the
same wavelength where absorption mcasurement is being made.
This difficulty can be overcome by modulation of the
incident radiation before it reaoches the atomic vapour, and
so tuning the detector and amplification system, that any
unmodulated radiation emitted by the vapour does not produce

a signal at the amplifier output.

Apparatus.

The apparatus generally used in atomic absorption
spectrogscopy comprises
(1) =2 suitable light source, emitting the line spectrum
of an element to be determined ;

(2) a means of vaporising the sample;

(3) a monochromator for line isolation; and

(4) a photocell or photomultiplier detection and
amplification system.

The detector is placed to receive only the
resonance line of the element from the light source,
measurement can be made of the absorption of this resonance
line radiation after passage through the atomised sample.

The magnitude of this absorption bears a direct relationship
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to the concentration of free ground state atoms of the
element in the vapour and when referred to a calibration
curve, provides a means of determiging the concentration of
the element in the sample solution, A typical

experimental arrangement is shown below in figure 4.

FIGURE 4,

L B
Sl MiHDIHAHR

s 4 N

L = Hollow cathode lamp B = Burner
M = Monochromator D = Detector
A = Amplifier R = Recorder
N = Nebuliser S = Sample

The instruments used by the author were, firstly a Hilger
and Watts Uvispek (H700) and the unmodulated atomic
absorption attachment (E 1100) with lamp (FL 165), secondly
a Unicam SP,900A.

As previously stated, hollow cathode lamps are
the most commonly used sources. Multi-element lamps may
be produced by using either an alloy for the cathode or
several pure metal cathodes,  These are of limited use
gince one metal tends to sputter from the cathode more
easily than another and hence one line spectrum is obtained

preferentially. In the application of atomic absorption



22,

spectroscopy to chemical analysis both smoothed direct
current (7,14,15,16)

: and half- or full-wave-rectifigd
A.C.(17’18’19)

have been used to gupply these lamps. The
use of rectified A.C., or smoothed D.C. and & mechanical

(7,8,14) in the light path results in an alternating

chopper
signal from the detector, If this signal is measured by
using an A.C, amplifier tuned to the frequency of the signal,
the system is specific to the measurement of light emitted
from the hollow cathode lamp. ‘

The double=beam system used by Russell, Shelton
and Walsh (14)pequires mo stabilisation of the voltage
supplied to the spectral lamps. In single beam instruments
(15,20) ' gtapilisation is necessary to ensble the blank,
gtandard and unknown_solutions to be measured under
identical conditions,

Other usable light sources are discharge tubes (27,
(21)

(25)

for the more volatile elements, microwave tubes

(22) (23,24)

continua and

plasmas . , hydrogen lamps
xenon arcs (23). Although flames are well known sources

of line spectra, their use as sources for atomic absorption
spectroscopy is less satisfactory than other methods, due

to line broadening by high operating temperature and pressure.
They are alsc unable to excite lines of high excitation
potential and_their output over long periods of time is

very unstable,
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Walsh suggested that if spectral continua were
used as light sources, then monochromators of resolution of
500,000 would be required. He also questioned whether there
wguld be sufficient energy available in the 0,01 X to
0.003 X intervgl of continuum to give an acceptable signal
to noise ratio. He concluded that the peak absorption
rather thag the absorption profile was experimentally more
attractive,

Fassell (23) has used a continuum successfully,
especially for the determination of the rare earth elements.
Here one lamp provides a light source for all elements and

hence is a great practical and economic advantage.

Introduction of sample into the flame.

The substance to be analysed must appear in the
flame as atomic vapour. To achieve this the sample
solution must first be carried to the flame by means of &
nebuliser and spray chamber, and passed into the flame as
a fine mist or serosol. This aerosol must be converted
into atomic vapour in which dissociation and ionisation
play an important part. The nebulisers carry the samples
via a Jjet of carpier gas which is generally the supporting
gas of the flame,

There are three main types of nebuliser :
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FIGURE 5,
L Air,

L AN

1111 .
Sample. Alr, : R

7 ) (b) Semole.

Nebulisation converts the sample solution to fine droplets

NN

&
i
YlTLISLS,

R R N

e
which are carried to the flame directly as in the total
consumption or direct burner (5¢) or indirectly via a spray
chamber in (5a) and (5b). In the spray chamber the larger
drops separate, either being too big ﬁo he carried further
or they are brokem into smaller drops., The solvent
evaporates partly in the spray ghamber and tubes to the
burner and finally in the flame,

If all the sample solution aspirated by the
nebuliser appeared in the flame as vapour and was therefore
subsequently atomised, this process of nebulisation would
be very straigh*forward, Unfortunately various losses
occur, In the spray chamber large droplets separate and
do not get into the flame, If they do pass into the flame
which is the case with the total consumption burner, the
drops are too big and give rise to incomplete

vaporisation. Thus a large proportion of the sample
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fails to reach the flame and this reduces the detection
limits and sensitivity of the method., The magnitude of
these losses is governed largely by the drop-size
distribution of the mist, and the production of a large
proportion of droplets below a certaip critical size gives
rise to the best nebuliser efficiency.

The actual rate of uptake of sample depends
solely on the viscqsity of the solution and the flow rate
of the carrier gas, The difference in levels between the
sample and atomiser tip does not affect the suction rate,

If it did as the level fell the signal would also fall and
variation in density and surface tension would cause large
errors,

The liquid emerging from the capillary forms into
spherical drops due to the action of surface tension forces.,
The drops can be made into smaller drops by_collisions with
walls or being torn apart by the gas stream, A dynamic
pressure of WV2 is set up, due to the friction of the gas.
w is the density of the gas in gm/cm3 and V is the relative
velocity of the air with respect to the drop. These forces
oppose the forces of viscosity and surface tension which
keep the drop together, At high relative speeds viscosity
can be neglected, and the drop shatters when the dynamic
pressure excegds the pressure of surface tension by at least
a factor of 3, Under these conditions the critical radius

is given by:
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w? o= (&) - 8 (10)
and the maximum droplet diameter 2r possible during
atomisation can be calculated and is of the order of 10}3
This is difficult to calculate and is not strictly accurate.
It also does not give a measure of the drop~size distribution.
For a measure of the drop=-size distribution it is necessary
to use empirical formulae which apply to given nebulisers
under specific conditions, The following is one such
formula for the mean drop diameter DO valid only for

subsgonic velocities and agueous solutions with concentric

atomisers (26). \ - \ 3/2
I ‘ 0.5 1000 qQ, |
= s5gg vS4_ ‘__f__ 1
D, = 58684 4+ 597 ‘a} Y (11)

3 = surface tension (dynes/cm); v = velocity of compressed
air at orifice (metres/sec.): d = density of ligquid (gm/cmB);

f = viscosity (dynes.sec./cmz); Q; = liquid flow (cmB/Sec.);

Q = air flow (om3/sec.). D, is the diameter of the
average drop in/M . This is an average value and hence this
drop has the same volume/surface ratio as the entire liquid
mist, it is also true that the mass of all drops of diameter
leess than D is about half the total mass.

This formula is valid for the llmlts :
O. 8\d<1 2; 30 <s<73; and 0,01 <f<0.3. Tor economical
nebulisation Q2/Q1 > 3,000 and in this case the last term in

equation (11) can be ignored. The size of the spray drops
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depends almost entirely on s, d and V, while the effect of
the viscosity, f, vanishes, This conclusion is in accord
with the earlier equation (10) for the critical diameter
in which viscosity again plays no part. Both equations
show that a finer mist is produced if the carrier gas
velocity,.v, is increased and the surface tension, s, is
decreased.

Recombination of small drops occurs as well as
the shattering of large drops and the recombination affects
the mean drop-size appreciably when Q2/Q14( 5,000 and so
cannot really be ignored.

V-aporisation of solvent obviously affects the
size distribution of the drops reaching the flame, The
effect of -vaporisation can be estimated by considering the
loss by evaporation per unit time from a stationary
spherical droplet in dry, still air, The Langmuir
equation derived on the assumption that the free path of air

molecules is small compared with the drop diameter applies:

P r
dm _ S
“IE = 4t M D |7 (12)

where m = mass of drop; +t = time; M = molecular weight
of vapour; D = diffusion coefficient of vapour in air;

R = gas constant; T = absolute temperature; PS = vapour
pressure of saturation; r = radius of drop.

Thus rate of loss of surface :
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P
ar _ s - 2
- 3F = 87 MDM—)-R.—'_[‘— (13) (F —;4-75 T )

where J = density of the liquid.

This equation states that at constant temperature the rate
of surface contraction - %% is approximately constant.
For water droplets at room temperature it amounts to about
1074 cmz/sec. so that a drop with diameter 50 Ml evaporates
completely in one second, This is roughly the time spent
by & drop in the spray chamber of an indirect nebuliser
gystem, Thus droplets with diameters belqw 50}& will have
lost all solvent before entering the flame,

The approximate constancy of - %% implies that
for a finer mist at a given rate the amount of solvent
evaporated per unit time increases, an upper limit being
set by the saturation of the air.

An idea of the efficiency of an indirect
nebuliser is obtained by expressing as a percentage the
fraction of the originally aspirated sample which actually
reaches the flame, This percentage is called the
nebuliser efficiency, and is usually of the order 1 - 10%
but can be as high as 20% using organic solvents. While
measuring the nebuliser efficiency, evaporation losses
should be minimised,

The use of organic solvents for spraying into the

(27,28) is an important method of increasing the

flame
sensitivity of the atomic absorption method, and this can

lead to a 5-fold enhancement in sensitivity.
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From equation (11) if the carrier gas velocity,V,
is kept constant the use of an organic solvent can decrease
the surface tension, s, and the density, d, so that a finer
mist is produced. This has the effect of enabling more
sample to reach the flame, thus increasing sensitivity
and detection_limits. This is true for solvents miscible
with water, e.g. acetone and ethyl alcohol, and also
immiscible solvents e.g. ethyl acetate, butanol, etc.

An ultrasonic nebuliser (29) has been developed
for use in atomic absorption spectroscopy. This nebuliser
provides a reproducibly fine aerosol and enables far more
sample to reach the flame. There are two slight
disadvantages, (a) a large volume of solution is required,
and (b) it is easy for the nebuliser to become coated with

different compounds giving rise to a "memory effect!.

Atomisation.,

The flame is used almost exclusively as the atom
reservoir for measurements of atomic absorption. Other

usable methods of atomisation, however, include L'vov

(30) (31), low background

(22)

crucible y long heated tubes

separated flames (32,33)

, and plasmas
The aerosol or fine mist of sample produced by

the nebuliser is introduced into the base of the flame,

It is the function of the flame to convert this sample into

atomic vapour containing free ground state atoms suitable
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for atomic absorption. The aerosol first loses the solvent
by vaporisation. The solid "clotlet" formed melts, then
boils and finally vaporises, The liberated molecules
dissociate yielding atomic vapour, some of the atoms absorb
more energy and become excited atoms., There is also a
tendency for some atoms to ionise which leads to the
formation of stable compounds in the flame. The heat
required for all these processes is & negligible fraction
of the total heat content of the flame,

T'or sodium and calcium chlorides the flame

processes have the following effect.

Na+
i$
Nagl —>» Na® + C1°

¢
Na¥
Yz
/ 0 B \
CaCl2—-e 201°% + Céb—~—9 Ca+ 6ao CaOH
1V W £1% "W

Ca* Ca CaQ* CaQH¥*

ca® wma® (1° ground state atoms - A.,A.S,

Na* (C1*¥ etc excited atoms ~ ZEmission

Na+ ete. ionised atoms - L -

The O and OH are provided by the flame gases,

The time, t, for evaporation of a droplet is obtained from

the equation
a = ¢cxt (14)

do is the initial diameter of a drop and ¢ is a constant.
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Since the l1life of the drops of solution depends
on the speed of ascent of the hot gases in the laminar
flame, it is pogsible to calculate the height in the flame
at which a droplet of given gize will be completely atomised.
For water droplets of initial diameter 1M in an air/
acetylene flame ascending at 10 m//second this height will
be 0405 mmy At a height of 3 mms drops with initial
diameters of 1Q}l will contribute to the atomic population.
Therefore at the customary height of observation in the
flome, 1 = .3 cmy¢ above the flame base, practically all the
drops will be atomisedy This is not necessarily true for

the total consumption burner,

FIGURE 6, !
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If emission intensity is plotted versus height above the
burner for most premixed flemes, the maximum emigsion

intensity coincides with the hottest region of the flame,
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The intensity falls off quickly either side in the cooler
parts of the flame, as small changes in temperature cause
large variations in emission intensity as would be expected,

since Lxe-E/KT

.When the. corresponding ebsorption profile is
plotted, once again the maximum absorption occurs at a
certain point in the flame, usually the hottest, but above
this position of maximum absorption the rate of decrease of
absorbance with height is not usually as pronounced as for
thermal emission. This can be explained by the persistence
of a relatively 'cool' ground state atomic population quite
high in the flame, If the element forms stable compounds
in the flame, however, then the absorption is badly
affected, but if the ground state atoms can be protected

by the high temperature and the rcducing atmosphere, then
the absorbance should rémain high over a wide region of

the flame,

The high temperature of the flame can be a
disadvantage for certain elements e.g. calcium, when a
high proportion of the element is ionised, thus reducing
the atomic population and hence the absorption. This
effect of ionisation can be overcome by the addition of
other more easily ionised elements e.g. potassium, to the
sample. The ionisation K—%)K+ + e tends to reverse the
caleium ionisation equilibrium Ca —> Ca® + ¢,

Generally a compromise must be obtained between
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high temperature and reducing atmosphere. The high
temperature is required to atomise the element and also to
assist in the breakdown of compounds formed in the flame.,
The reducing atmosphere helps to prevent the formation of
stable oxides in the flame,

The dimensions of the burner are important. The
author has always used long laminar flow burners and not
the total consumption types The longer burners produce
high absorbances in accordance with the Iambert - Beer Law,
The absorbance cannot be increased indefinitely, however,
by lengthening the burner, due to the dilution of the
atomic population by the greater volume of gases required
to support the longer flame and the cooling effect of the
burner-plate on the flame., If the flome is made narrower
an increase in absorption results due to the increase in
concentration of the atomic population.

The path of light through the flame affects
sensitivity. All of the light from the hollow cathode lamp
should pass through the flame, at a height above the burner
found experimentally to produce the greatest absorbance
signal, In order to increase sensitivity further,
multipass systems are in common use (34).

The types of flame used by the author have been
air/propane, air/acetylene, nitrous oxide/acetylene and

various mixbtures of nitrogen, oxygen, air, nitrous oxide,
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acetylene and ethylene. The air/propane and air/acetylene
flames are very satisfactory for a large number of clements,
but difficulties arise when attempts are made to atomise
refractory elements, The refractory nature of the oxides
prevents the production of sufficient ground state atoms
for absorption measurements in these conventional flames.
Also when determining other elements in the presence of

the refractory metals, the refractory oxides produced bind
the required atoms within their lattiqe and prevent the
production of free ground state atoms.

Russell, Shelton and Walsh (14935) realised that
the greatest limitation of the atomic absorption method
was the difficulty in atomising various elements. They
suggested that the use of the cyanogen/oxygen flame may
solve this problem of atomisation. This flame has been
used by Robinson (36) but is extremely unpleasant and
dangerous to handle, and also thc sensitivity obtained was
low. It was research of this kind which led to the
introduction of the nitrous oxide/acetylene flame (37) for
the determination of refractory elements, This flame
produces the high temperature and provides the reducing
atmosphere required for the production of the ground state

atoms of many refractory elements.
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Monochromator, Amplification and Detection Systems.

The use of a line spectrum of an element makes
it possible to use monochromators of reasonably low
resolving power, since line isolation is all that is
required, The resolution can be further lowered by the use
of modulated light sources and tuned amplifiers. If any
background radiation is emitted by the sharp-line source a
curved calibration graph will be produced, but the curvature
may be minimised by using a narrow band-pass monochromator
which reduces the proportion of unabsorbed light. The
resolution required depends on the complexity and intensity
of the source spectrum. For most transition elements quite
a high resolution is necessary, whereas for alkali or
alkalipe earth clements & monochromator of low resolution is
usable, The possibility of using another hollow cathode
lamp as monochromator was discussed by Walsh (14)

working arrangement has now been produced (38).

and a

The measurement system depends on the ability of
thc photocell or photomultiplier to measure the reduction in
intens;ty of a resonance line emitted from a high intensity
source, This reduction gives a.measurement of the
concentration of sample solution, Various types of photo-
cell 39) and photomuitiplier (77) have been used
satisfactorily. The amplification system is tuned to the
modulation frequency of the light source and the output is
registered either on a spot galvanometer or a strip chart

recorder,



Iimitations and interferences.

Atomic absorption spectroscopy has been applied
successfully to the determination of a large number of
elements(4o). Except for Walsh(35) and L'vov(BO) nearly all
these determinations have been performed using solution
samples, Although detection limits for refractory elements

are quoted(41)

very few actual determinations of these
elements under real conditions are to be found in the
literature.

This thesis describes methods for the determination
of trace constituents in refractory elements, and also some
studies concerning the determination of refractory elements
themgelves, The enhancement in sensitivity in the
determination of the latter, afforded by the nitrous oxide-
acetylene flame has been investigated and the temperature,
in various regions of the flame, measured using three
different techniques.

The sensitivity of the atomic absorption method
compares very favourably with other analytical procedurcs.
The fact that excitation potential has little effect on the
sensitivity of the absorption procedure gives an immediate
advantage over flame emission methods, where the sensitivity
is critically dependent on excitation potential. The
higher the excitation potential of the strongest resonance

line of an element, the higher the sensitivity of the



37.

absorption method will be, relative to that of the
corresponding flame emission procedure.

The main advantage of atomic absorption over
other methods is that it is relatively free from
interferences. There are three principal types of
interference in absorption and emigsion methods, radiational,
physical and chemical, The literature contains much detail

(26) and the

concerning the nature of these interferences
following account is only a brief description of these
three types of interference with reference to emission and

abgsorption techniques.

(a) Radiational.

Radiation interference in Atomic Absorption
Spectroscopy occurs mostly in unmodulated instruments, where
radiation from thg flame is simply defocussed at the slit of
the monochromator, Thus radiation from elements in the
flame, other than that for which the sample is being
analysed, may pass through the monochromator system and be
measured., This type of interference lowers the gensitivity
of the absorption method. However, it is much more serious
in the flame emission procedure where the optical
arrangement employed gathers emitted radiation from the
flame as efficiently as possible. By Atomic Absorption
Spectroscopy, fqr_egample, Allan(ls) ?eports that a solution

containing 10 p.p.m. of iron and 10 p.p.m. of manganese, in
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the presence of 100~fold excesses of potassium, calcium,
sodium, magnesium, and phosphorus, gave exactly the same
absorbance signal for iron and manganese as a golution
containing only 10 p.p.m. of iron and 10 p.p.m. of manganese.
If a similar experiment was conducted utilising the thermal
emission of iron and manganese, considerable radiation
interference would result, even at moderately high resolution,
in the presence of calcium and phosphorus. Flame background
emission is also a source of considerable radiationsl
interference in thermal emission spectroscopy, and is
difficult to eliminate. Variation in magnitude and stability
of this background contributes to high noise levels and lack
of precision.

This type of interference is easily overcome in
the atomic absorption procedure, by modulation of thg ;ight
source, so that the signal produced is, in effect, a.c.,
and tuning the amplifier to this signal. Any radiation
from the flame is obviously d.c. in nature and will not
therefore be.amplified. An exception arises when the
incident a.c, radiation stimulates Tresonance flgo?escence
from atoms of the element in the flame, The a.c.
fluorescence emitted, diminishes the expected absorbance and

(42)

can cause premature curvature of absorbance growth curves .
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Physical.,

Collisions between atoms, molecules and electrons
occur within the flame, causing the transference of
excitation energy from one species to another, In flame
emigsion methods, where the number of excited atoms is very
small, this type of interference can cause a large lowering
in sensitivity. Obviously any lowering in'the number of
excited atoms will decrease the sensitivity. Similarly any
excesgive supplementation of the number of excited atoms
by suprathermal excitation, e.g. chemiluminescence, will give
rise to & positive enhancement.

There is no real counterpart to this in atomic
absorption analysis, because the number of absorbing ground-
state atoms in the flame is large and virtually constant.
Therefore excitation energy transfers, though they may have
a large effect on emission from a flame, have a negligible

effect on absorption in the flame,
Chemical.

This type of interference is due to the formation
of stable compounds in the flame and is the most serious
cause of interference, Unfortunately, atomic absorption
methods in which flames are used for vaporising the sample,
are subject to the same chemical interferences as flame
emission methods. The reason for this is that the formation

of temperature-~gtable compounds in the flame causes an equal
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and proportionate reduction in the populations of ground-
state and excited atoms.

1(43)

For example Strasheim and Nel show how

phosphate interferes with the calcium emission method, and

Davial7)

reportes that the phosphate interference is similar
to that obtained in the determination of calcium by -the
absorption technique. Also aluminium, which has been shown
to interfere with the flame emission determination of
alkaline-earth elements by Mitchell and Robertson(52) has
been shown to interfere similarly with the atomic absorption
determination of calcium and magnesium by David(17) and

Allan(16)

respectively.,

The methods for overcoming chemical interference
are (a) separation of the required element from interfering
ions, or (b) the suppression of the interference by addition
of an excess of a substance which will prevent the formation
of compounds between the interfering ions and the element
being determined. Examples of substances added for this
purpose are strontium fluoride (19, 53, 52) and E.D.T.A€19’54)

However, when the determination of refractory
elements is attempted, e.g. aluminium, silicon and
molybdenum, whici form stable refractory compounds in the
flame, additions of the above type are useless, because

there is insufficient atomisation in the flame to produce

ground state atoms for abgsorption measurements, It was
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this need for a flame which could atomise refractory

elements which prevented the application of atomic absorption
spectroscopy to a larger number of elements. The
introduction of the nitrous oxide - acetylene flame(37)
enabled the production of a large population of ground state
atoms of most of the refractory elements, and hence their
determination was possible,

For complete atomisation of the majority of
elements, theAplasma jet used by Margoshes and Schribner(55)
shows promise, This combines a very high operating
temperature with non-oxidising conditions, and should be

sultable for the atomisation of refractory elements.
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CHAPTER 2.

THE DETERMINATION OF TRACES OF COPPER IN NIOBIUM AND
TANTATLUM.

Copper has been determined in a wvariety of materials

using atomic absorption spectroscopy. The technique has

been applied to the determination of copper in sea-water(44),

brass and bronze(45’46) (47,48)

(49)

substances . The author's gtudies were concerned with

, ores , and agricultural

the application of atomic absorption spectroscopy to the
determination of trace amounts of copper in niobium and
tantalum, which form refractory oxides in conventional
hydrocarbon-air flames. The determination of copper by
direct aspiration of sample is therefore difficult, since
the refractory oxides formed in the flame bind the copper
atoms within their lattice and thus prevent the production
of sufficient ground state copper atoms suitable for atomic
absorption measurements. This seriously affects the
gensitivity of the procedure and the copper must therefore
be separated from these refractory elements.

The air-propane flame was used for the
determination of copper in niobium in conjunction with an
un-modulated atomic absorption spectrophotometer. For
reagons described later the determination of copper in
tantalum was conducted in an air-acetylene flame and a

modulated instrument was used.
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In the initial experiments using aqueous copper
solutions it was found, contrary to expectations, that the
presence of a 100~ or 1000~fold excess of niobium or
tantalum slightly enhanced the copper absorption signal.
This was later shown to be due to copper impurities present
in the niobium and tantalum since the refractory elements
themselves do not contribute to the absorption signal at
the 3247 A line, However, it is not possible to determine
copper at the 1-10 p.p.m. level directly in aqueous
solutions of niobium and tantalum because (a) even_in pure
solution at a workable volume, 100 pg of copper (i.es 10 g.
sample, 10 p.,p.m.) does not produce sufficient absorbance
in the air-propane flame; and (b) the additional preéence
of 105~ and 106-f01d excesses of niobium (or tantalum) and
fluoride reduces the nebuliser efficiency and causes the
formation of undissociated refractory oxide particles in
the flgme, thus severely inhibiting absorption due to
copper,

An initial separation of the copper into an
organic solvent was adopted. This had the advantages of
(2) quantitatively removing the copper from a large volume
of refractory medium avoiding any interference from oxide
formation; (b) giving a volume concentration step; and (c)
making available the nebulisation efficiency of an organic

solvent,
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The extraction system first investigated was capric
acid in ethyl acetate (90) at pH 8,0, The extraction of
copper was irreproducible and incomplete. It was subjeét
to interference from tartarate, and, in the presence of
niobium, the high pH necessary caused precipitation of
niobium oxide. Because of these serious limitations this
extraction system was abandoned.

The use of 8-hydroxyquinoline in an organic
solvent as an extractant for copper from the aqueous niobium
solution was next studied. Complete extraction of'copper
was obtained from both niobium and tantalum at pH 4.5, The
organic phase obtained after such an extraction was sprayed
directly into the flame for the determination of copper in
niobium, but a concentration step was employed in the
copper in tantalum procedure.

The large excess of fluoride ions present in the
niobium and tantalum solutionsg aftor dlwsaelution helped to
mask interferences, and only molybdenum and titanium
interfered at the 100-fold excess level, The addition of
hydrogen peroxide prior to extraction eliminated these
interferences, The methods used gave good sensitivity for
the determination of 1-10 p.p.m. of copper in niobium and

tantalum.
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Experimental.

Reagents. _
Copper Solution, Dissolve 3,925 g. of analytical grade

copper sulphate (CuSO4.5H20) in 1 litre of distilled water
from an all-glass distillation apparatus. This l,OQO P.D.m.
stock copper solution may be diluted to 100 and 10 p.,p.m.
solutions as required.

Tantalum Solution. Dissolve 10 g. of tantalum metal in a

mixture of 30 ml. of 40% hydrofluoric acid and 3 ml., of
nitric acid (S.G. 1.42). Dilute the solution to 500 ml.
with distilled water and add 4l ammonia solution to raise
the pH to 4.,0. Dilute this solution to 1 litre to produce

a 10,000 p.p.m, tantalum solution.

Preparation of Samples.

Dissolve 2 g. of tantalum metal in a mixture of
6 ml. of 40% hydrofluoric acid and 0,5 ml. of nitric acid
(8.G. 1.42). Dilute to 100 ml, with distilled water and
add 4M ammonia to raise the pH to 4.0. Finally, dilute

the solution to 200 ml. with distilled water.

Niobium Solution.

_ Dissolve 50 g. of niobium metal in a mixture of
150 ml. of 40% hydrofluoric acid and 100 ml. nitric acid
(S.G. 1.42), Dilute to 450 ml, with distilled water and
add 10% sodium hydroxide solution %o raise the pH %o 4.0.
Dilution to 1 litre produces a 50,000 p,p.m., nicbium stock

solution.
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Preparstion of Samples.

Dissolve 10 g. of niobium metal in 30 ml. of 40%
hydrofluoric acid and 20 ml. nitric acid (S.G. 1.42).
Dilute the solution to 100 ml. with distilled wate;, add
10% sodium hydroxide solution to raise the pH to 4,0 and
dilute the solution to 200 ml. Tie copper content of this
sample solution may now be determined using the recommended

procedure described above.

8=-hydroxyquinoline reagent.
0.1 and 0,025 per cent solutions of 8-hydroxy-—
quinoline were made up in ethyl acetate

Sodium acetate — acetic acid buffer, pH 4.5.

Dissolve 100 g. sodium acetate in 500 ml, of
distilled water and add 150 ml. of acetic acid., Make this
solution up to 1 litre to provide a pH 4.5 buffer,

A1l other reagents used were of analytical grade.,
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A, DETERMINATION OF COPPER IN NIOBIUM.

Apparatus.

The Hilger and Watts Uvispek (H 700) with the
unmodulated atomic absorption attachment (H 1100) was used
in conjunction with a copper-zinc hollow cathode lamp
(FL 165). The flame used was a regulated supply of
comp?essgd a?r and propane., The air pressure used was
25 pese.i. (1.75 kg/cmz) and a sufficient flow rate of propane
to produce a flame which was Jjust non-luminous, The
effective burner head dimensions were 10 cm. long and 1.5
cm. wide.

Initial work performed to optimise the instrument controls
and experimental conditions,

The maker's recommended lamp current for the
hollow-cathode lamp was 15 mA, but as shown in Fig, 7 due
to the higher absorbance reading greater sensitivity will be
obtained at a lower lamp current, in this case 4mA was the
best current for maximum sensitivity. The lamp gave a
steady output at this operating current and the under-
running of the lamp over a period of months caused no
noticeable 11l effects.

Three copper resonance lines were compared for
absorption measurements, The 3273 and 2492 A lines gave
very little sensitivity, whereas the 3247 A line gave good
absorbance values for a 10 p.p.m. copper 8-hydroxyquinolinate

solution, Thus before making any absorbance measurements
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the instrument was 'peaked up'! to select the 3247 A line.

The best light path from the hollow cathode lamp
through the flame was obtained by varying the height of the
burner head. Ag shown in FPig, 8 +the best path of light
Wgs'just above the primary cones of thg air-propane flame,
i.e, about 2 cm above the burner palte, This corresponds
to position 1 on the burner height control,

To help prevent copper compound formation in the
flame, strontium was added to the sample solutions in order
that the added ion would remove the radicals, OH! etc. from
the flame and allow the copper to exist as atoms., This
addition did not cffect the desired results since there was
no noticeable change in the absorption readings.

The optimum instrument control settings were lamp current
4 mA, wavelength 3247 A, slit width 0.2 mm. and burner

height Uvispek position 1.

Extraction Procedure.

Effect of reagent concentration.

Variation of the concentration of 8-hydroxy-
quinoline revealed that at high reagent concentration high
absorbance values for the sample were produced but high
blanks were also obtained, Thus the absorption due to the
sample alone was quite small. The reagent concentration

was decreased to a value where there was the greatest
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difference between sample and blank absorbances, see

Table 4 ., This corresponded to a 0.,1% 8-hydroxyquinoline

in ethyl acetate solution.

The concentration was not

reduced below the 0.1% level, since in the presence of

foreign ions, which consume reagent, there may be

insufficient 8-=hydroxyquinoline left for quantitative

extraction of copper.

Under the recommended procedure the

0.1% concentration provides a 300-fold weight excess of

8-hydroxyquinoline over the amount of copper present at the

top of the calibration curve.

f 8-hydroxyquinoline

. (]
concentration /o

1
0.5
0.25
0.1

Table 4 .

Biggi_— Abéorbance Net absorbance
absorbance due to due to
vs., Et Ac 10 p.r.m.Cu Copper.

1.55 1370 0315

1.04 1.50 0,46

0.45 1.32 0,87

0.095 1.02 0.925

Values for 200 ug. of copper extracted into 20 ml. of ethyl

acetate.

Effect of vpH.

Copper 8-hydroxyquinolinate is reported

(51) 4,

extract quantitatively in the pH range 2 -~ 14,0, Agqueous

copper solutions were adjusted to various pH values between

1 and 10. The copper was extracted using 0,1% 8-hydroxy-

gquinoline in ethyl acetate and quantitative extraction was
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obtained above pH 3.5, see Fig. 9 . It is not possible
to keep high concentrations of niobium in solution as its
fluoride above a pH of 5.2, because a large amount of oxide
precipitates, Thus a pH of 4.5 was adopted for use, being

in the middle of the range 3.5 - 5.2,

Length of shaking time,

Complete extraction is obtained after shaking for
45 seconds and no further increase in absorbance values
occurs on shaking for a longer period. A time of shaking

of 1 minute was chosen for equilibration.

FIG.10.
;. 003‘
2
5 0,27
%
0.1 9
2

20 20 60 80
SHAKING TINME SECONDS,
After sheking the layers separated guite easily and the
organic phase was quite stable as there was no difference
in the abgorbance signal after leaving the solutions

standing for several hours.

Organic solvent effect.

The extraction of copper into an organic solvent,
before making absorption measurements, should result in an

increase in the overall sensitivity due to an increase in
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the concentration of copper in the organic phase, and also
a further increase in sensitivity due to the increase in
spray rate of the organic solvent relative to water. The
expected inecrease in sensitivity from the latter effect may
be calculated from a comparison of the nebulisation rates
of water and ethyl acetate. The rate of aspiration of
ethyl acetate is almost 5 times that of water, and the
corresponding increase in absorbance values is in the ratio
of 3:1. This ratio is lower than that expected because
the ethyl acetate is saturated with water after the
extraction, and the presence of the dissolved reagent.

The spray rate of the niobium stock solution was included
in the table for comparison and it is easily seen how the

large concentration of ions affects the spray rate.

Table 5,

Rates of aspiration of distilled water, ethyl acetate and
50,000 p.pem. niobium solution.

Distilled water |Ethyl |Niobium
acetate {solution

| Volume taken m1. 10 10 10
Volume recovered ml. 8,2 3.5 8.8
Volume reaching flame ml, 1.8 6.5 2,2
Time taken (seconds) 248. 186 316

2

Rate ml/second x 10 0.726 3.49 0.38

Throughput relative to '
distilled water 1 4,81 0.53
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A number of organic solvents were tried before adopting
ethyl acetate, see Table 6 . One volume of stock solution
containing 10 ug/ml. of copper in ethyl acetate was

diluted with 2 volumes of organic solvent and the

absorbance produced measured against an identical blank.
Table 6 .

Effect of different organic solvents on the absorbance of
standard copper 8-hydroxyquinolinate solution in ethyl

acctate,

| Solvent Added | Absorbance
Ethyl acetate 0.230
Pentyl acetate 0,075
Ethyl methyl ketone 0.183
Iso propyl methyl ketone 0,156
Iso butyl methyl ketone 0.068
Iso pentdnol 0.074
Pentanol 0.079
Hexanol 0,068
Butanol 0,104
Diethyl ether 0,110
Di-iso propyl ether 03214
Light petroleum (b.p. 100°-120°) 0.190
Cyclohexanone 0,105
Acetylacetone _ 0.084
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Calibration Curve and Sensitivity. .

The calibration curve obtained is linear in the
range 10 -~ 100 ng of copper, this cqrresponds to 1-10 p.p.m.
of copper in a 10 g. niobium sample. The gbsorbance values
corresponding to these concentrations are 0,155 and 0,540
respectively, and the curve passes above the origin, This
is due to the presence of copper in the samples of niobium

1y ©.D.T.A. to

available to us. Addition of 5 ml. of 10~
the niobium blank complexes the traces of copper and reduces
the blank absorbance to zero. The blank value may therefore
be subtracted from all the readings and the calibration

curve redrawn to pass through the origin, Fig., 11 . The

copper content of the niobium samples used in this work was

readily established using the above technigque,

Precision and Accuracy.

A measure of the precision of the method was
obtained by analysing a 5 p.p.m. copper solution 11 times
over a period of several weeks using the ;ecommended
procedure, The average absorbange was 0.233 and the
standard deviation was 0.011 or 4.8%. The accuracy of
the method was determined by analysing synthetic niobium
solutions containing foreign ions and treating these
solutions as unknowns. The results of these analyses are

listed in Table 7,
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Table 7,
Copper in Copper found Error Foreign . ions
niobium P.D.mm. % added p.p.m.
D.DeIl,
345 3.9 + 8.5 Zn 250; IMn 100
6.1 6.7 +10.0 Mo 1003 Zn 150
Te4 T.25 - 2,0 vV 100; Mn 100
5.3 4‘06 "13.0 Pb 250; Mn 100;
Ti 50
7.8 Te2 - Te5 Fe 200; Al 100;
Te 100
3.2 3.25 + 1.6 Co 2503 Cr 150
Fe 100
4,9 5.0 + 2,0 Al 2503 W 503
Ni 100
3.8 3.86 + 1,5 Pv 150.
| 5.8 6.0 + 3.5 Zr 1003 Te 150
7.6 8.5 +12.0 Ni 100; Ta 100j

Interferences.

The effect was noted of a number of foreign ions

on the determination of 5 p.p.m. of copper in niobium

(50 pg of copper in a 10 g, niobium sample) by the

recommended procedure.

For the purposc of this study an

ion was considered not to have interfered if an error in the

absorbance value of less than 5% was produced.

100~-fold

excesses by weight of the following ions caused no

interference.

Aluminium, ammonium, cobalt(ii), chromium(iii)
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iron(iii), lead, megnesium, mangancse(ii), nickel(ii),
potassium, sodium, tin(iv), tungsten(vi), venadium(v),
zine, zirconium(iv),; acetate, chloride, fluoride, nitrate
and sulphate, The presence of 100-fold excesses of
molybdenum (vi) and +titanium (iv), caused low absorbance
results, but these interferences were eliminated by the
addition of 5 ml. of 20 volume hydrogen peroxide to the

aqueous solution before extraction,

Recommended Procedure.

Transfer 1 - 10 ml. aliquots of a 1Q P.P.M,
aqueous copper solution to a series of 500 ml, separating
funnels, Add 200 ml, of 50,000 p.p.m. niobium solution,
10 ml., of buffer pH 4.5, 5 ml. of 20 volumes hydrogen
peroxide and 30 ml, of a 0.1% solution of 8-hydroxyquinoline
in ethyl acetate to ecach vessel, Shake ﬁhe funnels for
1 minute and allow the phases to’separate. Run off the
lower aqueous phase to waste and spray the organic phases
directly into an air-propane flame for absorption
meagurements at the %247 A copper resonance line, against
a 0,1% solution of 8-hydroxyquinoline in ethyl acetate as

blank,
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B, DETERMINATION OF COPPER IN TANTALUM.

The determination of copper in niobium required a
1§rge"amognt of niobium metal for a single determination,
i.e. 10 g Qf niobium were used for each absorbance
measurement, The process is therefore costly and wasteful,
and there is an obvious need to cu? down the amount of metal
sanple used for each determination, It was necessary,
however, for the me?hgd'to be capable of determining
accurately 1_- 1b_p.p.m. of copper in.niobium and tgntalum,
that is 1 - 10 pg. of copper in a 1 g, metal sample, _ Por
the production of & calibration curve reasonably large
copcentrations of copper were required to give good
absorbance values, and this in turn mgant that a large
niobium or tantalum sample was needed.

There were two distinct courses open to
investigation for an increase in sensitivity. 4 Firstly to
increase the amounts of niobium and tantglum used and
secondly the use of a concentration step. Increasing the
niobium and_tantalum gample size would effectively increase
gensitivity. The absorbance value for BO_pg qf copper
would remain_the game if extracted from a 10 g. or a 20 g.
metal sample, In the for@er case it would represent an
absorbance value for 5 p.p.m. of copper, in_thevlatter case
the same signal would correspond to a 2,5 p.p.m, copper level.

Thus the scnsitivity of the procedure would be effectively
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doubled. This is not a sensible course to pursue as it
would increase the cost and wastage of the method, and also
there is a limit to the amount of niobium and tantalum
which can be retained in the adueous solution even in the
presence of complexing agents,

The use of an additional concentration prgcgdure
allowed a much smaller tantalum sample to be used i.e, 2 g.
per determination. The final volume of solution obtained
from thg extraction procedure was very small, of the order
of 2 ml. The requirements of this method were, therefore,
(é) that the final volume produced was reproducible under
normal temperature conditions, and (b) that the instrument
had a gufficiently rapid response to provide a steady
absorbance signal and leave sufficient solution for a check
on the absorbance reading. For these reasons theﬁguthor
changed to the Unicam 5.P.9004 ingtrument, which was fitted
with a recorder, The air-acetylene flame used with the
Unicam also enhances sensitivity due to an increase in
temperature an@ an increase in atomic concentration obtained
with the shorter and narrower flame,

The concentration step inyolved extraction of
copper as its oxipate ag previously. Back extraction of
the copper into 0.1M hydrochloric acid was effected,
followed by neutralization of this phase with ammonia and

re-extraction into a very small volume of ethyl acetate at
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pPH 4.5, This sample was finally sprayed into the air-
acetylene flame for absorption measurements at the 3247 A

line,

Apparatus.
The instrument used was a Unicam S,P.,9004, fitted

with a Honeywell strip—chart recorder and a copperfzinc-
hollow cathode lamp (FL 165) (Hilger and Watts Ltd.). The
flame useq was a regulated supply of compressed airﬂand
acetylene, The optimum instrument control settings were
determined using a standard copper B—hydroxyguinolinate
golution, as.in the niobium procedure,. These.were lamp
current 5 mA., wavelength 3247 A, slit width 0,05 mm, air
pressure to atomiser 15 p.s.i. and an acetylene flow rate
sufficient to produce a flame which was just poy—luminous,
the burner head comprised a series'of 1 mm holes drilled
into the head for a length of 7 em. The burner height was
again arranged so that the light from the hollow_cathode

lamp passed just above the primary reaction cone,

Extraction Procedure.

Reagent conecentration.

The concentration step employed inereased the
blank readings as well as the ovgyall absorbance sgignal,
and & reagent concentration of 0.1% gave too high & blank
reading. }The concentration of 8-hydroxyquinoline in ethyl

acetate was reduced and the optimum value for this
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procedure was 0,025%, _

The initial extraction was gxactly as for the
copper in niobium method, the pH of 4.5 being suitable for
this procedure. The copper was thus extragted away from
the aqueous tantalum solution into the ethyl acetate layer

as its 8~hydroxyquinolinate.

Back=Extraction,

0.,1M hydrochloric acid was found to extract copper
oxinate completely from the ethyl acetate phase, after
shaking for 30 seconds. The acid layer was then
neutralized with 1M emmonia solution and pH 4.5 buffer added.
The copper oxinate was re-extracted into 2 ml of ethyl
acetate, The organic phase was finally sprayeq into the
air-acetylene flame for absorbance measurements,

‘Ipitial}y the organic phase was made up to_a known
volume, i,e, 5 ml,, before aspiration into the flame,
However, the reproducibility of the final extract was checked
10 times and the absorbance signals were concordant. Since
the final extract hagd a constant volume, it was sprayed
intd the flame without making up to a kngwn volume, thus

increasing the sensitivity of the method.

Calibration curve and sensitivity.

The calibration curve obtained is linear in the
range 2 - 25 ug of copper, Since a 2 g tantalum sample

was taken, this concentration corresponds to 1 = 12 pe.p.m.
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of copper in tantalum, and thg absorbange values relating

to these concentrations are 0,110 and 0,772 respectively.
Once again the curve passes above the origin due to the
presence of copper in the tantalum sample. Addition of
E.,D.T,.A, tq the blank complexed the copper and prevented
extraction. Thus by subtraction of the blank value from
all other absorbange values the curve may be redrawn to pass
through the origin, The copper oonten? of the tWo_

tantalum samples used was found to be 2,7 and 3 pPe.PeM,.

Precision and Accuracy.

_ A5 p,p.m, copper in tantalum solution (10 pg in
2 g. tantalum) was analysed 6 times by the recommended
procedure. The mean absorbance was 0;443 and the standard
deviation was 0.025 bf 5.2%, A ncasure of the accuracy was
obtained by determining copper in synthg?ic tantalum
solutions and treating these as unknowns. The results of
these analyses are shown in Table 8 . A sample of tantalum
obtained from Murex Ltd. was anglysed for its copper content
using the reqommendeq proqe@u;e. The tgntalumlwas shown
to contain 2.7 and 2.85 p.p.m. of copper. These results
fall into the range of results obtained for this metal
sample ip other 1aboratories_using-diffe;eqt methods qf

analysis. This range was 2,5 - 4,0 p.p.m. of copper.
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Determination of Copper in Simulated Tantalum Samples

Tregted as Unknowns.

Copper in Copper Error Foreign ions added
Tantalunm found - o
D.D.I. PaDoI, % D.DoIs
143 8.4 +13.0
1645 1633 - 1,2
16.5 17.7 + 8.0
5.0 5.7 +14.0
13.8 14.7 + 7.0
18.5 19.0 + 2.7
12,0 11.9 - 0.8 Aluminium 400 Zirconium 200
19.0 17.7 - 7.0 | WNickel 300 Zine 400
1139 1238 + 7,0 Goba}t 400 Tin 300
1836 173% - 272 Tungsten 300 Iron 500
20,0 19?1 - 435 Magnesium 500 Lead ) 300
8.0 8.0 0,0 Chromium 300 Manganese 250
23.0 25.0 + 2,5 Titenium 300 _
7.0 7.8 +10.0 Aluminium 500 Nickel 300
14.0 15.5 +10.0 Molybdenum 300
2540 27.0 + 8.0 Vanadium 300 Zinc 200
1035 1135 + 9?0 Aluminium 500 Nickel 300
18.0 | 16?7 = 7.0 Molybdenum 800
21.0 20,5 - 2.5 Vanadium 300 zine 200
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Interferences were studied as in the copper in niobium
procedure, and again the only two ions found to interfere
were molybdenum end titanium, The interference Que to
these ions was eliminated by the addition of 5 ml. of_20

volume strength hydrogen peroxide prior to extraction.

Recommended procedure,

0.5 - 2,5 ml, aliquots of 10 p.p.m. aqueous copper
solutiop were pipettgd into a‘series of 500 ml, aepprating
funnels, Add 10 ml. of pH 4.5 buffer, 200 ml. of 10,000
P.p.m. tantalum solution and 30 ml, of 0,025% 8-hydroxy-
guinoline solution to each funnel and shake for a @;nute.
Reject the lower aéueous phase and add 10 ml, of 0,1M
hydroch}oric acid to the organic phase and shake for 30
seconds., Allow the phases to separa@e, and run ﬁhe agueous
layer into a 50 ml. separating funnel. ~Add 1 ml, of 1M
gmmonia, 5 ml, of pH 4.5 buffer and 2 ml, of ethyl acetate,
and shake for 1 minute. Reject the aqueous phase and
spray the organic layer directly into the air-acetylene
flame and measure the absorbance at the 5247 A line against

a 0.025% solution of 8-hydroxyquinoline in ethyl acetate
as blank,
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CHAPTER 3.

DETERMINATION OF MOLYBDENUM IN NIOBIUM AND TANTALUM.

The limitations of atomic absorption spectroscopy
are revealed_when the determination of refractory elements
is attenpteds Even greater difficulty is encountered when
the element to be determined is present in a<matrix which
also forms refractory compounds in the flame, In pre-mixed
hydrocarbon -~ air flames, insufficient ground state atoms
are produced in the flame to give high~absorbance readings,
and as & result the sensitivity is low. Increasing the
fuel content of the flame, i.,e. making the flame more
reducing‘in nature, generally increases the sensitivity
obtained. Sternberg(56) has suggested that the excess of
carbon in the flame assists the process MO + C — CO + M,
so that a greater number of M atoms are produced, but, even
so, the detection limits with fuel rich flames are still
relatively poor for refractory elements. For a large
population of ground state atoms of a refractory element +to
be produced, the flame should have a high temperature and
also be abundant in reducing species,

The high temperature of the flame assists the
breakdown of oxide species and the presence of a reducing
medium helps to keep this atomic population as free ground
state atoms, by excluding oxidants and preventing compound

formation.
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The introduction of the nitrous oxide - acetylene
flame by Willis(37) enabled the determination of refractory
elements to be performed easily and with increased
sensitivity. The author'!s studics were concerned With the
determination of molybdenum in niobium and tantalum. A
special slit burner was constructed for use with the Unicam
SP 900A in order that the nitrous oxide - acetylene flame,
which has a high burning velocity, could be maintained.

Several Workers(57‘58)have determined molybdenum
by atomic absorption spectroscopy using an air - acetylene
flame, the fuel to air ratio being increased so that the
flame was luminous and fuel rich. This proved necessary to
provide reducing conditions for the production of free ground
state molybdenum atoms. The use of incandescent flames,
however, tends to be physically unpleasant and the reported
sensitivity of these methods is not very high, The
background radiation due to the luminosity is received by
the photomultiplier and although this is not amplified and
measured, it is 'seen' by the photoresponsive surfaces and
causes their fatigue.

In the author's laboratory use was made of the
non-luminous nitrous oxide - acetylene flame. The flow
rate of acetylene was high enough to produce the
chargecteristic 'red feather' secondary zone without any

yellow incandescence from particles of carbon. All
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absorption measurements were made within this red zone, since
above this region of the flame the absorbance due to
molybdenum falls off repidly.

The molybdenum is extracted from aqueous solution
into n~butanol as its 8-hydroxyquinolinate at pH 4.5.

After extraction the butanol layer contains undissolved
molybdenum 8-hydroxyquinolinate and addition of n-butylamine
is necessary to dissolve the solid and provide solutions
suitable for spraying into the flame. Absorbance
measurements are obtained at the 3132 A molybdenum resonance
line against an n-butanol blank.

The high concentration of fluoride ions hglps to
mask most interferences, and the addition of E.D.T.,A. to the
équeous solutions prior to extraction, eliminates the
interference from gll ions except V(v) and Cr(vi). The
presence of E,D,T.A. also helps to prevent the consumption
of reagent by extraneous ions. The interference from V(v)
and Cr(vi) may be eliminated by the addition of potassium
sulphite and boiling the solution before extraction, The
E.D.T.A, complexes of the reduced Cr(iii) and V(iv) ions
form quite quickly on heating.

The addition of E.D.T.A. and potassium sulphite
makes the method specific for molybdenum. Using the
recommended procedure 6 - 64 p,p.m, of molybdenum in niobium
and tantalum could be accurately determined with high

sensitivity.
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Experimental.

Apparatus.

The equipment used was the Unicam S5.P,900A flame
specﬁrophotometer, with & Unicam molybdenum hollow cathode
lamp, The stainless steel air-acetylene burner wag replaced
by a brass burner (59) of similar dimensions for the nitrous
oxide — acetylene flame (Fig., 13). The burner head plate
used had a slit 2 inches long and 0,015 inch wide, and was
cooled by an attached water-cooled plate clamped vertically
to the side of the burner., This burner requires a larger
acetylene jet (0.052 inch in diameter) to be used at the
base of the burner, than when an air - acetylene flame and
burner are used. Aspiration of samples via the S,P.900A
nebuliser was obtained by nitrous oxide at a pressure of
15 p.s,i. and the acetylene flow rate used was sufficient to
produce the maximum height of 'red feather! in the flame
without any yellow luminosity, this corresponded to a
manometer reading of 16 for a full acetylene cylinder.,

The burner height was adjusted so that as much as possible
of the radiation from the hollow cathode lamp passed through
the red region of the flame, above the primary reaction zone.
The molybdenum absorbance within this reg;on is always much
higher than any other region of the flame. The flame was
first ignited on an air-acetylene mixture and the air was

gradually replaced by nitrous oxide, via two rotameters and
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a T~-piece until the air was completely switched off.
Throughout this changeover the acetylene flow rate was such
that the flame was always fuel rich (such a mixture has then
a lower burning velocity and is more safely supported).

After the air was switched off, the acetylene flow rate was
reduced. Then extinguishing the flage the acetylene flow
was turned off as quickly as possible. During the change-
over from air-acetylene to nitrous oxide - acetylene and when
switching’the flame off, distilled water only was sprayed into
the flanme,

The optimum conditions for absorbance measurements
were obtained using a 10 p.p.m. mqubdenum 8~hydroxy-
quinolinate solution in n-butanol, Thgse were lamp current
15 mA., wavel=ngth 3132 A, slit width 0,02 mm., height of
measurement in the flame about 1 cm. above the burner plate
through the red zone of the flome, The use of other
molybdenum resonance lines (e.g. 3798.3 A) for absorbance
measurements was investigated but they either gave very
little sensitivity, or were so near CN band-heads in the

flame that the background noise level was too high,

Reagents.,

1072 i Molybdenum solution. Dissolve 1,766 g. of

analytical grade ammonium molybdate, (NH4)6M07024.4H20, in
one litre of distilled water in a volumetric flask. This
provides a 10-2M stock solution (960Apg/ml.) which may be

diluted as required,
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Tantalum solution. Dissolve 10 g. of_tantalum metal in
50 ml, qf 49% hydrofluoric acid and 3 ml, of nitric acid
(S.G. 1.42), Dilute to 500 ml., with distilled water and
adjust to pH 4.0 with 4M ammonia solution. Finally Qi}ute
to 1 litre with distilled water to produce a 10,000 p.p.m.

tantalum solution.

Niobium solution., Dissolve 10 g. of niobium metal in

30 ml., of 40% hydrofluoric acid and 12 ml. of nitric acid
(S.G.1.42). Dilute to 500 ml, and adjust to pH 4.0 with
41 ammonia solution, dilute to 1 litre to produce a 10,000

P.P.m. stock niobium solution.

Buffered 8~hydroxyquinoline reagent, Prepare a 1%

8-hydroxyquinoline solution in pH 4.5 sodium acetate-acetic
acid buffer. (100 g. of hydrated sodium acetate and 150 ml,
of glacial acetic acid diluted to 1 litre).

All other reagents used were of analytical grade.

Extraction procedure.

Chloroform has been extensively used for the
extraction of molybdenum (vi) 8-hydroxyquinolinate from
aqueous solution, and Stary(6o) has shown that quantitative
extroction is obtained in the pH range 1 to 5.5 with 0.01M
8=hydroxyquinoline in chloroform., This solvent, however,
is very unsuitable for use in atomic absorptiop spectroscopy

when using the nitrous oxide - acetylene flamy. During
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aspiration of this solvent the characteristic red feather of
the flame is affected and it is impossible to obtain a
non-luminous flame in which this red region is well-dcfined.
The flame resembles a fuel-rich air-acetylene flame in its
properties and produces a low signal to noisc ratio, The
formation of carbon on the cooled burner plate occurs very
rapidly and causes variation of the flame spced and shape,
Thus chloroform was not aspirated into the flame,

Initially the method of Eberle and Lerner(Gl)
was used where extracﬁion of the 8-hydroxyquinolinate was
carried out from pH 0.85 sulphuric acid into chloroform,
Chloroform cannot be sprayed into the flame for absorbance
measurements, but it is probably the best solyent for the
extraction of molybdenum 8-hydroxyquinolinate, Thus an
attempt was made to utilise the above extraction procedure
followed by a back extraction into aqueous medium which
could then be aspirated into the flame, Aqueous solution:
of ammonia, hydrochloric acid and nitric acid were tried for
the back extraction, also ascorbic acid was added to reduce
Mo(vi) to Mo(v) followed by extraction into ammonia and
hydrochloric acid., Of the above systcms nitric acid gave
the best extraction results, but the method was very
insensitive and was therefore abandoned.

A solvent was required which could be used for the

extraction of molybdenum 8-hydroxyquinolinate and also one
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Table 9.
| Solvent Ese with | Observations
Nitrous Oxidc
! '—Acetylene !
... Tleme. I
acetone i No iDestroys red zone
iso butylmethyl keton Yes i Acetylene flow lowered
acetylacetone j Yes EAcetylene flow lowered
methanol | No Destroys red zone
ethanol ! Yes Acetylene flow lowered
n-propyl alcohol . Yes Acetylene flow lowered
iso-propyl alcohol i Yes Acetylene flow lowered
n—-butanol Yes , Wo effect on red zone
211yl alcohol Yes ' Acetylene flow lowered
hexanol Yes EAcetylene flow lowered
110% glycerol in water Yes ' Acetylene flow lowered
| 2-butoxy ethanol Yes ;Acetylene £low lowered
amyl alcohol Yes . No effect on red zone
ethyl acetate No iDestroys red zone
iso amyl acetate Yes ' Acetylene flow lowered
diethyl ether No . Destroys red zone
pet. ether 40/60 No Destroys red zone
pet. ether 100/120 No Destroys red zone
n-butylamine Yes !Acetylene flow lowered
‘diethylamine No Destroys red 2zone
ethylenediamine Yes Acetylene flow lowered
dimethylformamnide Yes Acetylene flow lowered
dioxan Yes iAcetylene flow lowered
cyclohexgnie No ‘Destroys red zone
cyclohexanone Yes No effect on red zone
benzene No Destroys red zone
.chloroform No Destroys red 2zone
|
i

T
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which could be sprayed into the flame satisfactorily. An
investigation into the effect of various solvents on the
nitrous oxide -~ acetylene flame was performed, and ths
results shown in Table 9,

n-Butanol was chosen for use since no decrease in
the acetylene flow was required and a very fine spray was

obtained along with an enhancement in nebuliser efficiency.

Effect of pH,

Fig. 14 shows the variation in absorbance readings

of the organic phases with change of pH of extraction,
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Complete extraction of molybdenum 8~hydroxyquinolinate into
n-butanol is obtained, within the pH range 2,0 to 5.0.

This was shown by spraying both organic and aqueous phases
into the flame, The absorbance values of organic layers
produced the curve above, The aqueous layers produced no

absorbance signal showing that there was no molybdenum left
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in the aqueous solution. This is as expected since
molybdenum 8-~hydroxyquinolinate is very stable. The
extraction is not affected at pH 4.5 by the presence of

large amounts of fluoride ion, niobium, tantalum and E.D.T.A.

Shoking Time for the extraction.

Complecte extraction occurred after shaking for
1%'minutes, thus this sheoking time was adopted for the

extraction procedure.

Organic solvent effect.

The solubility of n~butanol (S.G, 0.8) in water
is apprecioble (7.9 g. per 100 ml. a2t 20°C). Thus an
aqueous phase volume of 220 ml. at the Troom temperature
should dissolve about 20 ml. of n~butanol. The high ionic
strength of the aqueous phase, containing fluoride, niobium
(or tantalum) and E.D,T,A., suppresses the'solubility of
n-butanol and after equilibration of 20 ml. of n-butanol
with 220 ml, of the aqueous solution at room temperature, 4
ml, of organic phase remain after separation. This phase
volume is quite reproducible over the normal range of
laboratory temperatures encountered, The use, therefore,
of 25 ml, or 30 ml. of n-butanol for the extraction
drastically decreases the absorbance signals, since the
final volume is effectively doubled and trebled by the

additional n-butanol giving correspondingly lower signals.
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After extraction of the molybdgnum (vi)
8-hydroxyquinolinate into butanol at pH 4.5 the solution was
allowed to stand for 15 minutes for complete phase
gseparation to occur. The aqueous layer was rejected and
the n-butanol phase was cloudy and contained solid material.
Blank solutions which had contained no molybdenum produced
clear n-butanol phases, This indicated that the solid
moterial in these n-butanol phases was molybdenum 8~hydroxy-
quinolinate, and it was identified by filtering off, ashing
and testing the dissolved residue, molybdenum trioxide, with
2-amino-4-chlorobenzenethiol hydrochloride (62).

The prccipitate of hydrated molybdenum 8-hydroxy-
Qquniolinate gave rise to poor reproducibility and lack of
sensitivity when the n-~-butanol phasecs werc aspirated for
absorbance measurecments, 5 ml. of n-butylamine were thus
added to each n-butanol phase after separation, The amine
displaces the water molecules co-ordinated to the molybdenum
in the chelate and thus assists the solubility of the complex
in n-butanol, This addition also causes an improvement in
the reproducibility of the absorbance measurecments as the
dissolution renders the system homogeneous . Addition of
n-butylamine also results in an enhancement_in sensitivity
even after allowing for the dilution effect. This is
explained by the higher spray rate and increase in nebuliser
efficiency which are_obtained by using the n-butanol -

n-butylamine mixture,
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FPlame type,

The flame used was obtained by burning acetylene
and nitrous oxide_in the following ratio: Acetylgne flow-
rate 4 litres/min. and nitrous oxide 6 litres/min,. The
largest red fcather region was obtained without any yellow
1uminosity from the carbon continuum, The height of light
path through this flame is critically important, as is the
actual gas mixture being burned.

For best absorbance values for molybdenum as much
of the radiation as possible from the hollow gathode lamp
must pass throggh the red region of thc_flame.

Pig. 15 shows an Absorbance v, Height profile of

the flanme,
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The decrease in absorbance signal above the red zone is very
pronounced. The blue secondary zone of the nitrous oxide -

cetylene flame is oxidising in nature, as are those of the
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air/acetylene and air/propane flames, and other flames of
hydrocarbons with air. The oxidising region is hotter,
howeve;, then the oxidising secondary zones of most other
flames. It is obvious from this profile that the red
feather region of this flame is all-important. This region
must provide the high-temperature and reducing conditions
required for the production of ground state molybdenum atoms.

The need for this red zone was further
demonstrated by adjusting the fuel to nitrous oxide ratio.
Decreasing the acetylene flow-rate reduced the size of the
red feather until finally it appeared as a red line above
the primary reaction zone. Under these conditions, the
atomic absorption of molybdenum is very insensitive although
the flame @emperature above the primary reaction zone is
still high. This, however, slightly increased the absorption
signals, duec possibly to the additional reducing atmosphere
provided by the carbon in the flame, which assists the reaction
MO+ C —>CO + M,

The use of a highly luminous flame i8 not
desirable since the burner soon becomes unusable owing to
carbon formation at the slit, and also the background noise
level is increased. The sensitivity obtained from the

non-luminous flame is sufficiently high for our purposes.
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Lamp and Ilame emigsion,

FPig., 17 shows the emission from the red feather
zone, and considerable flame emission is observed from the
3064 A OH band system. This occurs in the wavelength region
of the molybdenum 3132 A resonance line and may give rise
to background.noise in the atomic absorption determination
of molybdenum, However, the emission from the molybdenum
hollow cathode lamp, fig.1l8 , through the flame is so intense
that the noisec level from the OH emission is negligible.

Emission from CN in the red zone would probably
cause & sSerious noise problem if the molybdenum resonancc

line at 3798.3 A were used, due to overlapping by the strong
3883 A CN band.
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Calibration curves and sensitivity.

The curves, see Fig.l1l9a,bpobtained using the
recommended procedure are linear in the range 96 to_9§0 ng
of molybdenum, corresponding to added 64 to 640 p.p.m,
(0.,006% - 0,064%) of molybdenum in +he 1,5 gm. of niobium or
tantalum metal sample taken. The absorbange values_
corresponding to these concentrations are 0,07 and 0,735 for
molybdenum in niobium, and 0,067 and 0.710 for molybdenum in
tantalunm, Both the calibration curves pass through the
origin showing that the niobium and tantalum samples
available to us contained no molybdenum,

The lowest amount of mglybdenum determined
corresponded to 0,0064% i.e. 64 p.p.m. It is unfortunate
that molybdenum had to be added to the refractory element in
solution to provide 64 p.p.m. solution of molybdenum'in
niobium and tantalum i.e. 64 pg of molybdenum in 1 g, of
tantalum or niobium, Taking a larger sample of niobium or
tantalum, say 9 g. in the same volume would effectively
increase the sensitivity 6 times, and if scale expansion had
been available to us, as reported by David(57) for the
determination of molybdenum in luminous air-acetylene, the
determination of 5 - 10 p.p.m. of molybdenum in niobium and

tantalum would have been possible using this method.
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Recommended Procedure.

Trangfer 1 - 10 ml, aliquots of 10—3 M (96 PeP.m, )
molybdepum solution to a series Qf 500_m1. separating '
funnels. Add to each solution 150 m}. of ?he 10,000 P.p.m.
niobium (or tantalgm) solution, 10 ml. of 0,1M E,D.T.A,
solution and 50 ml, of the 1 percent'8-hydroxyquinoline
reagent-buffer solution, Ada 20 ml, of n=butanol to each
funnmel and‘shake for 1% minutes. Allow'the solutions to
stand for 15 minutes for COmpleﬁe phase sepgration and
discard the lower aqueous layer, A@d 5 ml, of n=-butylamine
to cach organic phase and shake for 1% minutes. Spray the
clear organic phase directly into the nitrpus oxide -
acetylene flame for absorbance measurgments at the 3132 A
line, against a butanol solvent blankf The use of a
butanol-butylamine mixture is not necessary because it does

not affect the absorbance readings.

Sample preparation.

Dissolve 1.5 g. of niobium or tantalum in 4.5 ml,
of 40% hydrofluoric acid and nitric acid (8.6, 1.42) 0.5 ml.
for tantalum and 1,75 ml. for niobium, Dilute to 75 ml.,
adjust to pH 4.5 with 4M ammonia solution, and then dilute
to 150 ml, with distilled water, These samples may be
assumed to contain molybdenum which goes into solution as
the sample is prepared, The samples are then used as in the

recommended procedure without the addition of more molybdenum.
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Precision and Accuracy.

The precision of the method was determined by
analysing nine simulated niobium samples apd_n@ne tantalum
samples containing the equivalent of 329 P.p.m, OFf
molybdenum by the recommended procedure, The mean ]
absorbance of the molybdenum in niobium method being 0.322
and the standard deviation being 2.8%. For the molybdenum
in tantalum procedurc the mean absorbance was 0.326 and the
standard deviation 1,9%.

A measure of the accuracy was obtained by the
determination of molybdenum in synthetic niobium and tantalum
solutions treated as unknowns, The results of these

analyses are shown in Table 10,

Interferences.

The effect of foreign ions on the determination
was studied by observing their influenog on the absorbance
produced in the determination of 486 pg. of molybdenum in
niobium and tantalum. For the purpose of this study, an
ion was considered not to interfere if an error in
absprbanqe of }gss than 5% was p?oduced. In the presence
of 10 nl, of0,1M E,D,T,A., and O.éM fluoride solution, the
presence of & 100-fold excess by weight of the following
ions produced no interference : gluminium, calcium,
cobalt(ii), copper (ii), iron (iii), mercury (ii), potassium,

magnesium, manganese (ii), sodium, ammonium, nickel (ii),
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Table 10.

89,

Determination of lMolybdenum in Niobium and Tantalum

Solutions.

Molybdenum present

per cent x 102

Molybdenum found

per cent x 1072

Metal present

3.2
4.5
5.1
1.9
4.5
1.9
5.5

Se
243

3,0
47
5.1
1.9
'3,4
4,7
1.9
'3,-6‘
2,5

tantalum
tantalum
tantalum
tantalum
niobium
niobium
niobium
niobium

niobium




90.

lead, tin (iv), titanium (iv), thorium, tungsten (v%), zinc,
zirconium, acetate, chloride, fluoride and sulphate. The
presence of a 100-fold excess of V(v) and Cr (vi) causecd

low results, but this was eliminated by the addition of 2 g.
of potassium sulphite to the aqueous solution and boiling to
promote the formation of Cr(iii) - E.,D.T.A, complex,
Molybdenum (vi) is not reduced under these conditions and
this was checked by observing no difference in the molybdenum
absorbance for synthetic mixtures of molybdenum with niobium
and tantqlum in the presence and absence of potassium
sulphite., The vanadium (v) is easily reduced to the
vanadium (iv) - E.D.T.A, complex. Thus the presence of
fluoride ion and the addition of E.D.T.L., and potassium
sulphite, make the_mgthod specific for the determination of
molybdenum at pH 4.5, This is principally due to the
production of a very stable molybdenum (vi) 8-hydroxy-
quinolinate complex and the fact that molybdenum (vi) does

not form a stable E.D.T.A, chelate at the pH used,
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CHAPTER 4.

SPECTROGRAPHIC INVESTIGATION OF THE NITROUS OXIDE -
ACETYLENE FLAME.

A}

The number of elements which can be determined with
good sensitivity by atomic absorption spectroscopy has
increased rapidly gsince the introduction of the nitrous oxide-
acetylene flame, Elements such as molybdenum, tungsten, and
aluminium, which previously caused great difficulty can be
determined easily in this flame., In the more conventional
hydrocarbon flames supported by air these elements form
refractory compounds which are insufficiently dissociated to
yield suffic;ent ground state atoms for absorption
measurements,

In the author's studies on copper and molybdenum,
three different premixed flames were uscd, These were
air-propane, air-acetylene, and nitrous oxide-acetylene.

It is possible to determine copper in any of these flames,
since all produce ground state copper atoms owing to their
relatively high temperature and the instability of copper

oxide under these conditions. The sensitive determination

of molybdenum, however, could only be performed using a

nitrous oxide—-acetylene flame, The enhancement in sensitivity
shown by the nitrous oxide-acetylene flame compared with the

luminous air-acetylene flame must arise from the production
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of a larger population of free metal atoms in the ground state.
There is little evidence in the literature for the cause of
the effectiveness of this flame in the production of ground
state atoms.

Amos and Willis(63) proposed that the combustion

reactions involved in the stoichiometric flame were

5 N,0 —5 N, + 5/2 0, NHygg = 101.5 K.Cal.

CoH, + 5/2 0,—= 2 €0, + Hy0 LHpgg = —300.1 K.Cal.

i.e. the nitrous oxide decomposes and the fuel gas burns in
the liberated oxygen, and the high temperature of the flame
is due to the absorption of the energy liberated in the
decomposition of the nitrous oxide. The maximum temperature
of this flame has been quoted as 295500(64) . This is the
sole value in the literature, and it is not clear whether
this represents a calculated value of the maximum
thermodynam@c temperature or one which has heen obtained
practically. If it is a practical value, no datae are
available concerning the type of burner at which the flame
was supported, nor the mixture conditions nor the region of
the flame which produces this value, The effectiveness of
the flame for atomising refractory elements has been ascribed
tc this high temperature of 2955°¢ (¢f, air-acetylene 230000).
In obtaining this flame, however, more oxygen is supplied

for the acetylene combustion by the decomposition of the
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nitrous oxide than is used in the air-acetylene flame, The
excess oxygen available in the flame might be expected to
favour the formation of refractory species and this
production of refractory compounds would probably outweigh
the ability of thg high temperature flame to dissociate the
refractory oxides.

The exigstence of free atomic carbon species in the
flame, providing the necessary reducing conditions, is a more
important cause of the production of ground state atoms,

Such a mechanism has been suggested by Gilbert(65) and
Sternberg(56) and has also been put forward by Amos and
Thomas(66) to explain the success of ﬁhe oxy-acetylene flame
in the atomic absorption of aluminium. The refractory oxide

is reduced by the carbon species to produce ground state

atoms of the element 3
Mm + ¢ —s M + CO

MO is the refractory oxide form of the metal M, The carbon
must be provided immediately above the primary reaction zone,
and will produce the yellow luminosity characteristic of
fuel=rich hydrocarbon flames,

The nitrous oxide-acetylene flame, however,
provides good sensitivity for refractory elements without the
need for a luminous yellow flame. The characteristic red
feather of the nitrous oxide-acetylene exists in slightly

fuel-rich flames, The red zone, between the primary reaction
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zone and the outer blue diffusion flame has a definite
reaction front of its own, and is clearly a secondary
reaction zone,This 1s the region of the flame which provides
the sensitivity increase for refractory elements, and in the
majority of instances when this flame is used for
atom@sation, absorption measurements are made within the red
ZOone,

We have conducted a spectrographic investigation
of the emission from various regions of the nitrous oxide -
acetylene flame, using’different fuel:support gas ratios, and
in the presence or absence of elements which form refractory
oxides or are difficult to determine in flames of
hydrocarbon mixed with air.. Particular attention was paid
to the red 'feather! region. Gibson, Grossman and Cooke(67)
have shovn that the emission intensity is closely related %o
the ground state concentration of the species concerned, and
these investigations are therefore relevant to the
interpretation of absorption processes in the flame, The
main molecular and atomic species_which exist in each region
of the flame have been identified, An attempt has been made
to account for the analytical utility of the flame and a
mechanism proposed for the production of some of the reducing

species found in the flame,
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Experimental,

Apparatus.

Nitrous oxide - acetylene burner.

The design of this burner has been shown
previously, see Fig. (13). It comprises two stainless steel
plates separated by spacers 0.0lS_inches wide, to provide an
aperture 0,015 inches by 2 inches, These plates are mounted
onto a stainless steel base and premixing chamber, and this
burner was not water-cooled, The flame was first 1it using
an air-acetylene mixture and the change to nitrous oxide -
acetylene made by replacing the air gradually with nitrous
oxide via two rotameters and a T-piece, The agqueous
samples were introduced into the flame using a Hilger and
Watts nebuliser and expansion chamber, and aspirating with the

nitrous oxide used for combustion.

Spectrographic Equipment.

A Hilger large quartz spectrograph was used and
the.burner mounted so that it was in the 'end-ont! position,
i.e, an image of the 0,015 inch si@e of the flame was
presented to the spectrograph slit, This burner position
was used so that a greater intensity of radiation from the
flame was received at the spectrograph than when the flame was
in the 'broadside-on' position. Care was taken to

recognize the possibility of self-absorption of the flame
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rediation with the burner in this position, but this
arrangement has the great practical advantage that it allows
much shorter exposure times to be used because of the
increased intensity obtained. Exposures were made on Kpdak
B.10 or Ilford N,30 and R.40 plates depending on the wave-
length range to be examined and the speed required. The
plates were developed under standardised conditions with
I1ford I.D.36 developer and Hypam fixer, The line
intensities where necessary were measured using a Hilger
photomicrodensitometer,

Metals were generally introduced into the flame as

-1 2

107" or 10°° M aqueous solutions of their nitrates, chlorides

and sulphates,
Procedure,

Spectra of different types of nitrous oxide -
acetylene flames were first obtained, Some of these spectra
were of the whole flame, and in other cases various rggions
of the flame were focussed on the spectrographic slit. The
three types of flame investigated were the atomic absorption
flame (i.c. slightly fuel-rich with maximum red feather), the
fuel-lean flame, and the fuel-rich flame., Spectra were
obtained from 6700 A to 2200 A and the exposure times varied

for the different flames,
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Results.

Fuel-lean flame.

These were obtained at a nitrous oxide f;ow rate
of 6 litres/minute, and an acetylene flow rate of 3.6 litres/
minute, and appear as fig. 20a . They comprisc only two zones,
the intense white-blue primary reaction zone and the blue
outer diffusion zone, which is characteristic of all
hydrocarbon-air flames. The characteristic blue colour of
this outer zone arises from the banded continuum
chemiluminescence of the process CO + O ——5002 + hvy .

T@e emission spectra of the fuel lean flame are
shown in fig.21.3a. The species which have been indentified
in emission in the primary zone are OH, NH, CH, CN, 02 and NO.

The only species which emits in the outer zone is OH, which

-

shows heads at 2811 A from the El“zgf(l,O) transition, and
3064 A [*¢ - *T1 (0,0) transition] along with the CO
continuum described previously, which produces the emission
between 3000 and 5000 A.

The emitting species fgund in the primary zone will
be described in more detail later, Comparison of the fuel lean
nitrous oxide-acetylene flame with a lean acetylene-air flame
shows that the species present in the two zones are the same
in each, with the exception that NO could not be identified
in the air-acetylene flame., The only difference between the

two spectra is that the intensity from these species is
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greater in the nitrous oxide-acetylene flame owing to the

higher excitation energy available in the hotter flame plasma.

Atomic Absorption Flame,

This flame, which has been used for the
determination of molybdenum, was obtained using flow rates of
6 1itres/minute of nitrous oxide and 4 litres/minute of
acetylene., As previously described, the flame consists of
three distinct zones, (a) the white-blue primary reaction zone,
(b) the 'red feather'! zone, which is the secondary reaction
zone, and (c) the outer blue diffusion zone, see fig, 20b.

The emission spectra of this flame over the wave-
length range 2800 - 5700 A are shown in fig.21.3b. This flame,
which is slightly fuel-rich, gives emission from the same
spcecies as the fuel-lean flame in the primary and outer zones,
and the;efore resembles most premixed flames of hydrocarbons
and air, The OH emission in the outer zone is weaker than
in the lean flame as is the CO continuum. This is to be
expected since there is less oxygen available for the _
combustion of CO since the flame is slightly fuel-rich.

More attention was paid to the 'red feather' zone,
which cxists between the primary and outer zones, as a
definite secondary reaction zone with its own reaction 'front'.
The height of this zone could be as much as 2 cm.,, and was
proportional to the amount of acetylene supplied to the flame.

The predominating species which emit in this red zone are NH
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and CN, the latter giving the stronger emission. The CN

red and violet systems are clearly visible. The violet
system has heads at 3590 A, 3883 A, and 4216 A degraded %o
the violet, the 3883 A(0,0) sequence being the strongest.

The 3590 A(1,0) sequence, often shown in hot flames condaining
nitrogen is clearly qbserved and is free from major
overlapping features. The 4216 A(0,1) head is not generally
gseen gince it is frequently obscured in many flames by the
4315 A(0,0) CH system, but as can be seen in the emission
spectrum this sequence is well defined. The CN red system
is visible but owing to the loss of dispersion of the quartz
prism in the red rcgion of the spectrum, the heads are not

as well defined as those of the violet system, However,
heads at 5730 A(6,1), 5858 A(7,2), 61914(4,0), 6332 A(5,1)
and 6468 A (6,2) are casily identificd, and these heads are
similar to those obtained in the oxy-cyanogen flame(68) .

Only the strongest NH sequence, the (0,0) (1r3~32; ) 3360 A
head is visible, but the cemission from this head is intense
and persists throughout the red zone,

Emission from CH moleculcs is restricted to the
base_of the red zone, immediately above the primary reaction
zone, The 4315 A(0,0) head is the strongest and arises from
the transition.zéx"'%T, and is weakly degraded to the violet.
The 3900 A systemzilfer of CH is shown degraded to the red and

re

2,0 2
its rotational structure is quite open. The 3143% A o, =171
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system, the weakest CH head, cannot be observed easily in the
red zone, but it can be observed in the primary zone. This
head is usually obscured by the rotational structure of the
3064 A OH system, as is the case in the red zone.

02 emigsion manifests itself only at the base of the
red zone, The heads are quite strong and are degraded to the
violet, Heads at 4737 A, 5165 A, and 5635 A are observed
from the (1,0), (0,0) and (0,1) transitions respectively.

The WO bands observed in the primary reaction zone
persist into the base of the red zone, and bands of‘the X
system of NO are observed at 2370 A (0,1), 2478 A(0.2) and
2595 A(0,3). The (0,2) head prevents the detection of the
2478 A atomic carbon line reported to exist in very hot
carbon rich flames.

Imission from OH isg Weaker in the red zone than in
the primery and diffusion zones, The OH intensity also
appecars weaker at the base of the red zone and strengthens
further up the zone, Heads are observed from OH at 5064 A
and 2811 A,

The species responsible for the red emission of the
'feather! of the flame is undoubtedly CN, and this species,
together with NH, is present in great abundance throughout the
red zone as it has : been observed in absorption against CN
emigsion from a carbon arc background. Cz, CH, and NO all
exist at the base of the zone and their disappearance coincides

with the position in the red zone where OH emission is weakest.
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Fuel=rich flame,

This flame was obtained With flow rates of
6 litres/minute of nitrous oxide and 4.6 litres/minute of
acetylene, and appears as fig. 20c, comprising two visible
zones, the primary zone and the yellow luminous zone,
Although emission similar to that from the red zone is
observed, the yellow luminosity from the incandescent carbon
particles prevents any red zone being scen, The emigsion
spectrum of the fuel-ricn flame is shown in fig.21.50, and
there is little difference between the emission from this
flame and that of the atomic absorpition flame. The whole of
the visible region, as expected, is overlaid by a continuum
emission from the yellow luminosity. The ifNO and OH systems
are further weakened in this very fuel-rich flame, presumably
due once again to the smaller proportion of oxygen available.
It is possible to identify the CN and NH sequences which emit
strongly in this flame. These sequences pergist higher up
the flame than in the atomic absorption flame.

02 and CH emission is present, but found to bhe
rclatively weak, and the red CN emission is obscured to a

large extent by the luminous carbon continuum.

Discusgsion.

The same species are found in the primary zone for
the three types of flame, though the emission intensity varies

slightly. NO and OH emission is stronger in fuel-lean flames
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than in the fuel=-rich flames for the guter blue diffusion zone,
there is only emission from OH and CO, The OH is produced
from atomic hydrogen which must be present in the req zZone,
and which burns in the atmospheric oxygen forming OH, In

the atomic absorption and fuel-rich flames, very strong
emigsion is observed from CN and NH in the secondary zone.

In the primary zone of the atomic absorption flame,
emission from NO, CN, NH, OH, C2, and CH is observed, As
these species proceed into the red zone only CN and NH emit
strongly: NO, 02, and CH emission is confined to the base of
the red zone, and at this point in the flame OH emission is
weakened, In the blue secondary zone, only emission from
OH and CO is observed, see fig., 22.

From the above observations it is possible to
suggest an explanation of the analytically useful properties
of the red zone in slightly fuel-rich flames, The CN, NH,
02, and CH species only occur when there is insufficient
oxidant to convert all the carbon to carbon monoxide,

Under these reducing conditions, the CN and NH molecules have
a longer lifetime than usual and so persist throughout the red
zone, The weakening of the OH emission in the red zone
corresponds to the disappearancec of the 02 and CH species due
to the reactions :

(a) C + OH —=> CO + CH

2
(b) CH + QH —> Q0 + H2
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There is strong evidence to suggest that most of the
CH produced in hydrocarbon flames is from C, as in (a) (69).
The red zone shows a clearly defined reaction front,

d(7o) in other

similar to those observed by Parker anq Wolfhar
flames supported by oxides of nitrogen. The formation of
more than one reaction zone is often linked with the fact

that different reactions occur at different temperatures in
the combustion Wave. For example, Parker and Wolfhard
suggested the above mechanism to account for the production

of the double reaction zones shown by flames of hydrogen
burning with a mixture of nitrous oxide and nitric oxide.

The second upper reaction zone is due to the burning of
hydrogen with nitric oxide which requires a higher temperature
than the hydrogen-nitrous oxide reaction. In the nitrous
oxide~acetylene flame, the situation might be complicated by
this type of effect where the nitric oxide produced in the
primary reaction zone does not burn with degraded fuel
molecules until well above this zone.

The red zone is not a diffusion flame since it does
not depend on oxygen from the atmosphere diffusing into the
zone, This may be demonstrated by sheathing the flame in
argon when there is no change in the appearance or emission
of the red zone. The reaction front of this zone thus
appears similar to that of a premixed flame where thg

reactants are both present behind the reaction front.
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The evidence obtained suggests that the nitrous
oxide is not completely decomposed to nitrogen and oxygen in
thie primary reaction zone, since from the emission spectra
obtained phere is an appreciable quantity of NO present in
this zone. This must be formed either directly from
nitrgus oxide at the reaction front or as a product frgm the
initial reaction of a fuel molecule with nitrous oxide.

The latter mechanism is suggested by Gaydon(69) since the band
systems of species containing nitrogen are so strong that it
cannot be explained if decomposition of the nitrous oxide to
nitrogen and oxygen occurs. The formation of NO from oxygen
and nitrogen is known to be a slow process in most flames.

The‘klNO system in the primary zone and slightly
above is seen quite strongly, and there is little evidence
that appreciable atomic oxygen is present, The test for
atomic oxygen is to add small amounts of nitric oxide to the
flame gases. A continuum from 4000 A to the near infra-red
is observed due to the reaction

NO+O-———>1\TO2+h\).
if any oxygen is present. Even though the emission from NO
low in the flame is guite strong there was no trace of a
continuum due to atomic oxygen.

The way in which the nitrous oxide and acetylene
fuel molecules react initially in fuel rich flemes results

in the high concentration of CN and NH species. The long
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lifetimes of these species is due to there being insufficient
oxidant present in the form of OH, NO or atomic oxygen to
consume these speecies. As there is no CN or NH emission from
the blue zone, all the CN and NH species must be consumed
before lecaving the red zone, and reactions of the following

type account for their slow consumption,

CN + OH — CO + N + H or €0 + NH (1)
NH + OH —— H,0 + N or NO + H (2)
CN + NO —-— CO + N, (3)
WH + NO -—3 OH + TN, (4)
20N + 20 — CO + W, (5)
2NH + 20 - 2 OH + N, (6)

Reactions (1) and (2) explain the weakening of the OH
emission in the red zone. Reactions (3) and (4) account for
the slow consumption of CN and NH and +the disapvearance of NO
from the red zone and also the weakening of NO emission in

the primary zone of fuel-rich flames, The production of
atomic oxygen and its consumption by CN and NH (5) and (6) is
described later, All the reactions account for the similar
lifetimes of the CN and NH species as they both react with the
same oxidant molecules, and in (3) and (4) the reactions are
dependent upon the production of NO in the primary zone by

the combustion of acetylene and nitrous oxide.
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It seems probable that in slightly fuel-rich
nitrous oxide~acetylene flames, even though the carbon atomic
line has not been observed, the production of metal atoms may
be assisted by the reaction postulated by Sternberg(56)

MO + C —— CO + M
and that this occurs with elements with relatively stable
monoxides in flames, Sugden(71) has pointed out that little
is known about the concentration of atomic carbon in flames,
and there is no spectroscopic or mass spectrographic evidence
for its presence in air-acetylene flames, Atomic carbon has
been detected in the oxy-~acetylene flame, but this emission
does not ascertain that its concentration is high, and it
may be cheniluminescent, This is suggested by the
observation of Dean and Carnes(72) that its maximum emigsion
in oxy-acetylene occurs nearly at the same point in the flame
as the chemiluminescence of other species. At most the
process may be effective for oxy-~acetylene but even in this

case it is difficult to account for the emission of several

added elements in this flame by application of the above

reaction.(56l Sugden gquotes the case of tin, some lines of

which require excitation of 148 K cal/mole (6.42 eV)! whereas
only 124 K.cal/mole (5.36 eV) are available, [256 K.,cal/mole
(dissociation energy of CO) - 132 K,cal/mole (dissociation
energy of Sn0)].

We have been unable to detect atomic carbon, at

2478 A, spectroscopically above the primary zone of the
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nitrous oxide=~acetylene flame, even on prolonged exposures.
Its observation in the primary zone is obsoured by the NO
band emission in the region around 2478 A.

The presence of gaseous oxides in flames may be

accounted for by the equilibria,

1. M + 0 T== MO K

1

2. M + OH = MO + H K2
— .

3. M + H2O = MO + H2 K3

Atomic oxygen arises from the thermal dissociation of
molecular oxygen,

4. O2 = 20 KO

and is linked to H and OH by

5. H + 0 —= H + OH

2
The partial pressure of atomic oxygen, PO, may be calculated
from Poz, the partial pressure of molecular oxygen, and the

equilibrium constant KO
2

P, = (K

0 02 ‘

K. = 5,5 x 10~ atm, at 2360°K (air-acetylene flame

0o
temperature),

All these processes are effective, and the partial pressure
of free atoms, PM, is related to the other partial pressures

by the law of mass action
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_ Pmo Puo * Py . _ Pyo X Py,
PIJI - I{l X P - K2 X P —— - K3 X - -'-'P_—"' -
0 OH Hz 0

It is evident that under reducing flame conditions,
i.e., when the fuel-rich flames are used, even at relatively
high temperatures when dissociation of molecular oxygen is
favoured, the reducing species in the flame seriously deplete
the concentration of atomic oxygen, and this resulﬁs in more
complete dissociation of the gaseous monoxide (equ.1), by
forcing the equilibrium to the right.

Therefore, in fuel-rich nitrous oxide-acetylenc

flames atomic oxygen may be consumed by the reactions,

2N + 2 0 ——> 200 + N2

2N + 2 0 -—— 20H + N2

and these species may assist the free atom production by this
mechanism,

Other reactions which may assist in the production
of a larger ground state population in the red zone are given

below.

MO + 02 5 M + €0 + C
The contribution of this reaction is small, sgsince the 02
emission is probably chemiluminescent and hence its actual
concentration in the flame is uncertain and lower than
expected. The NH and CN may also attack . the metal oxides
directly,

MO + NH —» M + OH + W or M+ NO + H

MO + CN — M + CO + N
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but this mgchanism is not as probable as that described
previously.

The effectiveness of the fuel=-rich nitrous oxide -
acetylene flame for the production of ground state atoms for
atomic absorption spectroscopy of refractory elements, cannot
be explained solely by (a) the high flame temperature
available for oxide dissociation or (b) to the presence of
free carbon species for the reaction MO + C —sCO + M
to occur, These two conditions asgsist in the metal atom
production, but the reactions involving CN and NH
predominate in the production of free ground state atoms.

From the results for elements such as molybdenum,
emission from the principal resonance lines only occurs in
fuel-rich flames, and predominantly in the red feather region.

Emigsion from fuel-lean flames is generally absent or weok.

Emission spcectra of metals in the flame.

Spectra of the fuel-lean, atomic absorption and
fuel-rich flames were recorded with a series of metzals
pregent in the flame, as aqueous solutions of their simple
salts. The metals were chosen for examination because they
are elements which are difficult or impossible to determine
by atomic absorption in flames supported by air, due to the
formation oﬁ rcfractory species which prevents their complete
atomisation. The emigsion spectra yield information

concerning the existence and position in the flame of free
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excited atoms, as well as molecules, such as CaOH, Another
important feature is that by looking at the spectra obtained
it is possible to see if the resonance line of an element
ig too near to a strong emission band from the flame species.
If this is so excessive background noise will bg observed
when attempting the atomic absorption procedure, The
intensity of the emission, provided that it is thermal,
rather than chemiluminescent, is closely related to the
ground state concentration of the species concerned(67) at
any given temperature, and thus information on position and

intensity of emission is useful in the study of the

absorption procedure.

Calcium,

The calcium emission spectra in the three types
of nitrous oxidec-acetylene flame are shown in figure (4a, b
and d). The emission in a fuel-lean flame (4a) resembles
that in hydrocarbon -eir flames, Greater sensitivity for
calcium determination in the nitrous oxide-acetylene flame

(63) | ana +tnis is attributed to a higher

has been reported
degree of atomisation,. However, even in this flame there
is a large proportion of calcium present as its hydrqxide,
shown by the CaOH band emission at 5498 A and 6097 A, The
4226 A line most commonly used for the calcium determination

is very intense throughout the whole length of the flame.
The lines at 3933.7 A and 3968.5 A arise from the emission
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of singly ionised calcium atoms, Ca+, and the strength of
these lines bears. out the observation of Amos and Willis(63)
concerning the high degree of ionisation in the nitrous
oxide-acetylene flame., They estimate that 43% of the
calcium atoms are ionised in the nitrous oxide-acetylene
flame, compared with only 3% in the air-acetylene flame.
Fig.4(d) shows the calcium emission in an air-acetylene flame
and the two ion lines are barely visible, The ionisation is
suppressed by thc addition of excess potassium chloride to the
solutions, shown in Figs. (4e and f) for nitrous oxidec-
acetylene and air-acetylene. Potassium (Ionisation potential
4.3volts) is more easily ionised than calcium (Ionisation
potentialé.lvolts) and the high concentration of electrons
formed by the reaction

K — K + e
reverses the ionisation Ca — Ca’ + e, and thus thg ca’
ion lines are not visible in the presence of potassium,
This technique enables straight line calibration curves to be
produced,

In the atomic absorption flame and the very fuel-
rich fleme (Figs. 4b and 4c¢) calcium emission is similar to
the fuel-lean flame, except that the CaOH band at 5498 A isg
narrower in the fuel-rich flame, suggesting that the reducing
nature of these flames results in more complete atomisation.

Broadening of the CaOH bands on the plates is also evident
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higher in +the flame, due to the production of more CalH in

this region by a three-body recombination reaction,

Molvybdenum.

The emission spectra of flames containing molybdenum
are shown in Figs. 5a, b and c. No line emission is
observed in the fuel-lean flame, 5a, and, except for a diffuse
continuum around 5600 A and 6500 A attributable to MoO
(73)

species , the spectrum is identical tq the fuel-lean
spectrum of nitrous oxide-acetylene alone, However, in
slightly fuel-rich and very fuel-rich flames (5b and 5c)
molybdenum lines at 3132.6 A, 3158,2 A, 3170.3 A, and 3194.0 A
arc emitted strongly and persist throughout the red zone, as
do the ion lines at 3798,3 A, 3864.1 A, and 3903.0 A, Other
lines are observed weakly in the red zone but there is no

line emission above this zone. In the very fuel-rich flame
when molybdenum is sprayed in, a larger red zone can be seen
due to the masking of the yellow carbon continuum by the green
colour produced by the molybdenum in the outer zone, The red
cone also appears more red due to band emission above 6000 A
from MoO species. Hence the molybdenum species exist further
up the very fuel-rich flame. The band emission occurs at
5990 A, 6010 A, 6250 A znd 6300 A. and cannot be seen clearly

due to the presence of the CN red emission in this wave-

length region,
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Aluminiunm.

Emission spectra of aluminium introduced into the
nitrous oxide-acetylene flame are shown in Figs., 6a, b and c.
In a}l three typeg of flame the two strohg resonance lines at
3944,0 A and 3961,5 A are seen, and they are present over the
total length of the flame. The aluminium doublet at 3092.7 A
used for the determination of aluminium by atomic absofption(66)
can just be distinguished in the fuel=-rich flames but is not
present in the fuel-lean flame, The OH bqnd at 3064 A partly
obscures the aluminium doublet at the 3%092.7 A and 3082.2 A
resonence lines., The outer zone of the flame exhibits a
series of reasonably strong bands with heads at 4470.5 A, .
4648.2 A, and 5079.3 A, and one weak band at 5336.9 A,
These bands have been attributed to the vibrational structure
within theif:*}<: ground state electronic transition for
A10 (74). In the fuel-rich flame, emission from these bands
is weakened considerably and only the strongest are obscrved.
The A10 bands are barely visible in the very fuel-rich flame.
This supports the argument for the production of a larger
population of ground state atoms by the slightly fuel-rich

and very fuel-rich nitrous oxide - acetylene flames,
Titanium,

Figs., Ta, Tb, 7c, show the emission spectra of
titanium in the various flames, and its behaviour is similar

to that of aluminium, Only bands due to the Ti0 systems
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are present in the fuel-lean flame (Fig.72). The ?{-red
system of Ti0 shows some bands above 6125 A but most of the
sequences of this strong system lie outsidevthe upper limit
of the plates used in this investigation, i.e. above 6800 A,
The & blue-green system with heads between 4462.1 A and
6214.9 A is observed., This is due to &ﬂ_fi? ground state
electronic transition (75). Supcrimposed on these bands are
those of the 5 TiO orenge system with heads between 5597.8 A
and 5694 Af No titanium resonance lines are observed in
this flame, In the slightly fuel-rich flame (Fig.7b) these
Ti0 band systems are weakened in the outer zone and are
obgcured to some extent by C, and CN emission. Many
titanium resonance lines appear in the red zone but pot above,
the strongest being 3%635.5 A, 3642.7 A, and 3653.,5 A. Thus
titanium could be determined by atomic absorption
spectroscopy if the path of light from the source is passed
through thg red zone, The spectrum of the very fuel-rich
flame (Fig.7c) is very similar, with the exception that the
titanium resonance lines persist higher in the flame and

emiggion from the Ti0 bands is weakened further.
Iron,

The iron spectra are shown in Figs. 8a, b, ¢, and
there is little difference between the fuel-lean, fuel-rich,
and very fuel-rich spectra. More of the principal resonance

lines exist over most of the flame length than in the
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corresponding air-acetylene flame, presumably due to the
higher temperature of the nitrous oxide-acetylene flame,
It is possible that the fuel-lean flame may be better for the
determination of iron due to the lack of background radiation

from CN etc.
Chromium,.

Figs. Sa, b, ¢, show the emission spectra from
this element. Two intense groups of three resonance_lines
appear at 3578 A? 3593.5 4, and 3605.3 A, and at 4254.,3 A,
4274 A, and 4289,7 A, The lines generally used for atomic
absorption spectroscopy of chromium in the air-acetylene
flame, 3578.7 A and 3593.5 A, lie on the 3590 A CN sequence
in the nitrous oxide-acetylene fuel-rich flames, Therefore,
for greater precision, it is better to use another resonance
line or a fuel-lean flame. Greater sensitivity for
chromium is obtained in the red feather region than above it
or in fuel-lean flamcs, but the noise levels at the
recommended resonance lines are too great to allow good
precision. The 3605.3 A line should provide good sensitivity
for gbsorption measurcments with less background noisc. The
4254,3 A line should give even less noise, but probably much

less sensitivity.
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Vanadium.,.

Vanadium emission spectra are shown in Figs.
10 a, b, c. No strong lines are obsgrved in thc fuel~lean
flame above the primary reaction zone. $he vanadium lines
at 3066,4 A, 3183,4 A, 3184,0 A, and 3185.4 A arec not strong
enough +to show up against the strong CH emission observed in
this_region. _In fuel=rich flames the persistent lines at
3183.4 A, 3184,0 A, and 3185.4 A arc observed at the bage of
the red zone, and higher in the very fuel-rich flame, against
the Weakengd OH emission, The 3793 A line and the three
lines 4379.2 A, 4384,7 A, and 4390,0 A are clearly visible
and persist in ?he reducing atmosphere. The lines at
3840 A and 3855,8 A examined by Amos and Willis are obscured
by the intense 3883 A CN band, Bands due to the VO system
were not observed. Prom these results, the determination of
vanadium by atomic absorption spectroscopy would best be
carried out at the %184 A line in fuel-rich flames, where OH

background emission is minimal.,

Beryllium,
Figs., 11 &, b, ¢, show the cmission spectra of

beryllium introduced into the various nitrous oxidc-acetylene

(76)

fleames, The BeO blue-green system is shown well in the

fuel~lean flame, Hecads occur at 4708 A and, a weak one, at
4427 A attributable to the (0,0) and (1,0) vibrational bands

b

FaN rd
within the ¢!, — x'?, electronic trangition. No
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beryllium resonance lines are observed in the fuel-lean flame,
but in the s;ightly fuel-rich flame, the beryllium resonance
line at 23%48.6 A is visible at the bgse of the red zone but
does not persist throughout the zone, $he 4708 A BeO band

is not detectably weakened in this flame. In the very
fuel=rich flame, the beryllium resonance line is not
detectable, even against the weakened NO system, so the atomic
absorption of beryllium would best be carried out in slightly
fuelfrich flames, at the base of the red zone, using the

2%348,6 A resonance line.

Tin,

The emission spectra of tin in the three flames
are shown in Figs. 12 a, b, c. The most prominent features
of the spectrum of the fuel-lean flame are from the
impurities of iron and chromium, The persistent tin lines
in the U.V. below 3300 A are not shown above the primary =zone.
In the atomic absorption flames, the emission of the atomic
tin lines at 2354.8 A, 2429.5 A, 2546 A, 2706.5 A, 2840.0 A,
2863.,3 A, 3175,1 A, and 3262,3 A are visible in the red zone.
The lines at 3009,1 A and 3034.1 A are quite strong and
persist above the red zone. Lines above 3262 A are obscured
by flame bands. There is no band emission assignable to
Sn0, SrH, or SnCl in these flames. The very fuel-rich flame

is similar to the atomic absorption flame but the emission
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from the above lines is stronger and persists higher in the
flame, The emisgsion spectra from niobium and tantalum were
obtained, but on identifying the lines and species present
they were found to be due to impurity emission, and no line

or band emission assignable to niobium or tantalum was found.

Conclusions.

From the results obtained above, by far the most
useful type of flame for the atomic absorption of many
refractory or difficult elements is the fuel-rich nitrous
oxide-acetylene flame, If the resonance line is chosen away
from the wavelength regions where flame noise is exXcessive
and the radiation from the light source is directed through
the red zone, sensitive determinations should result.

The reactions which occur in the nitrous oxide -
acetylene flame to provide and maintain an atomic population
for refractory elements are too complex to be explained by the
reducing action of incandescent carbon particles postulated
for the oxy-acetylene flame, It appears that in the primary
reaction zone, the nitrous oxide decomposes partially with
the provision of oxygen to raise the temperature and burning
velocity of the flame. Some of the nitrous oxide decomposes
to -form nitric oxide and this, or the nitrous oxide molecule
itself, reacts directly with a fuel molecule in the primary

zone to produce more CN and NH than are produced in
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conventional air-hydrocarbon flames, The lifetimes of these
species are prolonged since there is insufficient oxidant for
their rapid consumption. Due to this slow rate of
consumption, a reducing atmosphere is provided in the red zone
which protects, and therefore maintains, the atomic
population produced by the high temperature in the primary
reaction zone, It is also possible that any metal oxide
molecules produced abovg the primary zone may be reduced by
the action of NH and CN, As the flame is made fuel-rich,
the reducing action of CN and NH is supplemented by that of
free incandescent carbon particles. Therefore as long as
fuel-rich flames are used, and absorption measurements are
confined to the red 'feather' region of the flame, good
gensitivity for thg determination of refractory elements

should be obtained.
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CHAPTER 5.

A STUDY OF THE TEMPERATURE PROFILES WITHIN NITROUS
OXIDE SUPPORTED ACETYLENE FLAMES AT ATMOSPHERIC PRESSURE.

The study of the emission spectra of premixed
flames of nitrous oxide with acetylene in the presence of
a range‘of refractory elements was recorded in the previous
chapter. The effectiveness of this flame for the
determination by atomic absorption spectroscopy of
refractory elements arises from the production of a larger
population of free metal atoms in the ground state in this
flame, compared with the conventional air-~acetylene flame,
However, there is little evidence to explain how appreciable
populgtions of atoms of refractory elements result in this
flame, Amos and Willis(63) have compared the properties
of the nitrous oxide=acetylene flame for atomic absorption
spectroscopy, with flames of oxygen-nitrogen- and acetylene.
They conclude that as both types of flame yield similar
results the high temperature of the flames is responsible
for their utility for the determination of the refractory
elements. However, good sensitivity for_mqst refractory
elements is only obtained in fuel-rich (i.e. reducing) flames.
Thus the high population of the CN radical found in these
flames appears to create a reducing atmosphere in which free

atoms of the elements are produced and maintained. The
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variation in temperature in different zones of the flame
burning at different mixture strengths has an important
bearing on any mechanism postulated to accqunt for the high
populations of ground state atoms produced. The maximum
temperature of the nitrous oxide-acetylene flame burning at
atmospheric pressure has been quoted as 295506.(64). This

is the only value available in the literature and it is not
clear whether this represents a calculated value of the
maximum thermodynamic temperature or one which has been
obtained practically. If it is a practical value, no data
are available concerning the type of burner at which the flame
was maintained, or the mixture conditions or the region of

the flame where the measurement was made. A study has
therefore been made of the temperatures in & premixed nitrous
oxide~acetylene flame burning under different mixture
conditions at a 5 cm, burner of the type commonly used for
atomic absorption measurements.

The thermal energy of the flame, which 1is
reflected in its temperature, is distributed between
activated particles to the various translational, rotational,
vibrational, electronic and ionisation states. Each of these
states has its own temperature, and the flame is said to be
in thermal equilibrium when the values for all these

temperatures are similar within the limits of experimental

error. In the absence of equilibrium in the flame gases it
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is difficult to define the 'temperature' of the system,
Gaydon and Wolfhard (78), however, note that deviations from
equilibrium are small for the interconal or burnt gases of
most small, steadily burning, premixed flames, and hence a
temperature may be assigned to these systems.

A flame temperature investigation in the wvarious
zones of the nitrous oxide—acetylene flame would therefore
give relevant information concerning the eqilibria existing
in these regions of the flame. For example, temperature
measurements in the outer zone of stoichiometric premixed
combustion flames using various procedures and excitation
states (rotational, vibrational, etec.) produce results which
are in agreement with each other and also with the calculated
value, Whereas similar measurements made in the primary
reaction zones of these flames differ widely. This evidence
suggests that the outer zones of these flames are in thermal
equilibrium and the intensity of the radiation is thermally
controlled. On the other hand, thermal equilibrium is not
achieved in the primary zone, and the radiation from excited
species in this zone is predominantly chemiluminescent.

The methods of measurement of flame temperature
may be divided into two types (a) thermometric and (b)
optical, Thermometric measurements are usually made by
introducing a metallic wire or thermocouple into the wvarious

regions of the flame, and the temperature of the wire
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determined. Thus the advantage of these methods is that the
metal probes may be made very small, and the temperature at a
given point in the flame measured, enabling good temperature
" profiles to be obtained. However, the results obtained using
these methods are generally low, due to their heat loss from
the flame by conduction and radiation on introduction of a
wire, Also interference is frequently caused by catalytic
action at the wire surface. Probably the most serious
disadvantage of thermometric methods is that the materials
used as prqbes have a relatively low melting point, e.g.
platinum M.pt. 177500, and are therefore of little use for
the measurement of high temperature premixed flames.

Optical methods of measurement are baged on the
radiation properties of hot gases. These procedures produce
an average value for the temperature of a given region of the
flame, They are therefore not as precise as thermqmetric
methods for plotting temperature profiles of flames.

However, the temperature values obtaincd are probably more
reliable, since measurements are made without disturbing the
conditions of flow or the geometry of the flame. There is
also no limit to the temperature of flames which may be
determined using optical methods of measurement. Excellent
reviews of the extensive range of methods available for the

(69)

measurement of flame temperature have been written by Gaydon

Gaydon and Wolfhard(78) and Mavrodineanu and Boiteux(79).
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This chapter reports the results obtained by the
line-reversal method and the 'two-line' method for the
effective electropic excitation temperatures for sodium and
iron respectively. The 'two-line' method was conducted by
one of the author's colleagues in this laboratory, and the
results of his investigations are recorded here for
comparison purposes only.

Measurements have also been made by emission
spectrography of the effective rotational temperature for NH
and the effective vibrational tempgrature for CN in'the

flame gases above the primary zone.

Experimental.

Burner Arrangement: The burner arrangement used was
(80)

similar to that described previously The burner head

was constructed of stainless steel and comprised two s?eel
plates bo}ted to a massive steel head to form a.slit 0.015
inches (0.375 mm) wide and 2 inches (5 cm) long. The burner
head was mounted on a stainless steel base and premixing
chamber similar to that employed in the air-acetylene burner
used on the Unicam S.P.900A flame spectrophotometer, The
flame was 1lit on air-acetylene, and the change to nitrous
oxide-acetylene effected by the gradual replacement of the
air with nitrous oxide, via a T-piece and two rotameters.

The sample solutions were introduced as aqueous 10"2 M

sodium chloride (line-reversal) or ferric chloride (two-line
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method) via a Hilger and Watts nebuliser and glass expansion
chamber. Aspiration was by the nitrous oxide supply to the

flame,

The sodium-line reversal method.

This is one of the most convenient methods for
the meagsurement of flame temperatures and the actual value
obtained is the effective electronic excitation temperature

for sodium. This method was first introduced by Kurlbaum(sl)

(82) and has since been used extensively, Workers

and Fery
in the field have confidence in the results obtained, largely
through the efforts of Kohn(83) who exhaustively tested the
validity of the method.

The method depends on Kirchhoff's Law. When
sodium is introduced into & flame it emits the yellow doublet
at 5890 A and 5896 A, It can be shown from Kirchhoff's Law
that when light from a bright background continuum is passed
through a flame containing sodium wvapour, the sodium D-lines
will appear either in absorption or emission, according to
whether the brightness temperature of the background source
is higher or lower than the flame temperature. Thus if the
brightness of the background can be varied until the sodium
lines are not seen either in absorption or emission (the
reversal point) and the brightness temperature of the
background under these conditions determined with a calibrated

pyrometer or thermopile, the temperzature of the flame may be

me&asured,
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) The apparatus used is shown diagrammatically in
Fig.24. The background continuum source used was provided
by the anode of a d.c.-arc burning at pure carbon electrodes
(Johngon Matthey Ltd.). The diameter of the*anode electrode
was 6,5 mm and the cathode diameter was 5.5 mm. The arc was
supported gt 10 amps, from a 220 volt d.c. spectrographic
power pack. With the electrode assembly used the voltage
drop was 60 volts when the arc gap was maintained at 1 cm.

The effective temperature of the background radiation from the
anode was obtained by direct measurement of the radiation from
the anode spot received at the face of a calibrated
standardised thermopile. The average value obtained in this
way for the anode spot brightness temperature was 37720 + 60°K.
The spot of radiation from the anode is foqussed
into the flame through a quartz convex lens, diameter 2.5 cm
focal length 5 cm, to give an image of the anode in the flame.
As shown in_Fig.24 the flame was used in the broadside-on
position, i.e, the 5 cm side of the flame was perpendicular
to the radiation from the arc. A_second quartz convex lens,
diameter 2.5 cm and focal length 7.5 cm, forms an image of
both flame andﬂanode spot on the slit of the spectroscope
(Beck, London). The loss by reflection at the air-glass
interfaces of radiation from the background was estimated by
measuring the apparent temperature of the anode using the

thermopile, with and without the lens in position, to be



ANODE.

BURNER,

CHOPPER.

FIG.24

L4 L, = LENSES.

=SPECTROSCOPE,

eel



134.
8475%. The intensity of the radiation from the anode was
reduced with a rotating sector of variable aperture. Tnis

was driven at constant speed by a synchronous motor (B.S.R.

IH 1978, Hilger No. F.1083).

Measurement of temperature.

A 1072

M sodium chloride solution was aspirated
into the flame and the sodium doublet at 5890 A arranged to be
in the middle of the cross wires when viewed through the
spectroscope, thus making identification easy. The arc
discharge was then initiated and the background brightness
between 5800 and 6000 A, together with the flame emission,
viewed through the_spectroscope, which was used with as narrow
a s8lit as possible, Under these conditions the background

is much hotter than the flame and the sodium doublet is seen
in absorption. The rotating chopper blades were set to
produce & narrow aperture, and rotated in front of the convex
lens (F 958), The sodium doublet is now seen in emission
against the attenuated background. The blade angle of the
gsector was then.decreased gradually uptil the sodium doublet
was invisible i.e, the reversal point, The brightnesgs
temperature of the background was then equal to that of the
flome, The sector was removed from the optical bench and the
blade angle at the reversal point measured by placing the
chopper between a_standard tungsten ribbon filament lamp

(Mazda 6 v, 108 w. R/1 projector lamp) operated at stabilised
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controlled current and the thermopile and potentiometer,
This arrangement is shown in Fig.25. The attenuated
radiation from the tungsten filament lamp is received at the
thermopile and the blade angle of the chopper determined
frqm a calibration graph of energy received at the detector
vs. blade angle of the chopper. Thus the temperature of the

background source, and hence the flame, was obtained.

Results.

Determination of arc temperature.

- The apparatus was arranged as in PFig.26,

} + a)v

V=VOLTMETER.

FIG.26
Krygsman (84)and Henmning and Tingwaldt (85) have reported
temperatures for the anode of a carbon arc of 38OOOK and

3818°K respectively. Since the arc radiation was unstable,
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it was decided to determine the arc temperature directly and
not accept the quoted literature wvalues. The radiation
intensity was measured on a direct-reading millivoltmeter
as the arc instability prevented the use of the potentiometer
which required 1aborious balancing to the "null point" against
a standard cell, The millivolt reading obtained when the
thermopile was at a distance r cm from the arc, arises from
the radiation striking the active area of the thermopile.
Thus the total radiation from the arc is calculated from the
surface area of the sphere of radius r cm, The millivolts
reading must be mgltiplied by i@gﬁ where a is the active area
of the thermopile, *

The Stefan~Boltzmann Law may be applied, since
the radiation from the arc anode approximates to that of a
black body at the same temperature.

R = <1t

where, R = Radiancy, T = Temperature, & = Stefan-Boltzmann
constant = 5,67 x 10 12,
Thermopile output, 380 mV/watt/cm?

Active area, a, of thermopile, 4.155 cm?.

mV

380 X 4,155 watts

‘.. R
where mV is the millivolt reading.
Thus the total output from the anode

- 2
_ nV 4
= 350 ¥ 4155 x 7 9m5
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2

= w Wa't'ts

R = &1
,

T = 4/
y et X107 o

= 1 K

J 5.67 x 380

= 4\/5.834 x 109 mV r2 %%

Table 11.
r_cm my X
20 85 | 3752
20 81 j 3708
20 | 78 3673
20 79 3684
20 83 3731
24,5 61 3823
24,5 60 3807
24.5 58 3775
24,5 57 3758
12,0 21,2 3852
42 21.0 5843
42 20.8 3824
42 | 21,0 3832

Mean temperature = 3772°K,

Stondard deviation 60°K or 1.6%.

Even though the millivoltmeter reading varies eappreciably,

this does not cause a large error in the anode temperature

gince the fourth root of the millivolt reading is taken.,
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Lens correction.

Radiation from the arc is lost at the two air-
glass interfaces of the first lens (F 958) by reflection and
absorption, Gaydon (69) estimated_that 5% of the radiation
is lost at each air-glass interface, The correction factor
to pe applied was determined using the apparatus shown in
Fig.27.

The current through the lamp was maintained
constant and the thermopile was placed at a known distance
from the lamp. The millivolt reading at the thermopile was
obtained in this position, and also when the lens was used at
the same distance to collect and focus light on to the
thermopile. The value of the correction was obtained
allowing for the_difference in areca of the lens and the
thermopile faces, It was assumed that the percentage of
radiation lost at the lens would be approximately the same
for the arec (3800°K) as for the tungsten filament lamp

(2500°K) within experimental error.

Area of thermopile face 4,155 cm2

Area of lens 5.31 cm2

Correction factor = % ~ (y = g‘%ES ) x 100
X

x is the mV reading for the thermopile alone

y is the mV reading for the lens.
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Table 12,
mV reading mV reading y corrected Correction |
< v for area mV factor % )
23,2 27,0 21,13 g 8.9 |
24,0 27.8 21.80 9.2
35.0 40.7 31.84 9.0
35.0 40.4 31.81 8.9
36.0 41.3 33.05 8,2
35.8 41,0 32,83 | 8.3

Mean correction factor 8.,75%

Flame Temperaturc Results.

The tempecratures of the flame, Tf, in the

various zones of the flames were measured using

(360 - L) 100

Tp = Ty . 360 ° O
Ta = arc temperature, L = blade angle,
C = lens correction factor.

The height of measvrement above the burner head is noted.

Slightly fuel rich, atomic absorption flame, obtained with

flow rates of 5.6 litre/minute nitrous oxide and 3 litre/minute
acetylene,

Total flame height 13 cm.
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Table 13.

0.5 - 1.2 cm above the burner head, (red zone temperatures).
!Blade angle ° Temperature °x Temperature ¢

84 3177 2904

85,5 3154 2881

88 3130 2857

85 3159 2886 |

88.5 3125 2852 %

96 3038 2765 |

99 3003 2730

94,5 3055 2782

99 3003 21730

94.5 3055 2782

91.5 3089 2816

84 3177 2904

Mean temperature 2824 + 65°C.

2 cm above the burner plate (Just above the red zone)

“‘ﬁlade angle ° Temperature °K | Temperature’C
- 118.5 2779 2506

118.5 2779 2506

123_ 2727 2454

127,5 2675 2402

115.5 2814 2541

11930 2773 2500

121.5 2745 2472

Mean Temperature

2483 + 45°C,
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4,0 cm above the burner plate.

143,

Blade angle O Temperature °x Temperature °q
128.5 2641 2368
135 2589 2316
138 2566 2293
142_ 2520 2247
135.5 2583 2310
136' 2572 2299
138.5 2555 2282
Mean Temperature = 2302 + 37°C.

5.0 cm above the burner plate.

Blade angle ° Temperature ok Temperature °a
166 2225. 1959“
166 2232 1959
172 2175 1903
173. 2158 1885
166.5 2227 1954
168 2210 1937

Mean Temperature = 1833 +
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Fuel rich flame, obtained with flow rates of 5.6 litre/min.

nitrous oxide and 3.7 litre/min. acetylene. Total flame

height 13 cms.

0.5 - 1,2 cm, above the burner plate.

Blade height © % Temperature og Temperature ¢
| 118 2785 | 2512
121.,5 2745 2472
120 2762 2489
120 2762 2489
120 2762 2489
118.,5 2779 2506 -
Mean Temperature = 2493 + 14°¢
2 cm above the burner plate
“ Blade angle © Temperature og Temperature ¢
135 | 2589 2316
134 2601 2328
138 2555 2282
136,5 2572 2299
136.5 2572 2299 i

Mean Temperature = 2305 + 18°¢
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4,0 cm above the burner plate

Bladc angle © i Temperature O Temperature e
168 ; 2210 1937
166 2232 : 1959
167 2221 1948
165 2244 1971
171 2175 1902
169.5 E 2193 t 1916

Mean Temperature = 1939 + 26°¢.

Fuel lean flame, obtained using flow rates of 5.6 litre/min.
nitrous oxide and 2,6 litre/min. acetylenec.

Total flame height 10 cm.,.

Blade angle © Temperature °g Temperature e

0.5 = 1,2 cm above the burner plate.
137 2566 2293
135 2589 2316
135 - 2589 2316
133.5 2607 2334
139.5 2537 2264
140 2531 2255
134 . 2601 2328
138 2555 2282
136 2577 : 2304

Mean Temperature = 2299 + 28°¢.



2 cm above the burner plate.
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I

Blade angle © Temperature g ! Temperature g

- 156 2347 2074

154 .5 2365 2092

159 2313 2040

155 2359 2086

160 2301 2028

157.5 2331 2058

158 2325 2052
_omee ) eers | 2006 |

Mean Temperature = 2055 + 30°C

4 cm, above the burner plate.

Blade angle ° Temperature ox Temperature e
167.5 2215 1942
171 2175 1902
169.5 2193 1920
168 2210 1937
165 2244 | 1971
172 2164 i 1891
Mean Temperature = 1927 + 30°C
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The two-line method.,

This method of temperaturce measurement was

(86) i1 1934, and is

introduced by Ornstein and Brinkman
based on the oomparisqn of the intensitics of two lines

emitted by an clement. The transition probabilities of the
twq 1ines must be known and also the energies of the initial

(i.e. excited) states.

It _ A gt o~B'/%T

I A g NV ~E/kT
I = 1line intensity. A = +transition probability.
g = statistical wecight. N = frequency.
T = <temperature,. E = cnergy of initial level
K = Boltzmann constant.

This may be written

It _ A gtV o —(B' - E)/kT

I A g V)

and Bohr's relation may be used if the two lines which are
compared fall back to the same level,

E = 28 - nev

A

'.' ) A
Al gty o —he/KT (v = N)
A g N

Thus if the two intensities are measured, A, g and v values

' _
T—_

may be obtained from tables and the temperature of the

exciting sourcce measured.
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Apparatus.

A Hilger large quartz spectrograph was used and
the burner mounted on the optical bench in the end-on
position, an dimage of the 0.015 inch side being focussed
onto the spectrograph by a convex lens, The distances
between the burner and convex lens, and between the
spectrograph slit and lens were equal to twice the focal length
of the lens, thus there was no magnification of the image

formed. The arrangement is shown in PFig.28,

FiG.28

1Q_2M ferric chloride solution was aspiratcd
into the flame. Spectrograms obtained in this way show the
variation of emission intensity with height, resolved with
respect to wavelength for species in the flame. The spectra

werc recorded on B,10 and R.40 plates, depending on the
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wavelength region being examined. The plate emulsion was
calibrqted at the wavelengths used with a Hilger stepped
sector, Plate standardisation for variation in emulsion
sensitivity at the wavelength of the iron spectral lines

to be compared was also undertaken using a black body
continuum source, The spectral line intensities were
measured using a photomicrodensitometer. The lines werc
all within 100 A of each other and the correction for change

in plate sensitivity over the range was negligible,
Results,

Table 14 shows the temperatures obtained in the

various regions of the nitrous oxide~acetylene flame,

Table 14
Tcmperature of the slightly fuel-rich nitrous oxide -

acctylene flome.,

| Height above Pair of lines used Temperature °K
burner  mm. i AL
? 4.5 3647 - 3679 3040

3749 - 3705 3100

3749 - 3772 | 3020

3749 - 3705 2990

3749 - 3722 2930

3758 = 3705 3100

3758 - 3722 3045

3758 = 3733 2955




Table 14 (continued)
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Height above

Pair of lines uscd

Temperature og

burner - mm, A,
6,0 i 3749 = 3705 2880
| 3749 - 3722 2890
3734 = 3733 2940
3749 - 3705 2920
3749 - 3722 2830
2749 - 3722 2890
_ 3749 - 3722 2390
Te5 3749 - 3705 2840
3749 - 3722 2820
3749 - 3705 2820
3749 - 3722 2810
3749 - 3705 2810
3749 - 3722 2875
3749 - 3705 2875
3749 - 3722 ! 2825
3749 = 3705 | 2820
3749 - 3722 2830
' 3734 - 3748 2825
12.0 3734 - 3748 2785
E 3749 - 3733 ! 2815
; 3749 = 3705 % 2830
| 3749 - 3722 2810




Table 14 (continued)
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0

giiﬁg; abg;lrc:z Pair of g:::mes used Temperature XK
17.0 3749 - 3705 2800
3749 - 3722 2770
3734 —- 3748 2760
3749 - 3705 2780
3749 - 3722 2760
3734 - 3748 2765
3734 - 3748 2750
3820 - 3824 2760
3734 ~ 3748 2'770
3749 ~ 3722 2775
3820 - 3824 2760
3749 - 3705 2785
3734 - 3748 2785
3749 - 3722 2775
3820 - 3824 2780
35 - 40 3734 - 3748 2740
3734 - 3748 2725
3749 - 3705 | 2745
3749 - 3722 | 2735
3734 - 3748 f 2735
3820 ~ 3824 | 2730
3825 - 3878 | 2720




Table 14 (continued)

152,

Height abg;e Pair of lines used Temperature °g
burner  mm, A
55 3734 - 3748 2700
3820 - 3824 2705
| 3825 - 3878 2710
70 3734 - 3749 | 2690

Mean Temperatures obtained from above Table 14

Height above
burner mm.,

Mean Tempcrature Og

4.5
6.0
745

12,0

17.0

35-40

55

70

3024
2900
2830
2810
2770
2750
2705
2690

f+ I+ I+ I+ [+ 1+

f+

85
25
30
20
30
10

5
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Table 15,

Temperature of the fucl-lean nitrous oxide=-acetvlcne flame,

Height above | Pair of lines used Temperature og
_purner mm. A,

3.5 3749 - 3705 2930
3749 - 3722 2950
] 3758 - 3722 2940
Te5 3749 - 3705 2850
3749 - 3722 2855
3758 - 3722 2845
15 3749 - 3722 2775
3734 - 3748 2830
3758 - 3733 : 2800
3820 - 3824 | 2785
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Precision of the two-line method.

From,
‘ h' ¢ V)
It Atgty - (DY)
1 Ag W)
Any errors in I'/I or A'/A will producc considerable error in

(87)

the temperature value obtained. Broide, has expressed

the relative error AT/T, mathematically

AT kT AT

X ——————

T E'-E r

where r is the error in the measurement of the ratio, ¥

of the intensities or transition probabilities. A typical
value of E! --E is 0.75 eV, and ratios may be measured to an
accuracy of 0,05, Thus for a gas at 5OOOOK, AT = 52°,
This is the error for a single determination and obviously
the more values which are averaged to find the final

temperature, the morec the error will be reduced.
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(69)

Rotational and Vibrational Temperatures .

It is possible to determine the temperature of
a gas from the distribution of intensities among thg lines
of the rotational fine structure of 2 band spectrum, The
NH band at 3360 A was chosen for measurement because of its
open rotational st;ucture and it was well separated from
other band systems, ?he prineciple of the method is the same
as the two-line method. The intensity I of a line in the

rotational fine structure of a band is given by ,

I = C.A. \) 4 e—EI'/KT

rotational transition probability;

where C a constant; A

VN = frequency; Er = rotational encrgy of initial state.
Knowing A, and Er it is possible to determine the
tempe?ature, T, from measurement of the intensity of two
lines,

There arc three main methods of measuremcnt of
the rotational temperatures, (1) from the position of maximum
intensity in a single bronch of the band; (2) the iso-
intensity method, in which lines of equal intensity arc found
one near the beginning and the other in the tail of the
branch, thus avoiding actual quantitative igtgnsity

measurement, and (3) the plotting method, i.c. the above

equation may be written

log, I = 1log, C + 1oge(A.0 4) - Er/KT
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thus plotting log, I - 1oge(A.\)4) against E,, gives a
straight line, the slope of which produces T, the tempereture.
The simplest method using the NH (0,0) sequence
at 5560 A (3n - 32;) is the meximum intensity method(88) for
the R-branch of this band, The position of maximum
intensity is easily obteined and the corresponding J value

is substituted into,

[ xr o enae T 1
Tmax = jQth - - 0'5896‘/B 2

B = rotational constant = 16.67 cm—1 for WH.

S!S

The measurement of the effecctive vibrational
temperature from the vibrational intensity distribution of
bands within a system, is very 81m11ar to the measurement of
cffective rotational temperatures, The intensity ratio
measured is either that of the maximum intensities of two
heads of each band or the ratio of the integrated intensity
for the whole of the two bands, including associated
rotational structure. ~ The CW v1bra+1ona1 system ( 2; é\)
with heads at 3590 4 (1,0), 3883 (0,0) and 4216 A (o 1) was
selected fo? the measurement of the ceffective vibrational
temperaturc, This is the only system which persists
throughout the rcd zone and also has clear and easily
identifiable vibrational structure,. CN also appears to be
one of the flame species which plays an important role in the

production and maintenance of frec atoms of elcecments
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introduced into flrmes, its 'internal! vibrational
temperature is therefore impovtant.

The basic equation again is

It _ Ag J o~B!/KT
T Ag Y e—E/KT
. ‘ 1! i T l _ _ &' -F
or 1°é'e ‘—A'g'\y - loge —Ag\)J = T

When 4, g,‘Q and E values are known from tables, the
intensity values are measured and T, the temperature in g

can be calculated,

Apparatus.

The Hilger large quartz spectrggraph was used,
with the flame in the broadside-on position. The flame was
focussed on to thg slit of the spectrog;aph uging an equi~-
convex quartz lens of focal length 5 cm. The spegﬁrum
obtained aftcr 1 hour exposure wag recorded on a B.10 plate.
The intensities of thealines were measurcd using the Hilger
photomicrodensitometer., ]

The Techtron A.A.3 atomic absorption
spcectrophotometer was also used. The intensity measurements
for thc rotational lines and vibratiqn&l bands were recorded

using a Sargent strip-chart recordcr,
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Effective vibrational temperatures.

| © Tho CN bands et 3590 A (1,0), 3883 & (0,0) and
421é-A (0,1) were used for this determination.  The
intensity of heads within each band were compared as well as
heads from different bands. The transition probabilities
were taken from values obtained by Fraser, Jarmain and

Nicholls (89). Other valueg in the equation

in [—ll- ] - In r'I ] = = (B! - E)
.Algl0¥J LAgﬁ KT
were obtained from Mavrodineanu and Bolteux (79)
Using the spectrographic plate.
Table 16 .
(vive) Line Intensity %ransi?ign (89) |
robability

1,0 359054 379 03077
2,1 3585?9 3449 0.134
342 3583.9 27,5 0.174
0,1 4216.0 37.1 0,073
1,2 4197.2 27.2 0.121
2,3 4181,0 11.8 0,150
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Table 17 .

Pair of iines comparecd Temperature °x

3590,4 - 358539 5277

3585,9 - 3583:9 5866

3590.4 ~ 3583.9 5556

4216,0 - 419732 3721

4197.2 - 4181.0 2844

4216,0 - 4181,0 5228
From the ohért recording

Table 14 .
Iine Intensity (Viay") Transition (89)
_ Probgbl;lty

421630 89 0,1 03073
4197.2 66 1,2 0.121
4181.0 45 2,3 0,150
3590,4 60 1,0 03073
3585.9 41 2,1 0.134
3583.9 37 3,2 0,174
»388-334 96 0,0 0.917
3871.4 54 1,1 0,785
4197.2 59
4181.,0 53
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Tablelq.

Pair of lines compared Temperature g
1216,0 - 4197.2 3770
4216,0 - 4197.2 3309
4216:O - 418130 4287
4216.0 - 418130 3516
4197.2 - 4181.0 4971
4197.2 - 418130 3751
3590.4 ~ 3585.9 3897
3590.4 = 3583.9 3371
3585,9 - 358339 ?774
3883.4 - 3871.4 5444

Discussion.

The simplest method of temperature measurement,
1g that using the line-reversal method, Once the reversal
point has been obtained visually the effective temperature
of the background source and hence the Tflame is ohtained

without great difficulty (19,

For temperatures below
2500°K~the temperatures may be measured with an accuracy of
+ 10°K.  The high sensitivity of the mcthod is due to the
rapid variation of radiation intensity with temperature. At
2500°K and 5890 A the intensity varies as the tenth power of

the temperature.

For high tomperatures e.g. at 3000°K the
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temperature of nitrous oxide-acetylene, the reversal point
may be set within + 10°K but the variation in the background
source may be of the_order of + BOOK, thug affecting the
accuracy appreciably,

This method is entirely dependent on Kirchhoff's
law, which states that for a flame in thermal equilibrium,
the emissiv;ty for any wavelength is equal to the absorption
coefficient. The main difficulties'arise when the flame
gases are not in thermal equilibrium, There must also be
no loss of light from the flame by reflegtion, and in non-
luminous flames reflection is negligible, Thus results for
the fuel-lean and slightly fuel-rich flames are not affected
by reflection losses. The very fuel-rich flame, however,
containing an abundance of carbon particlcs will lose an
apprcciable amount of radiation by reflection, and these
rcsults are probably not as reliable as those for the fucl-
lecan and slightly fuel-rich flames,

The two-line method, although producing results
in good agreement with cach other, is subject to large errors
if the flame gases are not in equilibrium. As stated
previously (87) the error in measurement of a ratio of
intensities or transition probabilities can lead to an error
of + 50°, However, the transition probabilities themselves
(90)

are not known to better than 15% The results

obtained using this method, however, are concordant and this
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suggests that the method itself is reliable. These same
errors affect the rotational and vibrational temperatures
obtained.

To establish confidence in the methods used the
tempc ratures of air-acetylene and air-propane flames were
measured using the line-reversal method, and the temperatures
of air-acetyleng and oxy-hydrogen flames determined by the
two-1line method, The temperatures obtained were

Literature values

Air-acetylene 2054°C 2125°C  (91)
Air-propane 1870°¢ 1935°¢  (91)

by the line-reversal method and

Ajir-acetylene 2125°¢
Oxy~hydrogen 2427°C 2660%  (91)
using the two-line method,
Thus the values obtained agree very well with reported values,

The value obtained for the NH rotational
temperature is in good agreement with the value given by
cayaon (69) of 3760 + 300°F.

The temperatures obtaine@ uging the four methods
of measurcment, are in good agreement. This suggests that
the red zone of the nitrous oxide—~acetylene flame is either
in thermal4equilibrium, or that deviations from equilibrium
are slight., Tig. 35 shows the temperature profiles of the
slightly fuel-rich (atomic absorption) flamg using the results

from the line-reversal and two—-line methods.
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CHAPTER 6.

SPECTROGRAPHIC INVESTIGATION OF OTHER PREMIXED FLAMES
AT ATMOSPHERIC PRESSURE.

There is a dearth of information in the
literature concerning the properties of hydrocarbon flames
supported by gases other than air or oxygen. The reason for
this no doubt lies in the wider technical application of air-
supported flames, However, some of the problems associated
with the use of conventional air-=hydrocarbon flames in
inorganic spactroscopic analysis may be climinated by using
other gascs to support the hydrocarbon combustion.. These
mixtures may also provide relevant information concerning
the excitation processes which occur during combustion.

The difficulty of completely atomising samples in atomic
absorption spectroscopy has been the main limitation of the
technique. The introduction of the nitrous oxide-acetylene
flame greatly increased the number of elements which could

be determined with sensitivity using this procedure. The
flame provides the required conditions for the production and
maintenance of a large ground state atomic population of most
rcfractory elements, For a flame to be of wide application
in atomic absorption spectroscopy it must (a) have a high
temperaturc, (b) provide a reducing atmospherc so that the
atomic population is maintained and (c) have a burning

veloelty low enough for the flame to be supported safely at a
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leminar flow, slit burner.

In an attempt to find better flames for use in
atomic absorption Work, various gas mixtures were studied
spectrographically., Some of the flames were oxygen (or air)
supported and others were supported by nitrous oxide, The
emission spectra of these flames are recorded in this chapter
and the principal cmitting species have been identified,

The properties in A.A,S. of some of the morc useful flames
have been compared_with air—-acetylene and nitrous oxide =

acetylene mixtures.

Apparatus.

A Hilger large quartz spectrograph was used for
the cmission study and the spectra of the various flames were
rccorded on R.40 plates,

Comparison of the properties of the mixtures for
AJAS, of diffcecrent clements was performed using the Unicam

S5.P.900A flame spcctrophotometer,
Results.

Air-acetylene and nitrous oxide-acetylene flames,

These spectra are recorded initially for

comparison purposces.
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The flame was produced using flow rates of 4 litres/minute

of nitrogen,_E litres/minute of oxygen and 3 litres/minute

of acetylene, These flow rates were used since the actual
mixture being burned corresponds in oxygen and nitrogen'content
to the slightly fuel-rich nitrous oxide-acetylene flame,

The species present in the flame arc the same as those in the
nitrous oxide-gcetylene flame but the intensity of cmission

is much weaker,

Amos and Willis (®3) nave compared the
absorption properties of the nitrous oxide-acetylene and the
nitrogen—oxygen-acetylene flames and report similar
sensitivitices using these mixtures. In the author's
laboratory using molybdenum as the test element, an
absorbance signal of 0.5 was obtained for a M/50 aqueous
molybdenum solution in the nitrous oxide—acetylene flame,
compared with an absorbance value of 0.12 using the nitrogen-
oxygen=acctylene flame, The greater absorbance signal using
the nitrous oxidec-acetylene flame is due (1) to the higher
temperature of nitrous oxide-acetylene, which results from

the energy liberated by decomposition of nitrous oxide,
1 =

and (2) to the abundance of CN and NH specics present above
the primary reaction zone to provide the reducing conditions

required for the removal of atomic oxygen via ,
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Again the main emitting species are 02’ CH, OH and CO with
weak cmission from CN and NH. The absorption propertiecs

of this flame werec not obtained since the use of +the

different burner made any comparison meaningless.

Nitric oxidc - acetylene,

Perhaps the most intercsting flame for
investigation is the nitric oxide ~ acetylcne flame.

Manning (93) has found that the semsitivity for aluminium in
the nitric oxide-acctylene flame is 60% greater than in the
nitrous oxide-acetylcne flame. The nitric oxide-acetylene
flame is ideal for use since it combines a very high flame
temperature-(BOBOOC)(7O) with a relatively low burning
velocity (0.87 metres/sec.). (ef., N,0/Ac 2830°C. burning
velocity 1.6 metres/sec.).

The flame was first 1it on a nitrous oxide -
acetylcne mixtu?e and the nitrous oxide was gradually replaced
by nitric oxide. About 2 cm above the burner head the
flame exhibited an intense yellow reaction zone,

Unfortunately no emission spectra werce obtained for this
flamé, sincc the only nitric oxide cylinder available was
exhausted after five minutes of use. However, the
analytical properties of this flame should be very interesting
and rcquirc much morc attention, The use of this flame as

an atomiser for atomic absorption purposes should provide

sensitivity as good as the nitrous oxide-acetylene flame but
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the cost of nitric oxide compared to nitrous oxide may be
a prohibitive factor. Gaydon and Wolfhard (78) report that
hydrocarbon-nitric oxide flames lack the excess excitation
energy in the primary zone which is prominent in oxygen and
nitrous oxide supported flames, and gives rise to abnormal
excitation of atoms and molecules. This is due to the
small reaction rates in these flames, as evidenced by the
low burning wvelocity, coupled with thc high adiabatic flame
temperature, Thus the rotational temperature of OH in
nitric oxide flames is normal.

Conclusion.

By far thc most useful gas mixturcs for atomic
absorption purposes arc air-acetylenc and nitrous oxide -
acctylene. The nitrous oxidc—~ethylene and the nitrogen-—~
oxygen~acetylene flames may be of use when the strong
resonance lincs of an clement fall on the CN systems, In
the nitrous oxide-acetylene flame the emission from CN would
give rise to considerable background noise, and thus prevent
the use of lines which are in close proximity. The nitrous
oxide~ethylene and nitrogen-oxygen-acetylene flames which
show far weaker CN emission would allow these strong
resonance lines to be used and hence greater sensitivity may
be obtained. This is an exception and in general the
nitrous oxide~acetylene flame would be uscd to give the
corresponding enhancement in sensitivity associated with

this flame.
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Plames supported by other nitrogen oxides should
give good sensitivity in atomic absorption spectroscopy.
Premixed nitric oxide - acetylene flames combine a high
temperaturc with a low burning velocity, which enables the
flame to be used safely. CN and NH speccies are produced in
this flame and these should provide the reducing atmosphere
in rich mixtures, which appears to be required to-maintain

the atomic population of refractory elements.



179.
CHAPTER 7.

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK.

During the last fifteen years atomic absorption
spectroscopy has become established as one of the most
important techniques for inorganic trace analysis. The
versatility, speed and freedom from interference of this
method makes it ideal for the analysis of many elements.

The sensitivity provided is generally high but in cases where
there is severe chemical compound formation in the flame,'
the complete atomisation of samples crcates many problems.
There are many ways in which the sensitivity
of the atomic absorption technique may be improved by
instrumental development, The hollow cathode lamps
available at present give intense and stable radiation for
long periods of time, but for some clements e.g., the rare
earths, it is difficult to prepare a hollow cathode lamp, and
in this sphere the use of continuum sources or electrodeless
discharge tubes needs investigation, More sensitive
detectors and amplification systems together with recorders
fTitted with scale expansion facilities would help to increase
the sensitivity of the procedure and detection limits would
be lowered.

These improvements in instrumentation could be

easily made, but the main limitations regarding the

sensitivity and applicability of the absorption method, arises
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from the processes of nebulisation and atomisation.

Although advances have been made over the last ten years,

the conclusion reached by Walsh in 1951 that "... at the
pregsent state of its development, by far the most serious
difficulty in the absorption method is due to the difficulty
in atomising various elements" stiil applies. The
difficulties begin at the nebulisation stage since even the
most efficient indirect nebulisers deliver only 20% of the
aspirated sample to the flame. Use of an ultrasonic
nebuliser, which produces a very fine aerosol does not alter
the fact that 80% of the sample is lost, and the small amount
which does reach the flame is diluted many times by the flame
gases before absorption measurements are made, Thus, there
is a need for a better nebulisation systen. A possible
method of overcoming the loss of sample in the spray chamber
is by using charged colloids or gctually producing sample
droplets which are charged. These droplets may then be
beamed into the flame using external electric fields. To
avoid the need for nebulisation, methods involving the
introduction of so0lid sample (in dust form) into flames
shouvld be investigated.

Ilames are used almost exclusively for the
atomisation of gamples. The cooler air-coal gas, air-
propane and air-acetylene flames are used for the
determination of non-refractory elements, and of elements,

such as the alkali metals where a hot flame would cause
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excessive ionisation. For atomisation of refractory
elements, however, the higher temperature and reducing
atmosphere provided by the nitrous oxide-~acetylene flame are
usually required. Even using this flame there are a number
of elements which are incompletely atomised and low
gsensitivity is obtained. A study of the chemistry of the
stable compounds formed, and of the reactions involved in
their dissociation into atoms may lead to the more effective
use of flames, Little is known concerning the reactions
which occur during the combustion of premixed gases and the
effect of these reactions on the atomic population.

Obviously the type of solvent used will affect the flame
processes, agueous and organic solvents would cause different
reactions to occur, and the enhancement in sensitivity due

to the organic solvent effect may not arise solely from the
increase in spray rate, but there may be some intermedizte
chemical reaction involved which enablgs a larger ground
gstate atomic population to be produced, Hence the need for
more efficient atomisers is apparent. The atomic absorption
propertiecs of other premixed flames should be investigated
and the sensitivity obtained compared with the flames in use
at present, and nitrig oxide supported acetylene flames should
be studied thoroughly. It is likely, however, that
alternatives to flames will be necessary. The general
introduction of plasma jets may enable more elenments to be

atomised completely. Development of sputtering procedures,
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arcs and furnaces may all increase the scope and sensitivity
of atomic absorption methods.

Any background radiation problems which arise
using the high temperature flames may be overcome by using
separated flames, Air-acetylene and nitrous oxide-
acetylene flames have both been separated and thg OH
emission from the interconal zones is negligible. This
decrease in background radiation will be of greater
importance in emission flame photometry. For example the
emission from molybdenum at 3132 A is seriously affected by
emission from the 3064 A OH band in the unseparated nitrous
oxide—~acetylene flame, Separation of this flame, however,
enables molybdenum to be determined_sensitivily due to the
removal of the background radiation.

The future of atomic absorption spectroscopy
is very promising and the problems associated with this
technique as well as providing a challenge hold much

interest for the researcher.
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