CHAPTER 1II

ATOMIC ABSORPTION AND FLAME PROPERTIES

Atomic Absorption Spectroscopy involves the absorp-
tion of radiant energy by atoms and the quantitative cor-
relation of absorption with the concentration of metal
atoms present in the absorbing medium serves as the basis
of analytical atomic absorpiion spectroscony.

The production of atoms requires a high temperature
medium;which is mostl convemiently and inexpensively provided
by flames. Although not aveilable for ihe present work,
high temperature ovens are also used sffectively. A com=-
pound introduced into a flame is waporized and partially or
wholly dissociated into its elements in the gaseous form.
The absorption process generally occurs between the ground
state and the first excited state of atom ,with radiant
energy of characteristic wavelength being absorbed. Atoms
also can absorb energy from the flame directly becoming
excited thrugh collision with other species to higher energy
states from which they can smit characterictic radiation on
returning to either an excited state of lower ensrgy or the

ground state.



Assuming thermal equilibrium in the flame,the dis-
tribution of atoms in energy states is given by the
Boltzman equation. The transition between ground state E,

and a excited state Ej is given by
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where Nbij = number /density of atoms in the ground

state and in the jth state respectively
PO,PJ = _slatistical weight
e = / gonstant
| T = absolute ltemperature
Eo,Ej = energy of ground state and excited state

Jyrespectively

Combining equations {3} and (2) gives the equation

_Nj_ = _;_.l exp 3 .E.
No 0 kT (3)
where E = E J "EO

For sodium at 2000°K,resonance line at 5890°A the
ratio Nj/Nb caleulated using equation (3) is 9.86x1076,
This shows that the number of atoms in excited state is
much smaller than the number of atoms in the ground state.
This would appear that atomic abgsorption spectra would have
important advantages over emission spectra as a means of

chemical analysis.



At every point on the absorption line the absorption
of radiation is related to conceniration of absorbing atoms

by the Beer-Lambert reclationship.

The absorption coefficient kQ is a function of fre-
quency and varies continuously over the absorption line
which has a finite width,dependent on the conditions of the
absorbing medium.

The integrated abserption coefficient over the whole

line is given by
A+dh
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where ky= absorpbion coefficient at Trequencyy , e =

electronic charge,m = mass of an electron, ¢ = velocity

of light, NQ:, number of atoms’/%.c capable of absorbing
radiation of frequencyy ,f = oscillater strength,i.e. the
average number of electirons per atom capable of being
excited by incident radiation. For a transition initiated
from the ground state,for which N;)is,for practical purposes,
equal to N,i{ is seen that the integrated absorption coeffi-
cient is proportional to the total number of altoms and is

essentially independent of temperature and wavslength.



There remains,however,a very difficult problem,how
to determine kjat each poingugfross the width of the line,
i.e. to calculate the valueIkQ dyso that N, can be deter-
mined. Al temperatures be%ween 2000-3000°K ,the width of
an absorption line is of the order of O-OEQA, and is be-
yond the resolving capabilitiss of most spectrographs.
Further four factors may influence the width and shape of
the spectral line.

1. The natural width of the line.

2. Doppler broadsning,due to movements of atoms
relative to the observer.

%, Pressurs broadening,due to the prescncc of
neighbouring atoms. When broadening is due to the same
kind of atoms as those absorbing radiation,this is known
as resonance broadening. This type of broadening is
generally known as collisional broadeninge

4, Stapk broadening,due to external electric
fields or charged particles. Generally in flame environ-
ments the slectrical forces are not sufficiently large for
the Stark effect to be significant.

An alternative method for atomic absorption measure-
ment is provided by using a sharp line source that emits
a spectral line with a much smaller half-wicth than the
absorption line. Using such a source,the absorption coef-
ficient at the centre of the line can be measured. The

most useful



and common sharp line source is the hollow cathode lamp,

the properties of which have been discussed by Tolansky (5)
Mitchell and Zemansky(6) have shown that if the shape

of the absorption line is completely determined by Doppler

broadening,then

B 2)‘2/\/ Y (6)
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where kmaxis the ahsorplion coefficient at the centre of

the line, Dy= Doppler line width, e = elecironic charge,
m=mass of an electron,c =velocity of light, f=oscillater
strencth. N = number of atoms// c.c capable of absorbing
radiation. The relationship between k .. and N is main-
tained only at low ¢omcentrations,where the Doppler effect
predominates. AL higher concentrations pressure and reso-
nance broadening may make a significant contribution to
line wifth.

Equation (6) may be combined with the Beer-Lambert

squation (4) to give the following working equation.
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Hence a graph of log IofI (absopbance) against concentra=-
tion will be liner providing the concentration of absor=-
bing atoms is relatively low and samples of unknowm concen=
tration will be interpolated from a standard graph. As the
concentration increases,the graph will begin to show curva-
ture due to the increasing magnitude of resonance broadening.
Additional factors also may give rise to line curvature.

l. Instrumental faclors.

The failure of some of the radiation o undergo absorp=-
tion in the flame before being measursd by the photocell
can cause an prror in/the absorbancc . If iy is the
intensity of unmabsoprbed light,then the measured absorbance
will be log %9_:_.39 instead of log.EQ o« This will cause

+ io {0 be I I. + i
the calibration graphwasymptotic to the value log

i
instead of to infinity. Generally,the effecl is minimgzed
by a proper design of the instrument.

In addition,sharp line sources must be used as sources
emitting broader lines will fail to monitor only the centre

of the absorption line and the absorpiion will be depressed.

2. Chemical factors.

This chemical favtors can be divided into three cata-
gories.
a. excitation where atoms are removed from the
ground state to higher excited state,generally,this effect

is almost negligible in flames.
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b. 1ionization
c. compound formation
In order to understand the chemistry of the last two
factors clearly,the chemistry of flames shall be discussed.

The flames used in atomic absorption work arec generally
lapinar pre-mixed long path-length flames. A variety of fuel-
oxidizer mixtures is available and normally flames are operated
at room temperature and atmospheric pressure. In this study an
acetylene-air flame system was used.

Since the flame is an integral part of the atomic absorp-
tion systgm,it becomes important to consider its structure and
chemistry,particularly in order to undsrstand interference phe-

nomena. Flgure I, shows the general structure of a one-dimen-
sional laminar flame which is the most simple flame system to

consider

Fig.I (Diagram isinot drawn to sédle. Regions (1) and (2)

are enlarged considerably)
|

<t secondary reaction zone (3)
i

1Y, ///7,.“‘ - primary reselhion geus  (2)

f__u.— transport region (1)
P

'« ——. burner
fuel=air nixture
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Bmerging from the burrner tip is the transport region
where diffusion and thermal conduction take  place. Above
this region is a small region in svace of primary reaction
where rapid omidation of acetylene occurs. This region is
usvally lumincus. Following this primery reaction region
is the secondary reaction region. In this region all radi-
cals produced will reach the state of quasi-equilibrium i.e.
steady stats. ProducLs in Lnis Ieg1on affect the primeary

reaction region because of mol*cular transport processes,
///
specifically dJL'uSiOﬁ/Ol ;udlcals Dack to the reaction zone.

In atomic abSOTleOﬂ worP’L@c econdary reaction regilon is
,‘\//
the region which 1»'praouioal :c“ atomic absorption and is

a region whers sucady stata ﬂondﬂtJols are likely to exist,

T

e
The chemical rvactuoru of an ac tylene flame have been

investigated by uefi (-'-,A"/l.e)and can be represented
i 1
by the following set of eguations:

TaL OTKeTst 7,

Initiation.rzactions involve reactions of unburned fuel

with radicals which diffuse into the primary reaction zone

0 | cH
CpHg + (0H —%—= ( CHg (8)
| H { CHg0  ste.

Radical concentrations are rapidly increased and maintained
by a series of bimolscular sxchange rsactions,some of which

are chain branching. Thesears represented as follows;
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CH + OH =—== (0 + Hp (9)
CoH + O == C(CH + CO (10)
CHg0 + OH =—=== HCO + Hg0 (11)
HO + OH === 00 + H0 (12)
0p + H == OH + O (13)
Hy, + 0 === OH + H (14)
HoO + 0 =———= OH + OH (15)
HO + H ===/ H, + COH (1e6)
Ho + OH == H0+ H {17)
CO + OH === (0g+ H (18)

The decay of radicals to equilibrium involves three
body processes and is much slower than the bimolecular
processes of radical production. They are generally written

as follows

H + H + m == Hy + m (19)
0 A UWANRTHURIIN0H[ET nm (20)
H + 0 + m == OH *# n (21)
H + OH + m === H0+ m (22)

where m is any third body moleculs. Molecules such as Hg0
or COg which are stable products of the combustion process
are likely to act as third bodies.

The rate of reactions (19)-(22) is much smaller than
the rate of reactions (13)-(18),so that the radieals produced
has a definite 1ife time in the flame and can react with metal

atoms to form compounds.
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The equilibrium constants for these reactions are

known and equilibrium valuesof OH,H and O can be calculated

at various temperatures.

The results of a typical calcula-

tion for flame systems are shown in Table I,

Table I

Partial presSures(atm) of minor constituents in flames.

o)
Flame ratio TK
Hp:Ngt0p 2,0:3:1 2850

1
2,014 :1 /2070
1.5:51 1

1

2040

1.,0:5 ¢ 1300

Hp:air stoi. 2373
CeHglair stoi. zézé
Hp:Clp stoi. 2503

k3

H
5.5(3)
2 9(3)
6.7(4)
2.6(5)

0
6.804)
5.5(4)
9.1(4)
1.1(4)

OH 0y H,
1.2(2) 2.8(3) 3.2(2)
s,é(é) 4.,0(3) 1.5(2)
9.7(3) = 2.6(3)

5.2(4) = 1.3(4)
0.01 - 0.02
0.01 0,02 -

- - 0,04

5.5(3) stands for 5.5 x 10™° atm. ete.

As would be expected radical concentrations v.ry with

the fuel oxygen ratio. In fuel rich flame [DH] and [H}are

high and metal hydroxides would be expected (13) to form in

greater concentration than the other more fuel lean flames.
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Since there is a considerable amount of free metal
atoms in the flame,they can readily react with flame radicals

by the typical bimolecular reaction

MX > M + X (23)

where M is free metal atom
X 1s any flame radicals (OH,0 or H)

The equilibrium constant can be written as
£ L ] [x]

| ox]

(24)

This Kp is the temperaturs dependence quantity and the expres-

sion can be written

dln K AHO
N L) (25)
DT RT?

(2]

whers aH? 1s the heat of disseciationa®t the standard state , D,
R 1is the gas constant

T is the temperature in °K

It is clearly seen that Kp will increase with increasing in
temperature. Agsume 4 Hg is a constant at a small range of

temperature,equation (25) can be integrated

b 0 )
1 aHS 1 g 79 (286)
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Generally,for alkali metal, DJ is at the rangs of 80-110
kcal/ mole,these values hold whether X in equation (23)is
OH,H or O« In an air-acetylene flame at temperature 2200°K,
the Kp is of the order of 10"5atm. Using these values and
substituting in equation (26),the K, ~at 2500°K can be
calculated.
The calculation gives

using 0§ = 80 kcal/mole Kp; 9%107° atm.

DS = 1lo kcal/ mole Kp2= ZXlO"4 atme

As it would be expected from the calculation that
compound having ~Dg of 80 kcal/mole would dissociate
readily at the flame temperature while the one having DY
of 110 kcal/ mole is a stable compounde.

In atomic-absorption study using an air-acetylene
flame ,from Table I+ it is seen-that for fuel-rich flame,
compound formations other than the hydrozxides seem unlikelye.
In all cases MH and Mz are not sufficiently stable at flame
temperature. Compounds such as MO sMO5,Ms0 are unlikely.
Dimers and trimers of MOH were considered in the low tempe-
rature flames. Heat of dimerization of alkali metals has
been measured using mass spectrometric techniques with a

Knudsen cell. Dg values for the reaction

(MOH) 5 = 2 MOH

were r-portcd to be of the order of 60 kcal/mole for LiOH
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at 1300°K (14) and for the other alkali metals ranged

from 40 kcal/’mole for Cs to 54 kcal//mole for NaOH at

900%K . (15)

The magnitudes of the heals of dimerization

suggest that dimer popmlations in both type of flames

used are negligible and irimer even more so. The values

of dissociation energy of alkali hydroxide and chloride

are given in comparison in Table II.

Element

Li
- Na
K
Rb
Cs
H

Table —II

All values are in kcal

Q)
MORH"
9% %3
80+2
82+2
83+ 2
86+ 5

443
MOH
10143

VA
8l+2
832
91+3

mole

©)
MC1

o
101
100
106
102

. Kronberg,J sEeand Wheeler,R. Unpublished work (1969)

% Jensen,D.E and Padley,P«J ., Trans.Faraday Soc.,gg,

2132 (1966)

(¢ Brewer,L.,and Brackett,E., Chem.Rev., 61 425 (1961)
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The heat of dissociation of the alkali metal hydro-
xides and thoss of the corresponding chlorides fall roughly
into a similar pattern. RbPOH and KOH are close in order of
stability although RbOH is slightly more stable. Dg for
CSOH is of the right order,slightly more stable than RbOH
and KOH but considerably less stable than LiOH. The Dg
value of sodium hydroxide is close to those of RbOH and KOH,
but contrary to the chloride data is slightly more stable.

In atomic absorption,only atoms in ground state con-
tribute to the absorption,therefore,any lonization thati
takes place will remove a number of atoms from the ground
state and reduce the number of atoms in the flame which are
capable of absorption. If another element is present that
will increaseor @ocrcasc this ionization,this will lsad Yo
an lonization interference.

Consider & neutrel mebtal atom M,that can be split into
a positive ion, M and a free electron e . The ionization

and reverse recombination process are formally described by

M === M + & (27)

and the equilibrium constant is written

[]

where Ki(T) is the ionization constant which depends only
on temperature providing pressure is constant and specific

for each elsmente.
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_The dsependence of the degree of ionization on

temperature is given by Saha equation

log Ko(T) = =5040 E; +2 log T - log P-6.18 (29)
T

where Ei is the ionization potential of the metal,in
electron volts, T is the absolute tempcrature, P is
the pressures.

It can be secen that the degree of ionization
increases significantly with an increase in temperature
and results in a decrease of concentration of ground
state metal atom in the flame.

In the case of alkali metals which have rather
low ionization potentials at a flame tempecraturs of
2400-2500°%K a significant percentage of the metal atoms
can be ionized. Table III shows a calculation of
partial pressure of alkali metals in the flame at ltempe-
ratures of 2400-2500°K,the approximate temperatures of

acetylene air flames used in this worke.
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Table III (AR
\ e s
N Y
- &
T Element I.P in ev, Ki(T) atn .
*
2400 Li 5e37 1.00(9) 3¢16(5)
Na 5.17 2.99(9) 5.47(5)
K 4432 1.58(7) 3.97(4)
Rb 4,16 Be 2L ) 5.85(4)
Cs 3 ¢ 37 1.39(6) 1.18(3)
2500 Li 5407 3.05(9) 5¢52(5)
Na 5617 7.89(9) 8.88(5)
K 44523 4.07(7) G.38(4)
Rb 4,16 8455(7) 9.25(4)
Cs 3487 3.28(6) 1.80(3)
% =3
-1.00(9) stands for 1:00x10 atm. 8tc.

In this table the values Ki(T) for the alkali metals

are calculated at flame temperatures by using the Saha’s
equation. The partial pressure of ions,  , are computed
by assuming that A is very small compare to 1 so 1l=d = 1.
Then Ki(T).=cxé and K can be obtained. It is seen that
in both flames the ionization of alkali metals is of the

same order of magmitude but at 2500°K alkali metals ionize
to a somewhat greater extent than the 2400°K flame. These

rartial pressures of ions in the flame are aboul an order
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of ten less than the partial pressure of free metal atoms.
It should also be noted that caesium which has the lowest
ionization potential has the highest pcrcent ionization and
the ionization is greater by an order of 1.9 in the hotter

flame .
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