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1~. b r i e f  rev iew is presented  of a tomic  abso rp t i on  and

a tomic  f luorescence  methods  of trace wear-metal analysis of

jet eng ine lubrica ting oil. The theory of atomic fluorescence

in flames is pr esented for the case of a continuum excitation

source.

A sys tem for a tomic fluorescence measuremen ts is de-

scribed that employs an electrically-heated graphite rod and

a N20/C2F1 2 flame atomizer with a 300-W Eimac xenon arc as the

con tinuum excitation source. With this system , small samples
CA D ~

(1 i~j )  hav ing  complex  m a t r i c e s  can be a n a l y z e d  r a p i d l y ,  con-

v e n i e n t l y ,  and wi th no pretreatment.

Anal yt ic al c a libration curves are given for Cr , Al , and

Mo , and these metal s ar e de termined in synthe t ic and real je t

engine lubrica t ing oils. The de termina t ions of these elemen ts

are evalua ted wi th respec t to the accuracy and repea tability

cri teria of the Interservice Oil Analysis Program.
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Sources of errors associated with sampling , inter-

ferences , and the graph ite rod are discussed.
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I NTRODUCTION

A p p l i c a t i o n  of t r ace  e lement  ana ly s i s  to the determina-

t ion  of  wear  m e t a l  p a r t i c l e s  suspended in l u b r i c a t i n g  o i l s  of

r a i l r o a d  and a i r c r a f t  eng ines has been used for  many years .

The f i r s t - u s e d  methods  of a n a l y s i s  included colorime try and

a number of d i r e c t  a tomic  emiss ion  spec t rog raph ic  techniques .

Atomic  a b s o r p t i o n  spec t roscopy (AAS) emerged in the 1960 ’s

as the p r imary  method of anal ys is  of t race wear meta l s  in

l u b r i c a t i n g  oi ls  ( 1 ) .

In 1964 , a tomic  f luo rescence  spec troscopy (AFS) was

develo ped as an ana lyt ical techn ique by W ine fo rdne r  and

Vickers (2) and Winefordner and Staab (3). Atomic fluores-

cence s p e c t r o s c o p y  was  s l i g h t l y  l a t e r  used by West  (4)  and

Dagnall , Wes t , and Youn g ( 5) .

A tomic f 1uo res c~ nce spectroscopy has a number of advan-

tages over  AAS . A t o m i c  f l uo re scence  spec t roscopy is especi-

ally valuable for de termina t ions of very low concen tra tions

of cer tain eleme nt s , and through the use of a continuum

source , for rap id , mul t ielemen t determina t ions . In addition ,

the linear working concen tration range for AFS is about ten

times that of AAS (6) .

The firs t commercial atomic fluorescence spectrometer ,

based on the des i gn of Mitchell and Johansson (7) in 1970 ,

-1-



cons i s t ed  of six sequentially pulsed hol’ow ca thode lamps .

The ins trument was marketed for only a short time , and

p r e s e n t l y ,  the re  is no AFS system commercially available.

P r e l i m i n a r y  i n v e s t i ga t i ons  of AFS for wear-me tal analysis

in lubrica ting oils were made by Smith , Stafford , and

W inefordner (8) and Mill er , Fraser , and Winefordner (9).

Smith et al. used electrodeless discharge tubes as spec tral

sources and total-consump t ion burners suppor t ing hydrogen-

argon-en trained-air or hydrogen-air flames. They obtained

sat isfac tory results for A g, Cu , Fe , Mg, Ni , and Pb , but not

for Al , Cr , Sn , or Ti . No pre trea tment of the oil samples

was r e q u i r e d .  U s i n g  the premixed h y d r o g e n - a i r  f l ame , the

au thors  pe r fo rmed  a t e n - f o l d  d i l u t i o n  of the oil samples with

me thyl isobutyl ketone.

Miller et al. used a l50-W Eimac xenon arc continuum

source and a total-consumption nebulizer-burner with a hydro-

gen- argon-entrained -air flame . The oil samples were diluted

f o u r - f o l d  w i t h  ca rbon  t e t r a c h l o r i d e .  Good r e su l t s  were

ob ta ined for Fe , Cu , A g, and Mg.

Al though spectral continuum sources generally give poorer

de tec t ion limi ts than intense line sources , they have the

advantages  of b e i n g  more s t ab le , more reproducible  from day

to day , and have longer life. More impo rtantly, one source

can be used to excite all elements (10).

Johnson , Plankey , and Winefordner (11) tried bo th a

pulsed xenon lamp and a cw xenon arc point source with a

special mirror enab ling the transfer of nearly all the
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radia tion to the absorption cell. For both source types ,
.

they  s tud ied  good a t o m i z i n g  f lames  ( a r g o n - s e p a r a t e d  a i r/ C 2 !-!2
or N 2 0/C 2 H 2 ) .  They r epo r t ed  a na l y t i c a l  f i gures of mer i t  fo r

Ag,  Cd , Co , Cr , Mg, Mn, Se , and Zn u s i n g  the a i r/ C 2 1I 2 f l ame

and fo r  Al , Be , Ti , Mo , and V us ing  the N 20/ C 2F12 f l ame . They

also de termined Fe , Mg, Cu , Ag ,  and Cr in used j e t  engine

lubrica ting oils. The same authors (12) demonstrated the

u t i l i t y  of the c o n t i n u u m  source for  de te rmining  wear metals

in oil. They obtained analytical data for Ag, Cr , Cu , Fe ,

Mg, Ni, and Pb without sample dilution.

Johnson , P l a n k e y , and Winefo rdner (13) refined their

technique (11 , 12) by the addition of a computer-controlled ,

siewed-scan spectrometer. They obta ined de tec t ion  l imi t s  and

analytical calibration curves for 18 elements in aqueous

samples (A g , Au , Cd , Cr , Co , Cu , Fe , In, Mg,  Mn, Ni , Pb , Pd ,

Pt , Sn , Sr , Ti , and Zn) w ith the air/C 2H2 flame and 5 ele-

ments (Al , Be , Mo , Ti , and V) wi th the N20/C 2U2 flame . They

de termined 5 elemen ts in lubricat ing oils (Fe , Mg,  Cu , Ag,

and Cr) .

In 1972 , Molnar et al. (14) described a simple , elec-

trically-heated gr aphite rod atomizer with a hydrogen-argon-

entrained-air flame around and above the rod for atomic

absorp tion studies . Measurements were made for Ag, As , Au ,

Cr , Cu , Fe , Mg, Ni , and Pb in aqueous samples and for A g, Cu ,

and Fe in je t eng ine lubrica ting oil samples diluted ten-fold

wi th isooctane. Reeves et al. (15) used the same atomizer



for a tomic abosrp t ion de termina t ions fo r A g, Cr , Cu , Fe , Ni ,

Pb , and Sn in jet engine lubricating oils.

Other  w o r k e r s  a lso  i n v e s t i g a t e d  f u r n a c e  a t o m i z e r s  fo r

trace metal analysis of oil-based samp les. Brodie and

Ha tousek ( 1 6) used a grap hite mini- M assm ann f u r n a c e  to deter-

mine A g, Al , Cu , Cr , Mg, Ni , and 11h in I — jil und ii uted oil

sampl es.  Alder and We st (17) USed a graphite rod atomizer

for Ag and Cu in diesel engine oil. Omang (18) determined

Ni and V in crude pe troleum in a grap hite tube furnace.

Reeves , M olna r , and W i n e f o r d n e r  (19) sequentially atomized

Ag and Cu fr om a graphite rod with a multielement hollow

ca thode  lamp spec tral source  for  atomi c ab so rp t ion measure-

ments.

Patel et al. (20) used the grap hite rod atomizer de-

scribed by Molnar et al. (14) for atomic fluorescence studies.

Using e lec trodeless discharge lamps as sourc es , they deter-

mined Ag, Cd , Cu , H g ,  Pb , Sn , 11 , and Zn in aqueous samples

and Ag, Pb , and Sn in o i l -ba sed sample s.

More r ecen tl y ,  Katskov , Krug likova , and L’ vov ( 21 )

repo rted using an elec trically h e a t e d  g rap h i t e  chamber  in

an a i r/ C 2 112 or N 20/C 2 11 2 f l ame . I h e y  made a t o m i c  a b s o r p t i o n

determinations on 27 e l e m e n t s , i n c l u d i n g  Ti , V , Mo , and Si

in ores , rocks , slags , metals , refractory-metal oxides ,

b i o l o g i c a l  m a t e r i a l s , paper , a nd o i l s .  ‘Ihe same chamber was

used by Razumo v ( 2 2 ) , c o m b i n e d  w i t h  a n a t u r a l  gas  f l a m e , fo r

bo th atomic absorp tion and a tomic fluo re sc enc e studies. 

-~~~ - - -~~~~~- -— ~~~~~~~- -. ~~~~~~~~~~~~~~~~~ - - - --- - - - --
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Thi s s tudy employed  a g r aphite rod furnace essentially

the  same as descr ibed by Moln a r et al . (1 1 ) , except t h a t  it was

m o d i f i e d  w i t h  a c i r c u l a r  b u r n e r  to s u p p o r t  an  a r g o n - s h e a t h e d

N 20/C 7H7 
flame. The graphite rod allowed the direct intro-

duc t ion of sm a l l -s ized sampl es h a v i n g  comple x matrices ,

e l i m i n a t i n g  the  need f o r  d i l u t i o n  or other pret rea t in en t  c f

the s amp le .  This  g r a p h i t e  r o d - f l a m e  atomizer , wh en combined

w i t h  a c o n t i n u u m  source for AFS, provided an o p e ra t i o n a l l y -

simple , sensitive system for mu ltie lein ent trace analysis for

the e lements  Cr , Al , and Mo in sam ples having comp lex

m a t r i c e s . 



T HE ORY

A l t h o u g h the f u r n a c e  used in  t h i s  w o r k  i n c o r p o r a t e d  a

grap h i t e  rod , the e x p e r i m e n t a l  d a t a  were i n t e r p r e t e d  on the

bas i s  of f l a m e  t heo ry  s i n c e  t h e  absorption w a s  p e r f o r m e d

w i t h i n  t h e  f l a m e  reg ion assumed  to be i n  t h e r m o d y n a m i c

equilibrium (23, 24).

The sample cell was assumed to he a par alle lep iped (see

Fi gure 1) w i t h  a b s o r p t i o n  pa th  l e n g t h  £ c m , l u m i n e s c e n c e  p a t h

l eng th  L cm , and he i gh t  2.. ’ cm.  A cy l i n d r i c a l  ce l l  is more

d i f f i c u l t  to t r e a t  e x a c t l y ;  however , a c y l i n d r i c a l  ce l l  of

r ad ius  r r e s u l t s  in abou t the same lumines cenc e rad iance as

a p a r a l l e l e p i ped w i t h  a square  cross  s ec t i on  of ~2 w1~ere ~
is r e l a t e d  to r by P.. = r /~ . I t  was  a s sumed  t h a t  t h e  anal y te

absorbers  were equal l y and u n i f o r m l y  d i s t r i b u t e d  w i t h i n  the

cel l  and t h a t  no i n t e r f e r e n c e s  w e r e  p r e s e n t , t h a t  is , t h a t

o n l y  the  a n a l y t e  absorbed  and t h a t  o n l y  the  an a ly t e  lumi-

nesced .  Because  f l uo re scence  was  b e i n g  measu red  p e r p e n d i c u l a r

to the  e x c i t a t i o n  beam , it was  a l s o  a s sumed  t h a t  a l l  the

l u m i n e s c e n c e  f rom the  face  of area  2 9 .. ’ w a s  m e a s u r e d  and t h a t

the  e n t i r e  f r o n t  s u r f a c e  of area  L 9 , ’ was f u l l y  i l l u m i n a t e d ,

t ha t  is , t ha t  the re  were no p r e f i l t e r  and p o s t f i l t e r  effects.

I f  the  spec t ra l  r a d i a n c e  of a c o n t i n u u m  sou rce  is Bs~ o

(erg s~~ cm 2 sr~~ nm~~~) a t  the  excitation wavelength X , then

~~ ~~~.. .~~~~~~~~~~~~~~~~~~ I
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f C-

Exci tat ion

dx~~ I
I

~, ~~~~ L

• 

~~~~~~~~ uremen t

Figur e 1 . Sche matic dia g ram of cell as sumed for luminescence.. . radi ance expressions , showing dimensions of unit
I cel l  ( 2 5 ) . 

-~~~~ ~~~~~ -_---- .~~~~~ , -----.—- -- - . -- _ . --_ - .--.. --~~~
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the source spec tral radiance flux 
~5X o (erg s~~ nm~~ ) inc i-

den t upon the cross-sectiona l area of dy2’ cm2 of the volume

element  d y d x Q.. ’ cm 3 is

‘C 

~s~o = ~~~~ ~E~~~~~~
]{m

LmFIJTE 
(1)

where is the solid angle (sr) of exciting radiation col-

lec ted by the entrance opt ics and imaged upon the volume

element  dy d x2. ’ ; m 1 and m11 are source image magnifica t ion

( d i m e n s i o n l e s s )  at the cell su r face  in the long i tud ina l  and

the horizontal directions ; TE is a fac tor (dimensionless) to

accoun t for absorp t ion and reflec tion losses due to opt ical

components  be tween  the source and the abso rp t ion  c e l l.  The

q u a n t i t i e s  
~E ’ m L ,  m11, and T E are assumed to be independent

of exc itation wavelength , which is a reasonable approxima tion

for mirrors or lenses not used near their absorp t ion cutoff

waveleng ths , assuming the waveleng th range is not too large

(less than abou t 1000
• Then , from the Beer-Lamber t absorp tion law , the spec tral

radian t flux at any distance x from the front surface of the

cell , 
~~SA (X) (erg s~~ nm 1 ) is given by

= cI
~~~o 1exp( -k ~ x ) ]  (2 )

where kA is the absorp t ion coeff icient (cm~~ ) of the analy te

at the e x c i t a t i o n  wave l eng th  A ( i . e . ,  the  f r a c t i o n  absorbed) .

The r a d i a n t  f l u x  absorbed at  w a v e l e n g t h  per un i t  wave-

length interval by the small volume element of path length
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• dx is then g iven  by

d~ sx = 

~SA O k~~[exp k x x]dx (3)

To conver t  r a d i a n t  f l u x  absorbed by the vo l ume e lement

d x d y 9 . .’ to r a d i a n t  f l u x  luminesced , it is necessary  to use

Y A ( A ’ ) ,  t he  l uminescence  spec t ra l  power e f f i c i e n c y  (dimen-

s i o n l e s s ) ,  which  is g iven by

Y x ( A ’ )  = Y~~f ( A t )

where  Y~ is the  power y i e l d  of luminescence  ( i . e . ,  the

luminescence  r ad i an t  f l u x  d iv ided  b y the  absorbed r ad ian t

f l u x  and is dependent  on the e x c i t a t i o n  wave leng th  A for

gaseous atoms and dia tomic molecules wi th widely separa ted

vibr at ion al levels;  f ( A ’ )  is the spect ra l  d i s t r i b u t i o n  of

luminescence (dimensionless ) and is dependent only on the

luminescence wavelength A ’ . The produc t f ( A ’ ) d A ’ represen ts

• the probability that an emitted pho ton has a waveleng th

be tween  A ’  and A ’  + d A ’ , that is , [ f ( A ’ ) d A ’  = 1. Therefore ,

f(A’) represen ts the normalized shape of the luminescence

line or band and is g iven by

f ( A ’ )  = 
X

J k x , d A ’
0

where k
~~
, is the absorption coefficient (cn( 1) for the lumi-

nescence wavelen gt h A ’ .

_ _ _ _ _  .~~~~~~~~~~~~ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 10-

The luminescence  spect ra l  r a d i a n t  f l u x  d~ L A ,  f rom the

small volume elemen t dxdy&’ is the product of the flux

absorbed , the luminescence  spec t ra l  power e f f i c i e n cy ,  and

a f a c t o r  to accoun t  fo r  loss of luminescence  due to s e l f-

a b s o r p t i o n , and so

d0L A ,  = d~ SA ~~~~~~~~~~~ 
-k A , y ] d y  ( 4 )

The spectral radiant flux of luminescence can be don

verted to the spec t ral  r a d i a n c e  of  l u m i n e s c e n c e  b y d i v i d i n g

d~ L x ,  by 4 rr  ( t h e r e  are 4 iT s r  i~i ~ sphere  of iso t ropic

luminescence) , by the area d.As of  the  s i x  s u r f a c e s  of the

volume e lement , and by n 2 , where  n is the  r e f r a c t i v e  index

of the f l ame environmen t , and so

dB L A ,  = d~ L A , {  
1

2] {
~

) (5 )

For a gas such as a f lame , n ~ 1.

The luminescence  rad iance  dB L (erg ~“l cm 2 sr 1 ) from

the vo l ume elemen t dxd y2’ is therefo re given by

dB L [
~1 [2tdxd Yl [ 2TE ] 1 (6)

S fl mLmFI I k x , d A ’
0

~sA , k A~~~
p -k ~ x ] d X )  [i Y k~~, [eic p

I f  t h i s  e q u a t i o n  is i n t e g r a t e d  w i th  respect  to x and y be-

tween the l i m i t s  0 and 2 for  x and 0 and L for  y ,  then  the

__________________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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l uminescence  radi ance BL is given by

- ~El [ L2’ 1 [ T1. 
~— 4~fl I~ L2’ + 2 .U. ’ + 2 L 2 I  I 2 P

J L J L’~ 
m L m II

(7)f (1 - exp -k
~~, L ) d A ’

•[
~ 

B~~~~(l  - exp -k
~~2 ) d A ]  0

f Lk~~,d A ’
0

This rela tionship is specifically the total line luminescence

radi anc e, BL , for  th e ri ght angle  case of con t inuum source

i l l umina t i on -measuremen t .

The fi rs t in tegral  in Equa t ion (7)  is the absorbed

radiance. The in tegral ratio on the far ri gh t is the self-

absorp t ioz~ fac tor , f5 , and accoun ts for the reabsorption of

l u m i n e s c e n c e  by analy te species. The ratio f5 is uni ty or

near ly  uni ty for the case of atomic fluorescence involving

a dilu te atomic gas and transitions terminating in the ground

state. However , for a tomic f luorescence of concen tra ted

L (k A , y  > >  1 for  A ’ s near A~ ) gases , the selfabsorption factor

is less than unity and is given by

f(1 - exp -k~~, z ) d A ’
f 0________ 

= 
21~~ (8)

f zk~~,dA ’ /C/ii’ k~, z)
(1

where z = L for  the ri gh t ang le case and k0 is the peak atomic

absorp tion coefficient for pure Doppler broadening for the

f l uo re scence  l i n e , and a ’ is the damp ing cons t an t  (d imens ion-  
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less)  ( a c c o u n t s  fo r  c o l l i s i o n a l  as we l l  as Doppler  b roaden ing)

for  the  f l u o r e s c e n c e  l i n e  and is g iven by

_____ 
A

a ’ = / ln 2~~ -~-1
D

w h e re AA ~ is t h e  collisio nal half width (nm) of the fluores-

cence l ine  and A A j ~ is the  Dopp ler h a l f  wid th (nm) of the
S f luorescence  l i ne .

The f i r s t i n t e g r a l  in E q u a t i o n  ( 7 )  is more d i f f i c u l t  to

eva lua te  becaus e of the  two w a v e l e n g t h-d e p e n d e n t  terms , Bs~ o

and (1 - exp -k x 2 ) .  For a tomic  f luo rescence  be ing  exc i t ed

wi th a continuum source (source having a constant spectral

rad iance  over  the e n t i r e  a b s o r p t i o n  l i ne  or band)  the  inte-

gra l  becomes

f B~~~ (l - exp k x 2) dA = 
~~~ 

f ( l  - exp k x 2 ) d A  (9)

where  B~~A is  t h e  s p e c t r a l  r ad iance  of the con t i nuum source

at the peak absorption wavelength . The integral in Equation

(9) is readily solved for absorption lines or bands having a

Voi gt  p r o f i l e  and r e s u l t i n g  f rom e i t h e r  very low or very

hi gh c o n c e n t r a t i o n  of absorbers. A spectral line or band

w i t h  a V o i g t  p r o f i l e  (a l i n e  or band b roadened  b y both

L o r e n t z i a n  and G a u s s i a n  e f f e c t s )  has an a b s o r p t i o n  coef f i -

c i e n t  of 

----~ rn -~ - - -.-.~ -. -— — - . - —-~~~~~~~~~~
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2
= 

a ç c x p ( -y  )dy
A I t o  “ 2  2-~~~a + ( v - y)

‘C where  a is the damping cons tan t  (d imens ion less )  and is given

by /ln 2 t imes  the r a t i o  of the Loren tz i an  ha l f  w i d t h  to the

Gauss ian  ha l f  w i d t h  of the l ine  or band , k0 is the peak

absorp t ion  c o e f f i c i e n t  (cm~~~) for  pure  Gaussian b roaden ing

• ( fo r atoms , Doppler  b roaden ing )  for  the e x c i t a t i o n  process ,

v is the r e l a t i v e  wave l eng th  (d imens ion le s s )  of any po in t  in

the a b s o r p t i o n  l i ne  in terms of Doppler  ha l f  w i d t h , and y is

a va r i ab l e  r e l a t i ve  wave l eng th  (d imens ion le s s )  taken wi th

respect to v .

AA ca =  v’l n 2 ~~~~~D

_ _ _  
( A - A )

- AA D

• y = 2Il n 2
D

In the above  r e l a t i o n s h i ps , AA c is the c o l l i s i o n a l  ha l f  wid th

(nm) , AA D is the  Dopp le r  h a l f  w i d t h  (nm) , A is any wave-

l e n g t h  (nm) , A 0 is the peak wavelength , and 6 is a va r iab le

d i s t a n c e  f rom A - A (nm) .

The i n t e g r a l  in [iqua t ion  (9) is ca l led  the to ta l  absorp-

t ion  and g iven  the symbol  A t . I t  can be eva lua ted  for  two

l i m i t i n g  cases . For  a low concen t r a t i on  (k 0 2 1 0 . 0 5 )  of

absorbers ,

~ 
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AX 9..
J (1 - exp -k x2)dA = I k~ 2dA = ~~~~ D (10)
0 0 2/ln 2

‘C 
and for high concen tra t ion (k0~ ~~

‘ 10) of absorbers

//~~k Pa1 (1 - exp -k xP)dA = AA D/ ln 2  (11)

Comb ining Equations (7), (9), (10), and noting that f
5

is about  equa l to uni ty ,  g ives the radiance expression for a

con t inuum source using right angle measuremen t and for a low

concen tra tion of analy te .

- 
[clv [ LU’ [ TEBL - 
L~~ 

[212.’ + 222..’ + 212.. [2

r/~k A X 1
.y B° I 0 D
L C A L  2/i n 2

For high concen tration of analyte for atomic fluorescence

• 

. 
termina ting in the ground or near ground state and a con-

t inuum source , Equations (7) , (8), (9) , and (11) resul t in

- ~E 
[ L 2. ’ F TEBL 

- 4ir 
[~

LL’ + 222..’ + 2L 9.. Ln2mLmFI

k P aa ’ 1/2

~~L 
B
~ A [k’ L in AA D

From these relationships , some generalizations can be

made for BL. The luminescence radiance , BL, is direc tly



-1.5-

propor tional to the absorption coefficient , k0, and thus to

the concentration of analyte as long as the concentration of

analy te , n0, is low because k
0, the maximum absorp tion co-

‘C e f f i c i e n t, is di rec tly propor tional to n0, the concen tra t ion

of ana ly te in the lower s ta te ,

2/l n 2 A 4 n A
k 0 0 u ,l

8ir v’~ c AA D

where  A 0 is the  peak absorption wave leng th  (cm) , n0 is the

concentration of analyte in the lower state involved in the

absorp tion transition (cm 3), Au,l is the Einstein coefficient

of spontaneous  e m i s s i o n  (s
q

) ,  c is the speed of l igh t (cm

and AA D is the Doppler  hal f  wid th of the a tomic l ine

(cm) .

Also , 
~L 

is dependen t only on the cell volume and not

the cell shape as long as the concentration of absorbers is

low , and as long as the entire cell cross-section of LU cm 2

is f u l l y  i l l umina ted and the en t i re  luminescence from the

r ig h t hand face of 22 ’ cm 2 is measured . The luminescence

radiance depends direc tly on the spec tral radiance of the

continuum source and directly on the luminescence power

efficiency. Finally, EL is independen t of the spec tral

profiles of the absorption and luminescence bands as long

as the absorber  concen trat ion is low and as lon g as a con-

t inuum source is used.

For any g ive n a tom , l ine , and f lame , the quantities a ,

Y, AA D, L , and P are cons tan t, and for any g ive n source , 
~~~

- -  ..
~~~~~~~~~~ - _- .- -~- . _-  

---
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is cons tant. Thus , for  low concen tra t ions ,

B = cons tan t x k = cons tan t x nL o o

‘C The concen tra t ion , n0, of a toms in the lower s ta te in-

volved in the  absorption process is determined by the Boltzmann

dis t r ibu ti on equa tion and is g iven by

g -E.
n n ~~~

.2. exp -i,~~

where g0 is the s ta t is tical wei gh t of the lower level ( u s u a l l y

ground sta te ) ,  n~ is the  to t a l  concen t ra t ion  of atoms in al l

states , E
~ 

is the exci ta t ion energy (erg) , I is the tempera-

ture of the system (°K) , and ZT is the elec tronic  par tition

func t ion g iven by

~~~~~~~~~~~~~~~~~

where  g
~ 

is the statistical weight of state i , and E
~ 

is the

e x c i t a t i o n  energy  of s t a t e  i .  I f  E~ 
‘

~
‘ 0.5 eV for the lowest

ly ing  exci ted sta te and if T ~ 3000°K , then n0 ~ n~ wi thin

5%. For atoms with many levels (e.g., trans it ion me tals ,

rare  ear ths) , no < n
~~
.

The basic expression relating n0 (ground state atoms

cm 3) to a n a l y te concen tra t ion , C0 (moles cm 3
), is g iven by

21 F c13 C g
n = (6 x 10 J

) 
~~ ~

0 0
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where  F is th e solu t ion transpo r t ra te (cm 3 s ’) ,  
~~ 

is the

flow rate of unburnt gases into the flame (cm 3 ~~1 ) ,  ef

(dimensionless) is the expansion factor of flame gases rela-

ti ve to room tempera ture , and c8 is the efficiency (dimension-

less)  of producing atoms from the sample. In flames , c8 is

of ten many t ime s less than uni ty ,  bu t i t shou ld be near  uni ty H
for  sub stance s th at are comple tely vapor ized  from a cuve tte.

I f  the  sample  is v a p o r i z e d  in a cuve t t e  ( c y l i n d r i c a l

cel l  w i t h  an open end) , the peak a tomic  c o n c e n t r a t i o n  of

ana ly te is g iv en by

23 m e~ g
= (6 x 10 ) 

~~~~ Mg c a l

where Vc is cuve tt e vo lume (cm 3
), ma is analy te mass (g), Ma

is the atomic weigh t (amu) of the analyte , and eg is the gas

expans ion factor (dimensionless) between the heated gas H
temperature and room temperature .

If  the sample is vapor ized  from a hea ted f i lamen t in to

a con t inuous f low ing s tream of iner t gas , and if the anaiy te

mass is vap o r i z e d  as a p lug in t ime t , then the peak concen-

tra t ion , ~~~ is g iven by

23 ma c~
n~ (6 x 10 ) 

~ egQaMa
zT

where is th e f low rate  of the iner t gas (cm s~~ ) pas t

the f i l a m e n t . - 
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Ac tu a l l y ,  the an a ly te concen tra tion w i l l  vary wi th t ime .

The time-dependent concentration , 
~ ( t) ’  is a complex  func t ion

of the amoun t of ana ly te on the f i l amen t, the type of f i la-

men t, the area of cover age , the d i f f u s i o n  ra te of analy te ,

the  f i l a m e n t  t e m p e r a t u r e , and o the r  f ac to r s .

Growth curves cons i s t  of p lo t s  of the l o g a r i t h m  of the

l u m i n e s c e n c e  r a d i a n c e , B L (or a f u n c t i o n  of B L) ,  versus the

l o g a r i t h m  of the c o n c e n t r a t i o n  of absorbers , n0 . The shape

of the g rowth  curves  is the ma jo r  f a c t o r  in d e t e r m i n i n g  the

shape of the a n a l y t i c a l  c a l i b r a t i o n  curves (p lo ts  of the

l o g a r i t h m  of i n s t r u m e n t a l  s igna l  due to luminescence , SL ,

versus the l o g a r i t h m  of the c o n c e n t r a t i o n , C0, of the analy te

placed in the measurement cell). Analytical calibration

curve p lo ts of log SL versus log C0 should have the same

slope as the growth curve plots of log BL versus log n0 as

long as S is l ine ar w i th B and n is l inear  wi th C . TheL L o o
ins t rumen tal si gnal should be l inear  wi th BL over a large

• range of radiances , and the concen tra tion of absorbers

should be l i n e a r  w i t h  respect  to C0 over a wide concentra-

t ion range . Typ ical atomic fluo rescence growth curves for

a continuum source assuming right angle measurement are shown

in Fi gure 2. 

.~~~~.—- -—---- S ~~~~~~~~~~~~~~~~~~
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‘C

-

log B~

log n0

Fi gure  2. A tomic  f l u o r e s cenc e grow th curves  for  atoms
exc i ted by a con ti nuum sourc e and as sumin g r i ght
a n g l e  m e a s u r e m e n t .  The dashed l i n e s  and a r row
i n d i c at e the resul t of inc reas ing  p r e f i l ter and/ or
postfilter effects (26)

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~.—— ~- -- - — _ . rn ~ --- -— —~~~--~~~— ---
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E X P E R I MENTAL
‘C I

E x p e r i m e n t a l  Sys tem

A schemat ic  of the expe r imen ta l  sys tem is shown in

Fi gure 3.

The e x c i t a t i o n  source was a 300-W Eimac xenon arc  lamp

(Var ian  Assoc iat es, Eimac Div ision , San Carlos , CA 94070).

The Eimac lamp is a prefo cused poin t source with a paraboli-

cal r e f l e c t o r  tha t  is highly  e f f i c i e n t in producing atomic

f luo rescence  for e lements  hav ing  resonance spec t ra l  l ines

wi th wavel eng ths longer  than 20 0 nm (27)

The m i r r o r  and lenses L 1 and L2 were se t a t the dis-

tances i n d i c a t e d  in Fi gure 3 to focus the exci ta tion beam to

a spo t 4 mm in di ame ter .

- • The atomizer (see Figure 4) consisted of a cylindrical

b a k e l i t e  b lock  ~ .2  cm in diame ter and 2 . 6  cm hi gh wi th

wa ter-cooled , copper b locks  on ei ther side to suppor t a

graph i t e  rod and p rov ide  e l ec t r i c a l  contac t  w i t h  the power

suppl y (SCR Power  Suppl y ,  Electronic Measurements , Inc . ,

model 10-250 , Oceanpor t , NJ 0 7 7 5 7 ) .

A s t a n d a r d  s p e c t r o g r a p h i c - g r a d e  g r a p h i t e  rod (POCO

Spec t rograp h i c Elec t rode , grade FXI , POCO Grap hi te , I n c . ,

Deca tu r , TX 76234 )  was he ld  f i r m l y  in place by small b rass

p l a t e s  screwed i n t o  the tops of the copper b l o c k s .

-20-
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‘C

I Mono-
chroma-

1cor~~~~~~ A mp l i f i e r  
tor

2f 3

~~~~~ L3

Fi gure 3. Sch emat ic of sys tem. Lenses  L 1, L2, and L3 focus
the i l l u m i n a t i on and mea su r i n g b eams . M is a 6-in.
sp herical mirror. C is the chopper. S1 and S2 are
lig h t stops with apertures set  at 1.0 cm dia-
me ter. F is the furnace and T is the li gh t trap.
Not shown are the SCR power supp ly , i l l u m i n a tor
p ower  s u p p l y ,  PHT power s u p p l y ,  and the p r o g r a m m i n g
uni t . 
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164cm

• Grap hi te rod

S .

H2O~V~

C

Bu r n e r  top 0

• A r - ~~

N20/C2H2
Fi gure 4. Combination graphite rod-flame atomizer. 
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Inset into the bottom of the bakelite block was an

alum inum block with 56 holes 1.3 mm in diameter to maintain

an argon sheath . A circular burner , consis ting of 83 capil-

‘C l a ry  tube s 1. 0 mm ins ide  di ame ter and 3.8 cm long , suppor ted

a N 20/C 2 1-1 2 flame above and around the rod.

A remo vab le l i gh t trap surrounded the copper b locks  and

grap hi te rod. The lig h t trap was a shee t me tal box approxi-

mately 5.5 cm by 7.2 cm by 6.4 cm high wi th 2 cm by 3 cm

openin gs cu t on three  s ides for the exc itation and measuremen t

beams . The ins ide  of the trap was pain ted a nonref lec tive

b l a c k .

Grap h i te rods 50 mm long and 6.1 5 mm in diame ter we re

machined  to l eave  a cen ter sec tion 2 5 mm l ong ,  2 . 5 mm hig h,

and 2.5 mm wide. Reproducible sample location on the rod was

achieved by dr illing a cavity on top of the rod. A He-Ne

laser beam was used to align this cavity 4 mm below the inter-

sec tion of the excitation and measurement beams .

• The entire assenbly was mounted on a Perkin-Elme r chamber

nebulizer system (Perkin-Elmer Corp., model 303-0352 , Norwalk ,

CT 06856) that had the drain and intake clamped closed.

A locally-constructed programming and timing unit (28)

was used to es tab l ish gas f low sequences as wel l  as the

d u r a t i o n s  and t e m p e r a t u r e s  fo r  the  dry , ash , and a t o m i z a t i o n

cycles  of the  f u r n a c e . A s chema t i c  d i a g r a m  of the c i r cu i t

for the programming unit and a descri p tion of i ts opera tion

is g ive n in A pp end i x A.  The p rogramming  uni t con trols the 

—--“-~~~~~_ — ~~~~~~~~ - ~~~--~~~~~~_ . - - - - 
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amount of current supplied to the furnace to heat the graphite

rod.

A pho tomul t i plier detector was mounted at the exit of a

‘C 0.5 m Jarrell-Ash monochromator (Jarrell-Ash Co., New tonvil le ,

MA 02160) . The wavelength of the monochromator was set at

the center of the desired fluorescence line by using an

appropria te hollow cathode lamp ; a nanoammeter was used to

de tec t the photocurrent. The monochromato r was scanned until

the nanoammeter showed a maximum output for the desired

• spec tral l i n e.

All analy tical measurements were performed with a lock-in

amplifier detection system. The photomulti p lie r  outpu t was

amplified by a vari able gain preamplifier (Ithaco , model 164 ,

Ithaca , NY 14850) prior to detection by a lock-in amplifier

(Ithaco Dynatrac 391 , Ithaca , NY 1485 0) re ferenced to the

Eimac source  chopped at 250 Hz (Pr ince ton Applied Research ,

model 12 5, Pr ince ton , NJ 085 4 0 ) .  The a m p l i f i e r  ou tpu t was

- • recorded by a chart recorder (Linear Instruments Corp., model

261 , Cos ta Mesa , CA 92626) from which the signa l peak height

(my )  was m e a s u r e d .

Exper imen ta l Procedures

The programmin g unit was calibra ted for graphi te rod

tempera tur e b y usin g a W-I~l/Re thermocouple probe to determine

the temperature of the rod at various settings of the pro-

gramming  po ten ti ome ters . The resul t ing data were used to

~

,—

~

---

~

- -
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c o n s t r u c t  curves  of t e m p e r a t u r e  versus  p o t e n t i o m e t e r  s e t t i n g s .

The curves  were  used to set  an a p p r o x i m a t e  t e m p e r a t u r e  for

the graphite rod for the dry , ash , and atomization cycles

‘C (see Append ix  B) b y setting the potentiometers on the pro-

g r a m m i n g  un it.

Gas f lows  were measured  by ro tame ters ca l ib ra ted in

1 min 1 using a mass flow meter (Teledyne Hastings-Raydist ,

Hamp ton , VA 23661) and a digital voltmeter. Stock 1000 ppm

aqueous standard solutions were prepared from reagent-grade

S ma ter ia ls  accord ing to the procedures ou tl ined by Smi th and

Parsons ( 29) . These s tock solu tions were used to prepare 1,

5, 10 , 25 , 50 , 100 , and 500 ppm solu tions . The oil standards

were the Sp ec ial  Spect romet r ic  Ca l ib ra tion Standards ob tained

from the Nava l  A i r  Rework Fac il ity , Naval A i r  Sta t ion ,

Pensacol a, FL. These standards contained the elements Al ,

Cr , Cu , Fe , Pb , Mg, Ni , Si , Ag, Mo , Sn , and Ti at concen tra-

t ions of 0, 3, 10 , 30 , 50 , and 100 ppm . Synthetic and real

correlation oil samples from the Naval Air Rework Facility

were a n a l y z ed fo r  the metals of in teres t .

Accord ing to Parson et al. (30), a tomic f luorescence

in tensi ty is de penden t on the fo l lowing  parame ters :

1 . ox id an t gas flow ra te ,

2 . fue l  to oxidan t r at io ,

3. sheath gas f low ra te ,

4 .  he i gh t of measuremen t above graph ite rod ,

5. slit Wi (lth .

L~~~~ - _ _ _ _  

A
_ _ _ _ _ _ _ _ _ _ _ _ _  A



-- -
-

-2 6 -

A In addi t ion , the g raph i te rod var iab les  include the t ime for

each cycle , wh ich depend in a complex manner on each sample

matrix , as well as the temperature for each cycle. Because

‘C very low limi ts of detectionwere not a requirement for this

study , no a tt emp t was made to m a x i m i z e  a l l  parame ters .

In order to m i n i m i z e  fo rma tion of analy te oxides , the

N20/C 2112 f l ame  is ad jus ted to a “red fea ther ” (3 1) r esul t ing

in f low ra tes of 7 . 2  1 m m 1 for  N 20 and 4 . 3  1 m m 1 for

C2H2 . An aqueous a luminum s tandard solu tion was used to

optimize sheath gas f low ra te and s l i t wid th.  The values

giving the best si gnal- to-background were an argon flow of

2.4 1 mm 1 and sli t width 350 jim (see Appendix C).

One-ji l sample s were introduced onto the graphite rod

using a Micropettor A syringe (Scientific Manufacturing In-

dus tr ies , E m e r y v i l l e , CA 94608)  us ing d isposable  cap i l l a ry

tubes . One series of standard and unknown samples were

de termined rap idly  on a s ing le  gr aph i t e  rod in order to

m i n i m i z e  the e f f ec ts of ag ing  of the grap hi te rod.

For aqueous so lu t ions , op t imum graphite rod conditions

were dry cycle temperature of 120°C for 10 s , ash cycle

temperature of 400°C for S s , and a tomiza tion cycle t ime of

3 s (the graphite rod wall temperature was about 2700°C as

d e t e r m i n e d  by an o p t i c a l  p y r o m e t e r )

For o i l  s a m p l e s , the  dry cyc le  was e l i m i n a t e d .  The ash

t e m p e r a t u r e  was i nc reased  to 550°C for 7 to 9 s to a l low the

diss ipa t ion of smoke fro m the o il ignition. The atomization
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- t ime and t e m p e r a t u r e  r ema ined  the same as for  the aqueous

samples .

The gas f low sequence for  al l  samples  is given in Table 1.

‘C

Table 1. Gas flow sequence.

Cycle  Gas

a i r  N 20 C21-1
2 Ar

dry ON OFF OFF ON

ash OFF ON OFF ON

atomization OFF ON ON ON

cool ON OFF ON ON 

-—----~~~~~~~ --~~ -~~-~~— - - - —~~~~ —
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RESULTS

‘C

Chrom ium ( 3 5 9 . 3  n m ) , a l u m i n u m  (396 .1  nm) , and molybdenum

(313 .2  nm) were  measu red  in  aqueous and oil  s t andard  solu-

t i o n s .  The e l e m e n t s  were then  de te rmined  in syn the t i c  and

real j e t  eng ine l u b r i c a t i n g  o i l  samples  us ing  c a l i b r a t i o n

curves o b t a i n e d  a t  t 4 i e  same t i m e  as the  samples . The oil

sampl es were  p a i r e d  cor re l at ion samples * of the In terservice

Oil Ana lysis Program and were provided by the Naval Air Re-

work F a c i l i ty ,  Naval Air Station , Pensacola , FL.  The samples

included a pa ir of syn theti c samples and a pai r  of real

samples . ‘l’he experimental conditions are given below in

Table 2 .

* Eac h c o r r e l a t i o n  s a m p l e  set  c o n s i s t s  of  4 i n d i v i d u a l sam-
pies . Two s a m p l e s  are s y n t h e t i c  samples  known to c o n t a i n
the  e l emen t s  of  i n t e r e s t .  The o ther two samp les are real
samples  taken f rom a i r c r a f t engines , and these two samples
may or may no t contain the elements of interest.

-28-
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[1 Cr
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A~ 1°
I I I

10 100
CONCENTRATION (ppm)

Figure  5. Analy tical calibration curves for Cr , Al , and Mo
in aqueous s tandards . 
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‘C

10 /

/ D C r
/

A~ 1°
I I

10 100

CONCENTRATION (ppm)

Fi gure 6. An alytical calibration curves for Cr , Al , and Mo
in oil  s tand a rds .

--- - -



r’ W T  — -- —- 
-

-31-

Tab le  2 .  E x p e r i m e n t a l  c o n d i t i o n s .

• Gas f low ra tes
N202 7.2 1 min~~C 2 11 2 4 . 3  1 min  1

‘C Ar 2 . 4  1 min 1-
Time c o n s t a n t  40 ins
PMT voltage -700 V
I l l u m i n a t o r  power supp ly  20 A
N o n o c h r o m a t o r

s l i t  w i d t h  350 ji m (10 X band pass)
sli t height 5 mm

Chopper 2 50 Hz

The r e s u l t s  of the oi l  ana lyses  are g ive n in Table 3.

These resul ts are ev alua ted wi th respec t to the accuracy and

r e p e a t a b i l i t y  c r i t e r i a  of the In t e r se rv i ce  Oil Anal ys is  Pro -

gram ( 3 2 ) .  The r epo r t ed  mean values  of the pa i r ed  samples

are plo tted , one on the ho r izon tal axis , the other on the

ve r t i c a l  ax is  (po in t  A in Fi gure 7 ) .  A 45 -degree  l ine  is

drawn throu gh point A. A rectangle is drawn centered around

point A such that the ends of the rectangle indicate the

• accuracy cri teria limits measured from point A along the

45-degre e l i n e , and the s ides of the rec tan g le indica te the

repeatability criteria limits measured from the 45-degree

line. The experimen tal data are plotted for each pair in the

same manner  as for  the repor ted mean values . Exper imen tal

da ta f a l l i n g  wi th i n  th e rec tan gle sa t i s fy  bo th the accuracy

and repea ta b i l i ty cri te r i a .

— - - - . --- _s_ --- -- --- . -- —-- -- -.- 
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pe ata b il i ty

ac curacy
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22 26 30

SAMPLE 14 5 (ppm)

Fi gure  7. C o r r e l a t i o n  p lo t  (32 )  of Al for  samp les 145 and
1 46 .  A ind ica tes the exper imen tal dat a ob tained
in t h i s  s t u d y . R e p e a t a b i l i t y  and accu racy  ranges
arc  set  by I O A P .  
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L i m i t s  of  d e t e c t i o n  in the  oi l  samples were  0 . 4  ppm for
- -  Cr , 0.3 ppm for Al , and 1.0 ppm for Mo. The linear dynamic

range in the oil samples was about 100 ppm for Cr and Al ,

‘C and s l i gh tly  less than 500 ppm for Mo. 
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DISCUSSION
- ‘C

The results obtained in this s t u d y  compared favo rably

wi th the lnterlaboratory Correlation results for the real oil

samples. Analyses for 6 of 7 real-sample pairs me t the

mili tary criteria for both accuracy and repeatability . In-

c lud ing  the syn the t ic oil  samples , however , only 8 of 14

pairs of determinations were within the criteria . For the

samp le pairs that failed the criteria , all but one were low .

The overa ll relative standard deviation was about 23%.

The d escribed system was simpler and more convenient to

opera te than s tandard  a tomic absorp tion ins t rumen ts used for

oil analyses . A s in gle exci tation source was used for all

elemen ts , the samples required  no pre trea tmen t , and the

sys tem was capable of rap id a n a l y s i s .  For example , 3 sets

of samples were analyLed for 2 elemen ts (24 determinations)

in 20 to 30 m i n u t e s . In addition , the sys tem was capable of

detecting and measuring elements such as Al and Mo that are

no t rou t i ne ly  det e rmined  by standard a tomic absorp tion f lame

methods . Titanium was also detectable with this system , but

• 
no t a t low enoug h c o n c e n t r a t i o n s  to pe r fo rm o i l  ana ly se s .

The c o n t r i b u t i o n  to the error f rom the de tec tion and

measuremen t sys tem was assumed to be smal l  compared to the

to tal e r r o r .  Th e l i gh t trap sh ie lded  the de tec tor from black

-35-
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body emiss ion  f rom the hea ted grap hi te rod~. I t was also

assumed tha t the gas composi t ion and f low ra tes were exac t ly

r e p r o d u c i b l e  and thus remained cons t an t  for  a l l  measu remen t s .

‘C Sources of errors that must be considered include

chemical  in te r fe rences , errors associated wi th sampling

smal l  volumes , and errors associa ted wi th prop er ties of the

grap hi te rod .

Chemical in terferences affecting the free-atom fraction ,

~~ , inc lude  i o n i z a t i o n  of a n a l y t e , compound forma tion of the

• analy te wi th f l ame  gas produc ts or the grap h i te  rod , and

solu te vapor iza t ion in terferences .

The extent of ionization depends primarily on the flame

gas temper ature , the ana ly te type , and the concen tra tion of

free elec trons in the flame . The free-atom fraction due only

to compound forma t ion is dependen t on the f lame gas tempera-

ture , a n a l y te ty pe , and the concen trat ion of the f lame gas

produc ts involved in the formation of the compound. Solute

vaporization efficiency , ~~, is a f f e c ted by f lame gas com-

posi t ion and temper ature .

The peak conc en tra t ion , ~~~ of analy te in a sample

vapor i zed in a cuve tte is propor tion al to c~~, the efficiency

of producing atoms from the sample. The factor c8 should be

ne a r l y  u n i t y  b r  s u b s t a n c e s  tha t arc comple t e ly  vapo r i zed

-
- 

wi th i n  a cuve tt e , assuming that the atmosphere is iner t. In

th i s  sys tem , however , the atmosphere is a N 2O/C 2U2 f lame ,

and in such a f l ame c~ can be orders of magni tude less than

uni ty (33) Compound formation with flame gas products is 
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- not  s t r i c t l y  an in t e r f e r e n c e  because 8 should be cons tan t

fo r  any g iven a na ly t e  in a g iven  f l ame  ( c o m p o s i t i o n  and

tempera ture cons tan t)

‘C In F igure  8 , it  is shown tha t  the input  power to the

graph i te rod (and thus , the t empera tu re )  increased as the rod

aged. While the current through the rod remained  cons tan t

(determined by the programming unit) , the vol tage across the

rod ( d e t e r m i n e d  by the r e s i s t i v i t y  of the rod) increased .  A

total power change of 75% was observed during the useful life

of a rod . This resul ted in a tempera ture change of abou t

500°C or 19%. Reported (34) relationships of the heating

rate on peak absorbance vary from linear-to-exponential in-

creases in th e si gnal peak to a decrease in s ignal  peak as

the rate of heating increases fu r ther .

Uncer ta in ties associa ted wi th using small  sample s izes

arise from the act of withdrawing the test sample from a much

larger sample having a complex matrix , and from the repro -

• ducible pl acement of the sample within the atomization cell.

The oil samples were assumed to be homogeneous

bec aus e no suspended par t icula te ma tter was observed.  Mos t

sample s were cle ar or only  s l ig h tly darkened , however ,

samp les 167 and 168 were very black and were more viscous

than the other s amples . The reproduc ible placemen t of the

-
- 

samples was enhanced b y us in g the laser  to a l i gn the cav i t y

on the g r a p h i t e  rod d i r e c t l y  below the measu remen t  c e l l .

Thus , errors  due to samp le placemen t were m i n i m i z e d .
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Anothe r  ma jor source of u n c e r t a i n t y  was assoc ia ted  w i t h

the grap h it e rod furnac e atomizer.  Sy ty (35) gave the pre-

c i s ion  of measuremen ts from a grap hi te rod as 5% to 8%.

‘C Molnar et al. ( 14) rec ognized tha t aging of the rod reduced

reproducibili ty , bu t they repor ted tha t the untrea ted POCO

graphite gave 2% to 4% reproducibility at advanced age (150-

200 d e t e r m i n a t i o n s )  -

Sturgeon ( 34) recen t ly discussed the problems associa ted

wi th electrotherma l atomizers for the atomic absorption pro-

cess . While the prim ary fac tors influencing the si gnal- time

charac teris tics of all eleme nts are the hea t ing ra te of the

atomizer and its geome try, a third fac tor tha t can al ter the

kine t ic s of atom f o r m a t i o n  is the phys icochemica l  na tu re  of

the grap hi te surf ace (p orosi ty,  reac tivity , dens ity,  perme-

abili ty). The effects of this third factor are more pro -

• nounced wi th refractory elements such as Mo and Ti.

Fac tor s arisin g from the physicochemical na ture of the

gra ph i t e  s u r f a c e  a r e  comp lex and were  not  e x p e r i m e n t a l l y

measured  in t h i s  s t u d y . C e r t a i n l y many of the e f f e c t s  are

in terrela ted. For examp le , as the porosi ty increases , so

would the re ac t ivi ty due to increased con tac t be tween the

grap hi te and the analy te.

While the e f fec ts of chang es in the physicoche m ical

na tur e w e re not  d i r e c t l y  measured , phys i ca l  changes  in the

grap h i t e  rod w i t h  age were  observed .  On a new rod , samples

formed s p h e r i c a l  beads , whereas  on an o lder  rod , the  samples

spread  o u t  a l o n g  the  rod . This  sp read ing  had the e f f e c t  of

- -
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increasing the path length 2... The observe d maximum increase

was abou t 3 times 2.. The luminescence radiance expression

includes the pa th leng th in the following term :

‘C

LU’
‘21Jp.. ’ + 22.2.’ + 2L 9.

The r e s u l t  of  the observe d i n c r e a s e  in 2. is an incr ease in

BL by 28% , assuming the concentration of analyte does not change.

A final area of uncertainty concerns post- and prefilter

effec ts on the luminescence radiance (36). The reabsorption

in the cel l  volume of luminescence  of an a n a l y t e  species tha t

is no t being illumina ted by exci tation radi a tion decreases

the luminescence radiance by the fa c tor f 1 (postfilter effect).

For low concen t r a t i ons  of ana ly t e , f1 = 1, but for high con-

centrations of analyte (for transitions terminating in ground

or near ground s tates and for the ri gh t angle illumina tion

measurement  case) , f 1 is g iven by

f 1 = /1 + ALIL -

where AL is the thickness of the sample neares t the de tec tor

and no t bein g ex cited and L is the s ample pa th leng th being

exci ted. As AL / L bec omes very large ( less and less sample

is being exci ted) , f 1 approaches  zero , and as AL/ L approaches

zero (more and more sample is being exci ted), -f 1 approaches

uni ty.

The luminescence radiance is decreased by a fac tor

for the ri ght angle case if the luminescence in the portion

of the cell nearest the source is not measure d (prefilter
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ef fe c t) - For a tomic fluorescence exci ted b y a con t inuum

sour ce and for hi gh c o n c e n t r a t i o n  of a n a l y t e ,

~E /1 + -

‘C

where A 2.. is the cell length over which atomic fluorescence

is no t measured and Q is the cell length over which atomic

fluorescence is measured. As AR./2. become s very large , 
~E

approaches zero and as A 2../2.. becomes very small , 
~E 

appro aches

u n i t y . The i nc rease  in 9. observed  in this sys tem could re-

sul t in a of less than uni ty wi th a corresponding decrease

in the measured  l u m i n e s c e n c e .

In summary , the ma jor source of error was associa ted

with the ag ing of the grap hi te rod. The effects are complex

and som et imes oppo site in direc t ion of error. Increasing

path length increases the volume term in the luminescence

expression , bu t it also contributes to a prefilter factor

that decreases the measured luminescence. The increasing

tempera tur e af fec ts the fac tor c 8 ,  bu t according to

Sturgeon ( 34) , the effect of increasing temperature is first

an increase in peak absorbance and then a decrease in peak

absorb ance -



~1 ‘T’

~~~~ 

- ~~

CONCLUS IONS
‘C

This sys tem demons tra ted po ten t ial as a simple , rapid ,

and convenien t me thod to analyze small s amples having complex

ma trices . It was par t icularly promising for elemen ts such

as Al and Mo that are not routinely analyzed in oil samples

by atomic abs orp t ion me thods .

There was a large uncertainty in the system as evidenced

by the range in RSD of 3-62°c. The major source of

uncer tain ty was due to the rap id ag ing of the electrically-

hea ted graph ite rod in the N20/C2112 flame . An immedia te

improvemen t should be realized by the use of pyroly t ic gra-

phi te or pyr olyz ed POCO graph ite in place of the un trea ted
• grap hi te.

The sys tem was successful  in de termining Cr , Al , and Mo

in real je t eng ine lubrica t ing o i ls .  Limi ts of  de tec t ion

for Cr , Al , and Mo were 0 .4 , 0.3 , and 1. 0 ppm , respec tively.

- 4 2 -  
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APPENDIX A
‘C

CURRENT CONTROL /TIMING CIRCUIT (28)

The curren t control/timing circuit consisted of a timing

and con trol circui t and a curren t adjus t ing swi tching cir-

cuit. Basically, pA 741’s were used as vol tage comparators

be tween a reference voltage (summations of V1, V 2 ,  V3, V4 ,

and V5) and a time variable voltage , V~ , wh e re V 2 ,  V3. V4 ,

and V 5 were the basis for variable time durations in the

drying, ashing , atomizing, and cooling cycles , respec tively.

Vol tage V1 gave a presen t delay period be tween s tar t ing and

drying . Vol tage V~ was in ternally se t to g ive in tegra tion

of V~ to V.~ at a ramp of about 100 mV

B e f o r e  the  s t a r t  b u t t o n  was pushe ’ the f o l l o w i n g  con-

d i t i o n s  held:

• 

- 

1. Vt 
< V1. V2, V3, V4 ,  V5 ;

2.  o p e r a t i o n a l  a m p l i f i e r s  A , C , E , F , and II ou tputs

were  n e g a t i v e , t h e r e f o r e  Q1, Q3, Q5, Q8, Q9, Q11,

and Q7 were all turned off;

3 . opera t ional ampl i f i e rs B , D, and G ou tpu ts were

posi t ive s o Q2, Q4, Q6,  and Q10 were -al l turned off;

• 4. K 1 throug h K6 were all off .

When the s tar t bu tton , S2 ,  was pushed , Q 7 was shor ted

out , turning on relay K4 and LED D21 . When K4 turned on ,

- 4 3 -
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+20 V was supplied to bias Q 7 thus keep ing K4 on as well as

D21 . When K4 w as turned on , OA1 s tarted integra ting V~ , thus

building up V~ . When K4 turned on , then 1sens lN was swi tched
‘C 

to be controlled by K1, K 2, and K 3. At this point , K4

swi tched 1 sens lN to K1, which is off , and shorted ‘sens l N
t o l s ens OUT

When V~ > V1, then A’ s output wen t posi tive , Q1 was

turned on (Q 2 was previously on) thus turning on K 1 and LED

D18. When K1 tu r n e d  on , then ‘sens lN was passed through P8
to 1sensOU~f 

(P 8 controlled the current output of the SCR

power supply at that time). Dry ing was started.

When V .~ > V1 
+ V2. then C ’ s output went positive . This

drove B’ s output negative , turning off  Q2 (thereb y K1). Since

Q 4 and Q10 were  p rev ious ly  cn , when C wen t posi t ive , Q3 and

Q9 turned on , turning on K2 and K5. Relay K5 turned on the

• solenoid which switched from air to N2O. When K2 was on ,

LED D19 was on and control of ‘sens lN passed through P9 to

- 

- 

‘sensOUT Dry ing was thereb y stopped and aching started.

When V~ > V~ + V2 
+ V3, then E’ s output wen t posi tive

and D’ s went negative . Thus , Q4 wen t off as did K2 and D19.
A t the same t ime , Q 5 and Q11 came on , and since Q6 was on,

K3 and K6 came on as well as LED D20 . When K
3 was switched

on , then ‘sens i N passed through P10 to ‘sensOUT • A solenoid

was thrown when K6 was on , tu r n i n g  on C 21-12. A ching was

therefore stopped and atomization started.

When V~ > V 1 
+ V

2 
+ V3 

+ V4 , F’ s output went positive.

There fore , G ’ s ou tput went negative , turning off  Q 6 and Q1,.4 . 

- _ • ~~ - -
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When Q10 wen t of f , then K 3 wen t off and ‘sens lN was then

turned to K1 ’s n o r m a l l y  c losed posi t ion, shorting ‘sens lN to

1sensOUT~ 
When was turned off , so was K5. This turned

‘C off the solenoid , swi tching N2O back to air. Thus , atorniza-

tion ended and cooling began.

When V~ > V1 
+ V 2 

+ V3 
+ V4 

+ V 5, then i t ’ s output wen t

positive , tu r n i n g  on Q8. This shorted the +20 V , keep ing Q7
S on to ground , thus turning off Q7 and K4 . Wh en K4 was off ,

then V~ wen t to zero thereby placing all componen ts at their
- orig inal s tatus . Since E’ s output was now negat ive , Q11 was

turned off. Therefo re , K6 wa s o f f  and the solenoid switched

back , turning off  the C 2H2. Thus , cooling was over and all

components were ready for a new cycle. 

- - —
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Atomize

I Sensin

K4

I Sensout

LEGEND
- 

- 
K 1 - K 4: 40 vDC relays

P3 -P 10 : 200 ~2 10-turn potentiometers

CURRENT ADJUSTING SWITCHING CIRCUIT
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APPENDIX B
‘C ’

TEMPERATURE CALIBRATION DATA

Power Supply
- 

- 
Cycl e Potentiometer Voltage Current Temperature *

Setting (V) (A) (°C)

dry 0.60 1.2 10 110
0.70 1.6 12 182
0.80 1.8 15 271
0.90 2.0 20 327
1.00 2.2 22 416
1.10 2.4 25 488
1.20 2.6 29 593

ash 0.60 1.2 10 143
0.70 1.6 13 160
0.80 1 .8 16 227
0.90 2.1 20 321
1.00 2.3 23 399
1.10 2.4 25 488
1.20 2.7 30 538
1.30 2.8 32 660
1.40 2.9 36 754
1.50 3.1 40 871

atomization 0.60 3.2 40 954
- 

- 

0.70 3.7 49 1282
0.80 4.6 53 1460
0.90 5.8 56 1816

*
Data obtained by placing a thermocouple probe in the cavity
of the graphite rod until a s teady reading was read on a
millivo lt meter. The thermocoupl e was a W-W/Re type. 
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