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ATOMIC ~SSIOa/pLnoRESCENCE SPECTROIIETRY YITE SECVND DERIVATIVE 
WAVELKNGTE EDDIJLATION MID ITS APPLICATION l0 MULYSIS OF COPPER ALUIYt 
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0. K u j i r a i * ,  L. Davis and J . D .  Winefordner' 

Department of Chemistry, Univers i ty  of F l o r i d a ,  
G a i n e s v i l l e .  F l o r i d a  32611 

ABSTRACT 

A t o m i c  emission and f luorescence  s i g n a l s  were c o l l e c t e d  s imultaneously 

w i t h  s i n u s o i d a l  wavelength modulation and d e t e c t i o n  of the  second harmonic 

mode. The system c o n s i s t e d  of a continuum source ,  argon-separated a l r / a c e t y -  

l e n e  flame and a wavelength-modulated monochromator. L i m i t s  of d e t e c t i o n  of 

s e v e r a l  e lements  were measured. This method was a p p l i e d  to t h e  a n a l y s i s  of a 

copper a l l o y ,  and Co, Cu, Fe,  Mn, N i ,  Pb and Zn were s u c c e s s f u l l y  determined. 

INTRODUCTION 

With continuum source  atomic f luorescence  spectrometry (AFS), one l i g h t  

source  can be used for t h e  d i te rmina t ion  of many elements .  Troublesome lamp 

al ignment  and time-consuming warm-up of i n d i v i d u a l  lamps, otherwise necessary 

f o r  each element ,  a r e  avoided. Therefore ,  continuum source  AFS is s u i t a b l e  

'Research supported by AFOSR-F49620-84-C-0002. 
*On leave  from Material P r o p e r t i e s  Div is ion ,  Nat iona l  Research I n s t i t u t e  f o r  
Metals ,  Mtguro-ku, Tokyo 153, JAPAN. 
'Author to  whom correspondence should be s e n t .  
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782 KUJIRAI, DAVIS, AND WINEFOHDNER 

for s e q u e n t i a l  mult ie lement  de te rmina t ion .  e s p e c i a l l y  when t h e  system is 

computer-control led’ .  A Xe a r c  lamp, which ha8 a high i n t e n s i t y  over  a r e l a -  

t i v e l y  wide wavelength reg ion ,  is g e n e r a l l y  used a s  t h e  continuum l i g h t  

source.  S i g n a l  modulat ion,  t o  reduce background n o i s e ,  is g e n e r a l l y  performed 

by mechanicdl chopping of the l i g h t  source  (ampli tude modulat ion) .  Amplitude 

modulation, however, can not  minimize noise  sources  r e l a t e d  t o  f l i c k e r  i n  t h e  

l i g h t  source ,  such a s  s c a t t e r i n g .  Wavelength modulat ion,  an a l t e r n a t i v e  to  

ampli tude modulat ion,  is knawn t o  be e f f e c t i v e  i n  the  minimizat ion of low 

frequency f l i c k e r  noise  a r i s i n g  from molecular  band a b s o r p t i o n  and emission 

and source  s c a t t e r i n g  i n  a tomic a b s o r p t i o n  and emiss ion  spectrometry‘ 1 3 .  

Wavelength modulation involves  r a p i d l y  scanning or s t e p p i n g  on and of f  the  

a n a l y t i c a l  wavelength. Wavelength modulation i n  AF’S r e s u l t s  i n  s i g n a l s  con- 

s i s t i n g  of both emission and t l u o r e ~ c e n c e ~ .  I n  t h e  prev ious  s tudy on con- 

tinuum source  atomic emiss ion/ f luorescence  spec t romet ry  (AE/AF’), a s tepped-  

square  wave was used for wavelength modulation wi th  second d e r i v a t i v e  cktec- 

t ion4 .  The wavelength-modulated continuum source  AE/A!S was computer- 

c o n t r o l l e d  and showed f l e x i b i l i t y  for choice of wavelength and performance. 

This  method was a p p l i e d  t o  t h e  de te rmina t ion  of t r a c e  elements  i n  b i o l o g i c a l  

samples and j e t  engine l u b r i c a t i n g  oi ls4.  

I n  the  p r e s e n t  E/AF study with continuum source e x c i t a t i o n ,  a q u a r t z  

r e f r a c t o r  p l a t e  was s i n u s o i d a l l y  modulated and second harmonic d e t e c t i o n  w a s  

used. L i m i t s  ot  d e t e c t i o n  of s e v e r a l  e lements  were m a s u r e d  and compared wi th  

those  using o t h e r  modulation methods. Second d e r i v a t i v e  AE/AF is  s u i t a b l e  f o r  

the a n a l y s i s  of trace meta ls  in m s t a l l i c  mat r ices ,  such a s  meta ls  and a l l o y s ,  

because of t h e  a b i l i t y  to  minimize n o i s e .  The p r e s e n t  system was apPl ied  t o  

t h e  a n a l y s i s  of t r a c e  msta l s  i n  a copper a l l o y .  

EXPERIMENTAL. 

Apparatus  

The exper imenta l  se t -up  for the continuum source  wavelength-modulated 

AE/AF system was s i m i l a r  to  the one used i n  p r e v i o u s  work4, a l though t h e  
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ATOMIC EMISSION/FLUORESCENCE SPECTROMETRY 783 

computer system, photon counter and mirror t o  r e f l e c t  an addi t iona l  image of 

t h e  l i g h t  source onto the flame w e r e  not used. A 300 W CERMAX Xenon a r c  lamp, 

operated a t  15 V and 20 A, w a s  used as the exc i ta t ion  source with an CERMAX 

model PS 300-1 power supply. The o p t i c a l  system consisted of a f4 ,  4-in foca l  

length lens  to focus rad ia t ion  from the source onto the flame and a f5.3, 2-in 

foca l  length lens  i n  a 2f configuration t o  focus a 1 :1 image of the  flame onto 

the  entrance slit of the monochromator. A laboratory-made c i r cu la r  s t a i n l e s s  

steel cap i l l a ry  burner5 and a Perkin-Elmer pneumatic nebulizer were used. A 

fuel-lean pre-mixed, argon separated,  a i r /ace ty lene  flame was used a s  an 

atomization c e l l  (f luorescence) and atomization-excitation c e l l  (emission).  

Argon was used as  a sheath and separation gas around the flame. Flame condi- 

t i o n s  used were: nebulization a i r  6 . 5  l/min; aux i l i a ry  a i r  2.5 l/min; acety- 

lene 1.3 l/min; and argon 7.5 l/min. The observation height was 19 mm above 

t h e  burner top. The  a sp i r a t ion  rate of the nebulizer was 7.4 ml/min. A 

GCA/McPherson model 218 monochromator, 0.3 m, f/5.3 Czerny-Turner with a 600 

grooves/m g ra t ing  blazed a t  300 nm, w a s  used. The monochromator s l i t  width 

and height were 75 Um and 10 m, respectively.  A Superior E l e c t r i c  model 

M063-FC06 C2 stepping motor w a s  used f o r  the sequent ia l  slew-scan. The reso- 

l u t ion  of each s t ep  was 0.5 A .  Wavelength modulation was car r ied  out  by in- 

s e r t i n g  an o s c i l l a t i n g  Supras i l  quar tz  r e f r a c t o r  p l a t e  (0.125 x 1 x 1-in) j u s t  

bahind the  entrance slit. The quartz r e f r ac to r  p l a t e  was a t tached  t o  the 

connecting s h a f t  of a General Scanning model G300 PDT torque motor which was 

cont ro l led  by a General Scanning model CCXlOl scanner servo cont ro l le r .  The 

torque motor wa8 driven & a s inusoida l  wave from a Wavetek model 180 sweep/ 

function generator.  A Hamamatsu 1P28 o r  an EM1 9789 QB, powered bj a Keithley 

model 244 power supply, was used aa the photomultiplier tuba. An a.c. s igna l  

fram the photomultiplier tube was detected & a Keithley model 840 lock-in 

ampl i f ie r  which was tuned t o  twice the frequency of the o s c i l l a t i n g  quartz 

p l a t e .  A 10 a in tegra t ion  t i m e  was used f o r  a l l  measurements. 
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784 KUJIRAI, D A V I S ,  AND WINEFORDNER 

Chemicals and S o l u t i o n s  

N i t r i c  a c i d  and hydrochlor ic  a c i d  were of a n a l y t i c a l  reagent  grade.  

Water was de ionized  and f u r t h e r  p u r i f i e d  us ing  a Barnstead Nanopure f i l t r a t i o n  

system, and uaed throughout  the  experiment. High-puri ty  metals were uaed f o r  

the p r e p a r a t i o n  of stock s tandard  s o l u t i o n s  (1000 ug/ml). C o b a l t ,  Cu, Mn, N i  

and Pb were disso lved  i n  d i l u t e  n i t r i c  a c i d .  I ron  and Zn were d isso lved  i n  

d i l u t e  hydrochlor ic  a c i d .  Stock s tandard  s o l u t i o n s  were s e r i a l l y  d i l u t e d  w i t h  

d i l u t e  ac id .  Tin was d isso lved  i n  concent ra ted  hydrochlor ic  a c i d  and t h e  

s o l u t i o n  was d i l u t e d  t o  6 n hydrochlor ic  a c i d  s o l u t i o n  ( s t o c k  s t a n d a r d  so lu-  

t i o n ) .  Ten v/v a hydrochlor ic  a c i d  s o l u t i o n  was used t o  prepare  d i l u t e  Sn 

s o l u t i o n s .  

AMlySiS Of Copper Alloy 

NBS Standard Reference M a t e r i a l  (SRM) 157A copper-nickel-zinc a l l o y  was 

used for the experiment .  The a l l o y  sample was d i s s o l v e d  i n  a ( 3  + 1 )  mixture  

of nitric a c i d  and hydrochlor ic  ac id .  S y n t h e t i c  s t a n d a r d  s o l u t i o n s  were 

matrix-matched to  t h e  sample s o l u t i o n  wi th  r e s p e c t  to  elements  and a c i d s  i n  

o r d e r  t o  prepare  t h e  a n a l y t i c a l  c a l i b r a t i o n  curves.  Concent ra t ions  of 

a n a l y t e s  were c a l c u l a t e d  bj i n t e r p o l a t i n g  between s t a n d a r d  s o l u t i o n a  having 

lower and higher  c o n c e n t r a t i o n s  of a n a l y t e s  i n  the l i n e a r  range of the  log-log 

a n a l y t i c a l  g r w t h  curve. 

The d i s s o l u t i o n  procedures  used for the  de te rmina t ion  of Mn is t y p i c a l  of 

the  a n a l y t i c a l  procedures  used for a l l  e lements  i n  the a l l o y .  A 0.25 g of t h e  

a l l o y  Bamples w a s  weighed and moistened with water. A 2.5  m l  of (3 + 1 )  

mixture of n i t r i c  a c i d  and hydrochlor ic  a c i d  was added. The e o l u t l o n  was 

warmed to oomplete d i s s o l u t i o n .  A f t e r  cool ing.  t h e  s o l u t i o n  was t r a n s f e r r e d  

to  a 100-ml volumetr ic  f l a s k  and d i l u t e d  t o  the  mark with  water. 

For t h e  de te rmina t ion  of t h e  o t h e r  e lements ,  ssmpling weight ,  a c i d  volume 

and d i l u t i o n  were a d j u s t e d  a p p r o p r i a t e l y  l n  c o n s i d e r a t i o n  of the l i n e a r  dy- 

namic range of the  a n a l y t e s  i n  the  a n a l y t i c a l  c a l i b r a t i o n  curve. 
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ATOMIC EMISSION/FLUORESCENCE SPECTROMETRY 785 

RESULTS AND DISCUSSION 

Optimization of wavelength Modulation 

To reduce s p e c t r a l  in te r fe rences ,  a 75 pm mnochromator slit  width 

(entrance and e x i t  slits) was used. This is the same a s  used i n  the  previous 

work4. The mnochromator spec t r a l  bandpass of 0.6 nm was produced using 

the defocused image due t o  the presence of the quar tz  p l a t e  i n  the o p t i c a l  

path.  The modulation frequency and def lec t ion  angle of the quar tz  p l a t e  were 

optimized f o r  maximum s igna l  using the Mn 279.5 nm l i n e .  The maximum s i g n a l  

w a s  obtained a t  110 HZ frequency of the s inusoida l  wave and f6.8 degrees 

def lec t ion  of the quar tz  p l a t e .  This frequency is much higher than the  12.5 

Hz i n  the stepped-square wave case* and s u f f i c i e n t l y  rap id  t o  reduce back- 

ground f l i c k e r  noise. 

L i m i t s  of Detection ( L O D s )  

In  TABLE 1 ,  WDs f o r  seven elements measured by the AE/AF system a r e  

given. These elements were chosen because the copper a l l a y  ava i l ab le  con- 

tained these elements as major and minor elements. Flame conditions were 

adjusted by using a 100 u g h 1  so lu t ion  of Mn; therefore ,  they may not be 

optimal for the o ther  elements but should be c lose .  Wavelengths used were 

chosen t o  give the highest  s e n s i t i v i t i e s  and lowest LODE fo r  emission p lus  

fluorescence. The LOD was defined a s  the  concentration giving a s igna l  th ree  

times the standard deviation of s ix teen  measurements of the blank ac id  solu- 

tion'. The LODs were compared i n  a fuel-lean and a s l i g h t l y  fue l - r ich  flames 

i n  TABLE 1 .  Tho U)Ds were nearly the eame fo r  both flame conditions.  These 

r e s u l t s  a r e  not  incons is ten t  with a previous noise study where the  s l i g h t l y  

fue l - r ich  flame generally has lower noise7. The d i f fe rence  between our 

r e s u l t s  and those by Fujiwara, et a17 is re l a t ed  t o  the use of s inusoida l  

modulation with second harmonic de tec t ion  i n  the present  study and the use of 

the d.c. de tec t ion  system by the  latter workers7. Source induced f l i c k e r  

noise is the main component of t o t a l  noise7. 
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786 K U J I R A I ,  DAVIS, AND UINEFORDNER 

TABLE1 

L W t S  of Detectloo ObtaiMd €Or S.VOJl E m b  lll Apluoru S O l t r ~ ~  (uQ/r l )  

Element 

Zn 

c o  

Fe 

Mn 

cu 

N i  

Pb 

Wavelength 
(nm)  

213.9 

240.7 

248.3 

279.5 

324 .8 

352.5 

405.8 

AE/AF (This  Work) 

Fuel- S l i g h t l y  Ican' Fuel - r ichb  

0 . 3  0.5 

1 1 

2 2 

0.1 0.07 

0.08 0.07 

0.2 0 . 2  

2 1 

A E / A F ~  A F S ~  

-- 
0.05 0.02 

0 . 1  0.02 

0.08 0.02 

0.006 0.004 

0.01 0.007 

0.08 -- 
0.2 0.2 

aSinusoida l  Wave Modulation. 
l/min; Acetylene 1.3 l/min; Ar 7.5 Vmin. 

bSinusoidal  Wave Modulation. 
l/min; Acetylene 1 . 7  l/min; Ar 7.5 l/min. 

%slues Taken from Reference 8. Without Modulation. Argon-separated 
Air/Acetylene. M D s  Defined a s  Twice Standard Devia t ion  above Background. 

dValues Taken from Reference 4.  Stepped-square Wave Modulation. Nitrogen- 
separa ted  Air/Acctylene. 

%'slues Taken from Reference 4 .  Amplitude Modulation. Nitrogen-separated 
Air/Acetylene. 

Nebul iza t ion  A i r  6 .5  l/min; Auxi l ia ry  A i r  2.5 

Nebul iza t ion  A i r  6 . 5  l/min; Auxi l ia ry  A i r  2.5 

For comparison purposes ,  TABLE 1 inc ludes  the LODE f o r  c a s e s  of no modu- 

l a t i o n e ,  ampli tude modulation4 and wavelength modulation where t h e  second 

harmonic d e t e c t i o n  mode of a s tepped-square wave was used4. From TABLE 1 ,  t h e  

LODs i n  the  s i n u s o i d a l  wave modulation case  were s i m i l a r  to  those  i n  t h e  

unmodulated continuum source  AE/AF case'. I n  the l a t t e r  ca8e,  f l i c k e r  n o i s e  

due to source B a t t e r ,  source incfuced background f luorescence  And flame emis- 

s i o n  were more s e r i o u s  than i n  our case. The LODs f o r  our s i n u s o i d a l  wave 

modulation case wre about  35x worse than those  for t h e  ampli tude modulation4 

(average  of s i x  e lements )  c a s e  and an order of magnitude worse than  those  

us ing  s tepped-square wave wavelength ~ o d u l a t i o n ~  (average  of sovan elements) .  

I n  t h i s  s t u d y ,  a l l  measured wavelengths w e r e  undar  z350 nm except  for  Pb; 
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ATOMIC EMISSION/FLUORESCENCE SPECTROMETRY 78 7 

elements whose t r ans i t i ons  are  below “350 nm consis t  primarily of fluores- 

cence4. Poorer LODs fo r  these elements i n  the wavelength modulation case i n  

Reference 4 were explained a s  a r e s u l t  of the lo s s  i n  s ignal  ty the presence 

of the quartz p l a t e  within the monochromator. Most l i ke ly ,  the LODE a re  

poorer i n  cur sinusoidal wave modulation a s e  than i n  the previous stepped- 

square wave modulation system4 because of the less e f f i c i e n t  waveform used and 

the lack of a photon counter and a source mirror. In our sinusoidal wave 

modulation systmm, the average l i g h t  f lux reaching detector  was s ign i f i can t ly  

less than with stepped-square wave modulation’. This resul ted i n  a s ignal  

loss.  With the second harmonic detection mode i n  atomic emission spectrom- 

etry’, the loss  i n  f lux was about a factor of four i n  going from stepped- 

square wave t o  sinusoidal wave modulation. By means of computer modeling of 

the second harmonic mode of wavelength modulation1o, aquare wave modulation 

offered a signal-to-noise r a t i o  advantage of approximately a f ac to r  of two 

compared with the sinusoidal wave modulation f o r  a shot noise l imited system. 

Therefore, the l inea r  dynamic range of the ana ly t i ca l  gravth curve was 

r e l a t ive ly  small with second harmonic mode s inusoidal  wavelength modulation. 

The l i nea r  dynamic range was about an order of magnitude fo r  Co and Zn, and 

two orders of magnitude f o r  Cu, Fe, Mn, N i  and Pb. 

A fuel-lean flame was used fo r  the analysis  of the copper a l loy hy mn- 

s ider ing the MID of Zn and the lover s ca t t e r ing  by copper s a l t s  (20 mg/ml) i n  

the fuel-lean air/acetylene flame”. Lover sca t t e r ing  is preferred f o r  the 

analysis  of copper a l loy  w i t h  a high matrix concentration even when wavelength 

modulation is used. The amount of band s t ruc tu re  or the continuum background 

which can be t o l e ra t ed  with the wavelength modulation w i l l  depend on the  

op t i ca l  8ystem and the p h ~ t o d e t e c t o r ~ .  

Analysis of Copper Alloy 

Two f ac to r s  should be considered fo r  the analysis  of r e a l  samples: 

spec t r a l  interferences;  and nebulization efficiency. The former factor  is 

critical fo r  the determination of minor or  trace elements i n  the presence of 
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788  KUJIRAI, DAVIS, AND UINEFORDNER 

TABLE 2 

A ~ l y t f c s l  ~ o u l t a  of IEBS spI( 157A Capper-mfckel-Zinc Alloy 

Element 

Zn 

co 
Fe 

nn 

cu 

N i  

Pb 

C e r t i f i e d  va lue  ( 0 1 "  

29.09 

0.022 

0.174 

0.174 

58.61 

11 .02 

0.034 

Found ( $ I b  

30 .O 

0.022 

0.167 

0.178 

59.3 

11.8 

0.029 

'SRM 157A also Contains  0.021 % of Sn and 0.009 O 

Of P. 

bAverage of Two Measurements. 

high matr ix  concent ra t ion  us ing  a lw o r  medium r e s o l u t i o n  monochromator. The 

l a t t e r  f a c t o r  in t roduces  e r r o r s  when the  sample s o l u t i o n  wi th  high m a t r i x  

concent ra t ion  is analyzed wi th  s tandard  s o l u t i o n s  conta in ing  only a n a l y t e .  

The mtr ix-matched  c a l i b r a t i o n  m r v e  method was used to  compensate for these  

e f f e c t s .  

A n a l y t i c a l  r e s u l t s  of the copper a l l o y  are shown i n  TABLE 2 .  

The r e s u l t s  agree  w e l l  wi th  t h e  c e r t i f i e d  va lues  from the  main components t o  

minor components i n  the  copper a l l o y ,  and from the  d i l u t e  s o ~ u t i o n s  to  concen- 

t r a t e d  s o l u t i o n s .  S e v e r a l  d i l u t i o n a  of t h e  sample s o l u t i o n  were prepared i n  

order  to  o b t a i n  a n a l y t e  concent ra t ions  wi th in  t h e  l i n e a r  dynamic ranges. 

The measurement of Sn i n  NBS SFW 157A was at tempted.  The 303.4 nm l i n e  

and a r e l a t i v e l y  f u e l - r i c h  flame were used to  avoid i n t e r f e r e n c e s 1 2  (nebul iza-  

t i o n  a i r  6.5 l/min; a u x i l i a r y  a i r  2.5 l /min ;  a c e t y l e n e  2.0 l/min; and Ar 7.5 

l /min) .  Under these  condi t ions .  the  LOD of Sn was 5 pg/ml and t h e  upper l i m i t  

of the  l i n e a r  dynamic range was 200 ug/ml.  The copper a l l o y  sample was d i s -  

so lved  i n  t h e  ( 3  + 1 )  mixture  of n i t r i c  and hydrochlor ic  ac ids .  The s o l u t i o n  

was d r i e d  and t h e  r e s i d u e  w a s  d i sso lved  i n  0.15 H hydrochlor ic  a c i d  s o l u t i o n  
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t o  prevent  t h e  p r e c i p i t a t i o n  Of Sn as t h e  oxychlor ide.  For some reason ,  t h e  

a n a l y t e  s i g n a l  and blank gradual ly  increased  wi th  measurement t i m e  p revent ing  

t h e  de te rmina t ion  of Sn. 

Although wavelength modulation using second harmonic mode d e t e c t i o n  has 

f a i r l y  high LODs and f a i r l y  small  l i n e a r  dynamic ranges,  i t  minimizes beck- 

ground noise  and is s u i t a b l e  f o r  t h e  a n a l y s i s  of real samples. Lower MDs and 

l a r g e r  l i n e a r  dynamic ranges w i l l  te obtained by changing t h e  e x c i t a t i o n  

source  from a X e  a r c  lamp to a dye l a s e r  or an ICP and/or a tomiza t ion  and 

e x c i t a t i o n  cell  t o  an ICP al though the e x c e l l e n t  c h a r a c t e r i s t i c s  of t h e  con- 

tinuum source AE/AF a r e  lost. 
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