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Abstract:
A mercury analysis system is presented which is adaptable to the determination of mercury in any type
of sample. Mercury vapor in air or other gases is captured by filtration through gold plated, porous
graphite carbon rod atomizer tubes. Mercury in solid samples is converted to the mtal vapor by burning
the sample in pure oxygen. Mercury in aqueous samples is reduced to the vapor with stannous chloride.
The gold plated porous tubes are placed between the rods of a carbon rod atomizer and the mercury
atomized and measured with an atomic absorption spectrometer. Substances which normally interfere
in the atomic absorption determination of mercury pass through the walls of the porous graphite tubes
and are not a problem. Operating parameters and some applications are discussed. Detecting limits in
the ppm to the ppb level with relative standard deviations of 4% to 10% range are achieved.

Porous graphite tubes are used as air filters. Particulate matter filtered from the air is analyzed for a
wide range of metallic elements by atomizing the material on the tubes directly into the light path of an
atomic absorption spectrometer with a carbon rod atomizer. The filtration characteristic of the tubes,
standardization, and the applications are discussed. The detection capabilities of the technique for most
elements are better than those of most other methods published to date.

A process for coating graphite objects with an impervious coating of pyrolytic carbon is described. The
method consists of passing natural gas over the object to be plated inside a wire-wound tubular quartz
furnace. The coating process and the properties of the pyrolytic carbon coating are discussed. The
pyrolytic carbon coatings are demonstrated to significantly improve flameless atomic absorption
atomizers. The process also allows construction of graphite objects useful for other purposes. 
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ABSTRACT

A mercury a n a ly s is  system  i s  p re sen ted  which i s  ad ap tab le  to  th e  
d e te rm in a tio n  o f mercury in  any ty p e  o f sam pleo Mercury vapor in  a i r  
o r  o th e r  g ases i s  cap tu red  by f i l t r a t i o n  th rough  go ld  p la te d , porous 
g ra p h ite  carbon rod a tom izer tu b e s . Mercury in  s o l id  samples i s  con­
v e rte d  to  th e  m ta l vapor by burn ing  th e  sample in  pure oxygen. Mer­
cury in  aqueous sam ples i s  reduced to  th e  vapor w ith  stannous c h lo r id e . 
The gold  p la te d  porous tu b es  a re  p laced  between th e  rods o f  a  carbon 
rod a tom izer and th e  mercury atom ized and measured w ith  an atom ic 
a b so rp tio n  sp ec tro m e te r. Substances which norm ally  i n t e r f e r e  in  th e  
atom ic a b so rp tio n  d e te rm in a tio n  o f mercury pass th rough  th e  w a lls  o f  
th e  porous g ra p h ite  tu b es  and a re  n o t a  problem . O perating  param eters 
and some a p p l ic a t io n s  a re  d isc u sse d . D e tec tin g  l im i t s  in  th e  ppm to  
th e  ppb le v e l  w ith  r e l a t i v e  s tan d a rd  d e v ia tio n s  o f  k% to  10% range a re  
ach ieved .

Porous g ra p h ite  tu b e s  a re  used as a i r  f i l t e r s .  P a r t i c u la te  m a tte r  
f i l t e r e d  from th e  a i r  i s  analyzed  f o r  a  wide range o f metal l i c  elem ents 
by atom izing  th e  m a te r ia l  on th e  tu b e s  d i r e c t ly  in to  th e  l i g h t  p a th  o f 
an atom ic a b so rp tio n  sp ec tro m ete r w ith  a  carbon rod a to m ize r . The f i l ­
t r a t i o n  c h a r a c te r i s t i c  o f th e  tu b e s , s ta n d a rd iz a t io n , and th e  a p p li­
c a tio n s  a re  d isc u sse d . The d e te c t io n  c a p a b i l i t i e s  o f  th e  techn ique fo r  
most elem ents a re  b e t t e r  th a n  th o se  o f most, o th e r  methods pub lished  to  
d a te .

A p ro cess  fo r  co a tin g  g ra p h ite  o b je c ts  w ith  an im pervious co a tin g  
o f p y ro ly t ic  carbon i s  d e sc r ib e d . The method c o n s is ts  o f  p ass in g  n a t­
u r a l  gas over th e  o b je c t to  be p la te d  in s id e  a  wire-wound tu b u la r  
q u a rtz  fu rn a c e . The c o a tin g  p ro cess  and th e  p ro p e r t ie s  o f  th e  pyro ly­
t i c  carbon c o a tin g  a re  d isc u sse d . The p y ro ly t ic  carbon co a tin g s  a re  
dem onstrated  to  s ig n i f i c a n t ly  improve flam e le ss  atom ic a b so rp tio n  a t ­
om izers. The p ro cess  a ls o  a llow s c o n s tru c tio n  o f g ra p h ite  o b je c ts  V.. 
u s e fu l  f o r  o th e r  p u rp o ses.



GENERAL INTRODUCTION

The use o f  atom ic a b so rp tio n  sp ec tro scopy  as  a ro u tin e  a n a ly t ic a l
• :

to o l  began in  th e  n in e te e n  f o r t i e s ,  when i t  was ap p lie d  to  th e  d e te r ­

m ina tion  o f m ercury in  a i r  ( I ) .  In  1954 a  paper was pub lish ed  con­

cern in g  th e  use o f  atom ic a b so rp tio n  f o r  th e  an a ly se s  o f gases® Up to  

1955, th e  use o f  atom ic a b so rp tio n  sp ec tro sco p y  f o r  a n a ly s is  work was 

confined  to  th e  a p p l ic a t io n s  d iscu ssed  in  th e se  references®

The prim ary  reaso n  f o r , t h i s  d e a r th  o f  p ro g ress  in  th e  l ig h t  o f th e  

burgeoning a p p l ic a t io n  o f v a rio u s  atom ic em ission  te ch n iq u es  was th a t  

none o f th e  methods in  which atom ic a b so rp tio n  measurements had been 

made by ex p erim en ta l p h y s ic is ts  s a t i s f i e d  th e  p r a c t i c a l  requ irem en ts 

o f an a n a ly t ic a l  to o l  from th e  s ta n d p o in ts :o f th e  range o f elem ents em­

b raced , s e n s i t i v i t y ,  and sim plic ity®  Perhaps even more im portan t was 

th e  f a c t  t h a t  th e  p o te n t ia l  advan tages o f  a b so rp tio n  methods o f analy ­

se s  w ith  r e s p e c t  t o  em ission  methods had n o t been c l a r i f i e d  t o  th e  ex­

t e n t  to  promote re s e a rc h  in  th e  field®

In  1955 Walsh ^ ^  and, in d ep en d en tly , Alkmade and M ila tz  

p u b lish ed  pap ers  in d ic a t in g  s u b s ta n t ia l  advantages o f a b so rp tio n  me­

thods over em ission  te ch n iq u es  f o r  q u a n t i ta t iv e  sp ec tro ch em ica l a n a ly -  

sis® During th e  ensuing  y ea rs  s e v e ra l  thousand works have been pub­

l is h e d  on atom ic absorption®  They were concerned b o th  w ith  re sa rc h  on 

th e  mechanisms in h e re n t to  th e  a b so rp tio n  measurements and on th e  ex­

te n s io n  o f th e  f i e l d  to  an ev er in c re a s in g  range o f substances®  The 

method i s  now w ide ly  used in  many c o u n tr ie s  and has become th e  most pop-



uI a r  tech n iq u e  o f e lem en ta l a n a ly s is  fo r  a  wide range o f sample 

ty p e so

The need f o r  more s e n s i t iv e  a n a ly t ic a l  equipment spu rred  re ­

sea rch  in  nonflam e, pu lsed  a to m izers  f o r  atom ic a b so rp tio n  (5# 6, 7, 8)« 

These a to m izers  a re  much more s e n s i t iv e  and, in  some c a se s , a llow  

chem ical a n a ly s is  o f sam ples w ith  no p re c o n c e n tra tio n  o r se p a ra tio n  

s te p s .  S e v e ra l v e rs io n s  o f  th e se  a to m izers  have been made com m ercially 

a v a i la b le  by m ajor s c i e n t i f i c  in s tru m e n ta tio n  companies w ith in  th e  l a s t  

th re e  y e a r s .  The purpose o f th e  work d e sc rib ed  in  t h i s  th e s i s  i s  to  ex­

ten d  th e  a n a ly t ic a l  c a p a b i l i ty  o f th e se  a to m izers  in  th e  a re a  o f env i­

ronm ental a n a ly s is  by im proving bo th  th e  a to m izers  them selves and th e  

a n a ly t ic a l  tech n iq u es  fo r  which th ey  a re  u sed . A w idely  d is t r ib u te d  

a to m ize r, th e  V arian  Techtron  Model 63, was chosen a s  th e  model to  be 

used f o r  t h i s  re se a rc h  bo th  because o f i t s  a v a i l a b i l i t y  to  a n a ly t ic a l  

chem ists  and i t s  p o te n t ia l  v e r s a t i l i t y  fo r  d i f f e r e n t  a to m iza tio n  

chamber m o d if ic a tio n .



THE DETERMINATION OF MERCURY IN AIR, WATER, AND SOLID SAMPLES 
WITH THE CARBON ROD ATOMIZER

In tro d u c tio n

The a n a ly s is  o f samples f o r  f r a c t io n a l  p a r t  p e r  m ill io n  le v e ls  o f 

mercury i s  a  common problem in  a n a ly t ic a l  la b o ra to r ie s=  S ev e ra l ex­

c e l le n t  rev iew s have been p u b lish ed  re c e n t ly  which d isc u ss  th e  e x te n t 

o f  th e  con tam ination  problem  as  w e ll a s  th e  a n a ly t ic a l  methodology

p re s e n tly  used*
(9, 10, 11)

There a re  th re e  b a s ic  approaches used fo r

th e  a n a ly s is*  The f i r s t  and o ld e s t  tech n iq u e  in v o lv es  a  c o n tro lle d  pH 

d ith iz o n e  e x tr a c t io n  o f mercury from a  s o lu tio n  w ith  subsequent sp ec - 

tro m e tr ic  an a ly s is*  T his a n a ly s is  i s  n e i th e r  as  s p e c i f ic  no r as  sen­

s i t i v e  a s  a re  th e  o th e r  two approaches*

The second approach i s  n eu tro n  a c t iv a t io n  an a ly s is*  The abso­

lu te  d e te c t io n  l im i t s  a ch ie v a b le , on th e  o rd e r o f 10"® gram ab so lu te  
( 12) , a re  very  good; however, i t  s u f fe rs .f ro m  poor r e p ro d u c ib i l i ty ,  

very  h igh  c o s t ,  and g e n e ra lly  in v o lv es  sending  samples o f f  to  c e n t r a l  

f a c i l i t i e s  equipped w ith  h igh  n eu tro n  f lu x  sources* This, fe a tu re  

u s u a lly  n e c e s s i ta te s  f a i r l y  long  w a its  fo r  a n a ly t ic a l  re s u l ts *

Atomic a b so rp tio n , on th e  o th e r  hand, i s  r e l a t i v e ly  inexpensive  and 

can be accom plished w ith  r e a d i ly  a v a i la b le  equipm ent» A* A* a n a ly s is  

f o r  mercury i s  u s u a lly  accom plished by adding a  reduc ing  agen t (u su a l­

ly  stannous c h lo r id e )  to  a  d ig e s ta t e  and sweeping th e  evolved e lem en ta l 

mercury ou t o f  th e  s o lu t io n  in to  a  co ld  vapor a b so rp tio n  tube  in  which 

th e  a b so rp tio n  o f th e  Hg 2537 & resonance l in e  i s  measured* The an aly ­

t i c a l  s e n s i t i v i t y  re p o rte d  v a r ie s  b u t i s  u su a lly  on th e  o rd e r o f I  -  2
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The fla m e le ss  tech n iq u e  i s  f e a s ib le  because mercury p o ssesses  th e  

p ro p e r t ie s  o f having an a p p re c ia b le  vapor p re ssu re  a t  room tem peratu re  

and o f n o t be ing  r e a d i ly  o x id ised  by a i r .  These p ro p e r t ie s  were f i r s t  

e x p lo ite d  by Woodson who d esc rib ed  in  1939 a  sim ple instrum ent 

f o r  m easuring mercury vapor in  a i r .  B a lla rd  e t  a l  (^4  -1 6 ) extended 

th e  method t o  s o lu t io n  a n a ly s is .  They ra n  th e  s o lu t io n s  th rough  a s ­

b e s to s  pads soaked in  cadmium s u l f id e .  Mercury d isp la c e d  th e  cadmium 

and was e f f e c t iv e ly  f i l t e r e d  from th e  s o lu t io n s .  I t  was subsequen tly  

d riv e n  o f f  in to  th e  a b so rp tio n  c e l l  by th e  a p p lic a t io n  o f h e a t .  Pappas 

and Rosenberg employed a  m o d if ica tio n  o f th e  tech n iq u e  f o r  th e

a n a ly s is  o f  s o l id  fo o d s tu f f s .  The sam ples were o x id ized  in  a  combus­

t io n  f la s k ,  and th e  gaseous combustion p ro d u c ts  were absorbed in  1 .2  N 

HOI. The pH was a d ju s te d  to  6 -  7 and th e  s o lu tio n  passed  th rough  CdS 

im pregnated pads as  p re v io u s ly  d e sc r ib e d .

P o lu ek tov, B itkun , and Zelyukova were th e  f i r s t  to  u t i l i z e
'A .

d i r e c t  re d u c tio n  o f mercury to  th e  e lem en ta l s t a t e  by stannous c h lo rid e  

f o r  co ld  vapor A. A. d e te rm in a tio n  o f m ercury. Hatch and O tt ap­

p lie d  th e  tech n iq u e  to  a c id  d ig e s te d  s o i l  and c o b a lt and n ic k e l  m eta l

sam ples. The most commonly used techn ique  today  f o r  mercury determ ina-
f 21)t io n  in  a  wide range o f o rgan ic  sam ples was d esc rib ed  by L in d s te d t v '

. ■

who analyzed  u r in e  by combining th e  po tassium  p e rm an g an a te -su lfu ric  a c id  

d ig e s t io n  method o f Jacobs and Singerman fo llow ed by stannous

ng Hg for 1% absorption.
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c h lo rid e  re d u c tio n  o f th e  m ercury» The evolved mercury i s  swept from 

th e  s o lu t io n  w ith  a  gas s tream  which c a r r ie s  th e  mercury in to  a 

quartz-w indowed flow -th rough  c e l l  mounted in  an A0 Ae spectrom eter*  The
O

peak a b so rp tio n  o f th e  2537 A m ercury resonance l in e  i s  measured*

The re d u c tio n -a e ra t io n  tech n iq u e  i s  f a i r l y  ra p id , ad ap tab le  to  a 

wide range o f sam ples, and in ex p en siv e , b u t i t  s u f f e r s  from two major 

w eaknesses. As th e  a n a ly s is  i s  commonly perform ed, th e  f i n a l  m easur- 

ment i s  su b je c t to  th e  v a g a r ie s  o f k in e t i c s .  The r a t e  o f f lu sh in g  gas 

flow  and th e  r a te  o f mercury re d u c tio n  by stannous io n , which in  tu rn  

i s  a f fe c te d  by th e  te m p e ra tu re , volume, and chem ical n a tu re  o f th e  so lu ­

t io n ,  b o th  a f f e c t  th e  peak atom ic a b so rp tio n . The second problem con­

cern s  o th e r  m a te r ia ls  p re se n t in  th e  sample which v o l a t i l i z e  and sub­

seq u e n tly  absorb  r a d ia t io n  a t  th e  m ercury 2537 & l i n e .  Among th e se  a re  

c y c lic  o rg an ic  compounds, s u l f id e s ,  ace to n e ,, and w ater vapo r.

There a re  s e v e ra l  b a s ic  approaches to  so lv in g  th e se  problem s. The 

most obvious way to  so lve  th e  problem s a s s o c ia te d  w ith  th e  k in e t ic s  o f 

th e  re d u c tio n  p ro cess  i s  to  in te g r a te  th e  atom ic a b so rp tio n  peak and 

use a  peak a re a  in s te a d  o f peak h e ig h t as  th e  measure o f  m ercury. How­

e v e r , most atom ic a b so rp tio n  in s tru m en ts  a re  no t capable  o f  t h i s .

S e v e ra l in g en io u s  tech n iq u es  have been developed to  circum vent th e  

problem  of non-atom ic background a b so rp tio n  by compounds. B a lla rd  

to o k  read in g s  o f th e  c e l l  c o n ta in in g  th e  mercury vapor on.two se p a ra te  

in s tru m e n ts , th e  f i r s t  be ing  a  u n i t  c o n ta in in g  a  m ercury lamp and th e
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second a  s tan d a rd  spectropho tom eter having a  wide bandpass (32 A )  and a  

continuum so u rce« The d if fe re n c e  between th e  two read in g s  i s  due only  

to  m ercuryo

B arrin g e r (23)  and Ling ^ compensated f o r  non atom ic ab­

so rb e rs  by u s in g  th e  wings o f th e  broadened 2537 A l i n e ,  th e  c e n te r  o f  

which has been com pletely  absorbed by p a ss in g  th rough  an in te rm e d ia te  

a b so rp tio n  c e l l  s a tu ra te d  w ith  mercury v ap o r» T his sou rce  i s  in sen ­

s i t i v e  to .m ercu ry  b u t i s  s e n s i t iv e  to  o th e r  su b stances which absorb  in  

th a t  reg ion* By comparing t h i s  s ig n a l  w ith  th a t  o b ta in ed  u sing  th e  e -  

m ission  l in e  o f th e  mercury lamp w ith  no in te rm e d ia te  mercury f i l t e r ,  a  

measure o f m ercury vapor a lone i s  made*

The background method d esc rib ed  by K oirtyohann and P ic k e tt  (^6)  

and a p p lie d  by Kahn ^ 7 )  which l i g h t  from a  con tinuous source and a  

m ercury lamp a re  a l t e r n a t iv e ly  beamed th rough  th e  a b so rp tio n  c e l l  i s  

a ls o  u se fu l*  Lech, S iem er, and W oodriff (28) r a t io e d  th e  ab so rp tio n  

o f a  nearby  non-resonance mercury l i n e  to  th e  2537 A l i n e  a s  a  means o f 

background c o rrec tio n *

These e x p e d ie n ts , w ith  th e  ex cep tio n  o f peak In te g ra t io n ,  do n o t 

e lim in a te  th e  k in e t ic s  d i f f i c u l t i e s *  In  o rd e r to  so lv e  t h i s  problem 

and to  e lim in a te  th e  b u lk .o f th e  non-atom ic ab so rp tio n  in te r fe re n c e s ,  

s e v e ra l  means o f s e p a ra tin g  and c o n c e n tra tin g  th e  m ercury a lone  in  a  

s o lu t io n  o r s tream  o f gas have been u sed . W ith th e se  te ch n iq u es , th e  

m ercury i s  c o l le c te d  over a  p e rio d  o f tim e and re le a s e d  and measured



under c a r e f u l ly  c o n tro lle d  co n d itio n s  in  a  sh o r t p e rio d  o f tim e ,

M o ffit and Kupel (29) c o lle c te d  mercury in  gas s tream s w ith  spe­

c i a l l y  im pregnated c h a rco a l f i l t e r s .  The g ra p h ite  was th en  p laced  in to , 

a  sam pling boa t which was swung over a  flam e in  a  s tan d a rd  A, A, sp ec - 

t ro m e te r , The sam pling b o a t A, A, measurement d id  no t f u l l y  r e a l iz e  th e  

p o te n t i a l  o f th e  system .

Another method f o r  th e  d e te rm in a tio n  o f mercury i s  d e p o s it io n  from

s o lu tio n  onto a  s i l v e r  w ire  o r s c re e n , e i th e r  by chem ical d e p o sitio n  

(H inkle and Learned, 30 , 31) o r e l e c t r o l y s i s  ( 6 ran^enberSe r  and B ader,

32, 3 3 ) e The c o l le c te d  mercury was d riv e n  o f f  th e  w ire  by ra p id  h e a t­

in g  and th e  m ercury in tro d u ced  in to  and measured in  an a b so rp tio n  c e l l  

j u s t  a s  in  th e  a e ra t io n  method,

Vaughn and McCarthy ( ^ ) ,  U lfvarson  (3 5 ) , Lidduns and U lfvarson  

( • ^ ,  and Anderson e t  a l ,  (37) co n ce n tra te d  mercury in  stream s o f gas 

onto  f in e ly  d iv id ed  gold  by am algam ation. A ll  i n t e r f e r in g  su b stances 

passed  th rough  th e  system  and were v en ted , a f t e r  which th e  mercury was 

d riv en  o f f  th e  gold  by h e a tin g  to  400 -  500 °C in to  th e  ab so rp tio n  

c e l l .  Lech, S iem er, and W oodriff (^®» ^ )  used gold  p la te d  g ra p h ite  to  

c o l le c t  mercury in  a i r  o r  to  r e t a in  th e  mercury from s o lu tio n s  d rie d  in  

p la te d  cups. The cups were th en  in s e r te d  in to  a  W oodriff fu rnace a -  

to m izer fo r  th e  m ercury d e te rm in a tio n .

The s e n s i t i v i t y  o f th e  fu rn ace  tech n iq u e  o f Lech, S iem er, and Wood- 

r i f f  was b e t t e r  by a  f a c to r  o f  two o r th re e  th an  th a t  o f  any o th e r  A, A,



method re p o rte d  to  date*  The only  d isadvan tage  o f th e  system  a s  f a r  as 

th e  average a n a ly t i c a l  chem ist i s  concerned i s  th a t  th e  W oodriff fu r ­

nace a to m izer i s  n o t w idely  d is tr ib u te d ,,  The purpose o f  th e  re se a rc h  to  

be d iscu ssed  here  was to  develop  a  com plete mercury a n a ly s is  system  ap™
i • .

p l ic a b le  to  a  com m ercially a v a i la b le  non-flam e a tom izer— s p e c i f ic a l ly  

th e  carbon rod atom izer*

An o u tl in e  o f  th e  method i s  as  fo llo w s 0 The m ercury in  th e  sample 

i s  converted  to  th e  f r e e  m eta l vapor by stannous c h lo r id e  re d u c tio n  o r  

by com bustion in  oxygen* Then th e  m ercury i s  c a r r ie d  by a  stream  of 

gas in to  a  f i l t e r  a d ap to r c o n ta in in g  a  g o ld -p la te d  c y l in d r ic a l  tube  o f 

porous g rap h ite*  The mercury i s  re ta in e d  on th e  gold  w h ile  p o te n t ia l ly  

i n te r f e r in g  gases pass  th rough  th e  tube* The tu b e  i s  th e n  p laced  be­

tween th e  rods o f a  carbon rod a to m izer s im ila r  to  th a t  m arketed by 

V arian  T echtron and h eated  to  atom ize th e  mercury® The atom ic absorp­

t io n  sp ik e  i s  th en  recorded®

G eneral O u tlin e  o f  E xperim en ta l Technique 

The carbon rod. a to m izer (GRA) was c o n s tru c te d  a t  t h i s  la b o ra to ry  

and i s  d e p ic ted  in  F ig u re  I* I t  i s  designed  to  f i t  in to  a  T echtron 

b u rn e r-sp ra y  chamber assem bly in  th e  same manner th a t  a  V arian  Techtron 

Model 63 CRA does* The main fu n c tio n a l  p o in ts  o f d if f e re n c e  between 

th e  T ech tron  CRA and our homemade v e rs io n  i s  t h a t  our model i s  some­

what l a r g e r  ( to  accomodate s tan d a rd  sp ec tro g rap h ic  ro d s  and tu b e s )  

and f e a tu r e s  f l e x ib le  mounting o f b o th  rod support p o s ts  and a  su p e r ! -
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o r gas s h ie ld  system® N itrogen  gas i s  used to  f lu s h  th e  a i r  from a -  

round th e  h o t carbon when a  sample i s  atomized®

The CRA i s  powered w ith  a  5 KVA G® E® tra n s fo rm e r (9t21B1037G2) 

c o n tro l le d  w ith  a  ty p e  242, 4®2 KVA P ow ersta t autotransform er®  T his 

power supp ly  p ro v id es  from O to  13 rms v o l t s  and can fu rn is h  in  ex­

cess  o f  400 amps® The tem p era tu re  o f th e  a to m iza tio n  tu b e  i s  measured 

w ith  a  Pyro o p t ic a l  pyrometer® Tem peratures in  excess o f  3000 °C a re  

r e a d i ly  o b ta in a b le  w ith  t h i s  system®

The porous g ra p h ite  tu b es  a re  made by d r i l l i n g  a  4=5 mm hole 

(No® 13 d r i l l )  in  15 mm le n g th s  o f  6=2 mm d iam eter N a tio n a l AGKSP or 

AGKS sp e c tro sc o p ic  g ra p h ite  rods® Each tube  i s  p la te d  on th e  in s id e  

w ith  about I 05 mg o f go ld  in  th e  fo llo w in g  manner? One end i s  sea led  

o f f  w ith  a  ru b b e r tu b e  s e a le d  w ith  a  g la s s  bead ; 0=3 ml o f  an a c id i ­

f ie d  gold c h lo r id e  s o lu t io n  i s  p laced  in to  th e  tu b e ; a  p la tin u m  w ire  

anode i s  in s e r t e d ; and th e  p la t in g  c u rre n t i s  a p p lie d  between th e  tube  

and th e  anode f o r  4 - 5  m inutes w ith  a  12 V autom obile  b a t te r y  in  

s e r ie s  w ith  a  75 ohm re s is to r®  The gold  s o lu t io n  c o n ta in s  about 5 

mg/ml Auo F ig u re  2 sch e m a tic a lly  d e p ic ts  th e  process®

F ig u re  3 i l l u s t r a t e s  th e  f i l t r a t i o n  a d ap to r used t o  support th e  

go ld  p la te d  tubes® I t  i s  e s s e n t i a l ly  s im ila r  to  th e  one d e sc rib ed  by 

W oodriff and Lech ^ 8 )  QxcQpt t h a t  th e  s o f t  e las to m er g a sk e ts  s e a l  b o th  

ends o f th e  tu b e  w ith  th e  ex cep tio n  o f th e  a i r  in le t®  The body o f th e  

f i l t e r  a d ap to r i s  machined from a c r y l ic  p lastic®  The g a sk e t m a te r ia l

— 10“

X
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was b u ty l  o r  n a tu r a l  gum rubber in  th e  o r ig in a l  models, b u t i t  was l a t e r  

d isco v e red  th a t  s i l ic o n e  rubber o f th e  ty p e  used f o r  gas chromatograph 

i n l e t  s e p ta  p ro v id es  a  s u re r  s e a l  arid i s  c leaner.,

The atom ic a b so rp tio n  in s tru m e n ta tio n  used a re  th o se  d esc rib ed  in  

th e  pap er by W oodriff e t  a lo  (39) w ith  th e  s u b s t i tu t io n  o f th e  CRA f o r  

th e  fu rn ace  and th e  a d d itio n  o f a  deu terium  lamp background c o rre c t io n  

system . F ig u re  4 i s  a  schem atic  o f  th e  A, A0 sp ec tro m ete r w ith  a  l i s t ­

ing  o f th e  in d iv id u a l  components u sed . The CRA power supp ly  and th e  

co o lin g  w a te r l in e s  have been d e le te d  f o r  c l a r i t y ,

A s h o r t  (35 mm lo n g ) , quartz-w indow ed, co ld  vapor a b so rp tio n  c e l l  

was c o n s tru c te d . F ig u re  5 d e p ic ts  how i t  was used to  t e s t  th e  mercury 

f i l t r a t i o n  e f f ic ie n c y  o f th e  gold  p la te d  tu b e s . Ten cc o f  a i r  s a tu r a t ­

ed w ith  m ercury vapor ( a t  24 eC) was drawn th rough  th e  w a lls  o f  bo th  

p la te d  and u n p la ted  porous g ra p h ite  tu b e s .  The f i l t e r e d  a i r  in  th e  

sy rin g e  i s  th e n  expressed  in to  th e  a b so rp tio n  c e l l  and th e  ab so rp tio n  

o f th e  2537 A l i n e  i s  m easured, A sto p p ered  two l i t e r  erhlenm eyer 

f l a s k  c o n ta in in g  approx im ate ly  5 g o f mercury m eta l served  a s  a  

source o f mercury vapor o f known c o n c e n tra tio n ,

A 1000 ppm s to ck  mercury s o lu t io n  was made by d is so lv in g  Hg(NCy)^, 

HgO in  N/10 HNO ,̂ T his s o lu tio n  was s t a b i l i s e d  by add ing  0 ,0 1  g/100 ml 

o f  d ry  KgCrgOy* D ilu tio n s  o f  t h i s  s to c k  were made d a i ly  w ith  N/100 .

HNOj o

Eppendorf p ip e ts  o f 5» 10, 20, 50, and 100 m ic r o l i t e r  c a p a c ity  were
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used to  make most o f th e  d i lu t io n s  and sample a d d itio n s  re q u ire d .

A homemade n ickel-n ich rom e therm ocouple was used t o  determ ine 

tem p era tu res  low er th an  th o se  m easureable by th e  o p t ic a l  pyrom eter.

The therm ocouple o u tp u t was am p lified  by a 741 o p e ra tio n a l a m p lif ie r  

used in  a  fo llb w e r-w ith -g a in  c o n f ig u ra tio n  and th e  am p lif ie d  ou tpu t 

read  w ith  a  VTVM0

R e su lts  and D iscussion  o f B asic  Procedure 

The f i r s t ,  c r i t e r io n  to  be met by a  gas sam pling system  i s  a good 

c o l le c t io n  e f f ic ie n c y  fo r  what i s  b e ing  m easured. This was te s te d  

(F igu re  5) by comparing th e  r e s u l t s  o f t h i s  experim ent perform ed w ith  

e ig h t g ra p h ite  tu b es  both  b e fo re  and a f t e r  th ey  were p la te d  w ith  g o ld . 

Table I  g iv e s  th e  r e s u l t s  o f  t h i s  experim en t. The v a lue  fo r  "F rac tio n  

Hg C o llec ted "  in  t h i s  t a b le  i s  d e fin ed  as  one minus th e  r a t i o  o f  th e  

atom ic absorbance o f th e  mercury vapor in  th e  a i r  passed  th rough th e  

w a lls  o f a  tube  to ' th e  atom ic absorbance o f th e  same amount o f a i r  

drawn th rough  th e  f i l t r a t i o n  ad ap to r w ith  no tube  in  p la c e . I t  i s  

c le a r  t h a t  e s s e n t i a l ly  a l l  o f th e  mercury i s  cap tu red  by th e  p la te d  

tu b e s . I t  i s  a ls o  ap p aren t t h a t  AGKSP g ra p h ite  tu b e s  n o t p la te d  w ith  

gold a re  in e f f e c t iv e  fo r  tra p p in g  mercuryj vapo r.

DuriJig th e  a c tu a l  d e te rm in a tio n , th e 1 gold p la te d  tu b e  i s  p laced  

between th e  ro d s  o f th e  CRA and ra p id ly  heated  to  atom ize th e  m ercury. 

To a s c e r ta in  w hether t h i s  rep ea ted  h e a tin g  has any e f f e c t  upon th e  

t u b e f s a b i l i t y  to  t r a p  mercury vapo r, th e  Hg f i l t r a t i o n  e f f ic ie n c y .

-16-
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TABLE I

MERCURY COLLECTION EFFICIENCY OF POROUS GRAPHITE TUBES

Tube No. Type o f Tube F ra c tio n  Hg C o llec ted*

I ■unplated -  0 .032

2 -  0.015

3 0.025

4 if ~0»015

5 0.038

6 -0 .033

7 : -0 .015

. 8 0.050

Average: 0.000375 ± 0.032**

I p la te d 0 .972

2 0.980

3 it 0 .986

4 0.986

0.994

0.986  '

0.986

0.986

Average: 0 .984  + 0.0063**

5

6 

7

■ 8

* I  -  AA( tube)
AA(rio tube)

-:«(■ one s tan d a rd  d e v ia tio n
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t e s t  as d e sc rib e d  above was rep ea ted  te n  tim es upon a  s in g le  tube  ( d r i ­

v ing  o f f  th e  mercury each tim e between t e s t s ) .  Table I I  g iv e s  th e  r e ­

s u l t s  o f t h i s  experim ent,. There was no d im unition  o f tra p p in g  e f f ic ie n ­

cy n o tic e d .

In  o rd e r to  a s c e r ta in  how much gold  i s  re q u ire d  t o  e f f e c t iv e ly  

t r a p  a l l  o f th e  mercury in  a i r  passed th rough  th e  w a lls  o f a p la te d  

tu b e , a  s e r ie s  o f  s ix  AGKSP tu b e s  were p la te d  w ith  d i f f e r in g  amounts o f . 

g o ld . The f r a c t io n  o f Hg r e te n t io n  in  10 cc o f  s a tu ra te d  a i r  (24 °C) 

was measured (T able I I I ) .  From l i t e r a t u r e  v a lu es  o f  th e  vapor 

p re s su re  o f m ercury and th e  use o f th e  id e a l  gas law , i t  can be c a l­

c u la ted  th a t  10 cc. o f a i r  s a tu ra te d  a t  24 0C co n ta in s  2 .0  x  IO*"  ̂ g o f 

m ercury. Because t h i s  amount o f mercury i s  beyond th e  upper range o f 

th e  a n a ly t i c a l  curve r e s u l t in g  from d e te rm in a tio n  o f mercury in  th e  

CRA, i t  i s  ap p aren t from th e  ta b le  th a t  10-4 g o r more gold  i s  su f­

f i c i e n t  f o r  th e  p l a t e .  Approxim ately 1 .0  -  1 .5  mg gold  was f i n a l ly  

decided  on f o r  norm al u se , bo th  to  ensure  a  healthy, excess and to  make 

v is u a l  in s p e c tio n  o f th e  gold  p la te  e a s ie r .

A s tudy  o f th e  a b i l i t y  o f  tu b es  p la te d  w ith  d i f f e r in g  amounts o f 

gold  to  cap tu re  su c c e ss iv e ly  g re a te r  amounts o f  m ercury vapor was unr 

d e rta k en .. Repeated a l iq u o ts  o f 10 cc each of . a i r  s a tu ra te d  a t  24 0C 

w ith  mercury vapor were drawn th rough  p la te d  tu b es  and th e  Hg r e te n -
I

t io n  e f f ic ie n c y  measured a f t e r  each tim e . The m ercury was no t d riv en  

o f f  between each t e s t  a s  b e fo re . F igu re  6 d e p ic ts  th e  r e s u l t s .
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EFFECT OF REPEATED HEATING ON A GOLD PLATED TUBEtS 
ABILITY TO COLLECT MERCURY

T r ia l  No.*

1

2 ’

3

4

5

6

7

8 

9

IO

Average:

-Ktube heated  to  900 0C between t r i a l s

F ra c tio n  Hg C o llec ted  

0.980 

■ 0.983 

0.986 ;
. 0 .994 

0 .994 

0.986 

0 .994

0.994 • •

0.994
0 .994

0.990 + 0.00554**

-K-K- one s tan d a rd  d e v ia tio n
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TABLE I I I

MERCURY COLLECTION AS A FUNCTION OF THE AMOUNT OF GOLD '
PLATED ONTO TUBES

Number Amount o f Gold on Tube (g ) ■ F ra c tio n  Hg C ollected

I 2 .5  x 10-7 0.561
-62 2 .5  x 10 0.808

3 1 .0  x  IO"5. 0 .901

4 5 .0  x H f 5 0.970

5 5 .0  x IO"4 0.987

6 1 .5  x  10“3 0.994

C o lle c tio n s  from 10 ml a i r  ( s a tu ra te d  w ith  Hg vapor)
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1 .5 x 1 0

2 .5  x 10 g. Au

0 2 4 6 8 10 12 14 16 18 20 22 24
Total Hg filtered g x IO7

Figure 6. Filtration Efficiency as a Function of the Amount of Mercury 
and Gold



A ft e r  th e  e f fe c t iv e n e s s  o f th e  tu b es  as  f i l t e r s  was e s ta b lis h e d , 

i t  rem ained to  determ ine s u i ta b le  co n d itio n s  f o r  th e  CRA atom izer and 

subsequent d e te rm in a tio n  o f m ercury. F igu re  7 shows th e  r e s u l t s  o f 

experim ents to  determ ine an a n a ly t ic a l  curve fo r  m ercury. V arious v o l-  

xrnes o f a i r  s a tu ra te d  w ith  mercury in  a  la rg e  f l a s k  immersed in  an i c e -  

w ater b a th  a t  0 0C were drawn th rough  a  s e r ie s  o f p la te d  tu b e s . The 

mercury was atom ized a t  a  CRA power s e t t in g  r e s u l t in g  in  a  f i n a l  te rn - . 

p e ra tu re  o f 850 °C and measured by th e  A. A. sp ec tro m e te r. The f ig u re  

shows d a ta  from two methods o f s ta n d a rd iz a t io n . The p o in ts  denoted 

w ith  a t r i a n g le  a re  based on f i l t r a t i o n  o f th e  a i r  s a tu ra te d  w ith  mer­

cury  a t  0 °C w ith  c a lc u la t io n  o f th e  amount o f  mercury based on a  I i t -  

e ra tu re  v a lu e  o f th e  vapor p re ssu re  x . Those denoted w ith  a  c i r c l e  . 

a re  based on th e  d ry in g  of 5» 10, o r  15 m ic r o l i t e r  a l iq u o ts  o f a  f r e s h ­

ly  p repared  2 ppm mercury s o lu t io n  onto  th e  tu b e s .

The r e l a t i v e  s tan d a rd  d e v ia t io n  f o r  th e  f i l t r a t i o n  techn ique  was 

found to  be 6.0% f o r  a  s e r ie s  o f f iv e  tu b es  each w ith  10 cc o f s a tu ra te d  

a i r  (3 .2  x  10""# g Hg) f i l t e r e d  th rough  them . The R. S . D6 f o r  so lu ­

t io n s  p ip e te d  d i r e c t ly  in to  th e  tu b e s , d r ie d  and atom ized was co n sid e r­

ab ly  po o re r (9.6% fo r  7 r e p l ic a t e s  o f 2 .0  x  10” ® g Hg). Because th e re  

i s  no dem onstrab le d if fe re n c e  in  th e  s lo p es  o f a n a ly t ic a l  curves drawn 

based on e i th e r  method o f s ta n d a rd iz a t io n  and th a t  based  on f i l t r a t i o n  

o f  vapor is .  more re p ro d u c ib le , i t  i s  p robab ly  b e t t e r  t o  use i t  f o r  

s ta n d a rd iz a t io n  fo r  ro u tin e  a i r  a n a ly se s .

-22-
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A  points based on 
saturated air

O points based on 
standard solutions 
dried on the tube

0.3C ,

0. 20

g Hg x 10

Figure 7. Standard Curve for Mercury Based on Two Different Methods 
of Standardization
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The cho ice  o f CRA power supply  a to m iza tio n  s e t t in g s  i s  la rg e ly  

a r b i t r a r y  and th e  f i n a l  a n a ly t ic a l  r e s u l t s  depend more upon th e  par­

t i c u l a r  s e t t in g  th an  do th e  r e s u l t s  when s im ila r ly  p repared  cups a re  

used in  th e  W oodriff fu rnace  (^8 , 41# 42) &t d i f f e r e n t  te m p e ra tu res .

This i s  because th e  absorbance peak h e ig h t i s  what i s  measured—n o t th e  

a re a .  When low a tom izer power s e t t in g s  a re  used , th e  f i r s t  v o la t i l iz e d  

mercury atoms have an o p p o rtu n ity  to  d if f u s e  out o f th e  l i g h t  p a th  be­

f o r e  th e  l a s t  o f th e  mercury i s  d riv e n  o f f  o f th e  tube® In  th e  Wood- 

r i f f  fu rn ac e , th e  atoms a re  confined  to  th e  o p t ic a l  a x is  fo r  a  lo n g e r 

tim e and have l e s s  chance to  escape b e fo re  com plete v o l a t i l i z a t i o n  oc­

c u rs . See Appendix I  f o r  c l a r i f i c a t i o n .

A s tudy  was made o f th e  tem p era tu re  to  which a  p la te d  tube  could be 

heated  b e fo re  ap p re c ia b le  mercury was l o s t .  This was done by f i l t e r i n g  

2 cc o f s a tu ra te d  a i r  (27 0C) th rough  a  tube and th e n  p la c in g  i t  in to  

th e  CRA. The power supply was f i r s t  tu rn ed  on to  a  low s e t t in g  f o r  one 

m inute, a f t e r  which th e  tem p era tu re  o f th e  tube  was measured w ith  th e  

therm ocouple. Then th e  f lu sh in g  gas was tu rn e d  on, th e  CRA power 

supply  tu rn ed  to  a  h ig h e r s e t t in g  (450 w a t ts ) ,  and th e  rem aining Hg, 

atom ized and th e  peak h e ig h t m easu red .. Up to  a  f i n a l  tem pera tu re  o f 

150°C no m ercury was l o s t  from th e  p la te d  tu b e s . At 230 0C a l l  o f th e  

mercury was v ap o rized .

F igu re  8 d e p ic ts  r e s u l t s  o f a  s tudy  to  a s c e r ta in  th e  b e s t  CRA 

power s e t t in g  fo r  a to m iz a tio n . Two and one h a l f  cc sam ples o f mercury
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Figure 8. Power Input Versus Observed Atomic Absorbance



—26—

s a tu ra te d  (27 °G) a i r  was drawn th rough  a  porous tu b e  and th e  mercury 

atom ized a t  d i f f e r e n t  power s e t t i n g s ,  As can be seen by th e  f ig u r e ,  i t  

i s  im portan t to  h ea t th e  tu b e  as  r a p id ly  a s  p o s s ib le .  I t  i s  a ls o  very  

im portan t t h a t  th e  tu b e  n o t exceed 1100 0C a t  any tim e du rin g  th e  atom­

iz a t io n ,  I f  t h i s  i s  done th e  go ld  p la t in g  m elts  (m, p , 1060), runs 

to g e th e r ,  and th e  tu b e  i s  ru in ed  f o r  mercury a n a ly s is .  The a c tu a l  

cy c le  decided  upon f o r  most ro u tin e  a n a ly se s  w ith  th e  homemade CRA was 

a  s h o r t  p u lse  o f about 450 w a tts  (50% o f au to tra n sfo rm e r s e t t in g )  f o l ­

lowed by a  q u ick  cooldown to  avo id  o v e rh e a tin g .

Experim ents done w ith  th e  V arian  Model 63 a tom izer a t  th e  Chem istry 

S ta t io n  a t  MSU re v e a le d  th a t  a s a t i s f a c to r y  power s e t t in g  f o r  g e n e ra l 

a n a ly s is  i s  ”3 ,5 ” f o r  2 ,5  seconds w ith  th e  commercial CRA, This s e t ­

t in g  r e s u l t s  in  a  s e n s i t i v i t y  o f  1 ,3  x  10"^® g , The autom ated power 

supply  should  g ive  b e t t e r  r e p r o d u c ib i l i ty  th a n  th e  manual one used 

w ith  th e  homemade CRA,

To be r e a l l y  u s e fu l  a  f i l t e r  used f o r  sam pling g ases must a llo w  a 

f a i r l y  la rg e  sample to  be tak en  in  a  reaso n ab le  tim e . The f i l t r a t i o n  

r a te  o f a i r  w ith  r e s p e c t  to  th e  p re s su re  d i f f e r e n t i a l  a c ro ss  a  tube  was 

s tu d ie d  w ith  a  manometer and a  Gilmont flow  m e te r. F ig u re  9 g ives th e  

r e s u l t s ,  No m easurable d if fe re n c e  was n o tic e d  w ith  r e s p e c t  to  w hether 

o r n o t a  porous g ra p h ite  tu b e  was p la te d  w ith  g o ld . A pparen tly , go ld , 

when p la te d  under th e  h igh  c u r re n t ,  h igh  a c id , c o n d itio n s  used comes 

out in  a  form which does n o t p la te  over th e  pores in  th e  g ra p h ite .
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Figure 9 . Air flow with Respect to Pressure Differential
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A p p lic a tio n  o f th e  Technique to  A ir Sampling 

The s e n s i t i v i t y  (1# a b so rp tio n )  o f  t h i s  tech n iq u e  i s  about 

2 x  10-10 g (depending on a to m iza tio n  rate)®  To t r a n s l a t e  t h i s  f ig u re  

to  a  " d e te c tio n  l im i t "  i t  i s  n ecessa ry  to  d e fin e  what we mean by th e  

term . I t  i s  commonly (b u t no t alw ays) d e fin ed  as  t h a t  q u a n tity  o f 

a n a ly te  which g iv e s  an a n a ly t ic a l  s ig n a l  e q u iv a len t t o  tw ice  th e  stan-* 

dard  d e v ia t io n  o f th e  b la n k . Blank v a lu es  f o r  t h i s  tech n iq u e  a re  made 

by p la c in g  a  c lea n  p la te d  tu b e  in to  th e  f i l t e r  a d a p to r , l e t t i n g  i t  s i t  

f o r  a  few seconds, removing i t  and checking i t  f o r  any mercury th a t  i t  

may have p icked  up . On d i f f e r e n t  o ccas io n s , w ith  d i f f e r e n t  f i l t e r  ad-r­

a p to r s ,  d i f f e r e n t  tu b e -tw eeze r e t c . ,  mean b lank  absorbances correspond­

ing  to  0 to  4 x  10-10 g Hg w ith  s tan d a rd  d e v ia tio n s  o f  0 t o  2 x  10” 1° g

Hg have been m easured. A ty p ic a l  v a lue  o f  2 s (d e te c t io n  l im i t )  would 
-10be about I  x  IO*" g« (An A. A. s p e c tro s c o p is t  i s  h ap p ie r speaking  of;, 

" s e n s i t i v i t i e s "  because th ey  a re  r ig o ro u s ly  d e fin ed  and n o t su b je c t to  

th e  v a g a r ie s  o f in te r p r e ta t io n  and o u tr ig h t  fudg ing  a s  a re  " d e te c tio n  

l i m i t s " . )

The American Conference o f Governmental I n d u s t r i a l  H y g ien ists  has 

adopted a  th re sh o ld  l im i t  v a lue  f o r  m ercury vapor and in o rg a n ic  com­

pounds o f m ercury in  a i r  o f  100 |tig/m3 ^ 6 ) e To d e te c t  such a

le v e l  o f  mercury in  th e  a i r  w ith  a  d ith iz o n e  method would re q u ire  co l­

l e c t io n  o f a  te n  l i t e r  sample ^ ^  P« 3 ) co n sid e ra b le  chem ical man­

ip u la t io n  b e fo re  a n a ly s is .  The method based on th e  GRA would re q u ire

:
- . .
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A ll th a t  i s  needed to  sample mercury le v e ls  in  a i r  a re  a  few 

c lea n  p la te d  tu b e s , an a i r t i g h t  c o n ta in e r  to  c a r ry  them in ,  th e  f i l t e r  

a d a p to r , and a  sy rin g e  o r sim ple pump to  draw a i r  th rough  th e  tu b e s . A
I ' ■

sy rin g e  i s  adequate  f o r  le v e l s  o f mercury down to  about I  pg/m3; a t  

low er le v e l s  i t  i s  h a n d ie r  to  use a  pump. We have used Nalgene s in k  

a s p i r a to r s  in  th e  la b o ra to ry  to  sample f o r  low, background le v e ls  and 

a  m echanical pump e lsew h ere .

An in te r e s t in g  s e r ie s  o f sam ples was run  on June 10, 1973 in  room
I

328 around S herry  Farwe11*s p o la ro g rap h ic  a p p a ra tu s . Table IV g ives 

th e  r e s u l t s .  S ix ty  cc samples o f a i r  a t  v a rio u s  p o in ts  around th e  room 

were tak en  excep t th a t  120 cc were ta k en  n e a r th e  open window. I t  i s  

easy  to  see  t h a t  a  v e ry  sm all q u a n tity  o f s p i l le d  m ercury can r e s u l t  in  

a p p re c ia b le  le v e l s  in  th e  a i r .

To a s c e r ta in  th e  degree o f r e p r o d u c ib i l i ty  p o s s ib le  when sam pling 

low am bient le v e l s  o f  m ercury, r e l a t i v e ly  la rg e  ( 6 .5  -  7«5 l i t e r )  sam­

p le s  o f a i r  were ta k e n  in  a  w e l l -v e n t i la te d  room (room 233) by drawing

a i r  th rough  a  s e r ie s  o f fo u r  tu b es  f o r  f iv e  m inutes each u sin g  a  fa u c e t
I

a s p i r a to r  as  a  pump. A Gilmont flow m eter was used to  measure th e  r a te  

o f sam pling . A mean v a lu e  o f 0 .2 4  |ug/m? and a  RSD o f 7.8% were th e  r e ­

s u l t s  ach iev ed .

On S a tu rday , December I ,  1973, a  mercury s p i l l  o c c u rre d . in  th e  

hood in  room 221. When i t  was c leaned  up, a  t e s t  o f  th e  a i r  in  th e  hood

a 2 cc sample and no chemical preparation before analysiso
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RESULTS

TABLE IV .

OF MERCURY DETERMINATIONS IN THE AIR OF A ROOM WITH 
VISIBLE SPILLED MERCURY

Tube Number L ocation  Hg jug/nP

I to p  o f equipment bench 38

2 under po larograph  43

3 f lo o r  by e a s te rn  w a ll 18

4 f lo o r  by w este rn  w a ll 32

5 near open window 5

ACGIH l im i t  100 ug/m3
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re v e a le d  147 Ug/m^ o f m ercury. This was n o t s u rp r is in g  in  view  o f th e

s i tu a t io n  bu t subsequent t e s t s  re v e a le d  th a t  a i r  sam ples ta k en  on a l l

fo u r  f lo o r s  o f  G aines H a ll con tained  from  17 to  30 ng/n?  o f  m ercury.

F igure  10 d e p ic ts  th e  r e s u l t s  o f d e te rm in a tio n s  run  in  room 233 a t

v a rio u s  tim es du rin g  th a t  day. The. windows were opened a t  about 10:30

A, M, upon th e  d isco v e ry  o f th e se  h igh  le v e l s ,  A s e r i e s  o f  360 cc

sam ples ta k en  over a  f iv e  m inute p e rio d  in  room 234 gave a  mean concent

t r a t io n  o f 23 pg/rn^ and a  r e l a t iv e  s tan d a rd  d e v ia t io n  o f 10$, A

sy rin g e  was used f o r  a l l  o f  th e  sam pling done on th a t  day.

Follow  up d e te rm in a tio n s  were made from 9:30 to  10:00 A, M, on th e

fo llo w in g  Monday, Sanples tak en  in  th e  h a l l s  on a l l  fo u r  f lo o r s  o f th e
3b u ild in g  con ta in ed  from 4 to  7 jig/m m ercury. In  view o f th e  f a c t  t h a t  

s e v e ra l  a u th o r i t i e s  ”  ^ 7 )  have recommended maximum en­

v iro n m en ta l mercury le v e l s  as low as  0 ,3  pg/m?, th e  l e v e l s  encountered  

in  th e  b u ild in g  a re  o f some concern to  th e  a u th o r . These le v e ls  were 

p robab ly  th e  r e s u l t s  o f bo th  a  la rg e  number o f mercury s p i l l s  over 

th e  y e a rs  and the  f a c t  t h a t ,  due to  th e  w eather, th e  b u ild in g  had 

been sea led  up w ith  r e l a t i v e ly  l i t t l e  v e n t i l a t io n ,

As compared to  com m ercially a v a i la b le  mercury d e te c to rs  ( most 

o f which u t i l i z e  a  crude form o f  atom ic ab so rp tio n  measurement ) t h i s  

tech n iq u e  has s e v e ra l  adv an tag es. F i r s t  o f  a l l ,  i t  c ap tu re s  and mea-, 

su re s  bo th  p a r t i c u la te  and gaseous m ercury. The g ra p h ite  tu b es  a re  

e f f e c t iv e  f i l t e r s  f o r  p a r t ic u la te  m a tte r  down to  0 ,016  pm in  d ia -
■ 1 ■ i
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Figure 10. Mercury Levels in Room 233 on December I, 1973
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m eter This s iz e  i s  co n sid e rab ly  sm a lle r th an  th a t  o f  th e  bu lk  o f

a irb o u rh e  p a r t i c u la te  m a tte r  so p a r t i c u la te  mercury i s  e f f e c t iv e ly

tra p p e d .

Another advantage o f th e  gold  p la te d  g ra p h ite  f i l t e r s  i s  th a t  th ey  

do no c o l le c t  and subsequen tly  measure SO2, benzene, ace to n e , e tc .  a s  

do most o f  th e  common mercury m onito ring  equipment (Beckman Instrum en ts  

I n c . ; G eneral E l e c t r i c j  Sunshine S c ie n t i f i c  In s tru m en ts , I n c . ;  e t c . ) .  

Experim ents were perform ed by drawing a i r  s a tu ra te d  w ith  benzene o r 

ace tone  th rough  th e se  tu b e s  and see in g  i f  a n o tic e a b le  "b lan k "  r e s u l te d .  

None d id .  L a te r  experim ents w ith  gases r e s u l t in g  from combustion o f 

h igh  s u l f u r  c o a ls  a ls o  rev ea led  no in te r fe re n c e s  from COg, SO2, o r NO2 .

Non-atomic a b so rp tio n  as measured by use o f a  deuterium  lamp has 

never been observed in  a i r  samples tak en  in  th e  Bozeman a re a .  However, 

i t  i s  conce ivab le  th a t  an in te r fe re n c e  would be noted  in  a  sample o f a i r  

c o n ta in in g  v e ry  high c o n ce n tra tio n s  o f  t a r r y  smoke r e s u l t in g  from in ­

complete burn ing  o f o rg an ic  m a te r ia ls .  I f  t h i s  should occu r, some mod­

i f i c a t i o n  o f th e  m e rc u ry -in -so lid s  combustion ap p ara tu s  to  be d iscu ssed  

l a t e r  in  t h i s  th e s i s  should e lim in a te  th e  problem .

P o rtions, o f  t h i s  s e c t io n  o f th e  th e s i s  have been p u b lish e d .

A p p lica tio n  o f th e  Technique to  W ater Samples

The most commonly u t i l i z e d  method fo r  th e  a n a ly s is  o f  mercury in  

aqueous s o lu t io n s  i s  th e  s tra ig h tfo rw a rd  a d d itio n  o f stannous ch lo rid e  

to  th e  sam ple, whereupon th e  mercury i s  reduced to  th e  m eta l and i s



c a r r ie d  as  a  vapor in to  a  co ld  vapor a b so rp tio n  tu b e  by a  c a r r i e r  gas 

bubbled th rough  th e  s o lu t io n .  Mercury in  o rgan ic  forms i s  f i r s t  con­

v e rte d  to  th e  io n ic  form by p re tre a tm en t o f  th e  sample w ith  H2SO^ and 

KMMÔ 0 The main problem s a s so c ia te d  w ith  th e  techn ique a re  th o se  r e ­

la te d  to  th e  k in e t ic s  o f th e  re d u c tio n -a e ra tio n  p ro cess  a s  enumerated 

b e fo re . W ater vapor a long  w ith  v o l a t i l e  o rg an ic  compounds in te r f e r e  

w ith  th e  f i n a l  measurement and must be e i t h e r  removed from th e  gas 

stream  o r t h e i r  e f f e c t s  c o rre c te d  f o r .

F igu re  11 i s  a  diagram  of th e  f i n a l  v e rs io n  o f s e v e ra l  ap p a ra ta  

made to  a llo w  a p p lic a t io n  o f th e  p la te d -g ra p h ite  CRA tech n iq u e  to  

w ater a n a ly s is .  The bubb ling  f la s k  was made of a  125 cc erlenm eyer 

f la s k  to  which was added a  lo n g e r neck , an en tran ce  p o r t  s e a le d  w ith  

a  rubber septum , a  s id e  tu b e , and a  d ra in  tu b e  in  th e  bottom , A 

t h i s t l e  tu b e  w ith  a  g la s s  f r i t  gas d i f f u s o r  i s  mounted in  a  rubber s to p ­

p e r o f  a  s iz e  to  f i t  th e  neck o f th e  f l a s k ,  A gold p la te d  porous 

g ra p h ite  a i r  f i l t e r  mounted on a  s to p p e r to  f i t  th e  t h i s t l e  tube was 

used (when n ecessa ry ) to  reduce "b lan k ” le v e l s  r e s u l t in g  from measure­

ment o f th e  mercury in  th e  a i r  used to  c a r ry  th e  reduced m ercury from 

th e  s o lu t io n .  The bottom  of th e  f l a s k  was drawn t o  a  s l i g h t ly  c o n ic a l 

shape and th e  d ra in  was sea le d  o f f  w ith  rubber tu b in g  and a  g la s s  bead . 

By squeezing  th e  tu b in g  over th e  bead , i t  i s  p o s s ib le  to  d ra in  th e  f la s k  

in  a  few seconds.

The f i l t e r  ad ap to r i s  mounted on th e  s id e  tube  and a i r  i s  drawn
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t h rough bo th  i t  and th e  r e s t  o f  th e  system  w ith  a  s in k  a s p i r a to r  a t  a 

flow  r a te  o f  400 to  500 cc /m in u te . The only  reag en t used was 20% SnClg 

(B-A re a g en t g rad e ) in  6 F HCl.

The procedure used to  analyze a  sample i s  a s  fo llo w se The aspira** 

to r  i s  tu rn e d  on and a i r  drawn th rough  th e  system® I n i t i a l l y ,  no gold 

p la te d  tu b e  i s  p laced  in  th e  f i l t e r  adaptor® One o r two ml o f stannous 

c h lo r id e  re a g en t i s  added to  th e  f l a s k .  This i s  u s u a lly  done by p ip e t -  

ing  i t  in to  th e  t h i s t l e  tu b e  and washing i t  down w ith  a  few ml of 

water® The system  i s  allow ed to  bubble fo r  a  m inute o r so to  f lu s h  out 

any m ercury p re se n t in  th e  stannous c h lo rid e  o r d i s t i l l e d  water® Then 

a  gold p la te d  f i l t e r  tu b e  i s  pu t in to  th e  ad ap to r and th e  w ater sample 

added. I f  th e  sample i s  tu r b id ,  i t  i s  added th rough  th e  fu n n e l; i f . . 

c le a r ,  i t  i s  p laced  in to  th e  t h i s t l e  tu b e . The purpose o f adding tu rb id  

samples th rough  th e  fu n n e l i s  to  p rev en t c logg ing  th e  gas d i f f u s e r  f r i t  

on th e  end o f th e  t h i s t l e  tu b e . The system  i s  allow ed to  bubble th re e  

o r fo u r m inutes b e fo re  th e  gold  p la te d  tube  i s  removed and th e  evolved 

mercury determined®

To determ ine th e  bubb ling  tim e re q u ire d  to  ensure  complete reduc­

t io n  and subsequent m ercury c o l le c t io n ,  a  s e r ie s  o f t e s t s  was run w ith
_ 8

1 .5  x  10 g mercury as  Hg+* in  10 ml o f w a te r . The p la te d  tu b es  were 

removed and analyzed  fo llo w in g  d i f f e r e n t  in te r v a l s  a f t e r  th e  sample was 

added and th e  observed atom ic absorbances were p lo t te d  a g a in s t  th e  bub­

b lin g  tim e (F igu re  1 2 ). The shape o f th e  r e s u l t in g  curve was c a lc u la te d
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u t i l i z i n g  th e  " f lu sh in g  eq u a tio n "  (36 , p„ 199) ,  The bubb ling  r a te  was 

470 cc/m in ,

Vq = volume of system (200 cc)
In  Cn = V V — volume o f f lu s h in g  gas (v o l/m in  x  t )

Cm Vq Cq = i n i t i a l  l e v e l  o f  Hg in  f l a s k
Ct ~ le v e l  o f Hg in  f l a s k  a t  tim e " t "

Because th e  observed f lu s h in g  r a te  i s  so w e ll accounted fo r  by th e

e q u a tio n , th e  a c tu a l  re d u c tio n  tim e f o r  m ercury in  th e  sim ple so lu tio n

used must be v e ry  sm a ll. A ty p ic a l  a n a ly t ic a l  curve f o r  t h i s  system

i s  g iven  in  F ig u re  13.

A s tan d a rd  a d d it io n  experim ent was perform ed on a  sample rece iv ed  

from th e  U. S . F o re s t S e rv ice  o f  d ra in ag e  w ater from a  le a d  mine in  

Langhor Canyon. D if fe r in g  amounts o f I  ppm Hg s o lu t io n  were added t o  5 

m i l l i l i t e r  sam ples o f th e  w a ter and th e  t o t a l  mercury r e s u l t s  compared 

to  th o se  o f s im ila r  a l iq u o ts  o f th e  s tan d a rd  a lo n e . A r a th e r  substan ­

t i a l  b lank  (SE = 0 .0 6 3 , n = 5) has n o t been su b tra c te d  from  a ry  o f th e  

p o in ts  p lo t te d  in  F igu re  14.

F ive more sam ples were run  o f ta p  w a ter ta k e n .a t  v a rio u s  p o in ts  in  

th e  c i ty  o f  Bozeman. There was l i t t l e  v a r ia t io n  in  th e  mercury le v e ls  

m easured. The c o n c e n tra tio n s  ran  from 0 .0 1 8  to  0 .025 ppb— a l l  f a r  

below th e  USPHS l im i t  o f  5 ppb.

There has been only  a  l im ite d  amount o f a p p lic a t io n  work done to  

d a te  w ith  t h i s  te c h n iq u e . The tech n iq u e  i s  very  f a s t  ( 4 - 5  m in u tes), 

s e n s i t iv e  (4 x  10“3 ppb in  a  50 ml sam ple) and should  be u s e fu l  in  geo­

chem ical p ro sp e c tin g  a s  w e ll a s  in  ro u tin e  t r a c e  le v e l  w a ter a n a ly s is .



A
bs

or
ba

nc
e

~39“

g . Hg x 10

Figure 13. Typical Analytical Curve for Water Analysis System



A
bs

or
ba

nc
e

—4 0 —

A Standard addition curve

Standards alone

( Mine water contained 1.0  ppb 
mercury.)

0 5 10 gl5 20
g Hg added x 10

Figure 14. Standard Additions to Langhor Mine Water



-41-

A p p lica tio n  o f  th e  Technique to  S o lid  Samples 

D ire c t com bustion o f s o l id s  as  a  means o f r e le a s in g  th e  mercury 

in to  a  gas s tream  f o r  subsequent a n a ly s is  has been u t i l i z e d  in  some 

form or an o th e r f o r  s e v e ra l  y e a rs  48 -  49) # Q0Id  o r s i l ­

v e r  was used by most o f th e se  w orkers to  co n cen tra te  th e  mercury and 

to  e lim in a te  in te r f e r e n c e s .

The a p p a ra tu s  th a t  was used to  adap t gold  p la te d  CRA tu b e s  to  th e  

d i r e c t  d e te rm in a tio n  o f mercury in  s o l id s  i s  shown in  F ig u re  1$. T h is 

i s  th e  l a t e s t  o f  s e v e ra l  v e rs io n s  t h a t  have been t r i e d .  B a s ic a l ly , i t  

i s  sim ply a  nichrome w ire-w rapped Vycor combustion tu b e  w ith  two oxygen 

i n l e t s  and an e n tran ce  p o r t .  The tu b e  has two main s e c t io n s :  th e  com­

b u s tio n  chamber p ro p er and a  fo llo w in g  " a f te rb u rn e r"  s e c t io n  lo o se ly  

f i l l e d  w ith  a  g ra n u la ted  fu s io n  mass o f 4 p a r ts  CaO t o  I  p a r t  NagCO^. 

Oxygen flow, i s  c o n tro lle d  and measured by a  p a i r  o f Gilmont flow  gauges 

and need le  v a lv e s . The combustion b o a t i s  made from a  s h o r t  s e c t io n  o f 

10 mm d iam eter q u a rtz  tu b in g  which has been s p l i t  in  h a l f  and sea le d  to  

a  le n g th  o f 4 mm q u a rtz  ro d . An e a r l i e r  v e rs io n  (50) in c o rp o ra te d  a 

co ld  f in g e r  in  th e  t r a i n  to  remove w a te r vapor; however, i t  i s  no t 

g e n e ra lly  n ecessa ry  to  do so . A b a llo o n  on th e  f i r s t  oxygen i n l e t  tu b e

se rv es  as  a  p re s su re  in d ic a to r .  As in  th e  bubbling  ap p a ra tu s  d iscu ssed
' ; . " " '

in  th e  l a s t  s e c t io n ,  a  fa u c e t a s p i r a to r  i s  u t i l i z e d  to  draw th e  evolved

g ases th rough  th e  w a lls  o f  th e  g ra p h ite  tu b e s .

Sample a n a ly s is  i s  perform ed a s  fo llo w s . The power i s  ap p lie d  to
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h e a t th e  tube and th e  a s p i r a to r  tu rn ed  on. ( I t  i s  l e f t  running  fo r  as 

long  a s  any sam ples o r  s tan d a rd s  a re  be ing  r u n .)  Then a  c le a n , gold 

p la te d  tu b e  i s  p laced  in to  th e  f i l t e r  a d a p to r . The sample ( I  -  100 mg) 

i s  weighed in  th e  combustion b o a t and th en  th e  boa t i s  in s e r te d  in to  th e
I

com bustion chamber. The oxygen flow  i s  a d ju s te d  to  th e  maximum which ' 

p e rm its  a  n e t t o t a l  p re s su re  in  th e  com bustion tu b e  o f l e s s  th an  one 

atm osphere (u s u a lly  about 200 cc/m in . fo r  each o f th e  two i n l e t s ) .  . The 

purpose o f t h i s  i s  to  a ssu re  t h a t  a  le a k  in  th e  system  r e s u l t s  in  no : 

lo s s  o f m ercury vap o r. Complete combustion ta k e s  from 10 seconds to  

about a  m inu te . The system  i s  allow ed to  f lu s h  f o r  two o r th re e  min­

u te s  more and th e n  th e  CRA tu b e  i s  removed and th e  cap tu red  mercury 

determ ined a s  p re v io u s ly  d e sc r ib e d .

The method i s  c a l ib r a te d  by p la c in g  v a rio u s  volumes o f  mercury 

s tan d a rd  s o lu t io n s  in to  th e  com bustion b o a ts  and t r e a t i n g  them e x a c tly  

l ik e  s o l id  sam ples. A comparison was made o f t h i s  method o f  s tan d a rd ­

iz a t io n  w ith  re s p e c t to  t h a t  o f adding th e  same amount o f s tan d a rd  mer­

cury s o lu t io n  d i r e c t ly  to  th e  p la te d  CRA tu b e , d ry in g  i t ,  and f i n a l ly  

a tom izing  i t .  F ive m ic r o l i t e r s  o f  a  fo u r  ppm Hg s o lu t io n  (20 ng Hg) 

were a l t e r n a t iv e ly  p laced  in to  e i t h e r  th e  combustion b o a t (and "burned” ) 

o r  d i r e c t l y  in to  a , CRA tu b e . The r e s u l t s  a re  g iven  in  Table 7 . The 

d a ta  su p p o rt th o se  g iven  on F igu re  7 and th e  co n c lu sio n  i s  th e  same; 

i .  e . ,  m ercury vapor s ta n d a rd iz a t io n  i s  more re p ro d u c ib le  th an  s o lu tio n  

s ta n d a rd iz a t io n , b u t th e re  i s  no o th erw ise  s ig n i f ic a n t  d if fe re n c e  in  r e -  .
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TABLE V

COMPARISON OF DIRECT AT. CMIZ AT ION TO COMBUSTION 
FOR STANDARDIZATION

Number o f d e te rm in a tio n s  (n)

Combustion Boat 

. 8

CRA Tub, 

8

Mean Absorbance (X) 0.418 0.406

Standard  D ev ia tio n  ( s ) 0.0126 0.0295

R e la tiv e  S tandard  D ev ia tion  (RSD) 3 .0# 7.4#

■ t  -  1.0.5

t^ c g  (14 degrees o f freedom) = 2.10

no s ig n i f ic a n t  d if fe re n c e  between means a t  95# 

confidence le v e l

F -  4 .85

F (0 . 05 ) (7  & 7 degrees o f  freedom) = 3 .79

There i s  a s ig n i f ic a n t  improvement in  r e p ro d u c ib i l i ty  

. when s tan d a rd s  a re  "burned".
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s u i t s  w ith  re s p e c t to  method.

Because mercury i s  u s u a lly  found in  th e  p resence  o f s u l fu r  in  o r­

gan ic  as  w e ll a s  m in e ra l m a tric e s  a  t e s t  was run  to  see  i f  n e t  recovery  

o f m ercury was a f fe c te d  by an excess o f  su lp h id e . The a d d itio n  o f a 

th o u san d -fo ld  excess o f (NH^)2S to  2 x  10"® g o f m ercury in  a  s tan d a rd  

s o lu t io n  p laced  in to  th e  combustion b o a t had no e f f e c t  on e i th e r  th e  

recovery  o f m ercury o r on th e  background.

S e v e ra l d i f f e r e n t  ty p e s  o f  o rg an ic  samples were an a ly zed . I t  was 

n e ce ssa ry  to  g rin d  th e  sample t o  l e s s  th an  100 mesh t o  g e t re p ro d u c ib le  

r e s u l t s  in  some c a se s . In  a l l  cases s tu d ie d , s tan d a rd  a d d itio n s  o f  mer­

cury s o lu t io n  to  th e  samples gave a n a ly t ic a l  curves p a r a l l e l  to  curves 

p rep ared  w ith  s o lu t io n s  a lo n e . The amount o f sample was chosen to  

g ive on th e  o rd e r o f te n  to  f i f t y  nanograms of mercury c o lle c te d  on th e  

tu b e . M olecular a b so rp tio n  due to  incom plete o x id a tio n  o f t a r s  was a  

problem  in  p re lim in a ry  work. . However, changing th e  p o s i t io n  o f th e  

com bustion b o a t in  th e  combustion chamber, o r th e  Og flow s, o r , i f  

n e ce ssa ry , red u c in g  th e  s iz e  o f sample burned has e lim in a te d  t h i s  prob­

lem in  every  ty p e  o f sample s tu d ie d . A sim ultaneous background c o r re c t­

io n  system  would e lim in a te  some problem s along  t h i s  l i n e  i f  one were 

a v a i l a b le .

Ground o rchard  le a v e s  (NBS no . 1571) were th e  only  samples analyzed  

w ith  a  known mercury c o n te n t. The r e s u l t s  o b ta in ed  w ith  seven r e p l i ­

c a te s  q£ about 50 mg le av e s  each tim e were a  mean v a lu e  o f 0 .16  ppm and



a r e l a t i v e  s tan d a rd  d e v ia t io n  o f 7 .8 # . The accep ted  v a lu e  f o r  th e se  

le av e s  i s  0 .1 6  ppm.

A la rg e  number o f  c o a l sam ples were th e  prim ary  reaso n  f o r  begin­

n in g  re se a rc h  on a  q u ick , r e l i a b l e  method f o r  de term in in g  m ercury. Re­

cen t developm ent o f low s u lf u r  c o a l d e p o s i t s . in  e a s te rn  Montana has 

sparked c o n sid e ra b le  i n t e r e s t  in  p o s s ib le  t r a c e  m eta l con tam ination  o f 

th e  environm ent r e s u l t in g  from use o f th e  c o a l. V alues f o r  a  s e r ie s  o f 

fo r ty - th r e e  such c o a ls  ranged from 0 .06  to  a  h igh o f 0 .6  ppm w ith  r e l ­

a t iv e  s tan d a rd  d e v ia t io n s  o f  about 7# f o r  r e p l ic a te s  on in d iv id u a l 

sam ples. Very f in e ly  ground sam ples were re q u ire d  f o r  good rep ro d u c i­

b i l i t y  w ith  c o a l.

H air and to e n a i l  sam ples from a number o f  in d iv id u a ls  were analy ­

zed . A pproxim ately 3 - 5  m illig ram s o f sample i s  re q u ire d  f o r  th e se  

t e s t s .  V alues ranged from 0 .8  ppm to  3»0 ppm f o r  h a i r  and somewhat l e s s  

th an  t h i s  f o r  th e  n a i l  sam ples. R e la tiv e  s tan d a rd  d e v ia t io n s  fo r  

chopped h a i r  sam ples were 8# .

At t h i s  w r i t in g  th re e  o f  th e se  m ercury d e te rm in a tio n  system s 

have been b u i l t  fo r .u s e  in  a n a ly t i c a l  l a b o r a to r ie s .  The Chem istry 

S ta t io n  u ses  one on a  ro u tin e  b a s is  f o r  a  wide v a r ie ty  o f  sam ples. Mr. 

L aszlo  Torma has req u ested  perm issio n  to  p re se n t th e  r e s u l t s  o f h is  

f in d in g s  concern ing  th e  tech n iq u e  a t  a  n a t io n a l  A. 0 . A. C. m eeting .

D r. Frank Munshower purchased one fo r  h is  la b o ra to ry  f o r  feed  and fo r ­

age a n a ly s is .  The Department o f H ealth  and Environm ental Sciences in
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Helena i s  p re s e n tly  g e t t in g  one s e t  up f o r  com parative t e s t s .  A ll o f  

th e se  la b o r a to r ie s  have V arian  model 63 carbon rod a to m iz e rs .

C onclusions

The b a s ic  approach s tu d ie d  has proven to  be a p p lic a b le  to  th e  de­

te rm in a tio n  o f m ercury in  th e  e n t i r e  range o f  sample ty p e s  normally sub­

m itted  to  a n a ly t i c a l  l a b o r a to r ie s , The degree o f freed o n  from in t e r ­

fe re n c e s  and s e n s i t i v i t y  i s  unusual f o r  so sim ple an a n a ly t ic a l  ap­

p roach , The main problem s a s s o c ia te d  w ith  i t  have been w ith  im p erfec t 

s e a l in g  o f th e  tu b e s  in  th e  f i l t e r  ad ap to rs  a llow ing  th e  gases sampled 

to  go around and th e re b y  cau sin g  a  lo s s  o f s ig n a l .  T his i s  p r im a rily  

due to  roughness on th e  ends o f th e  f i l t e r  tu b es  caused by norm al wear 

as  w e ll a s  by d ropp ing , e t c .  The s i l ic o n e  rubber g a sk e ts  have been 

h e lp fu l  in  t h i s  r e s p e c t  because t h a t  m a te r ia l  " u p se ts ” to  f i l l  (and 

s e a l )  su rfa c e  im p e rfe c tio n s  b e t t e r  th an  d id  th e  e a r l i e r  m a te r ia ls  

u sed . An improved model o f  th e  f i l t e r  ad ap to r u t i l i z i n g  a  f r e e ly -  

tu rn in g  r e a r  g a sk e t has shown prom ise o f reducing  wear on bo th  th e  gas­

k e ts  and th e  tu b e s .

Another problem  seen  only w ith  th e  commercial (V arian  Model 63 )

CRA i s  w ith  breakage o f th e  porous tu b e s . The porous tu b e s  a re  f r a g i l e  

as  compared t o  th e  th ic k -w a lle d , im pervious g ra p h ite  tu b e s  th a t  th e  CRA 

i s  designed  to  u se , and th e  sp rin g  te n s io n  on th e  carbon rods must be 

a d ju s te d  w ith in  narrow  l i m i t s ,  A weaker (a lth o u g h  e n t i r e ly  s tro n g  e -  

nough f o r  e i t h e r  ty p e  o f tu b e )  sp r in g  would a l l e v i a t e  t h i s  problem .
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The work to  d a te  has been w ith  th e  carbon rod ty p e  o f a tom izer and 

W oodriff fu rn a c e j however, th e  b a s ic  tech n iq u e  should  be a p p lic a b le  to  

any o f th e  s e v e ra l  carbon tu b e  a to m izers  p re s e n tly  on th e  market*

r



DIRECT A. A. DETERMINATION .OF METALLIC POLLUTANTS IN AIR 
WITH A CARBON ROD ATOMIZER

In tro d u c tio n

The e f f e c t iv e  c o n tro l  o f  a irb d u rn e  p a r t i c u la te  m a tte r  re q u ire s  th e  

c a p a b i l i ty  o f  an a ly z in g  a irb o u rn e  p a r t i c u l a t e s e For t h i s  purpose op­

t i c a l  em ission  sp ec tro scopy  has been e x te n s iv e ly  used to  o b ta in  most o f 

th e  d a ta .  A r e l a t i v e ly  la rg e  number o f  elem ents can be determ ined s i ­

m ultaneously  by t h i s  te ch n iq u e . However, th e  tech n iq u e  i s  n e i th e r  as  

s e n s i t iv e  nor a s  a c c u ra te  as  atom ic a b so rp tio n  and i t  a ls o  re q u ire s  

bo th  more expensive equipment and more h ig h ly  tra in e d  p e rso n n e l th an  

does A. A. I n te r n a l  s ta n d a rd iz a tio n  ^ l )  improves th e  p re c is io n  and 

accuracy  b u t does n o th in g  to  a l l e v ia te  th e  o th e r problem s. X ray  

f lu o resc en c e  spec trom etry  i s  sometimes used bu t i t  s u f f e r s  to  an even 

g re a te r  degree from most o f  th e  same problem s as does atom ic em ission 

a n a ly s is .  I t  i s  even more expensive , prone t o  in te re le m en t i n t e r f e r ­

en ces , and th e  p re p a ra t io n  o f p roper s tan d a rd s  i s  very  d i f f i c u l t  ^ 2 ) o 

In  re c e n t y e a rs  atom ic a b so rp tio n  a n a ly s is  has been w idely  used 

fo r  th e  a n a ly s is  o f  t r a c e  m eta ls  in  a tm ospheric  p a r t i c u la te s  ^ 3  ~ 59)„ 

The c h ie f  reaso n s f o r  t h i s  t re n d  in c lu d e  good s e l e c t i v i t y ,  s e n s i t i v i t y ,  

sim ple o p e ra tin g  te c h n iq u e s , and low i n i t i a l  equipment c o s ts .  The con­

v e n tio n a l flam e A. A. system  s u f fe r s  from two m ajor d isad v an tag es . I t  

has a  la rg e  consumption ( I  — 2 m l/m inu te) o f sample s o lu t io n ,  and i t  

la c k s  th e  s e n s i t i v i t y  to  perform  u l t r a t r a c e  an a ly se s  u n le ss  very  la rg e
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a i r  sam ples a re  ta k e n e This volume requ irem ent can be d r a s t i c a l ly  r e ­

duced by u sing  non-flam e atom ic a b so rp tio n  because o f i t s  in h e re n tly  

g r e a t e r ' s e n s i t i v i t y .

C o lle c tio n  o f le ad  p a r t i c u la te s  on a  f i l t e r  from a i r  volumes as 

sm all as  te n  l i t e r s  fo llow ed by chem ical d ig e s tio r l and non-flam e 

atom ic a b so rp tio n  had been re p o rte d  by Qmang T he.continuous

d e te rm in a tio n  o f a tm ospheric  le ad  by an in d u c tio n  heated  carbon tube 

fu rn ace  has been re p o rte d  by L o f tin  e t  a l .

Much o f th e  d i f f i c u l t y  in  ach iev in g  good d e te c tio n  l im i t s  i s  as 

much due to  th e  sample c o l le c t io n  and chem ical p re tre a tm en t s te p s  as 

to  th e  a c tu a l  s e n s i t i v i t y  o f th e  a n a ly t ic a l  to o l  used fo r  th e  f i n a l  

a n a ly s e s . A ty p ic a l  example would be the. a n a ly s is  o f  b e ry lliu m  par­

t i c u l a t e s .  A commonly accep ted  approach would be to  draw a i r  th rough 

a  m ii l ip o re  f i l t e r ,  d ig e s t  th e  f i l t e r  in  a c id , and b r in g  th e  s o lu tio n  

volume up to  50 o r 100 ml p r io r  to  a n a ly s is .  I f  b e ry lliu m  p a r t ic u la te s  

a t  th e  maximum le v e l  accep ted  by law in  Montana (0 .0 1  ug/m?) were to  be 

d e te c te d  in  t h i s  manner, even w ith  a  very  s e n s i t iv e  non-flam e atom ic 

a b so rp tio n  tech n iq u e  ^ 2 ) ,  a  t o t a l  o f s ix ty  cubic m eters o f  a i r  would

need to  be sam pled. A sample t h i s  s iz e  ;would re q u ire  about a  day to
I

c o l le c t  on a  m ii l ip o re  f i l t e r .  The f a c to r  l im i t in g  th e  s e n s i t i v i t y  in  

t h i s  case i s  th e  sample p re tre a tm en t s te p  w ith  i t s  a tte n d a n t d i lu t io n ,

n o t th e  a c tu a l  a n a ly s is  s te p .
-■ .

To minimize sample p re tre a tm en t and d i lu t io n ,  Matpusek and Brodie



used Varian Techtron carbon cup atomizer for direct air sam­

pling of lead* An essentially standard cup is perforated through the 

bottom with many small holes* A small disk of millipore acetate filter 

is placed in the cup (a la Buchner funnel) and the air to be sampled is 

drawn through* The filter material is burned off slowly firstj then the 

lead is atomized in normal fashion. Because there is a large amount of 

lead in the millipore disks they were pro-cleaned by soaking in

nitric acid to minimize blanks*

Lech and W oodriff (30) were th e  f i r s t  to  re p o r t  on th e  f i l t r a t i o n  

o f le a d  p a r t i c u la te s  by g ra p h ite  fu rn ace  a tom izer cups* A ir was 

drawn th rough  th e  w a lls  o f porous g ra p h ite  cups which were in s e r te d  

in to  a  W oodriff fu rn ace  w ith  no p re tre a tm en t w hatsoever* The s e n s i t i ­

v i t i e s  re p o rte d  a re  th e  b e s t  in  term s o f amount o f le a d  d e tec tab le , p e r 

u n i t  volume o f a i r  o f any tech n iq u e  c i te d  to  date* S ee ley  and Skogerboe 

(64) fo llow ed up on Lech9S work by u sin g  an em ission  sp ec tro g rap h ic  

tech n iq u e  to  determ ine m eta ls  cap tu red  in  porous g ra p h ite  e le c tro d e  

f i l t e r s  * The s e n s i t i v i t y  o f th e  em ission  method i s  g e n e ra lly  co n sid er­

ab ly  i n f e r io r  to  t h a t  o f th e  atom ic a b so rp tio n  method o f Lech b u t i t  

does have th e  advantage o f th e  sim ultaneous d e te rm in a tio n  o f s e v e ra l 

e lem ents on th e  same f i l t e r .

The Woodriff furnace is not yet widely used in analytical labor­

atories while the Varian Techtron type of carbon rod atomizer (CRA) 

is* The CRA has absolute sensitivities generally comparable to the

-51-
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W oodriff fu rn ace  and p o ssesses  th e  e a s i ly  removable, a to m izer tu bes 

n ecessa ry  f o r  s u c c e ss fu l a d a p ta tio n  to  f i l t e r s o A f le x ib le  power sup­

p ly  a llow s sample p re -a sh in g  d i r e c t ly  in  th e  a tom izer tu b es  so no 

re a g en ts  a re  needede . For th e se  reaso n s th e  au th o r decided  to  in v e s t i ­

g a te  th e  use o f t h i s  ty p e  o f  a to m izer f o r  th e  d i r e c t  a n a ly s is  o f a 

wide range o f  p a r t i c u la te  m a tte r  in  a i r .

E xperim en ta l

The sp e c tro sc o p ic  a p p a ra tu s , th e  carbon rod a to m izer, and th e  f i l ­

t r a t i o n  a d ap to r used have a lre ad y  been d esc rib ed  in  t h i s  t h e s i s .  The 

porous g ra p h ite  tu b es  a re  id e n t i c a l  to  th o se  used f o r  th e  work on mer­

cury except th ey  a re  no t p la te d  w ith  gold  f o r  p a r t i c u la te  analysis®  

N a tio n a l AGKS o r AGKSP proved to  be e q u a lly  s a t i s f a c to r y  f o r  g ra p h ite  

f i l t e r s  w ith  th e  nod going to  th e  f i r s t  because o f i t s  low er p r ic e ,

C ontrary  to  LechvS f in d in g s  (41) i t  was found by t h i s  au th o r th a t  

f i l t r a t i o n  ad ap to rs  machined from L u c ite  were f u l l y  a s  d e s ira b le  as 

th o se  made from T e flo n . The L u c ite  i s  much cheaper and e a s ie r  to  

machine th an  T e flo n  and seems to  be as  easy  to  c le a n . The contamina­

t io n  problem s th a t  Lech experienced  were l ik e ly  due to  th e  n a tu re  o f  th e  

gask e t m a te r ia l  he used r a th e r  th an  to  th e  m a te r ia l  o f  th e  body of th e  

f i l t e r  a d a p to r . S il ic o n e  rubber has proven to  be a  s a t i s f a c to r y  gas­

k e t m a te r ia l  in  L u c ite  f i l t e r  a d ap to rs  w ith  no con tam ination  problems 

f o r  th e  d e te rm in a tio n  o f Pb, Ag, Cd, Be, Se, As o r Hg,

P a r t i c u la te s  were g en era ted  in  th e  la b o ra to ry  in  a  v a r ie ty  of
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ways. An approach used in  s e v e ra l  in s ta n c e s  invo lved  a s p ir a t in g  so lu ­

t io n s  in to  sp ec tro sc o p ic  premix o r t o t a l  consumption burners,, The 

d ro p le ts  o f  s o lu t io n  c o n ta in in g  a  s a l t  o f  th e  elem ent o f  i n te r e s t  were 

c a r r ie d  in to  th e  flame where th ey  were decomposede The gases above 

th e  flam e c o n ta in  p a r t i c u la te s  r e s u l t in g  from recom bination  o f th e  e le ­

ments e n te r in g  th e  flam e. These system s fe a tu re  a  re p ro d u c ib le  con­

c e n tr a t io n  o f p a r t i c u la te s  p e r u n it  volume o f gas b u t g ive  an unknown 

p a r t i c l e  s iz e  d i s t r ib u t io n  and com position . A Beckman double s lo t  

C H ^/air A. A. b u rn e r f i t t e d  w ith  a  premix d e so lv a tio n  chamber i s  p ic ­

tu re d  in  F igu re  16. A Beckman CgHg/Og t o t a l  consumption bu rn er was 

used fo r  g e n e ra tin g  Cd c o n ta in in g  p a r t i c l e s .

An u l t r a s o n ic  n e b u liz e r  (Tomorrow E n te rp r iz e s 1, Portsm outh, Ohio) 

f i t t e d  w ith  a  d e so lv a tio n  system  and a  d ilu tio n /m ix in g  chamber was used 

to  produce re p ro d u c ib le  c o n ce n tra tio n s  o f  p a r t i c l e s  o f  roughly  known 

dim ension fo r  c o l le c t io n  e f f ic ie n c y  s tu d ie s .  F igu re  17 d e p ic ts  th e  

apparatus® S o lu tio n  d ro p le ts  o f mean d iam eter 2 .5  pm a re  generated  by 

the  u l t r a s o n ic  n e b u liz e r  and a re  c a r r ie d  by a  flow  o f 90 cc/m inute o f  

a i r  in to  a  nichrome w ire heated  des o lv a t io n  tube  in  w hich tiie -so lv e n t 

(m ethanol) i s  d riv e n  o f f .  The excess m ethanol i s  condensed and removed 

w ith  a  co ld  f in g e r .  The d eso lv a ted  p a r t i c l e s  a re  th e n  mixed w ith  a 

la rg e  volume o f a i r  and blown down th e  le n g th  o f a  m ixing tube  b e fo re  

th ey  a re  sam pled.

A m otorcycle burn ing  re g u la r  gas was used to  g en e ra te  le a d -c o n ta in -



Figure 16. Beckman DB flame p a r t ic u la te  g en e ra to r
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ing  p a r t i c u la te s  fo r  a  comparison s tudy  o f m ill ip o re  v e rsu s  g ra p h ite  ; 

f i l t r a t io n ®  F ig u re  18 shows th e  e n t i r e  a p p a ra tu s . A f r a c t io n  of th e  

exhaust g ases a re  d i lu te d  and mixed w ith  compressed a i r  p r io r  to  sam­

p lin g  in  a  m ixing chamber s im ila r  to  th a t  used w ith  th e  u l t r a s o n ic  

n e b u liz e r  d e sc rib e d  above.

S e v e ra l o th e r  system s which g en era ted  p a r t i c l e s  c o n ta in in g  m etals 

hazardous to  human h e a lth  were in v e s t ig a te d .  Included  in  t h i s  category  

a re  c ig a r e t t e s ,  c e r ta in  ty p es  o f c an d le s , and g a so lin e  lamp m an tles . A 

more com plete d is c u s s io n  o f th e se  w i l l  be g iven  in  th e  fo llo w in g  sec­

t io n s .

For most o f  t h i s  work, a  60 cc d isp o sa b le  sy rin g e  was used to  

draw a i r  samples th rough  th e  w a lls  o f th e  f i l t e r  tu b e s . A much la r g e r  

(1 .35  l i t e r )  homemade sy rin g e  was used in  some c a se s . A Nalgene 

fa u c e t a s p i r a to r  was used in  th e  la b o ra to ry  fo r  h ig h e r volume sam pling.

A sm all b a tte ry -p o w ered  a i r  com pressor (Auto F la to r , W. R. Brown C orp ., 

Chicago 1 1 1 .) was m odified  f o r  use f o r  h igh  volume sam pling o u ts id e  th e  

b u ild in g .

The a n a ly t ic a l  tech n iq u e  i s  s im ila r  to  t h a t  a lre a d y  d esc rib ed  fo r  

th e  d e te rm in a tio n  o f mercury in  a i r .  A p re -h ea ted  CRA tu b e  i s  p laced 

in to  th e  f i l t e r  ad ap to r and a  measured volume o f a i r  i s  drawn through 

th e  w a lls  o f  th e  tu b e . Then th e  tube  i s  removed, p laced  between th e  

rods o f  th e  carbon rod a to m izer, p re -h e a ted  to  400 -  500 °C f o r  a  few 

seconds to  d e s tro y  t a r s ,  smoke, e tc= ,  and f i n a l l y  heated  to  a  p re -d e te r -
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Figure 18. Lead Particulate Generation Apparatus
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mined tem p era tu re  h igh enough to  atom ize th e  a n a ly te » In  most c a se s , 

th e  p re -a sh  step , i s  n o t n ecessa ry  fo r  ambient a i r  sam plese

The atom ic absorbance v a lu es  o f th e  elem ents in  th e  m a te r ia l  f i l ­

te re d  from a i r  a re  compared to  th o se  o f an a l iq u o t  o f a  s tan d ard  so lu ­

t io n  o f th e  elem ent o f  i n t e r e s t  p ip e te d  in to  and atom ized in  th e  same 

tube in  o rd e r to  c a lc u la te  th e  amount o f m a te r ia l  cap tu red  0 

. . R esu lts  and D iscussion

The e f f ic ie n c y  of porous g ra p h ite  f i l t e r s  f o r  t in y  p a r t i c l e s  has
/  I “i  \

been e s ta b lis h e d  by Lech '  '„ Lech g en era ted  p a r t i c l e s  o f  a known

s iz e  in  a  s tream  o f gas and measured th e  t o t a l  m eta l c o n ce n tra tio n  o f 

th e  gas b o th  b e fo re  and a f t e r  f i l t r a t i o n  by. in je c t in g  measured q u a n ti­

t i e s  in to  a  W oodriff fu rn ace  f i t t e d  w ith  a  s id e  tu b e  The atom ic

a b so rp tio n  s ig n a ls  r e s u l t in g  from th e  in je c t io n  o f f i l t e r e d  and u n f i l ­

te re d  gas were compared to  a s s e s s  th e  e f f ic ie n c y o Table VI gaves th e  

r e te n t io n  e f f ic ie n c ie s  o f  f i l t e r s  made o f N a tio n a l AGKSP g ra p h ite  fo r  

p a r t i c l e s  o f d i f f e r e n t  s iz e s .

Some p re lim in a ry  work was done w ith  b e ry lliu m  c o n ta in in g  p a r t i c l e s  

g en era ted  by a s p i r a t in g  b e ry lliu m  s o lu t io n s  in to  a  Beckman A. A. bu rner 

and sam pling th e  gases above th e  flam e A c u rre n t s u f f ic ie n t  to

r a i s e  th e  tem peratu re  o f th e  tube to  2800 0C was ap p lie d  and th e  peak 

atom ic absorbance m easured. When th e  bu rn er was a s p ir a t in g  a  10 ppm 

Be s o lu t io n ,  a  s e r ie s  o f  seven samples o f  th e  b e ry lliu m  p a r t ic u la te s  

gave a mean atom ic absorbance o f 0 ol $8 and a  c o e f f ic ie n t  o f v a r ia t io n
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t a b l e - V I

FILTRATION EFFICIENCY OF POROUS GRAPHITE FILTERS

P a r t ic le

Pb(NO3 ) 2

Pb(NO3 ) 2

AgNO3

Pb(NO3 ) 2

AgNO3

Mean D iam eter (um) 

0 .15 

0 .09  

0.076 

0.077

99 .2

98.6

99.4

9'7.9

97.70.037
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o f 14«5^® The same f i l t e r  tu b e s , when 5 u l  o f a  0«1 ppm Be so lu tio n  

(5 x  I O " ^  g Be) was d r ie d  and atom ized in  them, gave an absorbance o f 

0«443 w ith  a  c o e f f ic ie n t  o f  v a r ia t io n  o f 4«9%» The s e n s i t i v i t y  o f th e  

method i s  such th a t  a  sample o f only  two l i t e r s  o f a i r  c o n ta in in g  Be 

( a t  th e  maximum allow ed le v e l ,  0«01wg/nP in  Montana) would be re q u ire d  

fo r  d e tec tio n *  A sample o f  t h i s  s iz e  would re q u ire  one and one h a lf  

m inutes to  c o l l e c t .

In  o rd e r to  a s c e r ta in  th e  e f f ic ie n c y  o f AGKSP porous tu b es  w ith  

re s p e c t to  th e  r a te  o f f i l t r a t i o n  th e  a p p a ra tu s . d ep ic ted  in  F igure I?  

was u sed , D esolvated p a r t i c l e s  o f s i l v e r  n i t r a t e  a re  mixed w ith  a 

la rg e  volume o f a i r  and blown down th e  le n g th  o f a  m ixing tube  p r io r  to  

sam pling . The h igh  t o t a l  flow  in  th e  system  (4 ,8  l i t e r / m i n , ) a llow s a 

much h ig h e r sam pling r a te  to  be used th an  i s  p o s s ib le  w ith  Lech9S sys«* 

tern. A s o lu t io n  o f s i l v e r  n i t r a t e  in  m ethanol (2 x  IO"''7 g Ag/ml) was 

pumped in to  th e  u l t r a s o n ic  h e b u liz e r  r e s u l t in g  in  a  c a lc u la te d  p a r t i c l e  

s iz e  o f  0 ,014  pm, A s e r ie s  o f 60 cc samples o f th e  m ix ed /d ilu ted  p a r­

t i c l e  b ea rin g  gas stream  was drawn th rough  th e  w a lls  o f porous g ra p h ite  

tu bes a t  w idely  d i f f e r in g  sam pling r a t e s .  The. c o n c e n tra tio n  o f s i l v e r  

in  th e  60 cc o f gases sampled by th e  tu b es  i s  p lo t te d  a g a in s t  the  sam­

p lin g  r a t e  in  F igure  19« There i s  no lo s s  in  f i l t r a t i o n  e f f ic ie n c y  as 

th e  r a t e  o f sam pling i s  changed. T h is i s  im portan t because in  some 

s i tu a t io n s  i t  i s  d e s ir a b le  to  g e t an a n a ly s is  in  as  s h o r t  a  tim e as 

p o s s ib le ;  e .  g», a f t e r  an in d u s t r i a l  a c c id e n t .  In  o th e r  c a se s , i t  i s
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Figure 19.  M easu red  P a r t i cu la te  C o n ce n t ra t io n  a s  a Function of Sampling Rate
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more d e s ir a b le  to  a s c e r ta in  a  mean am bient le v e l  averaged over a 

r e l a t i v e ly  long  sam pling tim e .

There was some q u e s tio n  as  to  w hether a  s tan d ard  s o lu t io n  d rie d  

and atom ized in  a  carbon tube  would be a  v a l id  way to  q u a n t i ta te  p a r­

t i c u l a t e  m a tte r  f i l t e r e d  by such a  tu b e . There a re  two reaso n s i t  might 

no t b e . F i r s t ,  th e  geometry i s  d i f f e r e n t .  P a r t i c le s  f i l t e r e d  by th e  

ap p a ra tu s  d e sc rib ed  a re  f a i r l y  un ifo rm ly  d is t r ib u te d  over th e  in n e r  su r­

face  o f th e  tu b e s . T h ere fo re , when th e  tube  i s  h ea ted , sample atoms en­

t e r  th e  o p t ic a l  p a th  from a l l  s id e s  and n o t from a s in g le  sp o t on one 

s id e  as  i s  th e  case when a  d ro p le t  o f s o lu t io n  i s  d r ie d  in  th e  tu b e .

Second, th e  m a te r ia l  f i l t e r e d  i s  o f  unknown com position . D iffe re n t 

s a l t s  o f th e  same elem ent should  v o l a t i l i z e  a t  d i f f e r e n t  tim es during  

th e  a to m iza tio n  cy cle  and d is s o c ia te  to  a  g re a te r  o r l e s s e r  deg ree .

T his would r e s u l t  in  d i f f e r e n t  f r e e  atom p o p u la tio n s  and a  consequently  

d i f f e r e n t  a n a ly t ic a l  s ig n a l .

LeVOV (35? PP« 236 -  245) in d ic a te s  t h a t  th e  f a c t  t h a t  an elem ent 

i s  p re se n t in  d i f f e r e n t  forms a c tu a l ly  makes l i t t l e  d if f e re n c e  in  ca r­

bon fu rn ace  atom ic a b so rp tio n . Indeed , t h i s  has proven t o  be th e  case 

in  th e  W oodriff fu rn a c e . A t e s t  o f t h i s  p ro p o s itio n  was made w ith  th e  

carbon rod a tom izer in  th e  fo llo w in g  manner. Five m ic r o l i t e r  a l iq u o ts  

o f a 2 .0  x  10"7 s/ro l ( 10“ ^ M) le ad  s o lu t io n  ( le a d  as  n i t r a t e  s a l t  in  

d i s t i l l e d  w a te r) were d r ie d  in  an a tom izer tu b e . Then, f iv e  m ic ro l i t ­

e r s  o f 0 .1  M HOI, HNO3 , o r HgSO^ were p ip e te d  in to  th e  tu b e  and d rie d
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over th e  le a d .  The approx im ate ly  IO^ fo ld  excess o f a c id  should con­

v e r t  th e  m eta l to  th e  re s p e c tiv e  le ad  s a l t .  When th e  le a d  was atom ized, 

th e re  was no d if fe re n c e  in  th e  a n a ly t ic a l  s ig n a l  from le a d  t r e a te d  w ith  

th e  d i f f e r e n t  a c id s .  Table V II g iv e s  th e  r e s u l t s »

The g eo m etrica l a sp e c t o f th e  s ta n d a rd iz a tio n  q u e s tio n  was s tu d ie d  

by an a ly z in g  cadmium p a r t i c u la te s  cap tu red  on porous g ra p h ite  tu b es  by 

an independent method and comparing th e  r e s u l t s  w ith  th o se  achieved  w ith  

d i r e c t  a to m iza tio n  and s o lu t io n  s ta n d a rd iz a t io n .

F o rty  cc o f  th e  g ases above a  Beckman Og, CgHg, b u rn e r a s p ir a t in g  

1000 ppm cadmium s o lu tio n  were drawn th rough  each o f twelve, porous CRA 

tu b e s . S ix  o f th e se  tu b e s  were p laced  in to  sm all t e s t  tu b e s  which had 

c a l ib r a t io n  marks a t  two m i l l i l i t e r s . Ten m ic r o l i t e r s  o f a  s o lu tio n  

c o n ta in in g  4 x  10"°8 g o f cadmium were p laced  in to  each o f  th re e  more 

porous CRA tu b e s  and d r ie d .  These “s ta n d a rd ” CRA tu b e s  were a lso  p la ­

ced in to  c a l ib ra te d  t e s t  tu b e s . One m ic r o l i t e r  o f  1 :10  n i t r i c  ac id  was 

added to  each o f th e  n in e  t e s t  tu b e s  and th e  cadmium s a l t s  d isso lv ed  by 

p la c in g  th e  tu b es  in  a  ho t w a ter b a th  o v e rn ig h t. The t e s t  tu b es  were 

each f i l l e d  to  2 .0  ml w ith  d i s t i l l e d  w a ter and th e  c o n ten ts  mixed.

Ten m ic r o l i t e r  a l iq u o ts  o f each s o lu t io n  were analyzed  in  an imper­

v ious CRA tu b e  u sin g  th e  228.8 nm resonance l i n e .  The atom ic absorb­

ances from a n a ly s is  o f th e  s o lu tio n s  from th e  s ix  CRA tu b e s  used as  f i l ­

t e r s  were compared to  th o se  o f  th e  s o lu t io n s  from th e  th r e e  standard  

tu b es  to  c a lc u la te  th e  amount o f Cd in  th e  p a r t ic u la te  m a tte r  f i l t e r e d .
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SALT EFFECT ON LEAD DETERMINATION

CONDITIONS: 5 u l  o f  2 x  K T? g/m l Pb, 283,3 nm l i n e ,  3400 W atts, 

5 u l  of. Oel M HC1, HgSO^, o r  HNO3 , p re -a sh  to  $00 °C 

a f t e r  d ry ing

TABLE VII

W ith HCl With HNO3 With H2SO4

MEAN ABSORBANCE 0.247 0.240 0.246

COEFFICIENT OF.VARIATION ' 4 .3* 7 .3* 3 .6*

NUMBER OF RUNS 4 4 ' 4 :

There i s  no s ig n i f ic a n t  d if fe re n c e  in  

th e  mean v a lu es  a t  th e  95% confidence

le v e l
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The mean value c a lc u la te d  f o r  t h i s  in d i r e c t  a n a ly t ic a l  approach was 

2«80 x 10""® g per tu b e .

The o th e r  s ix  tu b es  co n ta in in g  f i l t e r e d  Cd p a r t i c l e s  were analyzed 

d i r e c t ly  on th e  carbon rod u sing  th e  f a r  l e s s  s e n s i t iv e  326.1  run 

resonance l i n e .  The atom ic absorbances observed were compared w ith  

th o se  measured when aqueous s tan d ard  s o lu tio n s  o f cadmium were p ip e ted  

in to  and atom ized in  th e  same tu b e s . Two s tandard  s o lu tio n s  were used; 

th e  f i r s t  con tained  3 .0  x  10” ® g Cd in  10 m ic ro l i te r s  and th e  second 

3 .0  x 10” ® g Cd in  I  m ic r o l i t e r .  The mean v a lu es  by t h i s  d i r e c t  ap­

proach f o r  th e  t o t a l  cadmium f i l t e r e d  by th e  s ix  porous tu b e s  were 

2 .81  x  10” ® g and 2.79  x  10” ® g based on th e  atom ic absorbances o f th e  

10 m ic r o l i t e r  and I  m ic r o l i te r  s tan d a rd s  r e s p e c tiv e ly .

Table V III summarized th e  r e s u l t s .  Basing a measurement o f th e  

m etal con tained  in  p a r t i c u la te  m a tte r  f i l t e r e d  from a i r  upon th e  atom ic 

absorbance o f I  p i  s tan d a rd  s o lu tio n s  d r ie d  in  th e  same tu b e s  appears to  

be v a l id  w ith  a  p o s s ib le  16% e r r o r  ( t  o r i t  x RSD (A method) a t  th e  95% 

confidence l e v e l ) .  A c tu a lly  th e  experience  g o tte n  w ith  mercury s ta n ­

d a rd iz a t io n  in  which th e  g eo m etrica l c o n s id e ra tio n s  a re  th e  same in ­

d ic a te s  th a t  th e  p robab le  e r ro r  due to  t h i s  e f f e c t  i s  l i k e ly  le s s  th an  

5%.

A comparison o f th e  r e s u l t s  o f  le a d  a n a ly s is  u s in g  conv en tio n al 

m ill ip o re  f i l t r a t i o n  w ith  subsequent d is s o lx t t i o n  o f th e  membrane f i l ­

t e r  and a n a ly s is  o f a  f r a c t io n  o f th e  re s u l t in g ,  s o lu tio n  and the  d i r e c t
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COMPARISON OF DIRECT TO INDIRECT MEASUREMENT OF CAPTURED PARTICULATES

Degrees

TABLE VIII

C alcu la ted  
Mean Value (g ) RSD %

o f
Freedom

D ire c t ( I  u l  s tan d a rd ) , 2 .79  x  10-8 18 U

D ire c t (10 u l  s ta n d a rd ) 2 .81  x 10-8 23 9

I n d ir e c t 2 .80  x  IQ"# 13 7

RSD (amethod) RSD of th e  s t a t i s t i c (^ d i r e c t -  X in d ir0)

e q u a l s / ( 1 8 ) 2  + =
v 11 7

C r i t i c a l ,  v a lue  o f (11 +  7 - 2 )  degrees o f  freedom

equals. 2«13
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porous tu b e  approach was made u sing  a  m otorcycle burn ing  re g u la r  

g a so lin e  as  a  p a r t i c u la te  source (F ig u re  IS)® A f r a c t io n  o f th e  ex­

h au st from th e  m otorcycle was d i lu te d  w ith  compressed a i r  to  b rin g  th e  

le ad  le v e l  down to  manageable le v e l s  w ith  a  system  s im ila r  to  th a t  

d e p ic ted  in  F igu re  17® A s e r ie s  o f f iv e  20 cc sam ples was taken  th rough  

porous g ra p h ite  tu b es  and two 1350 cc samples were drawn through 13 mm 

d iam eter d isk s  o f 0 .45  pm m ill ip o re  membranes® The membranes were d is ­

so lved  by h e a tin g  w ith  100 u l  o f  HNÔ  and th e  s o lu t io n  d ilu te d  to  1 .0  ml 

b e fo re  a n a ly s is  on th e  CRA® Five m ic ro l i te r s  o f 5 x  IO"? g/m l Pb 

s o lu t io n  was p ip e tte d  in to  porous tu b e s  to  s tan d a rd iz e  th e  d i r e c t  

a n a ly s is .

The r e s u l t s  a re  g iven  in  Table IX. I t  would have been d e s ira b le  

to  c o l le c t  a  g r e a te r  number o f  sam ples b u t th e  m otorcycle cbuldn*t run  

fo r  more th a n  te n  m inutes in  a  s ta t io n a r y  s ta t e  w ith o u t o v e rh ea tin g .

I t  took  approx im ate ly  fo u r m inutes to  draw each sam ple. th rough th e  

m ill ip o re  f i l t e r s  compared to  about f iv e  seconds each f o r  th e  porous 

tu b e s .

F i l t r a t i o n  o f th e  gases above b u rn e rs  a s p ir a t in g  s o lu tio n s  co n ta in ­

in g  m eta l io n s  w ith  subsequent a to m iza tio n  and atom ic ab so rp tio n  d e te r ­

m ination  of. th e  c o lle c te d  m e ta ls  was undertaken  w ith  selen ium , b e r y l l i ­

um, le a d , and cadmium. In  a l l  case , p lo ts  o f th e  reco rded  atom ic ab - 

so rp tio n  v e rsu s  e i th e r  th e  volume o f gas sampled o r th e  co n ce n tra tio n  

o f th e  s o lu t io n s  a s p ir a te d  were linear®  The r e l a t i v e  s tan d ard  d e v ia t io n
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COMPARISON OF MILLIPORE FILTER TO POROUS GRAPHITE FOR
LEAD PARTICULATES

CONDITIONS: Pb 283»3 nm l i n e ,  2800 w a tts  power

FILTER MILLIPORE

VOLUME SAMPLED 1350 cc

NUMBER OF DETERMINATIONS 2

MEAN VALUE (ug/m3) 205

STANDARD DEVIATION (ug/m3) 30

GRAPHITE 

20 cc 

5

173

9.3

More samples would have been ru n , e s p e c ia l ly  w ith  th e  

m ill ip o re  f i l t e r s ,  i f  th e  m otorcycle had n o t overheated  

and th re a te n e d  to  s t a l l*
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o f  such experim ents ranged from 10 -  15$ .

Table X l i s t s  some o f th e  im portan t f e a tu re s  o f  th e  method. The 

p en u ltim a te  column g iv es  th e  volume o f a i r  to  be sampled to  g e t an ab­

sorbance s ig n a l  eq u a l to  te n  tim es th e  s e n s i t i v i t y  o f th e  method pro­

v ided  th a t  th e  a i r  sampled co n ta in s  le v e l s  a t  th e  recogn ized  l im i t s .

I t  i s  c le a r  t h a t  f o r  s i tu a t io n s  in v o lv in g  p o ss ib ly  dangerous le v e ls  o f 

a i r  contam inants ( e .  g . a  mercury s p i l l )  a  d e te rm in a tio n  can be made 

w ith  only  a  v e ry  sm all sample tak en  in  a  few seconds.

The l a s t  column g iv es  th e  s e n s i t i v i t y  o f  th e  tech n iq u e  in  term s o f

p ie  r e q u ir in g  about e ig h t m inutes to  c o l l e c t .  These s e n s i t i v i t i e s  com-

t h e i r  d e te c t io n  l im i t s  on th e  b a s is  o f a  2000 cubic m eter sample co l­

le c te d  on a  f ib e r g la s s  f i l t e r  over a  p e rio d  o f tw en ty -fo u r hours!

The am bient l e v e l  o f le ad  in  a  la b o ra to ry  in  th e  chem istry  b u ild ­

ing  a t  MSU was measured to  a s s e s s  th e  degree o f r e p r o d u c ib i l i ty  p o s s ib le  

a t  f a i r l y  low le v e l s .  A ir was drawn th rough  a  s e r ie s  o f  porous tu b es  

fo r  f iv e  m inutes a t  flow  r a te s  ran g in g  from 220 -  1400 cc/m inute using

a fa u c e t a s p i r a to r  f o r  a  pump. A mean value  o f 0 .144 pg/m? w ith  a  r e l ­

a t iv e  s tan d a rd  d e v ia t io n  o f 13$ was achieved  fo r  n in e  le ad  determ ina­

t io n s .  High volume sam ples (14 -  29 l i t e r s )  ta k en  from th e  ro o f o f  th e

same b u ild in g  on a  h o lid ay  gave a  mean value  o f 0 .052  pg/m^ w ith  an

RSD o f 7$ f o r  th r e e  le a d  d e te rm in a tio n s . Samples ta k en  on th e  same oc-

th e  c o n c e n tra tio n th e se  m e ta ls  based on a  te n  l i t e r  a i r  sam-

pare  fav o ra b ly  w ith  th o se  g iven  by Thompson e t  a l .  who re p o rte d



TABLE X; TYPICAL ANALYTICAL PARAMETERS FOR THE DIRECT ANALYSIS

Element
Line

nm
A tom ization Temp®* S a fe ty  Limits* Volume^ S e n s i t iv i ty ^

Co 240® 7 3000 —=”■ =~~" 0 .0 1

Mn 279.5 3000 5000 0.009 0.0004

Hg 253.7 900 100 22 0 .02

Se 196.0 3000 —=”= ="=■" 0 .0 2

Be 234.9 3000 2 22 0.0004

Cd 228.8 2000 200 0®04 . 0.0001

Pb 217.0 2200 200 0 .7 0.001

Cu 324.7 3000 *” •=* —«=" 0 .004

Ag 328 .1 2200 —— —=”= 0.0004

Cr 357 .8 3000 100 2 0 .002

I® Tem perature o f  a to m iza tio n  i s  on ly  approximate® Values given were measured w ith  an o p t ic a l  
pyrom eter approx im ately  f iv e  seconds a f t e r  th e  power was tu rn ed  on®

2o ACG-IH l im i t s  tak en  from Jae  Hwang, Anal®'Chem0, AAn No® 14, 20A(19?2)®

3® Volume o f a i r  sample a t  th e  ACGIH l im i t  n ecessa ry  to  g ive an absorbance s ig n a l  te n  tim es 
th e  s e n s i t i v i t y  (atom ic absorbance o f 0 ®044) i .

4® S e n s i t iv i ty  o f th e  method (1% ab so rp tio n ) in  term s o f jug/nP based on 10 l i t e r  a i r  sample
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cas io n  f o r  b e ry lliu m  and chromium in d ic a te d  th a t  th e se  elem ents were a t  

le v e ls  below 0.0003  and 0.0007  >ig/m^ re s p e c t iv e ly .

A common cause o f  cadmium in h a la t io n  i s  th e  use o f s i l v e r  b raz in g  

a l lo y s  in  p o o rly  v e n t i la te d  a re a s .  In  o rd e r to  s im u la te  such a  cond i- 

t io n ,  approx im ate ly  two m illig ram s o f s i l v e r  so ld e r  were brazed to  in ­

candescence in  th e  g lassb low ing  la b o ra to ry . F i f ty  cc samples o f th e  a i r  

in  th e  room were tak en  p e r io d ic a l ly  and th e  cadmium c o n ce n tra tio n  de­

te rm in ed . F igure  20 i l l u s t r a t e s  th e  r e s u l t s .  . In  an in d u s t r i a l  s i tu a ­

t io n  Cd le v e l s  could run  much h ig h e r .

A d d itio n a l experim ents were perform ed in  a  l i t t l e  used la b o ra to ry  

room. Ah uhcolored  candle  o f a  common d e co ra tiv e  v a r ie ty  having a  t in y  

le a d  w ire  in  th e  wick to  s t i f f e n  i t  was l ig h te d  and th e  a i r  sampled f o r  

le a d . A s in g le  candle succeeded in  r a is in g  am bient le v e l s  o f lead  from 

0 .1 4  to  1 .5  Ug/m^ in  an h ou r. In  an o th e r t e s t  in  th e  same room, a  pro­

pane gas m antle lamp r a is e d  th e  b e ry lliu m  le v e l  from n i l  t o  0 .8  ug/m^ 

in  seven m inu tes. Most o f th e  b e ry lliu m  was g iven  o f f  in  th e  f i r s t  few. 

m inutes a f t e r  a  f r e s h  m antle was f i r s t  l i t .  Im m ediately above th e  lamp, 

le v e l s  exceeding 30 jug/m3 (15 and 3000 tim es the  ACGIH and Montana s t a t e  

l im i t s  r e s p e c t iv e ly )  were observed . This in d ic a te s  t h a t  l ig h t in g  such 

a  lamp equipped w ith  a  new m antle in  an enclosed  space such, a s  a te n t  

would be in a d v is a b le .

The only  sam ples checked which gave an a p p re c ia b le  non-atom ic in ­

te r fe re n c e  peak were o f u n d ilu te d  c ig a r e t te  smoke. A pyrex c ig a r e t te
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Time after heating silver solder (min)

Figure 20. Silver solder experiment
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h o ld e r was made and th e  f i l t e r  ad ap to r was connected to  i t  w ith  a 

s h o r t  p ie ce  o f  rubber tubing® T w enty-five cc samples o f th e  smoke from 

two u n f i l t e r e d  Camel c ig a r e t te s  were drawn through porous tubes® The 

t a r s  were ashed by h e a tin g  th e  tu b es  to  a  very  d u l l  red  in  th e  carbon 

rod atomizer® W ith le a d  th e re  was no problem in  removing th e  t a r s  

w ith o u t lo s in g  le a d ;  however, w ith  cadmium, because o f i t s  g re a te r  v o l­

a t i l i t y ,  i t  was n ecessa ry  to  adhere to  a  c a re fu l  ash in g  sequence o f 

t h i r t y  seconds a t  450 -  475 °C to  e f f e c t iv e ly  remove t a r s  w ith o u t lo s s  

o f th e  metal® The cadmium le v e l  averaged about $ pg/m^ and th e  lead  

about 50 pg/m^ w ith  th e  f i n a l  sam ples (tak en  from th e  c ig a r e t te  b u t t )  

be ing  h ig h e r th a n  th e  f ir s t®

C onclusions

T his tech n iq u e  fe a tu re s  very  low d e te c tio n  le v e ls  fo r  a  wide range 

o f elem ents in  a i r  samples® The c h ie f  reason  fo r  t h i s  i s  th a t  a l l  o f 

th e  c o lle c te d  m a te r ia l  i s  atom ized and measured in  one in s ta n t  ® An­

o th e r  c o n tr ib u to r  to  i t s  s e n s i t i v i t y  i s  th e  low ’’b lan k s” a sso c ia te d  

w ith  it® High reag en t o r f i l t e r  b lanks unaviodable in  many a n a ly t ic a l  

tech n iq u es  d r a s t i c a l l y  l im i t  th e  d e te c t io n  c a p a b i l i t i e s  possible®  For 

example, a  s in g le  square cen tim ete r o f common o rgan ic  membrane f i l t e r  

co n ta in s  an average o f 8 ng o f le ad  This b lank  amount o f le ad

i s  800 tim es th a t  a s s o c ia te d  w ith  m eta l p icked up in  h and ling  th e  

porous tu b e s , c o n tac t w ith  th e  f i l t e r  a d ap to r , s to ra g e , etc® , i s  u su a l­

ly  le s s  th an  th e  s e n s i t i v i t y  o f th e  f i n a l  a n a ly s is ; i® e®, f o r  lead



- rJU-

t h i s  b lank  i s  on th e  o rd e r o f 10”^  g o r le ss*

The d i r e c t  tech n iq u e  i s  b e s t  used where speed o f  a n a ly s is  o r  ex­

trem e s e n s i t i v i t y  i s  re q u ire d  * Examples a re  s tu d ie s  o f  th e  d if fu s io n  

o f p a r t i c l e s  from a source o r fo r  ra p id  d e te rm in a tio n  o f p o ss ib ly  dan­

gerous le v e l s  o f  contam inants in  a  working space* I t  should  a lso  prove 

u s e fu l  f o r  th e  d e te rm in a tio n  o f background le v e ls  f o r  some elem ents 

which a re  a t  le v e l s  to o  low f o r  d e te c t io n  by th e  more common a n a ly t ic a l  

approaches (62 ) e

A p p lica tio n s  to  which i t  i s  n o t id e a l ly  s u i te d  a re  th o se  in  which 

th e  sm all sample s iz e  and s in g le  elem ent c a p a b i l i ty  a re  l im ita tio n s*

An example o f  t h i s  would be th e  d e te rm in a tio n  o f th e  average amount of  

le ad  over a  tw en ty -fo u r hour p e rio d  in  th e  a i r  in  a  c a r  park ing  l o t .  

Another example would be th e  d e te rm in a tio n  o f th e  average le v e l  o f iro n , 

manganese, chromium, and n ic k e l  in  th e  a i r  over Gary, Indiana*

The method i s  cheap, sim ple , s e n s i t iv e ,  and r e a d i ly  ad ap tab le  to  

com m ercially a v a i la b le  in s tru m en ta tio n *  The b a s ic  approach has proven 

to  work w e ll w ith  th e  W oodriff fu rn ace  and th e  carbon rod  and should be 

a p p lic a b le  t o  any carbon fu rnace  w ith  e a s i ly  changed a to m iza tio n  tubes* 

Much o f th e  m a te r ia l  in  t h i s  s e c t io n  has been accep ted  fo r  pub­

l i c a t i o n  in  Spectrochem ica Acta ^®^*



A SIMPLE TECHNIQUE FOR COATING GRAPHITE WITH PYROLYTIC CARBON

In tro d u c tio n

Recent l i t e r a t u r e  i s  r e p le te  w ith  evidence th a t  carbon non-flam e 

a to m izers  used fo r  atom ic a b so rp tio n  o r atom ic flo u resc en c e  a re  improved 

by th e  use o f non-porous p y ro ly t ic a l ly  coated  g ra p h ite  o r  v i tr e o u s  ca r­

bon in  l i e u  o f th e  more common and cheaper forms o f carbon  ̂ 5 ^Oil

The reaso n s  l i e  in  th e  p e rm e a b ility  o f  th e  u su a l g rades o f spec­

tro s c o p ic  g ra p h ite s  and "carbons” to  gases and s o lu t io n s .  T his perme­

a b i l i t y  a llo w s a c tu a l  lo s s  o f sample atoms th rough  th e  w a lls  o f th e  

a to m iza tio n  chamber and sh o rte n s  th e  e f f e c t iv e  re s id en c e  tim e o f atoms 

w ith in  th e  o p t ic a l  p a th . A nalyte m a te r ia l  from s o lu t io n  p a r t i a l l y  ab­

sorbed in to  th e  g ra p h ite  s u b s tr a te  b e fo re  d ry ing  e n te r s  th e  o p t ic a l  p a th  

more slow ly  upon h e a tin g  th an  does m a te r ia l  d r ie d  on th e  su rfa ce  o f th e  

g ra p h i te .  T h is causes a broadening and low ering  o f th e  peak atom ic 

a b so rp tio n  s ig n a l  t h a t  i s  m easured.

This la b o ra to ry  has been concerned w ith  re s e a rc h  on flam e le ss  atom­

ic  a b so rp tio n  a to m izers  such a s  homemade v a r ie t ie s ,  o f  th e  Massman fu r ­

nace carbon rod and, o f  co u rse , th e  W oodriff fu rn ace  f o r  s e v e ra l

y e a r s .  Over a  y e a r  ago we became in te r e s te d  in  u s in g  e i t h e r  p y ro ly t ic  

g ra p h ite  o r  v i tr e o u s  carbon because o f th e  low p o ro s i ty  o f th e se  m a te ri­

a l s .  However, i t  q u ick ly  became ap p aren t t h a t  making th e  re q u ire d  atom­

iz e r  p a r ts  o f com m ercially a v a ila b le  v a r i e t i e s  o f  th o se  m a te r ia ls  would 

be p r o h ib i t iv e ly  ex p en siv e . A lso, th e  d i f f i c u l ty  experienced  in  machin­

ing  a  sample o f  v i t r e o u s  carbon made i t  apparen t t h a t ,  even i f  th a t



m a te r ia l  were a v a ila b le  in  bulk  a t  reasonab le  c o s t ,  c o n s tru c tio n  o f a t ­

om ization  fu rnace  p a r ts  would be a  m ajor u n d e rtak in g «, W ith th e se  p rac ­

t i c a l  c o n s t r a in ts  in  mind we decided  to  dev ise  a  system  to  coat r e a d i ly  

a v a ila b le  (and m achinable) forms o f g ra p h ite  w ith  an im pervious c o a tin g . 

The Super Temp Company o f S an ta  Fe S p rin g s, C a l ifo rn ia , g ra c io u s ly  

provided us w ith  th e  m a te r ia l  th a t  got us s ta r te d  (73 -  76)« At e le ­

va ted  te m p e ra tu re s , methane w i l l  decompose in  s e v e ra l  s te p s ,  e v e n tu a lly  

form ing hydrogen gas and carbon . I f  a  s u i ta b le  su rfa c e  i s  p re s e n t, th e  

carbon w i l l  be d ep o sited  upon i t .  The p h y s ic a l c h a r a c te r i s t i c s  o f th e  

r e s u l t in g  c o a tin g  a re  dependent bo th  upon th e  tem p era tu re  o f d e p o s it io n  

and th e  p re ssu re  o f th e  m ethane. At low (1000 °C) and h igh  (> 2 1 0 0  °C) 

te m p e ra tu re s , dense carbon c o a tin g s  a re  formed re g a rd le s s  o f p re ssu re  

At in te rm e d ia te  tem p era tu res  from 1300 °C to  2100°C reduced, 

p re s su re s  oh th e  o rd e r o f a  to r r  o f methane a re  n ecessa ry  to  avoid i s o -  . 

t r o p i c ,  soo ty  d e p o s i ts .  Commercially, th e  co a tin g  o f  g ra p h ite  i s  done 

a t  around 2100 °C a t  reduced p re s su re s  w ith  in d u c tio n  h e a tin g  o f th e  

g ra p h ite  s u b s t r a te .  We s e t  out to  develop  a  p ro cess  w ith  which u s e fu l  

p y ro ly t ic  carbon co a tin g s  could be produced cheaply  w ith  equipment 

a v a ila b le  in  a  g e n e ra l sp ec tro sc o p ic  la b o ra to ry .

E xperim ental

To s im p lify  th e  commercial p ro c e ss , we used a  sim ple tu b e  fu rnace  

in s te a d  o f an RF in d u c tio n  h e a tin g  ap p a ra tu s  and no vacuum system . The 

reaso n  th a t  th e se  s u b s t i tu t io n s  a re  p o s s ib le  i s  t h a t  we u t i l i z e d  r e l a -

-76-
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t i v e ly  low tem p era tu res  in  th e  range o f 950 to  1150 °C fo r  th e  d e p o s i-  

t io n ,  P re lim in ary  experim ents were perform ed by p a ss in g  methane gas 

through a  q u a rtz  tube  heated  to  about 1000 °C in  th e  flam e o f a 

to rc h  used f o r  working glass® A h ard , sh iny  co a tin g  o f  carbon was de­

p o s ite d  in  th e  heated  p o r tio n  o f th e  tube® By w rapping th e  q u a rtz  tube  

w ith  a  c o i l  o f  nichrome w ire , much more uniform  h e a tin g  and, consequent­

ly ,  b e t t e r  c o a tin g s , resulted®  From th a t  p o in t th e  development o f th e  

ap p a ra tu s  t h a t  we a re  p re s e n tly  u sing  fo llow ed n a tu r a l ly  (F igure  21)® 

This ap p a ra tu s  i s  sim ply a  I ?  mm Vycor tube  wrapped w ith  about f i f t y  

tu rn s  o f 18 gauge nichrome w ire  and in s u la te d  w ith  a  lo o s e ly  wrapped 

la y e r  o f q u a r tz  wool® A la rg e  (4=2 KVA) Pow erstat v a r ia b le  a u to tra n s ­

form er su p p lie s  th e  h e a tin g  current®  A th ree-w ay  v a lv e  a llow s e i th e r  

n itro g e n  o r n a tu r a l  gas to  pass th rough  th e  tube® The e x i t  tube i s  

p laced  in  a  pan o f w ater (o r  tu rp e n t in e )  to  p reven t oxygen d if fu s io n  

in to  th e  system® T his pan should be in  a  hood to  sweep away th e  p o ss ib ­

ly  to x ic ,  h ig h ly  u n sa tu ra te d  hydrocarbon fumes exhausted®

The co a tin g  p ro cess  i s  simple® The valve  i s  a d ju s te d  to  pass Ng 

th rough  th e  system  and th e  power i s  tu rn e d  on® Then th e  o b je c t to  be 

p la te d  i s  p laced  in to  th e  r ig h t  end o f th e  tube fu rn ace  and pushed in to  

th e  c e n te r  o f th e  heated  zone w ith  a  q u a rtz  rod® The rod i s  removed 

and th e  e n tran ce  p o r t  restoppered®  Then th e  valve i s  tu rn ed  to  pass 

methane th rough  th e  tu b e . When th e  p la t in g  tim e has e la p se d , n itro g e n  

i s  ag a in  ad m itted , and th e  o b je c t i s  moved w ith  th e  q u a rtz  rod to  one
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Figure 2 1 . Pyrolytic Carbon Deposition Aoparatus
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of th e  coo l ends o f th e  tu b e . When th e  p la te d  o b je c t has cooled i t  i s  

pushed out o f th e  end o f th e  tu b e .

The tem pera tu re  o f d e p o s itio n  i s  measured w ith  an o p t ic a l  pyro­

m eter focussed  on th e  o b je c t being  p la te d .  The flow  r a te  o f th e  n a tu ­

r a l  gas i s  from 50 to  200 cc/m inute  as  measured by a  Gilmont flow m eter. 

There must be s u f f i c i e n t  flow  to  a ssu re  a  f a i r l y  uniform  b a th in g  o f 

p a r ts  to  be p la te d  w ith  th e  n a tu r a l  g a s . Top high  flow s coo l th e  sys­

tem e x c e s s iv e ly . Power in p u t to  th e  tube i s  on th e  o rd e r o f 1400 

w a tts .

The carbon rod a tom izer d e sc rib ed  p re v io u s ly  in  t h i s  th e s i s  and a  

W oodriff fu rn ace  were used to  compare g ra p h ite  a tom izer components 

bo th  b e fo re  and a f t e r  d e p o s it io n  o f p y ro ly t ic  carbon c o a tin g s .

R esu lts  and D iscussion

The p y ro ly t ic  carbon c o a tin g s  a re  m e ta l l ic  grey  in  appearance, 

hydrophobic, and very  h a rd . Depending on th e  s iz e  and shape o f th e  ob­

je c t  and th e  tem p e ra tu re , th e  r a te s  o f d e p o s itio n  v a ry , b u t a re  u su a lly  

in  th e  range o f 0 .0 1  to  0 .3  mm/hour. Even th e  low er f ig u re  i s  two or­

d e rs  o f magnitude g r e a te r  th an  th e  r a te  quoted by K otlensky ^73) f or 

d e p o s it io n s  a t  s im ila r  te m p e ra tu re s . The only e x p lan a tio n  th a t  I  can 

o f f e r  fo r  t h i s  i s  t h a t  th e  commercial p rocess u t i l i z e s  reduced p res­

su re s  o f methane w hile  ours does n o t.

The r a te  o f d e p o s it io n  as a  fu n c tio n  o f th e  tem p era tu re  o f de­

p o s i t io n  was determ ined by co a tin g  a  W oodriff fu rnace  h e a te r  tube, a t
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d i f f e r e n t  te m p e ra tu re s . These tu b es  a re  made o f R in g sd o rff g ra p h ite  

type R W 105 and a re  14 .9  cm long w ith  an o u ts id e  d iam eter o f  1 .0  cm 

and an in s id e  d iam eter o f 80 mm.

The methane flow  r a te  was approxim ately  120 cc /m in u te . F igure 22 

i s  a p lo t  o f  th e  lo g a rith m  of th e  g a in  in  mass o f th e se  tu b es  in  m i l l i ­

grams p e r m inute v e rsu s  l /T .  The f a c t  th a t  th e  d a ta  d e f in i te ly  in d ic a te  

a  curved l in e  p robab ly  in d ic a te s  th a t  more th an  one in te rm e d ia te  sp ec ie s  

i s  im portan t in  de term in ing  th e  o v e ra l l  d e p o s it io n  r a t e .

A check of d e p o s it io n  r a te  w ith  re s p e c t to  th e  flow  r a te  o f methane 

gas was made. A W oodriff fu rnace  h e a te r  tube  s im ila r  to  th e  ones used 

fo r  th e  tem p era tu re  e f f e c t  experim ents served as th e  s u b s t r a te .  At a 

tem pera tu re  o f 1040 0Cs, flow  r a te s  from 50 to  200 cc/m in gave s im ila r  

r e s u l t s  (about 5 mg d e p o sited /m in u te ) .  At lower flow  r a te s  th e  carbon 

d e p o s it was no t uniform , w hile  a t  flow  r a te s  in  excess o f 200 cc/m inute 

th e  d e p o s it io n  was s low er. T his was p robab ly  due to  th e  coo ling  e f f e c t  

o f th e  excess g a s .

The d e n s ity  o f th e  d ep o sited  carbon was measured by m easuring th e  

mass and volume o f  low p o ro s ity  g ra p h ite  o b je c ts  bo th  b e fo re  and a f t e r  

p la t in g .  The d e n s ity  o f c r y s ta l l in e  g ra p h ite  i s  2 .26* ^ 6 ) e This f ig ­

u re  i s  commonly approached in  com m ercially, d ep o sited  p y ro ly t ic  g ra p h ite .  

The measured d e n s ity  o f th e  carbon d ep o sited  by our ,apparatus ranges

*Commercial g rades o f  g ra p h ite  co n ta in  a  co n sid e rab le  number o f v o id s , 
r e s u l t in g  in  a c tu a l  d e n s i t ie s  from 0 .9  to  1 .9 .
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Figure 22. Deposition Rate as a Function of Temperature
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from 2»28 to  2.43 g /c c  in d ic a t in g  th a t  some i n f i l t r a t i o n  o f th e  sub­

s t r a t e  g r a p h i te vs su rfa ce  ta k e s  p lace  du rin g  d e p o s it io n  o f th e  pyro­

l y t i c  c o a tin g .

A ir was drawn th rough  th e  w a lls  o f  porous g ra p h ite  tu b es  using  th e  

a p p a ra tu s  shown in  F ig u re  9» An uncoated N a tio n a l AGKSP tu b e , 14 mm 

lo n g , 6 .2  mm o . d . and 4 .7  mm i .  d . w i l l  pass about 1400 cc/m inute of 

a i r  w ith  a  p re ssu re  d i f f e r e n t i a l  o f 30 cm o f mercury a c ro ss  it® The 

a i r  flow  ( i .  e . ,  th e  p o ro s ity  o f th e  g ra p h ite )  o f such a  tube  i s  r e ­

duced to  e s s e n t ia l ly  zero  a f t e r  a  f o r ty  minute p la t in g  p e r io d .

A com parison of carbon rod a to m izer tu b es  o f th e se  dim ensions un­

d e r c o n d itio n s  o f  a c c e le ra te d  o x id a tio n  gave evidence o f  th e  s u p e r io r i ty  

o f  tubes, p la te d  w ith  p y ro ly t ic  carbon to  th o se  th a t  a re  n o t .  The d a ta  

a re  g iven  in  Table X I. Two tu b es  were made? th e  f i r s t  was d r i l l e d  w ith  

a #13 d r i l l  and th e  second w ith  a  #12 d r i l l  (T his r e s u l t s  in  a  0.13 mm 

la r g e r  d iam eter ho le  th an  th e  f i r s t  d o e s .) .  When th e  second tube was 

p la te d  f o r  one h a l f  hour, i t s  mass and in te r n a l  d iam eter matched th e  un­

coated  tu b e vs q u ite  c lo s e ly .*  The tu b es  were a l t e r n a t iv e ly  p laced  be­

tween th e  rods o f  th e  CRA and heated  to  approxim ately  3000 0C fo r  fo u r 

seconds each tim e fo r  s e v e ra l  t r i a l s .  The amount o f Ng flu sh in g  gas 

was reduced in  s te p s  from 20 to  0 fo o t^ /h o u r  as th e  t e s t  proceeded.

* I t  i s  im portan t to  match th e  s iz e  and mass o f carbon rod a tom izer tu b es  
q u i te  c lo se ly  to  ach ieve  s im ila r  r e s u l t s  w ith  d i f f e r e n t  tu b e s . T h is i s  
because th e  a n a ly t ic a l  s ig n a l  depends s tro n g ly  on th e  r a te  o f atom iza­
t io n ,  hence, upon th e  e l e c t r i c a l  r e s is ta n c e  and h ea t c a p a c ity  o f th e  
tu b e .
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TABLE XI

COMPARISON OF COATED AND UNCOATED CRA TUBES

no. N2 9 mass A. A?Tube of CVclesj' flow (cfh; flow (cc/min)̂ copper
coated initial O 50 0.059
coated 2 5 1.2 50 0.065
uncoated initial

=OESOMt*
O 1300 . 0.050

uncoated 2 5 3=2 1400 0.048
coated 5 3 3 .6 75 0.061
uncoated ■5 3 7=8 . 1500 0.031
coated 3 O 16.2 250 . 0.054
uncoated 3 O 30.0 1900 0.029

I 0 A ll h e a tin g  cy c le s  were to  approx im ate ly  3000 0C f o r  4 seconds 
(4100 w a tts  a to m iza tio n  pow er)«,

2 , The u su a l f lu s h in g  gas flow  i s  20 cfh*

3 , Cumulative mass lo s s  from i n i t i a l  weighing®

4 , A measure o f tube p o ro s i ty ;  th e  la r g e r  th e  flow , th e  more por­
ous th e  tu b e 0

5„ 324=7 run l i n e ,  5 x  10” 10 g Cu in  5 u l  aqueous, s o lu t io n ,  4100
w a tts  a to m iza tio n  power, 20 c fh  f lu sh in g  r a te  e
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A fte r s e v e ra l  h e a tin g  c y c le s , th e  p o ro s i ty  (a s  measured by th e  a i r  

flow s th rough  th e  w a lls  o f th e  tu b e s  w ith  a  p re ssu re  d i f f e r e n t i a l  o f 

25 cm Hg), th e  lo s s  in  mass due to  o x id a tio n , and th e  atom ic absorp­

t io n  o f 5 x  lO” -*-® g o f  copper were measured e The p la te d  tube  ox id ized  

only  one h a l f  as  f a s t  and gave h ig h e r and more re p ro d u c ib le  atom ic ab­

sorbance v a lu es  th roughou t th e  t e s t e

S im ila r  t e s t s  were perform ed comparing coated and uncoated CRA 

tu b es  f o r  th e  d e te rm in a tio n s  o f Be, Co, Mn, and Pb w ith  th e  carbon rod  

a to m ize r. In  a l l  c ase s  th e  coated tu b es  gave bo th  more s e n s i t iv e  and 

more re p ro d u c ib le  a n a ly t ic a l  r e s u l t s .  C oating th e  h e a te r  tu b es  o f a 

W oodriff fu rn ace  a tom izer improved th e  s e n s i t i v i t y  fo r  copper alm ost 

tw o -fo ld . These h e a te r  tu b es  were d r i l l e d  from 'R in g sd o rff type R W 

105 sp ec tro g rap h ic  g ra p h ite  and were t e s t e d  befo re  and a f t e r  co a tin g  

fo r  an hour in  th e  p la t in g  a p p a ra tu s .

Another a p p l ic a t io n  o f th e  tech n iq u e  i s  in  jo in in g  p ie ce s  of 

g ra p h ite  to g e th e r .  I f  th e  item s to  be bonded a re  p laced  in  in tim a te  

c o n ta c t, th ey  w i l l  be q u ite  se c u re ly  welded a f t e r  about an hour’s 

tre a tm e n t in  th e  tube fu rn a c e . The th re a d s  o f g ra p h ite  screws and 

o th e r  components o f th e  h igh  tem p era tu re  a tom izers  used in  t h i s  la b o r­

a to ry  a re  s tren g th en ed  and t h e i r  u s e fu l  l i f e  extended by co a tin g  them.

Some f r i t t e d  carbon f i l t e r  c ru c ib le s  were made u s in g  t h i s  p ro c e ss . 

G raph ite  powder from 80 to  150 mesh was w etted  w ith  a  two p e rcen t so lu ­

t io n  o f Duco cement in  benzene and packed in to  a  2 -  3 m illim e te r



th ic k  la y e r  a t  one end o f a  s h o r t  g ra p h ite  tube (F igu re  2 3 ). The r e ­

s u l t in g  assem bly was d r ie d  f o r  a  few m inutes and th en  in s e r te d  in to  th e  

tube fu rn ace  f o r  f i f t e e n  m in u tes . D ep o sitio n  o f p y ro ly t ic  carbon in  th e  

c lo se ly  packed f r i t  sea le d  th e  p a r t i c l e s  to g e th e r  and to  th e  g ra p h ite  

c y l in d e r .  The r e s u l t in g  f i l t e r  c ru c ib le s  a re  both  p h y s ic a l ly  s tro n g  and 

h ig h ly  r e s i s t a n t  to  chem ical a t t a c k .  They f i l t e r  a t  a  h igh  r a te  (60 

m l/m inute/ cm2 f i l t e r  a re a )  and w i l l  q u a n t i ta t iv e ly  f i l t e r  f in e  BaSO^ 

p r e c ip i t a t e s .  They should  prove u s e fu l  in  th e  f i l t r a t i o n  o f s o lu tio n s  

which a re  h ig h ly  c o rro s iv e  to  th e  u su a l f r i t t e d  g la s s  o r p o rc e la in  

c ru c ib le s .  The f in e n e s s  o f th e  f r i t  can be e a s i ly  c o n tro lle d  by u sin g  

carbon powders o f d i f f e r e n t  s iz e s .

Some p re lim in a ry  experim ents were perform ed u sing  a  f r i t t e d  bottom  

carbon rod a tom izer cup ( in  l i e u  o f th e  CRA tube  used f o r  a i r  p a r t ic u ­

l a t e  a n a ly s is )  f o r  th e  d i r e c t  a n a ly s is  o f suspended m a tte r  in  n a tu ra l  ' 

w a te rs . The f i l t r a t i o n  ap p ara tu s  i s  d e p ic ted  in  F igu re  24 . Tygon 

tu b in g  su p p o rts  th e  CRA cup and s e a ls  th e  s id e s  from vacuum o r w ater 

le a k s .  A measured q u a n ti ty  o f  pond w ater i s  poured in to  th e  fu n n e l on 

to p  and drawn th rough  th e  f r i t t e d  cup. Then th e  cup i s  p laced  between 

th e  rods on th e  CRA and th e  co n ten ts  f i r s t  d r ie d 9 th e n  ashed , and. 

f i n a l l y  a tom ized . A p o r tio n  o r a l l  o f  th e  f i l t r a t e  can be caught in  a 

t e s t  tu b e  suspended in  th e  su c tio n  f l a s k .

A few experim ents were perform ed a ttem p tin g  to  r e l a t e  th e  r a t i o  

o f d is so lv e d  to  suspended lead  in  th e  w a ter in  th e  f i s h  pond ad jacen t

-85-
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Figure 23. Filter Crucible Construction
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to  th e  music b u ild in g  a t  MSU. A p lo t  o f volume f i l t e r e d  versu s  t o t a l  

le a d  re ta in e d  by th e  cup i s  roughly  a  s t r a ig h t  I i n e 0 However, i t  was 

soon ap p aren t t h a t  th e  f r i t t e d  carbon c ap tu res  io n s  from so lu tio n  as  

w e ll a s  th o se  in  p a r t i c u la te  m a tte ro The.cup absorbed approxim ately  

two p e rc en t o f th e  le a d  in  two m i l l i l i t e r s  o f 2»0 x  10"? g/m l Pb s o l u - - 

t io n  which was f i l t e r e d e In  an o th er experim ent w ith  a  more d i lu te  

le ad  s o lu t io n  (10 ml o f 8 x  10“ 9 g/m l Pb) th e  cup absorbed  approxim ately  

5% of th e  lead® T his was n o t e n t i r e ly  unexpected, a s  some experim ents 

in  a n o th e r s tu d y  t e s t i n g  d i f f e r e n t  a b so rb e rs  in c lu d in g  g ra p h ite  fo r  

s o i l  s o lu t io n  a n a ly s is  in d ic a te d  th a t  alm ost ev ery th in g  a c ts  as a  con­

c e n tr a to r  o f  io n s  from ex trem ely  d i lu te  so lu tio n s*  A ttem pts were made 

to  p re - s a tu ra te  s o rp tio n  s i t e s  in  th e  f r i t t e d  cup w ith  io n s  such as 

Ba and La b e fo re  p a ss in g  le ad  s o lu t io n s  th rough  th e  cup® These 

io n s  were in e f f e c t iv e  fo r  t h i s  purpose ®

For th e se  reaso n s  I  f e e l  th a t  a  s im ila r  a p p lic a t io n  proposed by 

Wang (77) w i l l  be u n su cc e ss fu l fo r  so lu tio n /su sp en d ed  m a tte r  d if f e r e n ­

tia tio n ®  However, t h i s  approach should  prove to  be u s e f u l  on a  semi­

micro l e v e l  in  which th e  q u a n t i t ie s  o f  m a te r ia ls  analyzed  a re  a t  th e  

microgram r a th e r  th a n  th e  nano and p ico  gram le v e ls  u s u a lly  measured 

w ith  fla m e le ss  atom ic absorption® At th e se  r e l a t i v e ly  h igh  concen tra­

t io n  le v e ls  th e  amount o f lead  absorbed by g ra p h ite  i s  in s ig n i f ic a n t  

compared to  th e  q u a n ti ty  analyzed® These d i r e c t  f i l t r a t i o n  tech n iques 

should  a lso  prove u s e f u l  f o r  th e  d e te rm in a tio n  of io n s  which can be
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quant i t a t i v e l y  c o p re c ip i ta te d  w ith  a s u i ta b le  c a r r i e r  from r e la t iv e ly  

la rg e  amounts o f so lu tio n *

C onclusions

The p y ro ly t ic  carbon d e p o s it io n  p ro cess  d esc rib ed  i s  c e r ta in ly  no t 

a t  i t s  peak o f p o te n t ia l  development* however, i t  se rv e s  th e  purpose 

f o r  which i t  was in ten d ed  adm irab ly . I t  a llow s an experim en ter to  s ig ­

n i f i c a n t ly  improve h is  sp ec tro sc o p ic  ap p ara tu s  q u ick ly  and a t  low c o s t .  

What i s  more im p o rtan t, i t  a llow s a  degree o f freedom in  f a b r ic a t in g  

new equipment (such a s  th e  f r i t te d -b o t to m  carbon c ru c ib le s )  which i s  

n o t com m ercially a v a i la b le .  The p o te n t ia l  u s e d .in  f i e ld s  o f  chem istry  

o th e r th an  sp ec tro scopy  a re  m an ifo ld . E lec tro ch em is ts  o f te n  use non- 

porous g ra p h ite  e le c tro d e s .  P y ro ly tic  g ra p h ite  r e a c t io n  v e s s e ls  may 

prove u s e fu l  fo r  s y n th e s is  o r a n a ly s is .

Much o f t h i s  work has been accep ted  f o r  p u b lic a tio n  in  Applied 

S pectroscopy .
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A good estimate of the theoretical sensitivity of the CRA for mer­

cury if all of the mercury atoms could be atomized into the light path 

before any loss through diffusion occurs can be made with standard cal­

culations. The experimental evidence (p.24 , this thesis) indicates 

that the mercury is volatilized from the plated graphite in the temper­

ature range of 200 - 300 °C. At these temperatures and at atmospheric 

pressure of nitrogen the width of the absorption line is determined 

primarily by Lorentz broadening. The following equation is from Mit­

chell and Zemansky :

(eq. I) vT = 2 £ x  N 2 RTfl + I 
K . . [M1 M2J

cr L - Lorentz broadening collision cross section of N2 gas 
molecules with Hg atoms

N = Number of N2 molecules/cc in the absorption cell 

M^ + Mg - molecular wts of Hg and N2 respectively 

putting in Mitchell & ZemanskytS value of for nitrogen - Hg and 

573 bK for Ts

Vt = 2(64.8 x 10-16)(9.740 x 103) (6.40 x 10%) (IO1̂ ) •
(5.73 x IO2)

2 (8 .3 1  x IO7 ) 573 a  + l j  
[201 28JVl = 4.64 x IÔ  sec

Atomic absorption follows an exponential law for the intensity I of 

transmitted light against absorbing length I:

(eq. 2) I - I0e“Kvl

When the absorption line profile of the Hg atoms in the CRA tube is
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much wider than that of the emission profile of the hollow cathode 

lamp (as is the case in our technique) it is permissible to use the 

absorption coefficient at the center of the absorption line Kq^ in­

stead of Kv in equation 2«

L Jvov gives an equation for Kq1j on page 12:

(eq . 3) K0L -  2g2 + Nf 
me vL

Substituting into this equation the number of atoms/cm? (N) re­

sulting when 2 x 10""® g of mercury is atomized in a GRA tube (inner 

diameter 4*6 mm and length 15 mm) and literature values for e (charge 

of an electron), c (speed of light), m (mass of an electron), f (the 

oscillator strength of the 2537 A Hg line), and our calculated value of
L

vL, we obtain a Kq as follows:

K01, = 2(4.8 x  10-10)2 + (2.4 x 101^)(3.Q x 10“2)
(9.1 x I(T28) O  x IO10) 4.64 % IO9

K0L = 2.6 x IO1
TSubstituting this value of Kq into equation 2 using a 1 .5  cm path Ien 

length, we expect to see:

I  =  i 0 e ” 2 6 ( l . , 5 )

I -= I0l(f(e434)(26)(le5)

Abs = (.434)(26)(1.5) = 17 ■

The absorbance actually observed when 2 x ICf*8 g of mercury is at­

omized in the rod is about 0.4. This indicated that at no time is more
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than a small fraction (l7 ) of the total mercury atoms in the optical 

beam. The results of similar calculations based on the dimensions and 

instrumental conditions in the Woodriff furnace agree with the ac­

tually observed absorbances measured to within a factor, of two or 

three. This indicates the greater atomization efficiency of the fur­

nace as compared to the carbon rod atomizer.
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