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INTRODUCTION 

The high s e n s i t i v i t y  of Induc t ive ly  Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES) f o r  m e t a l  a n a l y s i s ( 2 )  makes t h i s  system a p o t e n t i a l l y  powerful metal- 
s p e c i f i c  d e t e c t o r  f o r  l i q u i d  chromatographic sepa ra t ions .  Severa l  r e p o r t s  have 
r e c e n t l y  appeared regarding a chromatography-ICP in t e r f ace (3 ) .  
t hese  i n v e s t i g a t i o n s  have involved an  aqueous mode where the  c h a r a c t e r i s t i c s  of t he  
plasma a r e  much b e t t e r  understood(2) .  

P r a c t i c a l l y  a l l  o f  

Exceptions t o  t h i s  a r e  the  simultaneous determinat ion of 15 d i f f e r e n t  wear me ta l s  
i n  l u b r i c a t i n g  o i l s  d i s so lved  i n  4-methyl-2-pentanone(4) and the  sepa ra t ion  with to luene  
e luen t  of a t e s t  mix tu re  of f e r rocene  compounds v i a  adsorpt ion chromatography with 
ICP-AES a s  a s i n g l e  element de t ec to r (5 ) .  
organic  s o l v e n t s  wherein organometal l ic  compounds a r e  more compatible has n o t  been 
made. To accomplish t h i s  t a s k  one r equ i r e s  an e f f i c i e n t  i n t e r f a c e  which can handle a 
v a r i e t y  of s o l v e n t s  w i t h  t h e i r  accompanying d i f f e rences  i n  nebu l i za t ion  e f f i c i e n c i e s  
s i n c e  t h e  plasma i s  extremely s e n s i t i v e  t o  changes i n  so lven t  de l ive ry ,  so lven t  com- 
p o s i t i o n  and so lven t  v o l a t i l i t y .  
emissions,  coupl ing of t h e  r ad io  frequency t o  t h e  plasma and d i f f e rences  i n  optimal 
viewing height  o f  t he  plasma. A jacketed spray chamber whereby coolant  can flow o r  b e  
pumped around t h e  e x t e r i o r  proved t o  be the  choice i n t e r f a c e ( 6 ) .  Metal de t ec t ion  l i m i t s  
i n  such so lven t s  a s  py r id ine ,  chloroform, to luene  and heptane have been shown t o  be 
comparable t o  those  found i n  aqueous s t a t i c  ICP-AES opera t ion .  

The ex tens ion  of LC-ICP t o  a v a r i e t y  o f  

A change of so lven t  can l ead  t o  changes i n  background 

Pyr id ine  has  a number of f e a t u r e s  a s  a so lven t  t h a t  makes i t  i n t e r e s t i n g  f o r  
development boLh a s  a LC so lven t  and a so lven t  f o r  ICP-AES. Pyridine i s  p a r t i c u l a r l y  
d e s i r a b l e  f o r  most a l l  s y n f u e l  m a t e r i a l s  i n  t h a t  i t  d i s so lves ,  f o r  example, approximately 
98% of so lven t  r e f i n e d  c o a l  s o l i d  product.  I n  add i t ion ,  w e  have shown i t  t o  be a n  
accep tab le  so lven t  f o r  s i z e  exc lus ion  chromatography (SEC) o f  coa l  derived products(7) .  
The r e s u l t s  of t he  SEC s e p a r a t i o n  i n  py r id ine  of a v a r i e t y  of coa l  derived f r a c t i o n s  
u t i l i z i n g  ICP a s  a s p e c i f i c  metal de t ec to r  a r e  descr ibed here in .  

EXPERIMENTAL 

An ARL (Sunland, CAI ICP-AES Model 137000 w a s  used a s  obtained f o r  metal de t ec t ion .  
The so f tware  u t i l i z e d  w a s  s i g n i f i c a n t l y  modified from t h a t  which i s  commercially 
a v a i l a b l e  and can b e  ob ta ined  from t h e  au thors .  
nebu l i ze r  and coo lan t  were a s  de l ive red  when s e t t i n g  the  r egu la to r s  a t  15 and 40 p s i ,  
r e spec t ive ly .  The system, inc lud ing  torch  pos i t i on ,  was optimized f o r  pyr id ine .  
P y r i d i n e  was purchased as a chromatographic grade so lven t  w i t h  no s u e c i a l  preranrinns  
-0  LV iuccai  cuiizenE. l n e  pumping system f o r  the chromatographic sepa ra t ions  was a 
Waters 6000A dua l  p i s t o n  pump (Mi l ford ,  M A ) .  
1 O d  u-Styragel column (Waters,  Milford,  MA) a t  a flow r a t e  o f  e i t h e r  1 o r  0.5 ml/min. 

The argon gas  flows f o r  t he  

^ ^  L 

The sepa ra t ions  were achieved using a 

All tubing between t h e  sample i n j e c t i o n  va lve  (Valco, 50 u1 loop) and t h e  
nebu l i ze r  was f a b r i c a t e d  from e i t h e r  316 s t a i n l e s s  s teel  o r  Teflon. The nebu l i ze r ,  
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composed o f  Pyrex g l a s s ,  w a s  obtained from ARL. 
chamber, developed i n  t h i s  l abora to ry ,  to f ac i l i t a t e  the  i n t e r f a c e  and a l s o  b e  
compatible w i t h  v o l a t i l e  organic  so lven t s  was u t i l i z e d .  
a t  1400 wat t s  i nc iden t  power and zero  wa t t s  r e f l e c t e d  power. 

A thermostated Pyrex g l a s s  spray 

The plasma was maintained 

Separat ion of so lvent  r e f ined  c o a l  by s e l e c t i v e  e l u t i o n  so lven t  chromatography 
(SESC)(E) was c a r r i e d  ou t  by s l u r r y i n g  approximately 200 grams of s i l i c a  g e l  (70- 
230 mesh) (MC/B Manufacturing Chemists Inc.)  i n  one l i t e r  of dry methanol and 
f i l t e r i n g  through a Whatman 111 c e l l u l o s e  f i l t e r .  The s i l i c a  g e l  was f u r t h e r  washed 
wi th  th ree  200 m l  of volumes of methanol and d r i e d  a t  120°C i n  a g r a v i t y  convection 
oven. The chromatographic column w a s  a 1 314 i n c h  0 .d .  x 10 inch  long s t a i n l e s s  
steel  tube wi th  f r i t t e d  reducers  t h a t  lead t o  1 /16  inch  0.d.  tubing o u t l e t s .  To 
g rav i ty  pack the  column, approximately 130 grams of t h e  prepared s i l i ca  g e l  was 
s l u r r i e d  i n  500 m l  of HPLC grade hexane and poured i n t o  the  chromatographic column. 
Once drained of hexane, a sample mixture of SRC and s i l i c a  g e l  (1:l) was dry packed 
onto the column head. 
repor ted  (8).  
i n  volume through r o t a r y  evaporat ion a t  40°C (6OoC f o r  pyr id ine)  under vacuum. 
Each f r a c t i o n  was f u r t h e r  d r i e d  a t  60°C and 5 t o r r  f o r  24 hours.  

The so lven t s  used f o r  t h e  chromatography were those  p rev ious ly  
Having i s o l a t e d  the  n ine  SESC f r a c t i o n s ,  each was i n d i v i d u a l l y  reduced 

For s i z e  exclusion chromatography, t h e s e  SESC f r a c t i o n s  were r ed i s so lved  i n  
pyridine a t  approximately 0.5 grams of f r a c t i o n  t o  10 milliliters of so lven t .  
so lu t ions  were f i l t e r e d  through 0.45 micrometer Mi l l i po re  sy r inge  f i l t e r s 6  
m i c r o l i t e r s  of each o f  t h e  r e s u l t i n g  s o l u t i o n s  was then i n j e c t e d  on a l O O A  P S t y r a g e l  
column and e lu t ed  wi th  pyr id ine .  

The 
F i f t y  

RESULTS AND DISCUSSION 

We have developed a LC-ICP i n t e r f a c e  which can simultaneously d e t e c t  (ICP) 
and spec ia t e  (LC) up t o  34 elements a t  concentrat ions between 10 ppm and 0.5 ppb 
depending on the element and the  mat r ix .  
success fu l ly  used. Prel iminary experiments using t h i s  i n t e r f a c e  have monitored 15 
elements s imultaneously (Al, Ca, Cd, Co, C r ,  Cu, Fe, Hg, Mg, Mn, Mo, N i ,  T i ,  V and 
Zn). 
so lvent  r e f ined  c o a l  has been s i z e  exclusion chromatography. 

A v a r i e t y  of organic  matrices have been 

The mode of s epa ra t ion  of process  der ived c o a l  l i que fac t ion  so lven t s  and Amax 

The me ta l s  p re sen t  i n  a process  so lvent  obtained from t h e  SRC Wi l sonv i l l e ,  AL 
f a c i l i t y  and metal d i s t r i b u t i o n  according t o  e f f e c t i v e  molecular s i z e  a r e  presented 
i n  Figure 1. 
molecular s i z e  d i s t r i b u t i o n  i s  found fo r  Mg; whereas,  T i  appears  t o  b e  more mono- 
dispersed w i t h  an average molecular s i z e  v i a  r e t e n t i o n  volume approximately equ iva len t  
t o  a 500 molecular weight n-alkane. A d e f i n i t e  bimodal d i s t r i b u t i o n  i s  observable  
f o r  Mn. Of the  elements which were monitored, C r  s u r p r i s i n g l y  e x h i b i t s  the  l a r g e s t  
concentrat ion unl ike  the  o t h e r  coal-derived m a t e r i a l s  which have been examined v i a  
LC-ICP. The source of C r  i n  t h i s  c a s e  may w e l l  be from co r ros ion  of t h e  r e a c t o r  
equipment. 
of the  m a t e r i a l  e l u t i n g  near  t he  t o t a l l y  excluded volume. Cu and Zn, on t h e  o t h e r  
hand, show a much smaller s i z e  d i s t r i b u t i o n  with Cu having a t  l e a s t  two groups of 
"sized" spec ie s ;  whi le ,  Zn appears t o  be incorporated i n  a r e l a t i v e l y  smal l  number 
of s i n g l e  "sized" spec ies .  The remainder of t he  elements monitored d id  n o t  shown 
de tec t ab le  peaks above ambient no i se  l eve l .  

Very low l e v e l s  of Mg, Mn, T i ,  Cd and Hg a r e  observed. A r a t h e r  broad 

Both C r  and Fe show a s imi l a r  molecular s i z e  d i s t r i b u t i o n  with most 

A moderately hydrotreated process  so lven t  t h a t  had been previously separated 
i n t o  four  d i s t i l l a t i o n  ranges: 
and 600-800°F w a s  sub jec t ed  t o  SEC-ICP. Figure 2 shows t h r e e  such d i s t i l l a t i o n  c u t s  

IBP ( i n i t i a l  b o i l i n g  poin t )  -800°F, 400-800°F, 400-600'F 
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sepa ra t ed  on  a 100; p -S ty rage l  SEC column us ing  p y r i d i n e  as  t h e  e l u t i n g  medium. 
S ince  the 400-600°F and  t h e  600-800'F f r a c t i o n s  were taken from the  ICP-800°F 
d i s t i l l a t e ,  one would hope t h a t  t h e s e  should be a d d i t i v e .  Indeed,  i f  one looks a t  
the  Fe "metallogram" o f  t h e  400-600°F c u t ,  one  s e e s  a d i s t r i b u t i o n  t h a t  is  bimodal 
w i t h  t h e  predominant f r a c t i o n  being of sma l l e r  mo lecu la r  s i z e ,  wh i l e  t h e  600-800'F 
Fe metallogram is l i k e w i s e  bimodal b u t  the  predominant f r a c t i o n  being of l a r g e r  
molecular  s i z e .  The o r i g i n a l  IBP-800°F d i s t i l l a t e  a l s o  appea r s  t o  be bimodal b u t  
w i th  equal  d i s t r i b u t i o n  of s m a l l e r  and l a r g e r  molecular  s i z e d  compounds. It  is a l s o  
s a t i s f y i n g  t h a t  t h e  h i g h e r  temperature  range d i s t i l l a t e  e x h i b i t s  an inc reased  
concen t r a t ion  o f  l a r g e r  ( l e s s  v o l a t i l e )  compounds. 

Zn appears  t o  b e  concen t r a t ed  i n  t h e  lower temperature  d i s t i l l a t e .  The higher  
temperature  d i s t i l l a t e  has  s m a l l e r  s i z e d  Zn compounds a l though  t h e  r eason  i s  n o t  
c l e a r .  This may imply t h a t  t h e s e  Zn con ta in ing  s p e c i e s  a r e  more p o l a r  and hence 
more highly a s s o c i a t e d .  No d e t e c t a b l e  l e v e l s  of Mn were observed i n  t h e  SEC of 
both t h e  400-600°F and 600-800°F c u t .  The IBP-800°F c u t ,  however, showed a low Mn 
l o s t  i n  the d i s t i l l a t i o n  o r  s e v e r e l y  d i l u t e d  as a r e s u l t  of t h e  d i s t i l l a t i o n .  On 
the  o t h e r  hand, Cu i s  r e t a i n e d  upon d i s t i l l a t i o n  and i s  equa l ly  d iv ided  between the 
two more narrow b o i l i n g  c u t s .  Of t h e  15  elements  monitored, on ly  t h e  me ta l s  shown 
i n  F i g u r e  2 were above the  minimum d e t e c t a b l e  l i m i t .  

ICP a l o n e  w i l l  n o t  y i e l d  s p e c i a t i o n  in fo rma t ion ;  coupled,  however, w i th  s p e c i f i c  
t y p e s  of chromatography some knowledge of t h e  n a t u r e  of me ta l  s p e c i e s  can b e  ob ta ined .  
A p r e p a r a t i v e  s e p a r a t i o n  of SRC s o l i d  product  v i a  p o l a r i t y  on s i l i c a  g e l  has  been 
performed employing s e l e c t e d  e l u t i o n  s o l v e n t  chromatography (SESC) i n t o  n ine  f r a c t i o n s ,  
des igna ted  s a t u r a t e s  (Sl), a romat i c s  ( 6 2 ) ,  p o l a r  a romat i c s  ( # 3 ) ,  s imple phenols (114), 
n i t r o g e n  h e t e r o c y c l e s  ( 1 5 ) ,  h igh ly  f u n c t i o n a l  molecules  (#6) ,  polyphenols  (#7), and 
molecules  t h a t  posses s  i n c r e a s i n g  oxygen and n i t r o g e n  c o n t e n t  (18 and 1 9 ) .  We 
found s i g n i f i c a n t  q u a n t i t i e s  of a v a r i e t y  of metals i n  each SESC f r a c t i o n  ( 9 ) .  
removing the e l u t i n g  s o l v e n t ,  w e  s epa ra t ed  each  SESC f r a c t i o n  f u r t h e r  according 
t o  e f f e c t i v e  molecu la r  s i z e  by e l u t i o n  wi th  p y r i d i n e  w i t h  t h e  ICP "on-l ine"  t o  
o b t a i n  f i f t e e n  "metallograms", one f o r  each me ta l  and SESC f r a c t i o n  monitored. 

A f t e r  

Copper, i r o n  and z i n c  metal lograms show t h e  r i c h e s t  v a r i e t y  of m e t a l l i c  s p e c i e s  
d e t e c t e d  (F igu re  3 ) .  
SESC #l and 18 have t h e  h i g h e s t  concen t r a t ion  of copper;  SESC 111 and 116 have the  
h i g h e s t  concen t r a t ion  o f  i r o n ;  and SESC 18 h a s ,  by f a r ,  the  h i g h e s t  c o n c e n t r a t i o n  
of  z inc .  The m u l t i p l e  chromatographic  peaks r e g i s t e r e d  i n  most metallograms t e s t i f y  
t o  t h e  w i d e  v a r i e t y  of o r g a n i c a l l y  bound copper ,  i r o n  and z i n c  s p e c i e s  i n  the  SRC 
s t u d i e d .  The s h a r p n e s s  of many of t h e  peaks,  e s p e c i a l l y  i n  t h e  case  of z inc ,  s u g g e s t s  
e x c l u s i v e  e l u t i o n  of c l o s e l y  r e l a t e d  components o r  even of j u s t  a s i n g l e  spec ies .  
E l u t i o n  of i r o n  s p e c i e s  commences a t  t h e  t o t a l l y  excluded volume f o r  each  SESC 
f r a c t i o n .  This  i s  n o t  t h e  c a s e  wi th  copper and z inc ;  f o r  t h e s e  m e t a l s ,  molecules  
of  s i z e  l e s s  than an n-C I ron -con ta in ing  m a t e r i a l s  
e l u t i n g  i n  h i g h l y  p o l a r  d&C f r a c t i o n s  a r e  l a r g e  "s ized" e n t i t i e s ,  wh i l e  a much 
broader  "sized" d i s t r i b u t i o n  i s  observed i n  less p o l a r  f r a c t i o n s  (SESC 11-6). Major 
copper  and z inc  peaks e l u t i n g  from SESC # l  correspond t o  approximately 1 . 3  ppm 
(Cu) and 0.4 ppm (Zn). Other r e l a t i v e l y  sharp peaks where c o n c e n t r a t i o n  can be 
e s t ima ted  a r e  provided i n  t h e  copper metallogram de r ived  from SESC 117. 
t o  smaller " s i zed"  sDec ie s  ( in r reac ino  n l z t j n n  -:-1c;-> :hc c z ~ p e r  CYLLLrl lL ldLi~~~~  a r e  
approximately 0.8, 2 . 3  and 1.1 ppm, r e s p e c t i v e l y .  S ince  SESC 17 i s  r epu ted  t o  be 
polyphenols ,  i t  seems r e a s o n a b l e  t o  sugges t  t h a t  t h e s e  copper s i g n a l s  a r e  due to  
e l u t i o n  of copper pheno la t e s .  The z i n c  metallogram de r ived  from SESC 16 e x h i b i t s  
t h e  l a r g e s t  number of d i s c r e t e  peaks.  
f u n c t i o n a l  f r a c t i o n  a r e  r evea led  upon s e p a r a t i o n  by e f f e c t i v e  molecular  s i z e .  

A l l  n i n e  SESC f r a c t i o n s  c o n t a i n  va ry ing  amounts of these  me ta l s .  

a l k a n e  are p r e d i c t e d  t o  e l u t e .  

P rogres s ing  

Four z i n c  c o n t a i n i n g  s p e c i e s  i n  t h i s  h i g h l y  
The 
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appa ren t  l a r g e s t  "s ized" z inc  compound elutes a t  the  t o t a l l y  excluded volume and 
r e p r e s e n t s  approximately 6 ppm zinc.  E l u t i o n  of the  s p e c i e s  a t  10.5 m l  is 
r e p r e s e n t a t i v e  of a molecule  corresponding t o  n-decane i n  s i z e .  SESC 1 8  h a s  a z inc  
c o n c e n t r a t i o n  of about  45 ppm, a l l  of which a p p a r e n t l y  e l u t e s  i n  a r e l a t i v e l y  narrow 
band corresponding i n  s i z e  t o  an  n-C2 a lkane .  
s e p a r a t i o n  o f  t o t a l l y  excluded and s e f e c t i v e l y  permeated (CO .25 ppm) z inc -con ta in ing  
m a t e r i a l  i s  observed i n  the  s i z e  exc lus ion  s e p a r a t i o n  of SESC 119. 

F i n a l l y ,  an i n t e r e s t i n g  bimodal 

A c a p a b i l i t y  t o  perform metal  a n a l y s e s  i n  p y r i d i n e  and o t h e r  o rgan ic  s o l v e n t s  
and t h e  i n t e r f a c i n g  of LC and ICP  p rov ide  r e s e a r c h e r s  a t o o l  f o r  metal  s p e c i a t i o n  i n  
s y n f u e l s .  
o f  each m e t a l .  However, s o l u b i l i t y  of t h e s e  m a t e r i a l s  i n  a wide v a r i e t y  o f  o rgan ic  
s o l v e n t s ,  r epea ted  f i l t r a t i o n  through 5 u m  f i l t e r s ,  and s e l e c t i v e  s e p a r a t i o n  v i a  two 
chromatographic procedures  (SEX and SEC) i n d i c a t e s  t h a t  m e t a l s  i n  o rgan ic  com- 
b i n a t i o n  a r e  p r e s e n t  (10). 

F u r t h e r  work must be undertaken t o  a s c e r t a i n  s p e c i f i c  chemical environments  
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