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INTRODUCTION 

I n c i n e r a t i o n  i s  an e f f e c t i v e  techno logy  f o r  t h e  r e m e d i a t i o n  o f  o r g a n i c  
chemical con taminated  wastes.  For  s o l i d  wastes, such as contaminated s o i l s ,  
processes i n v o l v i n g  separa te  s tages  o f  a p r imary  desorber and secondary 
a f t e r b u r n e r  are p a r t i c u l a r l y  u s e f u l .  The d e s o r p t i o n  s tage i s  c u r r e n t l y  be ing  
modeled u s i n g  a p a r t i c l e - c h a r a c t e r i z a t i o n  r e a c t o r  (PCR, 0-500 g c a p a c i t y ) ,  a 
b e d - c h a r a c t e r i z a t i o n  r e a c t o r  (BCR, 0.5-5 k g ) ,  and a r o t a r y  k i l n  s i m u l a t o r  (2 -15  
kg) t o  s t u d y  fundamental processes such as mass t r a n s f e r ,  heat  t r a n s f e r ,  and 
v o l a t i l i z a t i o n  o f  con taminants  [1,2]. 
methods and p r e l i m i n a r y  r e s u l t s  f r o m  m o n i t o r i n g  t h e  e v o l u t i o n  o f  o r g a n i c  
compounds i n  these and s m a l l e r  r e a c t o r s .  

The samples a r e  s o i l  contaminated w i t h  a b road range o f  p o l y n u c l e a r  a r o m a t i c  
(PNA) hydrocarbons  such as those d e r i v e d  from c o a l  t a r s .  The a n a l y t i c a l  methods 
p r i m a r i l y  i n v o l v e  mass spec t romet ry  (MS) w i t h  a v a r i e t y  o f  sample i n t r o d u c t i o n  
techn iques .  The on-going analyses i n c l u d e  s o l v e n t  and thermal  e x t r a c t i o n s  o f  
s o i l  b e f o r e  and a f t e r  v a r i o u s  thermal t rea tments  as w e l l  as o n - l i n e  m o n i t o r i n g  
o f  vapors d u r i n g  d e s o r p t i o n .  

EXPERIMENTAL 

Samples - Contaminated and uncontaminated c l a y  s o i l  samples were o b t a i n e d  f r o m  
an u n d i s c l o s e d  s i t e .  
as " s o i l  A" and " s o i l  B". The s o i l s  were ana lyzed f o r  approx imate  m i n e r a l  
con ten t  by F o u r i e r  Trans form I n f r a r e d  (FTIR) spec t roscopy  o f  s tandard  KBr 
p e l l e t s .  
w i t h  r e p e t i t i v e  a l i q u o t s  o f  methylene c h l o r i d e  (CH2C12). F u r t h e r ,  s tandard  
s o l u t i o n s  o f  PNA's f rom naphthalene th rough dibenzoanthracenes were prepared f o r  
c a l i b r a t i o n  purposes a t  1, 23 ng/pl  and 200 ng/pl  i n  methylene c h l o r i d e .  

E x t r a c t  Gas Chromatography/Mass Spect romet ry  (GC/MSi - GC/MS ana lyses  o f  t h e  
e x t r a c t s  (p rocedure  descr ibed above) were performed u s i n g  a Hewle t t -Packard  5890 
chromatograph w i t h  a 15 m x 0.25 mm i . d .  x 0.25 pm f i l m  t h i c k n e s s  DB-5 column 
(J&W S c i e n t i f i c ) .  E x t r a c t s  were i n j e c t e d  e i t h e r  b y  s p l i t  i n j e c t i o n  o r  by f l a s h  
v a p o r i z a t i o n  i n  a C u r i e - p o i n t  p y r o l y s i s  GC i n l e t  [3]  u s i n g  358 C C u r i e - p o i n t  
w i r e s  i n  an i n l e t  s e t  a t  250 C. For  t h e  C u r i e - p o i n t  i n j e c t i o n ,  2 t o  10 u l  o f  
CH2C12 e x t r a c t  were concent ra ted  on t h e  p y r o l y s i s  w i r e  w i t h  o n l y  l i m i t e d  
l o s s  o f  t h e  s m a l l e r  PNA's. The column was tempera ture  programmed f rom 40 t o  300 
C a t  15 C h i n .  An I o n  Trap  D e t e c t o r  (ITD, F i n n i g a n  MAT) was scanned from m/z 50 
t o  350 a t  2 scans/sec. 

S o l i d s  Probe MS - S o i l  samples were ana lyzed d i r e c t l y  by use o f  a s o l i d s  probe 
on a I o n  Trap  Mass Spectrometer (ITMS, F i n n i g a n  MAT). 1-3 mg samples were 

T h i s  paper d e s c r i b e s  t h e  a n a l y t i c a l  

The samples were r e c e i v e d  a i r  d r i e d  and s i m p l y  d e s i g n a t e d  

E x t r a c t s  were prepared f r o m  mg t o  g s i z e  samples by u l t r a s o n i f i c a t i o n  
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p laced i n  aluminum v i a l s  w i t h  0 . 1  mm d iameter  h o l e s  i n  t h e  press  f i t  caps. 
probe t i p  was t h e n  heated  f rom 40 t o  500 C a t  60 C h i n  t o  desorb t h e  o r g a n i c s  
d i r e c t l y  i n t o  t h e  i o n  t r a p  m a i n t a i n e d  a t  120 C .  The mass spectrometer was 
scanned from m/z 50 t o  350 a t  2 scans/sec. PNA s tandards  were depos i ted  f r o m  
CH2C12 s o l u t i o n s  i n t o  t h e  v i a l s  w i t h  and w i t h o u t  s o i l  s u b s t r a t e .  
uncontaminated and p r e v i o u s l y  desorbed s o i l s  were used as s u b s t r a t e s  f o r  t h e  
s tandards  i n  separa te  exper iments .  

On L i n e  Shor t  Column GC/MS - The d e s o r b i n g  o r g a n i c  vapors were mon i to red  d u r i n g  
thermal t r e a t m e n t  u s i n g  a newly designed vapor sampl ing i n l e t  w i t h  s h o r t  column 
GC on a m i n i a t u r i z e d  ITMS (MINITMASS) a l l  o f  wh ich  i s  descr ibed i n  d e t a i l  e l s e -  
where [4,5,6]. 
DB-5 column (J&W S c i e n t i f i c )  i n  t h e  s tandard  ITD t r a n s f e r  l i n e  f o r  i s o t h e r m a l  
o p e r a t i o n .  For  these ana lyses  t h e  MINITMASS was opera ted  i n  e l e c t r o n  i o n i z a t i o n  
mode w i t h  so f tware  f e a t u r e s  f o r  enhanced s e n s i t i v i t y  [6,7]. R e t e n t i o n  t i m e  
standards f o r  v a r i o u s  PNA's were a c q u i r e d  by d i r e c t  i n j e c t i o n  o f  m i c r o  l i t e r  
volumes o f  PNA s tandard  s o l u t i o n s .  Var ious  i n l e t  and column temperatures were 
used. 

Thermal Treatment Reactors  - P r e l i m i n a r y  m i c r o  s c a l e  h e a t  t rea tments  (5 -60  mg) 
were performed by thermograv imet ry  (TG) ( P e r k i n  Elmer TGA 7 ) .  I n  i n i t i a l  vapor 
sampl ing t e s t s ,  1 u g  each o f  naphthalene and acenaphthylene were added t o  10 mg 
o f  c l e a n  s o i l  and then heated  a t  50 C/min t o  600 C w h i l e  t h e  125 o r  200 C vapor 
i n l e t  sampled t h e  TG fu rnace o u t l e t  a t  30 s i n t e r v a l s .  I n  o t h e r  t e s t s ,  50-60 mg 
p o r t i o n s  o f  s o i l  A were heated  a t  100 C h i n  t o  250, 350 o r  450 C, h e l d  f o r  5 m i n  
and then coo led  a t  50 C/min under He. The thermal t r e a t e d  s o i l s  were t h e n  
analyzed by t h e  e x t r a c t i o n  GC/MS and s o l i d s  probe MS techn iques .  

r o t a r y - k i l n  s i m u l a t o r  a r e  d e s c r i b e d  i n  d e t a i l  e lsewhere [1,2]. A t  t h e  t i m e  o f  
t h i s  w r i t i n g ,  vapor sampl ing o f  t e s t  s o i l s  A and 8 was n o t  completed. However, 
these r e s u l t s  w i l l  be i n c l u d e d  i n  t h e  o r a l  p r e s e n t a t i o n .  A set  o f  p r e l i m i n a r y  
exper iments i n  t h e  b e d - c h a r a c t e r i z a t i o n  r e a c t o r  (BCR) have been conducted where 
"c lean"  c l a y  s o i l s  were loaded w i t h  0.5 w'i% o f  e i t h e r  to luene,  ethylbenzene, 
i s o p r o p y l  benzene, o r  t -bu ty lbenzene.  I n  these runs, t h e  t r a y  o f  o rgan ic - loaded 
s o i l  was p laced beneath r a d i a n t  h e a t e r s  d i r e c t l y  i n  t h e  536 C p reheated  a i r  
stream. The evo lved gases were sampled a t  60 s i n t e r v a l s  f o r  r e p e t i t i v e  s h o r t  
column GC/MS a n a l y s i s .  
t r a n s f e r  l i n e  a t  30 C i s o t h e r m a l .  

RESULTS AND DISCUSSION 

E x t r a c t  GC/MS - F i g u r e  1 shows a s e r i e s  o f  i o n  chromatograms from t h e  f l a s h  
v a p o r i z a t i o n  GC/MS o f  t h e  s o i l  A e x t r a c t .  The t o t a l  i o n  chromatogram i s  shown 
f o r  t h e  complete r u n  ( F i g u r e  la) and as an expanded s h o r t  segment ( F i g u r e  l b ) .  
S i n g l e  i o n  chromatograms a r e  shown f o r  m/z 228 ( F i g u r e  IC), 252 ( F i g u r e  I d )  and 
276 ( F i g u r e  le). 
contaminants and t h e  w e a l t h  o f  d e t a i l e d  q u a l i t a t i v e  and q u a n t i t a t i v e  d a t a  t h a t  
a r e  a v a i l a b l e  th rough t h i s  techn ique u s i n g  a h i g h  r e s o l u t i o n  c a p i l l a r y  column o f  
normal l e n g t h .  Note t h a t  5 o r  more isomers o f  benzof luoran thenes and 
benzopyrenes a r e  d i s t i n g u i s h a b l e  i n  t h e  t r a c e  o f  m/z 252. The c o n c e n t r a t i o n s  o f  
compounds s m a l l e r  than phenanthrene a r e  underes t imated i n  t h i s  chromatogram due 
t o  premature e v a p o r a t i o n  f r o m  t h e  C u r i e - p o i n t  w i r e .  

S o l i d s  Probe MS - F i g u r e  2 shows t h e  s o l i d s  probe MS a n a l y s i s  o f  s o i l  A. 
s i n g l e  i o n  chromatograms i n d i c a t e  t h a t  t h e  PNA's were desorbed f r o m  t h e  s o i l  

The 

Both 

The system used a 1 m x 0.18 mm i . d .  x 0.4 um f i l m  t h i c k n e s s  

The l a b o r a t o r y - s c a l e  r e a c t o r s  f o r  p a r t i c l e  and bed c h a r a c t e r i z a t i o n ,  and t h e  

The vapor i n l e t  was opera ted  a t  160-175 C and t h e  

T h i s  d a t a  demonstrates t h e  c o m p l e x i t y  o f  t h e  chemical  

The 
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i n t o  t h e  MS h i g h  vacuum over  a broad temperature range o f  100 t o  400 C when 
heated a t  60 C/min. These i o n  t r a c e s  suggest  t h e  s t r o n g  i n t e r a c t i o n  o f  t h e  
PNA's w i t h  t h e  c l a y  s o i l  s u r f a c e  s i n c e  these same compounds comp le te l y  evapora te  
f rom a sample v i a l  w i t h o u t  t h e  s o i l  a t  temperatures l e s s  than  200 C. Note t h a t  
t he re  i s  no s e p a r a t i o n  o f  t h e  v a r i o u s  isomers as was seen w i t h  t h e  
chromatography i n  F i g u r e  1. 

Vapor Sampling GC/MS - F i g u r e  3 i s  a s e t  o f  i o n  chromatograms f rom t h e  vapor 
i n l e t  s h o r t  column GC/MS a n a l y s i s  o f  PNA s tandard  s o l u t i o n .  
i l l u s t r a t e s  how compounds e l u t i n g  i n  t h e  9 m in  t o  18  min p o r t i o n  o f  t h e  

T h i s  f i g u r e  

chromatogram shown i n  F i g u r e  1 are compressed i n t o  a 1 min a n a l y s i s  on t h e  
i so the rma l  s h o r t  column a t  250 C.  A l though t h e  chromatographic  r e s o l u t i o n  i s  
g r e a t l y  reduced f r o m  t h a t  o f  F i g u r e  1, t h e r e  i s  s t i l l  a c l e a r  s e p a r a t i o n  o f  t h e  
benzof luoranthenes f rom t h e  benzopyrenes as seen i n  t h e  m/z 252 t r a c e .  The 
s i g n i f i c a n t  advantage i s  t h a t  t h e  p a r t i a l  G U M S  a n a l y s i s  can be repea ted  each 60 
sec versus t h e  20 m i n  i n  F i g u r e  1 and t h i s  analyses s t i l l  g i v e s  some isomer 
i n f o r m a t i o n  beyond t h a t  which can be ob ta ined  i n  d i r e c t  MS methods such as seen 
i n  F i g u r e  2. 

Thermal Treatment  Analyses - F i g u r e  4 i l l u s t r a t e s  t h e  m o n i t o r i n g  o f  PNA 
e v o l u t i o n  f r o m  the rma l  t rea tmen t  o f  t h e  s o i l  us ing  t h e  s h o r t  column G U M S  system 
on - l i ne .  I n  t h i s  a n a l y s i s ,  t h e  4 m i n  t o  7 m in  p o r t i o n  o f  t h e  chromatogram i n  
F igu re  1 has been compressed i n t o  a 30 sec segment o f  F i g u r e  3. For  t h i s  
p r e l i m i n a r y  t e s t ,  naphthalene and acenaphthy lene were r e p e t i t i v e l y  analyzed each  
30 sec as t h e y  were evo lved  f rom 10 mg o f  s o i l  i n  a thermograv imetry  (TG) 
c r u c i b l e .  Note t h a t  t h e  p r o f i l e s  o f  consecu t i ve  naphthalene (m/z 128) and 
acenaphthylene (m/z 152) peaks t r a c e  t h e  e v o l u t i o n  o f  these compounds f rom t h e  
s o i l  a t  t h e  TG temperatures i n d i c a t e d .  The naphthalene i s  desorbed f rom t h e  
s o i l  a t  h i g h e r  temperatures than t h e  h i g h e r  b o i l i n g  acenaphthy lene p o s s i b l y  due 
t o  t h e  f a c t  t h a t  it was t h e  f i r s t  one coated on t h e  s o i l  and thus  had f i r s t  
access t o  t h e  s t r o n g e s t  a d s o r p t i o n  s i t e s .  A l though  equal  amounts o f  each 
compound were p l a c e d  on t h e  s o i l ,  recondensing o f  t h e  acenaphthy lene i n  c o l d  
reg ions  o f  t h e  TG oven g r e a t l y  a t t e n u a t k d  i t s  s i g n a l .  

Samples o f  s o i l  A were heated i n  t h e  TG t o  250, 350, o r  450 C ( w i t h o u t  
o n - l i n e  vapor  a n a l y s i s )  and then  analyzed by e x t r a c t i o n  GC/MS and s o l i d s  probe 
MS. 
PNA's l e f t  on t h e  s o i l  heated t o  450 C i n  he l ium.  The s o l i d s  probe MS da ta  on 
se lec ted  PNA's i n  t h e  o r i g i n a l  s o i l  and t h e  250 and 350 C thermal  t r e a t e d  s o i l s  
are l i s t e d  i n  Tab le  1. A l though  these  data show t h e  expected r e d u c t i o n  o f  t h e s e  
compounds f rom t h e  heated s o i l s ,  t h e  a c t u a l  s o l i d s  probe i o n  p r o f i l e s  i n d i c a t e  
t h a t  t h e  rema in ing  amounts a r e  more t i g h t l y  bound t h a n  t h e  major  p o r t i o n s  o f  t h e  
o r i g i n a l  con tamina t ion .  T h i s  r e s u l t  i s  r e a d i l y  e x p l a i n e d  i f  one s i m p l y  assumes 
t h a t  t h e  f i r s t  monolayer o f  PNA's on t h e  c l a y  s u r f a c e  i s  more s t r o n g l y  adsorbed 
than a d d i t i o n a l  l a y e r s .  F u r t h e r ,  a l a y e r  o f  b l a c k  char began t o  fo rm a t  350 C 
( i n  he l i um) ,  which m igh t  be a secondary b i n d i n g  s i t e .  A t  p resen t  i t  i s  u n c l e a r  
t o  what e x t e n t  t h i s  char  was formed f rom t h e  PNA contaminants  versus n a t i v e  s o i l  
humic substances. 

E v o l u t i o n  p r o f i l e s  of s e l e c t e d  compounds f rom .5 w t  % t o l u e n e  l o a d i n g  on a 
c l a y  s o i l  a r e  p resen ted  i n  F i g u r e  5.  600 g o f  s o i l  was heated t o  536 C i n  t h e  
BCR. 
a i r ) .  I n  a d d i t i o n  t o  t h e  r e a c t i o n  p roduc ts  shown i n  t h e  f i g u r e ,  t h e  f o l l o w i n g  
were a l s o  de tec ted  a t  s i m i l a r  concen t ra t i ons :  benzy la l coho l  , bromotoluene, 
bromobenzene, quinone, b e n z o n i t r i l e ,  xy lene,  e thy lbenzene,  c h l o r o t o l u e n e ,  and 
d ich lorobenzene.  The benzaldehyde and benzy la l coho l  a r e  expected as p a r t i a l  
o x i d a t i o n  p roduc ts .  The exac t  sources o f  t h e  o t h e r  compounds a r e  as y e t  

P r e l i m i n a r y  a n a l y s i s  o f  these da ta  i n d i c a t e  t h a t  t h e r e  were v i r t u a l l y  no 

Three secondary p roduc ts  a re  shown a t  c o n c e n t r a t i o n s  o f  1 ppb t o  1 ppm ( i n  
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u n c e r t a i n  a l t hough  i t  can be s t a t e d  t h a t  t hese  were n o t  i m p u r i t i e s  i n  t h e  o r i -  
g i n a l  s o l v e n t  and t h e r e  was approx ima te l y  15 ppm c h l o r i n e  found  i n  t h e  o r i g i n a l  
s o i l .  The q u a n t i t y  and d i v e r s i t y  o f  t hese  p roduc ts  g i v e s  some i d e a  o f  p o s s i b l e  
secondary r e a c t i o n s  and d e s o r b t i o n  c h a r a c t e r i s t i c s  expected w i t h  t h e  PNA's. 

CONCLUSIONS 

These p r e l i m i n a r y  r e s u l t s  c l e a r l y  demonstrate t h e  p o t e n t i a l  o f  mass s p e c t r a l  
techniques f o r  s t u d y i n g  t h e  e f f e c t i v e n e s s  o f  thermal  t rea tmen t  i n  contaminated 
s o i l  r emed ia t i on .  So lven t  e x t r a c t i o n  f o l l o w e d  by h i g h  r e s o l u t i o n  GC/MS i s  t h e  
method o f  cho ice  f o r  d e t a i l e d  examinat ion o f  s o i l s  b e f o r e  and a f t e r  t rea tmen t .  
S o l i d s  probe MS i s  a r a p i d  techn ique  f o r  sc reen ing  s o i l s  and can o f f e r  add i -  
t i o n a l  i n f o r m a t i o n  on how t h e  contaminant  i s  bound t o  t h e  s o i l .  
sampling s h o r t  column GC/MS system i s  a power fu l  t o o l  f o r  o n - l i n e  m o n i t o r i n g  o f  
t h e  desorbed gas phase p roduc ts  which a r e  i m p o r t a n t  t o  i d e n t i f y  f o r  desorber  
o p t i m i z a t i o n  and a f t e r b u r n e r  des ign.  I so the rma l  o p e r a t i o n  o f  t h e  s h o r t  column 
i s  a major  l i m i t a t i o n  t o  t h e  b o i l i n g  p o i n t  range o f  compounds which can 
c u r r e n t l y  be analyzed on a r a p i d  r e p e t i t i v e  b a s i s  and p l a n s  a r e  underway f o r  
making it temperature programmable. 
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TABLE 1 
Approximate Concent ra t ions  i n  ng/mg (pprn) o f  S e l e c t e d  PNA's 

on "As Received" and TG Thermal ly  T r e a t e d  S o i l  A 

Concent ra t ion  (pprn) 
Compound m.w. S o i l  A 250 C 350 C 

128 600 66 19 
202 200 17 1 
278 16 1 4  0 

ie 
198- - - Hill ( t i in )  5 

36,- - -, - - 115 __--- ImP, ('0 

I,,J I I I 

I 
I 

15 I 28 
265 308-"---308 '\ 

F i g u r e  1. GC/MS i o n  
chromatograms f r o m  t h e  
a n a l y s i s  o f  t h e  s o i l  A 
e x t r a c t  on a 15 m 
c o l  umn. 

b. t o t a l  ion 1 

I " '  ' " I " " "  ' 3 1 "  
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