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INTRODUCTION 

The chemical reac t i ons  t h a t  accompany the  e x t r a c t i o n  (1) o f  v o l a t i l e s  
from hydrocarbon resources w i t h  s u p e r c r i t i c a l  water (SCW) are f requen t l y  
obscured by the  comp lex i t i es  o f  t he  reac t i on  system. I n  contrast ,  t h e  
comparative s i m p l i c i t y  o f  model compound s t ruc tu res  and product spectra permi t  
r e s o l u t i o n  o f  r e a c t i o n  fundamentals ( 2 )  and subsequent in ference of  the 
f a c t o r s  t h a t  c o n t r o l  t he  reac t i ons  o f  r e a l  r e a c t i n g  systems. Here in we use 
model compounds t o  probe the k i n e t i c s  o f  the p y r o l y s i s  and s o l v o l y s i s  
r?ac t i ons  :hat l i k e l y  occur du r ing  t i l e  e x t r a c t i o n  o f  v o i a t i l e s  from coals and 
l i g n i n s .  

m i m i c  o f  key s t r u c t u r a l  aspects o f  l i g n i n ,  i n  SCk' ( 3 )  e luc ida ted  p a r a l l e l  
p y r o l y s i s  and h y d r o l y s i s  pathways, t h e  s e l e c t i v i t y  t o  the  l a t t e r  i nc reas ing  
l i n e a r l y  w i t h  water densi ty .  Guaiacol decomposition k i n e t i c s  were 
i n t e r e s t i n g l y  non l i nea r  i n  water dens i t y ,  which suggested the p o s s i b i l i t y  o f  
unusual cage o r  so l ven t  e f f e c t s  a t t r i b u t a b l e  t o  dense f l u ids .  
observed q u a l i t a t i v e l y  s i m i l a r  behavior f o r  t he  reac t i on  o f  each o f  dibenzyl 
e the r  (DBE), benzyl phenyl amine (BPA), and benzyl phenyl su lph ide (BPS) i n  
SCW and wish t o  r e p o r t  a candidate reac t i on  network t h a t  u n i f i e s  t h e  previous 
and present model compound r e s u l t s .  

RESULTS 

A prev ious study o f  t he  reac t i on  of guaiacol (orthomethoxyphenol), a 

We have 

Table I summarizes the reac t i on  cond i t i ons  o f  temperature, reac tan ts '  
concentrat ions and h o l d i n g  time. 
commercial ly a v a i l a b l e  ( A l d r i c h )  subst rates DBE, BPA and BPS were entered i n t o  
room temperature s t a i n l e s s  s t e e l  " t ub ing  bombs" t h a t  have been descr ibed 
elsewhere (3). 
constant  a t  the des i red  reac t i on  temperature, which was a t ta ined  by the 
reac to rs  i n  about 2 min; t h i s  heat-up pe r iod  was small compared t o  u l t i m a t e  
r e a c t i o n  t imes (up t o  40 min) and was, i n  any case, i d e n t i c a l  f o r  a l l  runs. 
Products were i d e n t i f i e d  by GC-MS and q u a n t i t a t e d  by GC as described elsewhere 

Measured amounts of t ap  water and the 

Sealed reac to rs  were immersed i n t o  a f l u i d i z e d  sand bath held 

(3,4). 

Neat DEE p y r o l y s i s  l e d  t o  to luene and benzaldehyde as major products 
a long w i t h  l e s s e r  amounts o f  benzene and benzyl alcohol. 
gave benzyl a lcohol ,  toluene, benzaldehyde and h igh molecular weight ol igomers 
(4 )  as major products  along w i t h  l ,e-diphenylethane, diphenylmethane and 
tr iphenylmethane as minor  products. The in f l uence  o f  water dens i t y  ( S )  on DBE 
decomposit ion k i n e t i c s  i s  i l l u s t r a t e d  i n  F igure 1, where DBE conversion ( x )  i s  
p l o t t e d  against  water  dens i t y  f o r  parametr ic  values o f  t he  reac t i on  t ime a t  

DBE reac t i on  i n  SCW 
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374°C. 
these occurred a t  about S = 0.4 i 0.05 i n  a l l  cases. 

major  Products and minor  products i n c l u d i n g  1.2 diphenylethane and 2-benzyl- 
a n i l i n e .  BPA r e a c t i o n  i n  water was t o  benzyl a l coho l  and benzaldehyde 
as  w e l l  as t h e  neat p y r o l y s i s  products. The i n f l u e n c e  
of S on BPA r e a c t i o n  k i n e t i c s  a t  386°C i s  I l l u s t r a t e d  i n  F igu re  2. For each 
r e a c t i o n  t ime  i l l u s t r a t e d  i n  F igure 2, BPA convers ion passes through a minimum 
as water  dens i t y  increases. 

Neat p y r o l y s i s  of BPS was t o  t h e  major product to luene as we l l  as 
th iophenol ,  pheny ld i su l f i de ,  and pheny lsu l f i de .  Oiphenylmethane and 
1-2-diphenylethane were minor products. BPS r e a c t i o n  i n  water l e d  t o  a l l  o f  
t h e  neat p y r o l y s i s  products  except diphenylmethane, as we l l  as minor amounts 
o f  benzaldehyde. 
i l l u s t r a t e d  i n  F igu re  3. For  each r e a c t i o n  t ime  i n  F igure 3, BPS convers ion 
passes through a minimum as water dens i t y  increases. 

D I S C U S S I O N  

Note t h a t  each curve i n  F igure 1 passes through a minimum value o f  x; 

P y r o l y s i s  o f  BPA l e d  t o  toluene, a n i l i n e ,  benza lan i l i ne  and o l igomers as 

The i n f l u e n c e  of  S on BPS r e a c t i o n  k i n e t i c s  a t  300°C i s  

Two experimental observations common t o  t h e  reac t i on  o f  each o f  
guaiacol ,  OBE, BPA and BPS m e r i t  summary. F i r s t ,  t he  o v e r a l l  r eac t i on  o f  each 
subs t ra te  i n  dense water  comprised p a r a l l e l  p y r o l y s i s  and s o l v o l y s i s  pathways, 
w i t h  t h e  s e l e c t i v i t y  t o  the l a t t e r  i nc reas ing  cont inuously  w i t h  i nc reas ing  
water densi ty .  Second, and f o r  a constant  reac t i on  temperature and t ime,  each 
r e a c t a n t ' s  convers ion passed through a minimum as t h e  water dens i t y  increased. 
These observat ions are consis tent  w i t h  the two complementary mechanis t ic  
i n t e r p r e t a t i o n s  t h a t  form t h e  basis o f  the model reac t i on  networks o f  F igures 
4a and 4b. We consider  these separately. 

I n  t h e  mechanism represented i n  F igure 4a, t he  general reac tan t  R can 
f o l l o w  e i t h e r  p y r o l y s i s  or s o l v o l y s i s  r q c t i o n  paths. 
f ragmentat ion o f  R t o  product  spectrum P 1  may, i n  general,  r e q u i r e  hydrogen 
consumption, which w i l l  be provided by the  reac tan ts  themselves. Thus, n o f  
F igu re  4a w i l l  t y p i c a l l y  be 3, 0, 1 and 1 f o r  guaiaAol, DEE, BPA and BPS, 
respec t i ve l y  (3,5). So lvo l ys i s  t o  product  spectrum P i n  F igu re  4a i s  modelled 
t o  occur through a so l va ted  reactant  in termediate,  Rg, t h a t  i s  caged by m 
water molecules. 
r e a c t i o n  product spectrum from P1 ( p y r o l y s i s - l i  ke)  toward P2 ( s o l v o l y s i s -  
l i k e ) .  

Three mode l l i ng  approximations a l lowed a n a l y t i c a l  d e r i v a t i o n  o f  a r a t e  
expression f o r  t h e  network o f  F igure 4a. 
considered t o  be r a p i d  and i n  v i r t u a l  e q u i l i b r i u m  a t  r e a c t i o n  condi t ions.  
Th is  i s  not  t r u e  du r ing  the small heat-up period. Second, so lvated reac tan t  
molecules were modelled t o  be caged and thus unable t o  f o l l o w  t h e  neat 
p y r o l y s i s  r e a c t i o n  path. 
e x i s t  on ly  a t  reac t i on  condi t ions,  and ambient ana lys i s  by gas chromatography 
would thus  p rov ide  the  sum R* = R t RS as the  observable f o r  k i n e t i c s  
analys is .  

Neat p y r o l y t i c  

Increases i n  2 t e r  dens i t y  w i l l  s h i f t  t h s o v e r a l l  observed 

F i r s t ,  reac tan t  s o l v a t i o n  was 

Thi rd,  t he  so lvated species RS was considered t o  
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Eq. 1 i s  a general r a t e  express ion f o r  guaiacol, DBE, BPA and BPS 
disappearance th rough  t h e  network o f  F igu re  4a; t h e  values o f  t h e  r a t e  
express ion parameters w i l l  be d i f f e r e n t  f o r  each reactant. 
values l i s t e d  i n  Table XI, t h e  p r e d i c t i o n s  o f  Eq. 1 and i t s  i n t e g r a t i o n  over 
t i m e  

For  t h e  parameter 

d t  1 + Ks? (1 + kzS l /KsSm) I R* r = - = [ -  -dR* -(n+l)kl + 

a r e  i l l u s t r a t e d  i n  F igures 5a and 5b as p l o t s  o f  t h e  reac t i on  r a t e  and 
conversion, respec t i ve l y ,  as a f u n c t i o n  o f  S a t  a f i x e d  temperature and time. 
Note t h e  p red ic ted  minima a r e  q u i t e  general and i n  accord w i t h  the 
experimental observations. The magnitude and occurrence o f  these minima are 
c l e a r l y  dependent upon t h e  values o f  r a t e  expression parameters. 

through,either a p y r o l y s i s  o r  s o l v o l y s i s  pathway t o  product spectrum 
P o r  Pz,  r e s p e c t i v e l y .  
t h e  a c t i v a t i o n  volume p r e s s w e  dependence, which was n o t  accounted f o r  i n  
F igure 4a; on t h e  o t h e r  hand, cage e f f e c t s  and thus so lvated reac tan t  RS are 
absent i n  F i  gure 4b. Q u a l i t a t i v e l y  , t h e  o v e r a l l  disappearance r a t e  and 
convers ion w i l l  pass through a minimum i n  pressure, and thus water densi ty ,  i f  
k decreases f a s t e r  than k2S w i t h  increases i n  so lvent  concentrat ion S. Cage 
e t f e c t s  i n  F igu re  4a and pressure-dependent r a t e  constants i n  F igure 4b thus 
account f o r  t he  same exper imenta l ly  observed behavior. 

SUMMARY AND CONCLUSIONS 

I n  t h e  mechanism o f  F i g u r e  4b t h e  general reac tan t  R fragments d i r e c t l y  

7 The r a t e  constants  k l  and k2 o f  F igure 4b i nc lude  

The o v e r a l l  r e a c t i o n  o f  each o f  guaiacol, DBE, BPA and BPS i n  dense water 
i s  a superpos i t i on  o f  neat p y r o l y s i s  and s o l v o l y s i s  reac t i on  pathways. 
product  spectra s h i f t  from pu re l y  p y r o l y s i s - l i k e  t o  s o l v o l y s i s - l i k e  w i t h  
increases i n  water concentrat ion.  For a given r e a c t i o n  temperature and t ime, 
t h e  reac tan ts '  convers ions pass through r e l a t i v e  minima as the water concen- 
t r a t i o n  increases. Two mechanis t ic  i n t e r p r e t a t i o n s  p rov ide  cons is ten t  
p red ic t i ons .  The f i r s t  comprises p a r a l l e l  p y r o l y s i s  and s o l v o l y s i s  reac t i on  
pathways, t h e  l a t t e r  occu r r i ng  through a so lvated reactant  i n te rmed ia te  t o  which 
p y r o l y s i s  i s  denied. 
s o l v o l y s i s  pathway w i t h  associated r a t e  constants t h a t  are pressure dependent. 
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Model 
Compound 

DBE 

BPA 

BPS 

Table 1 
Reaction Condi t ions 

Reactant 
Concent r a t i o n  Temperature/'C Hold ing Time/min 

1.71 
1.71 
1.71 

0.564 
0.688 
0.604 

0.547 
0.521 

374 
374 
374 

386 
386 
386 

300 
300 

15 
45 
60 

5 
20 
30 

10 
20 

Table 2 
Rate Expression Parameters Used i n  t h e  P red ic t i on  of  F igure 5 

Pa ramet e r 

n 

k l  

kS 

m 

k 2  401 

Value 

1 

0.06 sec-1 

1.5 mol-1 

1 

0.3 sec-1 mol - 1  
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Figure 3 

5 = 300 C 
BPS convernion vs. reducod water density 

.. . 
I I 

Figure 4: Proposed Reaction Network 

Figure 4a:  Cage e f f ec t s  
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Figure 4b: Pressure-dependent ra te  constants 
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Figure SA 
Predicted reaction rates VS. 

reducod solvent doneity 
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Figure 5B 
Predicted conversion VS. 

reduced solvent density ' 
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