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ABSTRACT 

\ 

This report describes work accomplished under two tasks: Task A, 

mechanisms of donor-solvent coal liquefaction, and Task B, CO/H~O 

conversion systems. : , , . . 

Under Task A, we describe additional evldence relating to the 

question of the mechanism of the iron oxide catalyzed cleavage of 

hydroxydiphenylmethanes. - o-Hydroxydiphenylmethane is relatively more 

sensitive to catalysis by Fe3O4, a possible one electron oxidant, and 

triphenylmethane is relatively more sensitive to catalyzed cleavage by 

Sio2/Al2o3, a strong Rronsted acid t-.atnl gst . Thf s prnvk!rv further 

evidence that in the former case the reactions of radical cations are 
important in the cleavage mechanism. Tests with Cr20g show it to be 

ineffective under our reaction conditions as a catalyst for . 
hydroxydiphenylmethane cleavage. We have also used the decomposition of 

diphenylether in tetralin, which we have previously shown to occur by a 

radical displacement reaction, ,as an indicator of steady state radical 

concentration in tetralin. The results of these experiments indfcate 

that radical concentrations in tetralin are not significantly increased 

by spiking the t e t r a l i n  with 1,2-dihydronaphthalcnc. Thin in tarn 0" 

suggests that rapid disproportionation of 1,24ihydronaphthalene to 

tetralin and naphthalene takes place by way of a concerted reaction, in 

addition to a slower radical disproportionation process that may provide 

the steady state radical concentration supported by the equilibrium 

concentration of 1,l-dihydtonaphthalene. 

Under Task B1, we have found a correlation between initial pH and 

C'O pressure on the conversion of PSOC-26 coal to toluene soluble 

productc. A pH dcpcndcnce was also observed for P30C-233 coal, slmllar 

to results with FSOC-26. U~iJei: Task B2, we have studied anisole as a 

model oxygen containing structure in coal. The products from its 

conversion with D 0, and the degrees of deuterium substitution in the 2 
various products were determined. 
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INTRODUCTION 

. . 

SRI International is conducting a program on the chemistry of the 

conversion of coal to liquid fuels. The study is divided into two 

tasks: Task A deals with mechanisms in donor solvent liquefaction. Task 

B is a study of the conversion of coal and model compounds in the CO/H20  

, system. 

Bo'th efforts involve the use of different coals (extending from 

. lignites to bituminous coals) and appropriate model compounds. Our 

overall objective is to develop a better understanding of the operative. 

chemistry in donor solvent and C O / R 2 0  coal conversion processes. 



TASK A: MECHANISMS OF DONOR-SOLVENT COAL LIQUEFACTION 

Donald F. McMillen and Walter C. Ogier 

I n t r o d u c t i o n  

The o b j e c t i v e s  t h a t  our work has  focused on t h i s  q u a r t e r  a r e  t h e  

developroent O F  a n  understanding of t h e  iron-oxide-catalyzed c leavage  of  

c o a l  s t r u c t u r e s ,  and c h a r a c t e r i z a t i o n  o f  t h e  r a d i c a l  i n i t i a t i o n  

p roces se s  r e s p o n s i b l e  f o r  t h e  c leavage  of  d iphenyl  e t h e r  s t r u c t u r e s  

under  c o a l  l i q u e f a c t i o n  cond i t i ons .  

Towards t h e  f i r s t  o b j e c t i v e ,  w e  a r e  a t t empt ing  t o  Fu r the r  d e f i n e  

t h e  r o i e  of  i r o n  oxide  i n  c a t a l y s e s  o f  py ro lyses  of s ing le -methylene2  

br idged  a romat ic  coal-model s t r u c t u r e s  i n  t e t r a l i n .  Th i s  q u a r t e r  w e  

compared t h e  a c t i v i t y  o f  two c a t a l y s t s  w i th  s e v e r a l  model compounds i n  

a n  a t tempt  t o  d i s t i n g u i s h  between t h e  cand ida t e  mechanisms f o r  ca t a lyzed  

deg rada t ion  of t h e s e  c o a l  s t r u c t u r e s .  

Towards t h e  second o b j e c t i v e ,  w e  a r e  a t t empt ing  t o  s tudy  t h e  

r a d i c a l  i n i t i a t i o n  e f f e c t  u s ing  a  d iphenyl  e t h e r ,  a  model s t r u c t u r e  

whose p r i n c i p a l  c leavage  mechanism had p rev ious ly  been determined i n  

t h i s  work t o  involve  a  r a d i c a l  displacement  process ,  a s  a  monitor  of  

a b s o l u t e  c o n c e n t r a t i o n  of r a d i c a l s  i n  t e t r a l i n .  This  q u a r t e r  we 

examined a  r e a c t i o n  p o s t u l a t e d  by s t e i n 1  t o  account  f o r  a s u b s t a n t i a l  

c o n c e n t r a t i o n  of  r a d i c a l s  i n  t e t r a l i n ;  t h a t  i s ,  we have a s se s sed  t h i s  

pos tu l a t ed  sou rce  of r a d i c a l s  i n  l i g h t  o'f ou r  p rev ious ly  ob ta ined  and 

o u r  a d d i t i o n a l  new evidence concerning r a d i c a l  displacement  r e a c t i o n s  

wleh arornacic eshers. 

R e s u l t s  and Discuss ion  

Iron Shri.%e Cats1ysi .s  of t h e  Cleavage of Mathylcne Linkages 

I r o n  ox ides  c a t a l y z e  t h e  c rack ing  of hydrocarbons under a  v a r i e t y  

of exper imenta l  c o n d i t i o n s .  They have been employed f o r  many yea r s  a s  

c o a l  l l g u e f a c t i o n  c a t a l y s t s  a s  well .* Prev ious  r e sea rch  i n  t h i s  

l a b o r a t o r y 3  has  been i n d i c a t e d  t h a t  i r o n  ox ides  c a t a l y z e  t h e  c leavage  of 



t h e  aryl-benzyl  bond i n  d iphenyl  methanes and d iphenyl  e t h e r s  i n  

t e t r a l i n  a t  400°c, and t h a t  t h i s  c a t a l y s i s  i s  much more marked when one 

( o r  more) of t h e  phenyl r i n g s  i s  hydroxylated.  I n  s p i t e  of t h e  long 

h i s t o r y  of t h e  use  of i r o n  oxides  a s  low c o s t  c a t a l y s t s  i n  c o a l  

convers ion  prcjcesses, and i n  s p i t e  of r e c e n t  s t u d i e s  of  z ~ o / F ~ z O ~  phenol 

de -a lky l a t i o~ :  c a t a l y s t s  , 4  t h e  mechanism(s) by which t h e  i r o n  ox ide ( s )  

f u n c t i o n s  doe:; not  appear t o  have been e s t a b l i s h e d .  S i m i l a r l y ,  r e s u l t s  

p rev ious ly  r epo r t ed  under t h i s  con t r ac t3a  have r e s u l t e d  i n  an  ambiguous 

d i s t i n c t i o n  between t h e  two p r i n c i p a l  cand ida t e  mechanisms. 

The products  of t h e  iron-oxide-catalyzed c leavage  of  

hydroxydiphenylmethane (benzyl  phenol) are those  expected from acid- 

c rack ing  types  of p roces se s ,  y e t  i r o n  ox ides  a r e  no t  g e n e r a l l y  thought  

t o  possess  s t r o n g l y  a c i d i c  s u r f a c e  ~ h a r a c t e r . ~  R e s u l t s  r epo r t ed  i n  t h e  

l i t e r a t u r e  s i n c e  our  previous r e p o r t  sugges t  o t h e r  s i t u a t i o n s  a s  w e l l  

where c r ack ing  and c o a l  l i q u e f a c t i o n  c a t a l y s i s  by c e r t a i n  mixed ox ides  

c a t a l y s t s  do not  c o r r e l a t e  wi th  a c i d  s t r e n g t h  o r  t o t a l  s u r f a c e  

a c i d i t y . 6  These r e s u l t s  t hus  suppor t  t h e  p o s s i b i l i t y  t h a t  p rocesses  

d i s t i n c t  from Bronsted a c i d  c a t a l y s i s  a r e  r e spons ib l e  f o r  t h e  observed 

a c t i v i t y  of i r o n  oxtdes .  We have prev ious ly  advanced3a t h e  hypothes i s  

t h a t  r a d i c a l  c a t i o n s  generated by c o n t a c t  w i th  one-e lec t ron  ox idan t s  may 

occur  a s  intermediades no t  on ly  i n  r e a c t i o n  of  t h e  hydroxylated coal- 

models we have s t u d i e d ,  bu t  a l s o  i n  ca t a lyzed  pathways l ead ing  t o  

l i q u e f a c t i o n  products  from r e a l  c o a l s .  
. . 

Our f i r s t  goa l  upon resuming work i n  t h i s  t a s k  was t o  f u r t h e r  

c h a r a c t e r i z e  t h e  s u r f a c e  a r e a  and pore s i z e  d i s t r i b u t i o n  of' c a t a l y s t s  w e  

had used s o  t h a t  we could make rough normal iza t ions  of a c t i v i t y  based on 

s u r f a c e a r e a .  This  was done f i r s t  by scanning e l e c t r o n  microscopic  

(SEM) examination of t h e  c a t a l y s t s  and w i l l  be  followed by BET s u r f a c e  

a r e a  measurements. The r e s u l t s  of t h e  SEM examination w i l l  be d i s cus sed  

where p e r t i n e n t .  

: The second g o a i  was t o  perform experiments  comparing t h e  c a t a l y t i c  

a a c t i v i t y  o f . s e v e r a 1  c a t a l y s t s  f o r  c rack ing  of two c o a l  models: t h e  

hydroxyiated diphenylmethanes whose 'degradat ion mechanism w e  su spec t  



involves radical cation formation; and unhydroxylated diphenylmethane 

and triphenylmethane whose cracking is presumed to involve the generally 
5 invoked Bronsted acid attack. 

Scheme 1 

Presumably, tetralin would be the protonlhydride ion source. The 

enhanced resonance stability of structure - 2a should promote protic acid- 

cracking in this molecule. 

Diphenyl~aethanes, as activated aromatics, should certainly be 

susceptible to this kind of reverse Friedel-Crafts process. However, 

thermochemical considerations Chat we have discussed before3a suggest 

that radical cation formation from the keto forms of hydroxydiphenyl- 

methanes should sufficiently weaken the central bond so that homolytic 

thermal cleavage should take place (at 400'~) in a microsecond or less. 
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Scheme 2 

While t h e  phenylmethane strengths in di- and tri-phenylmethanes are 

roughly halved (from 89 to 46 kcallmole) upon formation of the radical 

~ a t i o n , ~  the strength of hydroxyphenyl-methylene bonds is reduced from 

89 to < 25 kcallmole in ortho- and para-hydroxy diphenylmethanes by an 
isomerization to the keto form followed by one-electron oxidation. At 

400'~ a 25-kcallmole bond will thermally cleave in less than 

1 psecond. Thus perhaps any substantial loss of electron density from 

an adsorbed keto-form could lead rapidly and irreversibly to cleavage. 

That such a mechanism is important seemed to be supported by the 

fact that iron oxides (materials not considered to be strong Bronsted 

acids, but which might be expected to be effective one-electron 

oxidants) exhibit one of the highest specific activity of the catalysts 

we have tested for cracking of hydroxydiphenylmethanes. 

Thus hydroxydiphenylmethane (HODPM), as.a benzyl phenol, should be 

very susceptible to Bronsted acid attack. Under some circumstances, it 

may also be reacting via another pathway, formation of a radical 

cation. We wish to determine which pathway accounts for the iron-oxide- 

catalyzed cracking of HODPM: Bronsted acid attack or radical cation 

formation. 

We first observed the susceptibility of HODPM to catalysis by Fe 0 
3 4 

and to catalysis by ~ 1 ~ 0 ~ l s i o ~  (a good Bronsted acid catalyst). Then we 

observed the susceptibility of triphenylmethane (TPM) (which can cleave 

by Bronsted acid attack, but cannot cleave by an oxidized keto-form) to 

catalysis by P ~ ~ O ~  and to catalysis by Al 0 /Si02. Finally, we compared 
2 3 

the results .to determine which of the two substrates, HODPM (which . 

reacts via two pathways) or TPM (which reacts via one pathway), 

benefitedmore by going from Fe 0 to A1203/Si02. 
3 4 . -  . < 



For this comparison we chose to examine the pyrolysis behavior of 

these two models in tetralin. For the two catalysts we used a typical 

acid-cracking catalyst (Alfa 45:53% ~ 1 ~ 0 ~ : S i O  ) and Fisher Fe 0 2 3 4 
practical grade. Visible light and SEM examination reveals that the 

Fe304 consists of dense particles of average diameter - 0.2 p (external 
2 surface area - 6 m /gram). The silica-alumina was crushed, sieved, and 

a 3251400 mesh fraction (average diameter - 40 p) was used. SEM 

examination reveals that these particles are microcrystalline 

agglomerates with a bi-modal pore size distribution, probably with a 
2 

total surface area in excess of 100 m /gram. Previously reported 

results (including those on diphenylmethane (DPM)) and new results 

pertinent to this comparison are shown in Table 1. With the aid of the 

matrix below, these results can be considered in the following manner. 

A I ~ O ~ / S ~ O ~  Fe304 

0--1IODPM -- 4.6 x 0-I 4.5 r 10-5 8-I 

TPM 1.1 s-l 1.1 S-I 

First, with the Rronsted acid A1 0 /Si02, 2-HODPM is modestly more 2 3 
reactive (4x) than TPM. This is not surprising because HODPM is a 

highly sctivated substrate for proton attack. With Fe3O4, a much weaker 

Bronsted. acid catalyst, the reactivity of o-HODPM drops by a Factor of - 
10, but the reactivity of TPM, the substrate susceptible only to 

~ronsted scid attack, drops by a factor of 100. This suggests that with 

Fe O there is an alternative cracking mechanism (i.e., a radical cation. 3 4 
process) accessible to HODPM, but not to TPM. Thus ~ 1 ~ 0 ~ / s 1 0 ~  ts nore 

effective with TPM while Fe 0 is more effective with o-HODPM, and this' 3 4 - 
supports the radical cation cracking mechanism that we suggested for 

HODPM. These results, however, do not conclusively prove such a 

mechanism. There are two alternatives consistent with cracking via 

Bronsted acid attack: The smaller rate decrease of HODPM between 

~ 1 ~ 0 ~ / S i O ~  and Fe 0 could reflect a reactivity-selectivity 
3 4 

rel-ationship, because - o-HODPM/A~ 0 -Si02 is slightly more reactive than 
2 3 



Table 1 

COMPARISON OF CATALYTIC SUSCEPTIBILITIES OF 
ortho-HYDRODIPHENYLMETHANE (0-HODPM) AND 

DIPHENYLMETHANE (DPM) 

Time 

Run Model WtX -1 - Catalyst .- - W tX (hr) C/Co- (see 1 

o-HODPM - 
0-HODPM - 
0-HODPM - 

TPM 

TPM 

TPM 

TPM 

TPM 

DPM 

DPM 

aAll reactions were carried out in purified (> 99%) tetralin, 300 p.l. total 
solution, at 400°c, after evacuation of ampoule. Products were analyzed 
by GC and GC/MS (243, 244). 
brreviausly reported dab. 
'~quimolar . 
d~quimolar. 
e~omparison of these results suggests that defined first-order rate constants 
are suitable for the comparisons made for different times of reaction. 



T P M / s ~ o ~ - A ~ ~ O ~ ,  o r  b e t t e r  b ind ing  t o  t h e  c a t a l y s t  wi th  t h e  hydroxylated 

s u b s t r a t e  and g r e a t e r  importance of t h i s  b e t t e r  b ind ing  f o r  t h e  weaker 

Eronsted a c i d  c a t a l y s t .  It i s  c u r i o u s  t h a t  dip'henylmethane should be a s  

r e a c t i v e  a s  t r iphenylmethane on Fe3O4. ~ 0 t h  ofie-electrbn oxida t iu*  and 

a r e v e r s e  F r i ede l -Cra f t s  r e a c t i o n  should tie enhanced by t h e  resonance of  

a f u r t h e r  r i n g  i n  t h e  r e a c t a n t  .7 Perhaps steric e f f e c t s  a r e  t o  blame, 

or i t  m y  a l s o  be  caused by r a t e  l i m i t a t i o n  i n  a binding-to-the s u r f a c e  

s t e p .  

We p l a n  t o  complete  t h e  ma t r ix  on page 6 w i t h  a  r e a c t i o n  o f  

diphenylmethane on A1203/Si02. We a l s o  p l an  t o  a s s e s s  t h e  o r d e r  of 

t h e s e  r e a c t i o n s  more c a r e f u l l y .  Th i s  w i l l  provide some informat ion  

about  t he  number of  c a t a l y t i c  si tes,  from which we w i l l  be a b l e  t o  l e a r n  

i f  t h e  r a t e  i s  l i m i t e d  by s a t u r a t i o n  of  c a t a l y t i c  s i t e s  i n  one c a t a l y s t  

and n o t  t h e  o t h e r .  Th i s  w i l l  permit u s  t o  a l s o  examine t h e  behavior  o f  

t h e  s o l v e n t  ( t e t r a l i n )  on t h e s e  c a t a l y s t s ;  some d i f f e r e n c e s  i n  s o l v e n t  

deg rada t ion  a r e  d i s c e r n i b l e  but  a r e  no t  r e a d i l y  amenable t o  k i n e t i c  

comparisons.  

The r e c e n t  s t udy  by Yamaguchi e t  a1.' i n d i c a t e d  c o a l  l i q r ~ e f a c t i o n  

c a t a l y s t  e f f e c t i v e n e s s  f o r  mixed t r a n s i t i o n  me ta l  ox ides  does n o t  

c o r r e l a t e  w i t h  s u r f a c e  a c i d i t y .  The i r  r e s u i t s  a l s o  sugges t  t h a t  t h e  

e l e c t r o n i c  c h a r a c t e r  of  amphoteric ox ides  may be c r i t i c a l  i n  de te rmin ing  

e f f e c t i v e n e s s  of cacalysrs f o r  c r a c k l ~ ~ g  11oC uuly tlludel c o a l  s t  ruccui-es 

hu t  a l s o  f o r  r e a l  c o a l s .  

We conducted a n  experiment t o  examine t h e  e f f e c t  0 f . a  chromiun 

oxide  t h a t  might have acid-base p r o p e r t i e s  s i m i l a r  t o  t h o s e  of Fe20g ( a n  

e f f e c t i v e  c a t a l y s t  w i th  HODPMs). However, f i n e  powder Cr303 - (Sargent-  

Welch) ( s i m i l a r  i n  appearance t o  Fe203), was an  i n e f f e c t i v e  c a t a l y s t .  

The r e s u l t s  i n  Table  2 f o r  - o-HODPM degrada t ion  sugges t  t h a t  t h e  

p rev ious ly  r e p o r t e d  i n e f f e c t i v e n e s s  of Na2Cr20, was no t  casued by j u s t  

poor d i s t r i b u t i o n  ( l a r g e  p a r t i c l e  s i z e )  o r  a n  improper combination of 

oxidt i t ion s t a t e s .  Chromium does have a  wide range of o x i d a t i o n  s t a t e s  

a v a i l a b l e ;  bo th  Cr(IV) and Cr( I1)  a r e  known.8 Thus, 86 a h  a rnphoter i .~  

ox ide  Cr2o3 might have been a n  e x c e l l e n t  c a t a l y s t  f o r  r e a c t i o n s  o f  

h  ydroxydip;~enylmethanes . 
8 



Table 2 

... CATALYSTS ACTIVITY OF CHROMIUM OXIDES IN 
HYDROXYDIPHENYLMETHANE CLEAVAGE 

Time Mass Balance 
kl 

Run Model W t %  Catalyst W t %  (hr) ( %  .'-Il -- - .- C/Co - ( sec  

aSee Table 1 for experimental details. 
b ~ r e v i o u s l y  reported data. 



Identification of the Initiation Steps for Free Radical . -- .- - - . 
Processes in Hydrogen Donor Solvents 

The second principal focus of our work this quarter has been to 

inprove our understanding of the radical sources (initiators) in 

tetralin systems. This is important because of 1) the likelihood that 

radical-chain reactions are partly responsible for coal liquefaction, 

and 2) our conclusion, based largely on evidence obtained earlier in 

this project and described in previous reports, that radical 

displacement reactions of the type 

Scheme 3 

can account 'for the moderate lability of diphenyl ether linkages in 

tetralin solutions. This lability was initially surprising because 

diphenyl ether is one of the principal ingredients of high temperature 

heat transfer fluids. Table 3 lists some of our previously reported 

data that prompted the conclusion that diphenyl ether decomposition in 

tetralin at 400'~ is largely a radical displacement reaction. Also 

listed are the results of some current experiments which were performed 

to ascertain.the nature of the initiation reaction which is ultimately . 

responsible for the tetralyl radicals that displace phenoxy radical from 

di.pheny1. ether. 

The particular observations which support a radical displacement 

mechanism for diphenyl ether change are: 1) diphenyl ether never yields 

benzene as a product but phenyltetralins instead, 2) bibenayl and - o- 
HODPM are effective promoters of diphenyl ether linkages scission, 3) 

diphenyl ether is considerably more stable as a neat liquid than as a 



T a b l e  3' 

I . . I  . . RATES, OF DIPHENYL ETHER CLEAVAGE I N  TETRALIN 

Run ' " Eiodel ' W t %  ' ~ d d l ' t i v e  W t %  Time ( h r )  C/C,- - kl  ('sec-'1 -- P r o d u c t s  

l l O l b  &oh 5.0 -- -- 18 .5  .99 - 1.1 P h e n o l ,  p h e n y l t e t r a l i n s  

l l O b b  ham 5 .0  . B i b e n z y l  5 18 .3  . . ;98 - 3.2 x . P h e n o l ,  p h e t l y l t e t r a l i n s  

1 1 0 5 ~  toe n e a t  -- -- 18' > .9985 ' '2 x None 

1 1 0 3 ~  b b  5.0 -- 24' .96 - 4.7 x Phenol .  p h e n y l t e t r a l i n s  

. . 
1204 p - n o n O ~  4.7 B i b e n z y l  5  18 .3  .84 2.7 x P h e n o l ,  2-&&OH, h i g h  !Ns - 
1110 b h  1 . 3  .9985 3.4 x ' P h e n o l ,  p h e n y l t e t r a l i n s  -- 5 .0  -- 
1111 b h  5.0 1,2-Dihydro-10 1 . 3  .9985 3.4 x P h e n o l ,  p h e n y l t e t r a l i n s  

. n a p h t h a l e n e  

1107 Mh 5.C 1.2-Dihydro--- 20.0 .989 1.4 x P h e n o l ,  p h e n y l t e t r a l i n s  
n a p h t h a l e n e  

1108 io h 5.0 l ,2 -Dihydro-  5  20.0 .984 2.1 x lom7 P h e n o l ,  p l i e n y 1 t e : r ~ l i n s  
n a p h t h a l e n e  * 

1109  ;rob 5.0 1,2-Dihydro-10 20.0 .982 2.3 x P h e n o l ,  p h e n y l t e t r a i i n s  
n a p h t h a l e n e  

1112 b h  5.0 1.2-Dihydro--- 88.8 .959 1 .3  x 10-7 P h e n o l ,  p h e n y l t e t r a l i n s  
- n a p h t h a l e n e  

1113  b h  5 .0  1.2-Dihydro-10 88.8 .958 1 .3  x P h e n o l ,  p h e n y l t e t r a l i n s  
n a p h t h a l e n e  

1205 p - & @ ~  33:3 -- ' -- 18 .3  .48 1.1 P h e n o l ,  h i g h  MW mac' 1  ( 3 . 3 % )  - 

224 - o-KH21(0H 33.3 -- -- 1 8 . 5  .79 3.55 x lo-6 P h e n o l ,  t o l u e n e ,  t r a c e  h i g h  
MW mat'l < 0 . 4 2 )  

a A l l  e x p e r i m e n t s  a t  400  f , 0 - 5 ° ~ ,  300 id s o l u t i o n s  i n  e v a c u a t e d  f u s e d  s i l i c a  a m p o u l e s ,  e x c e p t  a s  n o t e d .  
b P r c v l o u s l y  r e p o r t e d  d a t a .  
c42ooc.  



t e t r a l i n  s o l u t i o n ,  and 4 )  concent ra ted  - p-phenoxyphenol r e s u l t s  i n  much 

more polymerized-typed product ,  wi th  a  t e t r a l y l  group a t t ached  t o  t h e  

r i n g  bear ing  t h e  hydroxy groups,  t han  does concent ra ted  HODPM. These 

p roduc t s  a r e  n o t  l i k e l y  r e s u l t s  from secondary r e a c t i o n s  because phenol 

i s  u s u a l l y  i n e r t  i n  r e a c t i o n s  of  t h i s  type.  

Apparent ly  a  high concen t r a t i on  of a l k y l  r a d i c a l s  can promote 

s c i s s i o n  of a r y l  e t h e r  bonds. We were i n t r i g u e d  t h a t  d iphenyl  e t h e r  

might  t hus  s e r v e  a s  a  t i t r a n t  f o r  , the number and/or  c h a r a c t e r  of 
1 

r a d i c a l s  i n  a  g iven  system. I n  p a r t i c u l a r ,  S t e i n  and Stock e t  a1.' have 

s e p a r a t e l y  proposed t h a t  hydroaromatics  can  become d i s p r o p o r t i o n a t e  v i a  

rad ica l - forming  p roces se s ,  and thereby r a i s e  t h e  c o n c e n t r a t i o n  of  
10 

r a d i c a l s  i n  a  system and a c t  a s  r a d i c a l  i n i t i a t o r s .  Virk e t  a l .  have 

proposed t h a t  i n  many c a s e s  t h e s e  d i s p r o p o r t i o n a t i o n s  i nvo lve  Woodward- 

iloffman "group t r a n s f e r s "  of  H2 elements ,  a s  de f ined  by o r b i t a l  symmetry 

"allowedr.ess ." S t e i n  has  presented'  thermochemical estimates t h a t  
0 

sugges t  an impur i ty  of  0.01% 1,2-dihydronaphthalene i n  t e t r a l i n  a t  400 C 
- 7 

w i l l  produce a  10 M s t e a d y - s t a t e  concen t r a t i on  of r a d i c a l s  by t h e  

d i s p r o p o r t i o n a t i o n  

Scheme 4 

Our experiments  u s ing  5% bibenzyl  as a r a d i c a l  i n i t i a t o r  should r e s u l t  

i n  a  s t e a d y - s t a t e  r a d i c a l  concen t r a t i on  ( p r i m a r i l y  a - t e t r a l y l  r a d i c a l s )  

o f  approximately 



t h a t  i s  ob ta ined  from t h e  exp re s s ion  

k i n i t i a t ' i o n  
cone. 

i n i t i a t o r  
concen t r a t i on  = 

k te rmina t ion  

where t h e  on ly  e f f e c t i v e  t e rmina t ion  i s  r a d i c a l  d i s p r o p r o t i o n a t i o n  

(Reac t ion  4) a t  - 0.01 of t h e  recombination r a t e  expected f o r  l a r g e  

resonance s t a b i l i z e d  r a d i c a l s .  A r a d i c a l  concen t r a t i on  of 3  x  lo-' M i s  

enough t o  promote r a d i c a l  displacement  r e a c t i o n  i n  d iphenyl  e t h e r  a t  a  

r a t e  t h a t  r e s u l t s  i n  a  de f ined  f i r s t  o r d e r  r a t e  c o n s t a n t  o f  3.2 x  10 -7 

sec-l. The d a t a  i n  Table 2 ,  shows t h a t  no s i g n i f i c a n t  enhancement of  

r a d i c a l  d i sp lacements  of  d iphenyl  e t h e r  i n  t e t r a l i n  was observed when as 

much a s  10  w t . %  1,2-dihydronaphthalene (>  99% pure)  was added. Based on  

S t e i n ' s  e s t ima ted  equ i l i b r ium cons t an t  Kq k4/k-4 f o r  t h e  r e a c t i o n  i n  

Scheme 4, w e  expec t  a t  l e a s t  f i r s t  t o  s e e  a  s t e a d y - s t a t e  r a d i c a l  
112 c o n c e n t r a t i o n  i nc reased  by a  f a c t o r  of (1000) , i .e. ,  - 6 

t o  - 3  x 1 0  M. This  i s  two o r d e r s  of  magnitude g r e a t e r  t han  t h e  

s t eady  s t a t e  concen t r a t i on  o f . r a d i c a l s  e s t ima ted  f o r  t h e  bibenzyl- 

promoted systems. However, the observed r a t e  of d iphenyl  e t h e r  

d i sappearance  was l e s s  than t h a t  wi th  added bibenzyl .  

It was necessary  t o  have some knowledge of  t h e  k i n e t i c s  of  t h e  

o v e r a l l  d i s p r o p o r t i o n a t i o n  t o  t e t r a l i n  and naphthalene t o  de te rmine  how 

long t h e  i n i t i a l  h igh  concen t r a t i on  (0.5 M) of 1,2-dihydronaphthalene 

remained. We conducted experiments w i th  and without  "spiking" a t  1 114, 

18, and 88 3!4 hours .  

Even a t  1, 114 hours ,  > 90% di.spropotti .o~lat: l .on of  1 ,2 -  

dihydronaphthalene t o  t e t r a l i n  and naphthalene had occur red .  The h igh  

concer i t ra t ion  of  dihydronaphthalene d i d  no t  p e r s i s t  f o r  even t h e  1 112 

h r .  r e a c t i o n  per iod .  The d a t a  i n  Table 3  show n.o s i g n i f i c a n t  d i f f e r e n c e  

between t h e  unspiked and spiked c a s e s ,  even a t  t h e  s h o r t e s t  t i m e  

examined. Rapid d i s p r o p o r t i o n a t i o n  v i a  a  r a d i c a l  p roces s ,  r e s u l t i n g  i n  

a l a r g e r  "bu r s t "  of r a d i c a l s ,  would have been ev iden t  from an  inc reased  

e x t e n t  of r a d i c a l  a t t a c k  on d iphenyl  e t h e r .  Moreover, t h i s  would have 



been progressively more discernable at shorter reaction times. ' 

Therefore, we tentatively conclude that the disproportionation of'1,2- 

dihydronaphthalene does not involve radical formation but instead occurs 

via a concerted mechanism similar to those proposed by Virk et al. 10 

Stock rt a1.' have cast doubt upon some of the importance of concerted 

mechanisms in disproportionations of dihydroaromatics, but from the 

results of this work discussed above, 1,2-dihydronaphthalene would seem 

to be a case where concerted mechanisms are important. 

Note that the pseudo-first-order rate constant for the 

disappearances of diphenyl ether decreases at longer reaction times. At 

such low extents of conversion, this cannot be due to a drop in diphenyl 

ether concentration: even at'88 314 hours of reaction, only 4% reaction 

has occurred. The declining first-order rate constants is probably 

caused by impurities other than 1,2-dihydronaphthalene in tetralin: 

probably trace oxidation products that build up in stored solvents, 

e.g., artetralol, and hydroperoxytetralin. These materials rapidly 

disappear from 'solutions upon heating to 400°c, and account for < 1% of 
tetralin initially. These oxidized impurities are probably also 

responsible, via active alkoxy and hydroxy radicals, for the rapid rate 

of tetralin isomerizationn to methylindane recently reported by Cronauer 

and coworkers. This would be consistent with the observation of Pranz 
I 2  

and coworkers that traces of oxygen markedly increase the rntc of 

tetralin isomerizations. Using reagent grade tetralin undoubtedly 

increases these oxidized impurities, more so than using tetralin 

distilled from lithium aluminum hydride. We will test the effect of 

using reductively purified solvent. Also, we are continuing experiments 

to determine the effects that radicals in solution have upon 

polynucPeararornatic.ethors, which should be more reactive than those 

upon their mononuclear counterparts. 

In addition, this quarter we have begun to synthesize - p 
hydroxynaphthyl phenyl ether to determine whether thermochemically based 

extrapolations of our results with monocyclic hydroxy diary1 ethers 

accurately predict the behavior of polynuclear aromatic ether systems. 



The ultimate objective is to provide an. improved background from which 

the liquefaction mechanisms of real coals can be inferred. 
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TASK B1: OH--PROMOTED CO/H2o CONVERSION SYSTEM 

David S.  Ross and Richard Bunnell 

Introduction 

The object of this work is to determine the effectiveness of the 

~~--~romoted CO/H20 conversion of various coals and to develop an 

understanding of the chemistry. This research continues the work done 

under DOE contract DE-AC22-79-ET14855. The previous work dealt with the 

pH dependence of Illinois No. 6 (PSOC-26) coal with respect to 

conversion to benzene soluble products. With increasing pH, PSOC-26 

coal was found to increase froti1 10% to 50% under certain conditions. 

This work is meant to continue the work on PSOG26 coal as well as 

to extend the study to other coals. We will look at how temperature, 

pressure, and duration of reaction affect conversion. 

Experimental Procedures 

All reactions were carried out in a 300-1, MagneDrive-stirred, 

Hastelloy-C autoclave. The autoclave was loaded with 36 g of deionized 

water, which was brought to the desired pH by addition of KOH. 10 g of 

the desired coal (PSOC-26 or PSOC-233) was then added. PSOC-26 is a 

beneftciated coal that has been ground and sieved under N2 to -60 mesh 

and dried at 120'~ overnight in a vacuum oven. PS0.C-233 has been ground 

and sieved under Np and the 60 to 100 mesh fraction dried in a vacuum 

oven at 120'~ overnight. Elemental analysis of these coals appears in 

Table 4. 

Once the reactor is loaded with coal and solution, the system is 

purged once with 1000 psig of N2, then twice with 1000 psig of CO, and 

tinally the autociave is charged with the desired pressure of CO. The 

coal is converted by heatLng the autoclave to 4000C (* 5%) for 20 min 

(f 1 min). Pressures in excess of 5000 psig are typically attained at 
I 

these temperature. The heat-up and cool-down times for the system are 



Table 4 ' ' 

ULTIMATE ANALYSIS OF DRY ASH-FREE 
STARTING C O A L S ~  

Ultimate Analysis PSOC-26 PSOC-233 

X Carbon 78.78 77.36 

% Hydrogen 5.15 5.48 

% Nitrogen 1.72 1.91 

% chlor ine  

Z Oxygen ( D i f f )  12.23 14.67 

X Ash 2 .O 9.09 

a ~ n a l y t i c a l  data from Penn S ta te  c o a l  data 
base.  



b o t h  about  1 h r .  

Q u a l i t a t i v e  a n a l y s i s  of t h e  gases  formed i s  done by GC a n a l y s i s .  

Gases i d e n t i f i e d  a r e  H2, C02, N2, CHq, and CO. 

The condensed p roduc t s  a r e  removed from t h e  au toc l ave  a s  e i t h e r  a  

aqueous o r  c o a l  f r a c t i o n .  F i r s t  t h e  water  i s  p i p e t t e d  o u t  o f  t h e  

r e a c t o r .  The water  i s  f i l t e r e d  i f  suspended m a t e r i a l  i s  p r e s e n t  i n  

i t .  The pH o f  the  water  i s  then  measured. 

S o l i d  m a t e r i a l  i s  removed from t h e  au toc l ave  w i t h  a  s p a t u l a  and i s  

t r a n s f e r r e d  t o  a  f l a s k .  The r e a c t o r  walls a r e  r i n s e d  wi th  t o luene  t o  

c o l l e c t  any remaining o i l  o r  ' t a r ;  t h i s  s o l u t i o n  i s  combined w i t h  t h e  

s o l i d  u a ~ e r i a l .  Ref lux ing  t h e  c o a l  f r a c t i o n  i n  a  Dean-Stark t r a p  f o r  2 

h r  removes any  remaining water  through a z e o t r o p i c  d i s t i l l . a t . l on .  A 

medium p o r o s i t y  g l a s s  f i l t e r  is  then  used t o  s e p a r a t e  t h e  products  i n t o  

t o luene - so lub le  (T.S.) and to luene- inso luble  (T.I.) f r a c t i o n s .  

The T.I.  f r a c t i o n  i s  d r i e d  overn ight  i n  a  vacuum oven a t  120°c. A 

r o t a r y  evapora to r  s t r i p s  t h e  s o l v e n t  from t h e  T.S. product .  A f t e r  t h e  

s o l v e n t  i s  removed t h e  T.S. f r a c t i o n  i s  d r i e d  on t h e  r o t a r y  evapora to r  
0 

f o r  about  1 h r  a t  95  C. 

R e s u l t s  and Discuss ion  

pH and P r e s s u r e  Dependence of PSOC-26 Conversion 

A number of experi inents  were performed observ ing  pH v a l u e s  from 6.7 

t o  12.9. I n  t h e s e  experiments  t h e  % T.S. f r a c t i o n  was determined.  The 

i n i t i a l  CO p r e s s u r e  was a l s o  v a r i e d  from 505 and 620 p s i g .  The r e s u l t s  

of  t h e s e  experiments  appea r  i n  Table  5. 

The r e s u l t s  suppor t  t h e  f i n d i n g s  of Ross and ~ g u ~ e n l  t h a t  t h e r e  i s  

a  c o r r e l a t i o n  between pH and t h e  amount of  T.S. product  formed. There 

i s  a  d i sc repancy ,  however, i n  t h e  degree of convers ion  t o  T.S. 

product .  Ross and Nguyen r epo r t ed  48% T.S. p roduct ,  wh i l e  under similar 

c o n d i t i o n s  our  r e s u l t s  never  exceeded about  35% T.S. 

The r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  amount of T.S. product  formed 



Table 5 

INFLUENCE OF INITIAL pH AND INITIAL PRESSURE ON 
COAL CONVEKSION IN CO-H20 SYSTEM AT 

400°C FOR 20 MIN 

Run I n i t i a l  H/ c 
No. pH CO Pressure % Recoverya X T S ~  TS T I  -- 
Starting 
coal  -- -- -- -- < 1 0.74 

a % Recovery based on i n i t i a l  and f i n a l  masses. 
. b % T . S .  based on ash-free starting mass of  coa l .  



p a r t l y  depends on i n i t i a l  CO pressure .  A t  i n i t i a l  p r e s su re s  ranging 

from 505 t o  508 p s i g  o f  CO and pH ranging from 12 .6  t o  1 2 . 8  t h e  ave rage  

T.S.  product  was 25.9% (f 0 . 4 ) ,  while  a t  CO p r e s s u r e s  ranging from 608 
. , 

t o  620 ps ig  and pH ranging  from 12 .8  t o  1 2 . 9  t h e  average convers ion  t o  

T.S.  product  was 33 .8% (f 0 - 8 ) -  

pH Dependance of  PSOC-233 conversion 

Three experiments  were performed on t h i s  c o a l  a t  d i f f e r e n t  pH 

va lues  whi le  ho ld ing  o t h e r  v a r i a b l e s  cons t an t .  The r e s u l t s  appeaq i n  
* , I  

Table 6. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  amount of T.S. product  formed depends 

on pH: j u s t  as i n  PSOC-26, T.S.  product  i n c r e a s e s  wi th  i nc reased  pH. 

Unlike t h e  PSOC-26, t h e r e  does no t  appear  t o  be  a  well-defined cut- o f f ,  

f o r  T - S -  products  of pH a 1 2 . 6 .  It w i l l  require  f u r t h e r  experiments  tn 

determine  i f  t h e r e  i s  a  sha rp  cu to f f  a t  some o t h e r  pH o r  i f  PSOC-233 has  

a  more g radua l  pH p r o f i l e .  

Futnre Work 

The c o r r e l a t i o n  between c o a l  conversion and t h e  water g a s  s h i f t  

r e a c t i o n  needs t o  be looked at for both systems. While a t  t h i s  t ime  

q u a l i t a t i v e  d a t a  concerning t h e  product  g a s  mixture  has  been ob ta ined ,  

q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  ha s  no t  y e t  been completed. 

Experiments designed t o  op t imize  cond i t i ons  f o r  conversion w i l l  be 

performed. Both temperature  and p re s su re  p r o f i l e s  ve r sus  convers ion  

should be ob t a ined .  These experiments w i l l  be extended t o  o t h e r  c o a l s  

t o  e s t a b l i s h  t h e  g e n e r a l  na tu re  of pH dependance on c o a l  convers ion .  



Table 6 

Psoc-233 / 

. A 

INFLUENCE OF INITIAL pH ON COAL CONVERSION I N  
CO-H~O' SYSTEM AT' 400 '~  FOR 20 MIN 

Run I n i t i a l  H/ C 
No. - pH CO Pressure X ~ e c o v e r y ~  - % T S ~  - TS - TI 

Starting 
coal  -- -- - - < 1 -- -- 

a % ~ecovery .based  on i n i t i a l  and f i n a l  masses. 
b %T.S. based on ash-free starting mass of coal .  
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TASK B2: LABEL STUDIES I N  THE c0/D90 SYSTEM 

David S. Ross and Georgina P. Hum 

In t roduc t ion  

The o b j e d t i v e  of  t h i s  t a s k  i s  t o  develop a  b e t t e r  understanding of 

t h e  CO/H20 system i n  c o a l  l i q u e f a c t i o n  chemistry.  W e  a r e  t h e r e f o r e  

s tudying  t h e  r e a c t i o n s  of model compounds under c o a l  conversion 

c o n d i t i o n s  t o  e l u c i d a t e  t h e  r e a c t i o n  mechanisms t h a t  occur  du r ing  

l i q u e f a c t i o n .  BY us ing  ~~0 i n s t e a d  of  H 0 ,  w e  l a b e l  t h e  products  from 2 
conversion a t  t h e  si tes where bond c leavage  has  taken  p l ace  on t h e  c o a l  

model. 

It has  been proposed1' t h a t  e t h e r  bonds a r e  one of t h e  major 

l i nkages  i n  c o a l  s t r u c t u r e s .  An important  c o n s i d e r a t i o n  is  t h e r e f o r e  

what kind of oxygen l i nkages  i n  c o a l  break,  and what sre t h e  products  

from conversion.  We a r e  c u r r e n t l y  s tudying  a n i s o l e  a s  a  model oxygen- 

con ta in ing  s t r u c t u r e  i n  coa l .  The products  from i t s  conversion and t h e  - 

degrees  of deuterium s u b s t i t u t i o n  i n  t h e  v a r i o u s  products  have been 

determined,  and a r e  descr ibed  below. 

Experimental 

React ions were conducted i n  a  300-1, s t a i n l e s s  s t e e l ,  Mzigne-Drive 

s t i r r e d  au toc l ave  u n i t  a t  4 0 0 ' ~  f o r  20 min. The au toc l ave  wds charged 

wi th  10-g of s u b s t r a t e  and 20-g ~ ~ 0 .  When pH 1 3  was d e s i r e d  200*g KOH 

was added t o  t h o  r e a c t i o n  s g i u t i o n .  Af te r  checking f o r  l e a k s  wi th  1000 

psi  of  N ~ ,  w e  f l u shed  t h e  au toc l ave  two t i m e s  w i t h  e i t h e r  CO o r  N and 
2 ' 

£ i n a l l y  charged t h e  au toc l ave  t o  500 p s i .  One hour was g e p e r a l l y  t h e  
0 

heat-up time r equ i r ed  t o  reach  400 C,  and ano the r  hour was require.d t o  

coo l  t h e  r e h e t o r  t o  room tcimperature. React ion g a s e s  were sampled and 

analyzed by gc. The condensed phases were renioved by p i p e t .  E thy l  

e t h e r  was used t o  c o l l e c t  any o rgan ic  t r a c e s  i n  t h e  au toc lave .  The D20 

and o rgan ic  phases were i s o l a t e d  us ing  a  s e p a r a t o r y  funne l .  f he o r g a n i c  



phase was collected, and the ethyl ether removed by a rotary 

evaporator. Conversions were monitored by gc. Per cent deuterium 

exchange was determined by GCIMS. 

Results 

Control Experiments with Toluene. 

To establish the degree of deuterium incorporation in compounds 

expected products of the conversion runs, some control runs were 

performed with toluene. The data are presented in Table 7: no 

significant quantity of deuterium has been introduced. Any exchange in 

the benzene, toluene, or similar products anticipated in the anisole 

work, must therefore be the result of the conversion chemistry. 

Anisole Conversion. 

Experiments were performed in D 0 with anisole at three conditions: 2 
N 2 / p ~  7.0, CO/~H 7.0, and CO/pH 13.0. For the three series, the 

products were as shown in Table 8. 

Under the experimental conditions, 20-40% of the anisole was 

converted, with the mass balance.in the order of 84%. Benzene and 

phenol w.ere consistently the major products. To1uene;benzyl alcohol 

and benzaldehyde were found in smaller quantities; the relative yields 

apparently depend upon the conditions. Thus in the absence Q £  CO 

toluene is favored, while with CO present benzaldehyde and benzyl , 
alcohol were formed at the expense of the toluene. Similar products 

were reported by Collins et al. in the study of .the pyrolysis of phenyl 
2 ethyl ether in tetralin. 

The deuterium labeling in the recovered anisole and the products is 

show? in Table 9.  The recovered anisole was found not to exchange to a 

significant degree. Only small quantities of labeled benzene were 

recovered in the N2 runs, with increases in the deuterium content 

occurring with the presence of CO. The most prominently labeled product 

compound is phenol. We expect, however, that phenol under the 

conditions used here would readily exchange; and we plan to confirm this 

expectation. 



' Table  7  
. . 

'DEUTERIUM LABELLING RESULTS WITH TOLUENE 

c o n d i t i o n s a  Produc t  - do- .--dl- A2- 
C O / D 2 ~ / p ~  = 1 3  Toluene 96.7 3  .O 0 .3  
N ~ / D ~ O / ~ H  = 13 100 -- - - 

a 4 0 0 0 ~  f o r  20 min. 

T a b l e  8 

DISTRIBUTION OF PRODUCTS FROM THE REACTION 
OF ANISOLE TN D20 AT 400°c FOR 20 M I N  

~ r o d u c  t sb 
~ o n d - i  t i o n s  Aniso le  ( X I  

.- 
( g a s /  pH) xecovereda Benzyl 

(2 )  - Benzene Toluene Phenol Renzaldehyde Alcohol  
-.- 

a F r a c t i o n  o f  s t a r t i n g  a n i s o l e .  
b ~ h e  p r o d u c t s  a r e  p r e s e n t e d  h e r e  as t h e i r  r e s p e c t i v e  f r a c t i o n s  o f  t h e  

product dllxtiire. T h e a a s s  ba lances  in these runs were 84-91.5%. NO 

c r e s o l s  were observed.  
'TWO s e p a r a t e  runs .  



Table 9 

Conditions 
( gas1 pH) 

DEUTERIUM INCORPORATION IN THE PRODUCTS FROM THE 
REACTIONS OF ANISOLE IN D20 AT 4000C FOR 20 MIN 

Deuterium in Products 
X 

Product 

Anisole 9 6 4 tr -- -- 
8 4 13 2 -- - - 
90 9 1 4- 

-- 
9 0 9 1 -- -- 

Benzene 8 7 I i 2 -- -- 
t 5 8 3 2 6 3 1 

6 9 2 5 4 2 -- 
7 0 24 3 2 -- 

Toluene 7 2 2 3 4 I -- 
,, 4 1 3 1 19 7 - - 

8 1 11 5 2 -- 
81 11 5 2 1 

Phenol -- 1 16 80 2 
-A 2 15 5 7 2 3 
??! - 5 a8 5{1 10 -- 1 11 71 15 

Benzyl alcohol -- -- -- -- - - 
2 9 40 2 4 6 1 

11 3 0 4 0 2 3 6 1 
2 3 4 4 2 5 6 1 



The to luene ,  benzaldehyde and benzyl a l c o h o l  seem l i n k e d  i n  some 

common chemistry.  It i s  l i k e l y  t h a t  t h e  deuter ium s u b s t i t u t e d  i n  t h e s e  

products  i s  a t t a c h e d  t o  t h e  noncyc l ic  carbon,  r a t h e r  t han  t o  a  r i n g  

carbon.  

Discuss ion  

It i s  appa ren t  t h a t  t h e  formation o f  benzene and phenol a r e  

independent of  t h e  presence of  CO,  and t h a t  t h e  formation of  t o l u e n e ,  

wh i l e  decreased  i n  t h e  CO r u n s ,  i s  s i g n i f i c a n t  h e r e  a s  w e l l  i n  t h e  N2 

runs .  Thus t h e  chemis t ry  o p e r a t i v e  he re  i s  n o t  important  i n  t h e  CO/H20 

cbnvers ion  o f  coa l .  However, t h e  r e s u l t s  a r e  o f  i n t e r e s t  and w i l l  be 

d i s cus sed  wi th  r e f e r e n c e  t o  runs  w e  have performed wi th  a n i s o l e  i n  

t e t r a l i n .  3 

The major d i f f e r e n c e s  i n  r e s u l t s  f o r  t h e  aqueous and t e t r a l i n  

convers ions  of a n i s o l e  a r e  presen ted  i n  Table  10. 

Table  10  

CONVERSIONS OF ANISOLE I N  AQUEOUS AND TETRALIN 
SYSTEMS AT 4 0 0 ' ~  

Fea tu re  Aqueous ~ e t r a l i n b  
a  

3.9 .., - 1 Rate  4.7 x sec-I 
c o n s t a n t  

Major Phenol,  benzene, tolueneC .Phenol, t o luene  
products  0.25 0.54 0.21 0.86 0.14 

Other d No c r e s o l s  i n  product  Traces  of  c r e s o l s ,  
and no benzene 

aEstimated from t h e  degree  of a n i s o l e  conversion.  No formal  k i n e t i c  
s tudy  has  been performed. 

b ~ e e  r e f e r e n c e  3. 
CThe to luene  as desc r ibed  i n  t h e  t e x t  was a n n j o r  product  i n  t h e  rune 

i n  t h e  absence of CO. 
d 1 t  i s  es t imated  t h a t  0.1W of  benzene and c r e s o l s  i n  t h e  product  
mix tu re s  could be d e t e c t e d .  



The presence  of  water  a s  t h e  r e a c t i o n  medium i n c r e a s e s  t h e  r a t e  of  

r e a c t i o n  by a s t r i k i n g l y  two o r d e r s  of  magnitude. Thus whi le  t h e  h a l f -  

l i f e  o f  a r i i so l s  i n  t e t r a l i n  a t  4 0 0 ~ ~  i s  about  41 h r ,  i t  i s  about  30 min 

i n  t h e  aqueou's system. And while  phenol i s  t h e  major product  i n  

t e t r a l i n ,  w i t h ' n o  benzene seen  a t  a l l ,  phenol i s  formed i n  water  bu t  i n  

q u a n t i t i e s  about  h a l f  t hose  of t h e  product benzene. 

A pre l imina ry  evaluation o f  t h e s e  d a t a  sugges t  t h a t  t h e  

s u p e r c r i t i c a l  water medium s e r v e s  w e l l  t o  a l l ow  deoxygenation of  t h e  

a r y l  methyl e t h e r ,  and a t  a reasonably  r ap id  r a t e .  Our i n i t i a l  reasons  

f o r  performing t h e  work included t h e  a n t i c i p a t e d  conformation of an 

i o n i c  r e a c t i o n  paeii for c,he convers ion  of anluole,  wiLll l iydr  l d e  L ~ a t l s I e ~  

being t h e  expected r educ t ion  s t e p .  

HC02 + c o a l  - coalH + C02 

However, a s  s t h t e d  above, because t h e  conversion of  a n i s o l e  t a k e s  p l ace  

i n  t h e  absence of CO,  i t  i s  not  s i g n i f i c a n t  i n  t h e  a n i s o l e  c a s e .  

It i s  t h u s  necessary  t o  e x p l a i n  f o r  water a s  a medium 

The formation of  benzene, w i th  t h e  major f r a c t i o n  of  t h e  
benzene n o t  s u b s t i t u t e d  wi th  d e u t e r l m ;  

The Eoimation of phenol; 

The formation of  to luene ,  benzyl a l c o h o l  and benzaldehyde. 

A t  t h i s  t ime we have no f i r m  understanding of a l l  of  t h e  chemistry 

involved.  However, we suggest  t h a t  t h e  s u b s t a n t i a l  r a t e  i n c r e a s e  over  

what was observed i n  t e t r a l i n  i s  because i n  t e t r a l i n  no c h a i n  process  

can  cake place. The t e t r a l i n  caps  a l l  r e a c t i v e  r a d i c a l s ' w i t h  a hydrdgen 

atom and f o r  a o l s u l e  ~1ie~ 'eTul 'e  (LeLi'alili 'a TH) 

. . Ph-0-CH - Ph-0 + *CH 
3 3 

and  

PI,-O- + T-H - ~ h - O H  + T *  



C % *  + T-H CH4 + T* 

The t e t r y l  r a d i c a l s  ( T - )  a r e  no t  v e r y ' r e a c t i v e ,  and t h e  n e t  r e a c t i o n  

observed i s  t h e r e f o r e  
1 

~ h - 0 - C H ~  + 2T-H - PhOH + CH4 + 2T * 

I n  water ,  however, t h e  hydrogen a t o m . t r a n s f e r s  c r e a t e  t h e  very  , 

r e a c t i v e  OH a s  a n  in t e rmed ia t e ,  and r ap id  cha in  r e a c t i o n s  can  be 

i n i t i a t e d .  We sugges t ,  t h e r e f o r e ,  t h a t  t h e  phenol and benzene are 

formed i n  t h e  fo l lowing  cha in  eequences. 
. ? 

Benzene . . 

PhOCH3 . -  PhO*+CH (1) i n i t i a t i o n  
3 ---------- 

PhOCHZ - PH* + H CO 
2 

(3)  propagat ion ----------- 
- " 

Pheno 1 

PhOCH3 - PhO + CH, 
13 

(5 )  i n i t i a t i o n  ---------- 

These r e a c t i o n s  account f o r  most of t h e  benzene formed. The smal l  ... ( . . . 
q a a n t i t y  of l abe l ed  benzene could r e s u l t  from 

which should be somewhat s lower . than  t h e  r e a c t i o n  of  t h e  phenyl r a d i c a l  

wi th  t h e  s t a r t i n g  a n i s o i e .  

One d i f f i c u l t y  wi th  t h i s  exp1anatio.n i s  r e a c t i o n  ( 8 ) ,  which while  .' - 



rapid enough in the direction written at 400°c, is' most certainly 

reversible. Thus the steady-state concentration of OD in the system 

should be very small. It i s  difficult to do more than speculate on the 

quantitative nature of these reactions at this time, however, and we 

expect to present a more complete and somewhat quantitative view of the 

chemistry in future reports. ' 

In this same vein, we presently have no explanation for the 

formation of toluene with substantial deuterium label, and its decline 

with the addition of CU. A reaction such as 

would not only be too slow, but even if faster than expected, would 

yield only unlabeled toluene. Thus Inore experimental work must be 

performed for a more complete understanding. 

Future Work 

We are continuing our effort to elucidate the reaction mechanis~us 

of anisole in the C O I D Z ~  system. By studying the intermediate products, 

i.e., phenol and benzyl alcohol, we can develop a better understanding 

of the reaction mechanisms involved. We are also extending our study to 

other oxygen-containing coal models, i.e., diphenyl ether and 1- 
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