
COAL CONVERSION PROCESSES 

Quarterly Report for the Period December 13,1983-March 12,1984 

BY 
James T. Cobb, Jr. 
Paul Biloen 
Gerald D. Holder 
George E. Klinzing 
John W. Tierney 

May 1984 

Work Performed Under Contract No. FG22-83PC61256 

University of Pittsburgh 
Pittsburgh, Pennsylvania 

Technical Information Center 
Office of Scientific and Technical Information 
United States Department of Energy 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



DISCLAIMER 

This report was prepared as an account d work sponsored by an agency of tbc United States 
Oovarnment Neither tho United Statea Oovammont aor any agcgcy themof, nor any of their 
employees, & any warranty, wcpms or implied, w arsumw any legal liahilitg or mpomi- 
bi ty  for the accuracy, completeness, or d u l ~  of any infomatian, apparatus, product, or 
pmccss disclosed, or rqmcnta that its aac would not infringe privately o w d  rights. Refer- 
ence harein to any specific eommercial product, procaq or mnkc by trade name, tradeinark, 
msaufaatllm, w otherovfse d m  not y d t a t e  or imply it5 e a d o v t ,  m a m ~  
mendation, or favoring by the United S t a b  Government or any agency tbmf. The views 
and opinions of authors expressed herein do not necmariiy state or reflect tho= of the 
United States Govcment or any agency thereof. 

This reportlhas been reproduced directly from the best available copy, 

Available from the National Technical Information %Nice, U. S. Department of Commwce, 
Springfield, V i i i a  22 16 1. 

Codes are used for pricing all publications. The cade is determined by the number of pages in the 
publication. Information pertaining to the pricing coda can be found in the currant issues of the 
following publications, which are generally available in most libraries: Energy Research Abstracts 
(ERA); Government Report8 Anrunrncemenrs and Index ( G M  and I); Scientific and TecIrnicaZ 
Abstract Reports (STAR); and publication NTIS-PR-360 available from NTIS at the above 
address. 



DOE/PC/61256-T2 
(DE84013632) 

Distribution Category UC-90a 

I 

COAL CONVERSION PROCESSES 

Quar t e r ly  Report 

For Pe r iod  December 13, 1983 - March 12, 1984 

James T. Cobb, Jr. 
Paul  Bi loen  

Gerald D. Holder 
George E. Kl inz ing  
John W. Tterney 

Department of  Chemical and  Petroleum Engineering 
U n i v e r s i t y  of P i t t s b u r g h  

P i t t s b u r g h ,  PA 15261 

May 1984 

This  r e p o r t  was gene ra t ed  f o r  t h e  U.S. Department of  Energy 
P i t t s b u r g h  Energy Technology Center  

Under Cont rac t  No. DE-FG22-83PC61256 



TABLE OF CONTENTS 

I. A b s t r a c t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii 

111. Thermal Behavior of Slurry  Reactors Used f o r  I n d i r e c t  
Coal Liquefact ion (Task ................................... 2 

I V .  U s e  of Chromatographic Techniques t o  Explore 
Absorbers f o r  SO2 and NOX (Task 2 ) . . . . . . . . . . . . . . . . . . . . . . . . .  4 

V. Support and Romoter  E f f e c t s  on Composite C0/H2 
Conversion C a t a l y s t s  (Task 3 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

V I .  Ex t rac t ion  and Conversion of .Coal and O i l  Shale 
Using S u p e r c r i t i c a l  F lu ids  (Task 4) . . . . . . . . . . . . . . . . . . . . . . .  9 

V I I .  R e f e r e n c e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

V I I I .  Distribution............................................... 15 

IX .  Tables and Figures......................................... 16 



I. ABSTRACT 

Experimental work i s  continuing on f o u r  s e p a r a t e  p r o j e c t s  r e l a t e d  t o  c o a l  

conversion processes.  

The d i r e c t  d i g i t a l  c o n t r o l  of exothermic m l t i p h a s e  r e a c t i o n s  i s  being 

s t u d i e d  i n  a n  experimental  a d i a b a t i c  f low reac to r .  The e x i s t e n c e  of two 

s t a b l e  s teady s t a t e s  f o r  t h e  F i s c h e r T r o p s c h  r e a c t i o n  network a t  t h e  same 

temperature and f e e d  condi t ion  has  been v e r i f i e d  and quan t i f i ed .  

Various absorbents f o r  SO2 and NOX a r e  being s tudied.  The absorp t ion  of 

NO2 by methanol and ~ - c ~ c l ~ h e x y l - 2 - p ~ r r o l i d o n e  has  been ex tens ive ly  
i/ 

examined. Prel iminary d a t a  has  been obtained wi th  t r ie thylene- te t raamine.  

Hindered amines w i l l  be studie,d next .  Procedures f o r  t h e  p repara t ion  of 

l i q u i d  membranes have been t e s t e d  and t h e  incorpora t ion  of hindered amines i n  

them w i l l  now be examined. 

I s o t o p i c  swi-tching i s  being used t o  s tudy t h e  way i n  which promoters 

a f f e c t  supported meta l  c a t a l y s t s .  With improved r e s o l u t i o n  from t h e  mass 

spectrometer ,  e a r l y  q u a n t i t a t i v e  r e s u l t s  g ive  i n d i c a t i o n s  of t h r e e  d i f f e r e n t  

s u r f a c e  spec ies  and of n o n s t a t i s t i c a l  ingrowth of 13c i n t o  t h e  product  

molecules. 

A program f o r  t h e  study of t h e  e x t r a c t i o n  of c o a l  and o i l  s h a l e  us ing 

s u p e r c r i t i c a l  f l u i d s  i s  being c a r r i e d  out .  The e f f e c t  of t h e  'presence of 

p i p e r i d i n e  on t h e  amount of to luene s o l u b l e s  produced by s u p e r c r i t i c a l  

e x t r a c t i o n  of c o a l  wi th  to luene lp ipe r id ine  mixture h a s  been determined. A new 

k i n e t i c  mo'del f o r  t h e  extraction/liquefaction'of c o a l  by s u p e r c r i t i c a l  to luene 

and THF h a s  been developed and proven s a t i s t a c t o r y .  Brucetoa c o a l  and H i  Na 

l i g n i t e  have been e x t r a c t e d  wi th  s u p e r c r i t i c a l  water. 

iii 



11. INTRODUCTION 

Work continues on f o u r  s u b j e c t s  of importance i n  c o a l  conversion: 

. thennal  behavior of s l u r r y  r e a c t o r s  f o r  i n d i r e c t  c o a l  l i q u e f a c t i o n  

. u s e  of chromatographic techriiques t o  exp lo re  absorbers  f o r  SO2 and 

NOX 

. support and promoter e f f e c t s  on composite CO/N2 conversion c a t a l y s t s  

. e x t r a c t i o n  and conversion of c o a l  and o i l  s h a l e  us ing  s u p e r c r i t i c a l  

f l u i d s .  

This  q u a r t e r l y  repor t  has  been prepared by Professors  Paul  Biloen 

(Section V), Gerald D. Holder (Sect ion VI) ,  George E. Klinzing (Sect ion IV) 

and John W. Tierney (Sect ion 111). The o v e r a l l  p r o j e c t  is  coordinated by 

Professor  James T. Cobb, Jr. 



111. THERMAL BEHAVIOR OF SLURRY REACTORS USED FOR INDIRECT 

COAL LIQUEFACTION . (TASK 1 ) 

A knowledge of thermal e f f e c t s  i s  important i n  t h e  des ign and c o n t r o l  of 

r e a c t o r s  f o r  i n d i r e c t  c o a l  l iquefac t ion .  The r e a c t i o n s  a r e  exothermic, and a t  

h igh  conversions t h e  removal of s u b s t a n t i a l  q u a n t i t i e s  of h e a t  a r e  required. 

A s l u r r y  r e a c t o r  i s  a promising candidate  f o r  ca r ry ing  o u t  these  r e a c t i o n s  

because of t h e  good h e a t  t r a n s f e r  between t h e  l i q u i d  and gas phases and 

between t h e  c a t a l y s t  and t h e  t l u i d s .  A s l u r r y  r e a c t o r  e s p e c i a l l y  equipped t o  

measure hea t  evo lu t ion  h a s  been b u i l t  i n  t h e  Chemical and Petroleum 

Engineering Department, and i t  i s  being used i n  t h i s  work. 

I n  t h e  l a s t  q u a r t e r l y  progress r e p o r t  i t  was ind ica ted  t h a t  F i s c h e r  

Trospch experiments made us ing  a ruthenium c a t a l y s t  seemed t o  i n d i c a t e  t h a t  . 

t h e r e  were two s t a b l e  s teady s t a t e s  f o r  t h e  r e a c t i o n  a t  t h e  same temperature 

and t h e  same f e e d  condi t ions .  W e  have s i n c e  v e r i f i e d  t h i s  and a r e  i n  t h e  

process  of prepar ing a paper f o r  pub l i ca t ion  which w i l l  desc r ibe  t h e  r e s u l t s  

i n  d e t a i l .  Some t y p i c a l  r e s u l t s  a r e  shown i n  Table 1 and p l o t t e d  in Figures 1 

and 2. The f e e d  flow r a t e s ,  f e e d  composition, pressure ,  and o t h e r  

experimental  cond i t ions  a r e  t h e  same. Of p a r t i c u l a r  i n t e r e s t  i n  Table 1 a r e  

t h e  h e a t  removal requirement ( c a l / h r g m  c a t a l y s t )  and t h e  methane produced 

( m o l / h r x m  c a t a l y s t ) .  It i s  ev iden t  t h a t  a t  t h e  same o r  very s i m i l a r  

temperatures,  t h e  methane formation and h e a t  genera t ion a r e  d i f f e r e n t .  This 

can be seen  q u i t e  c l e a r l y  i n  Figures 1 and 2. Then t h e  r e a c t o r  i s  s t a r t e d  up, 

i t  fo l lows t h e  lower curve i n  every case  a s  t h e  temperature i s  increased. A t  

about  560 K t h e  r a t e  of h e a t  genera t ion  increas,es r a p i d l y ,  and t h e  methane 

product ion inc reases ,  moving t o  t h e  upper curve. Subsequent cooling of t h e  

r e a c t o r  fo l lows t h e  upper curve. 



These r e s u l t s  s u b s t a n t i a t e  t h e  p r o p o s i t i o n  t h a t  c o n t r o l  of i n d i r e c t  

l i q u e f a c t i o n  u s i n g  a s l u r r y  r e a c t o r  i s  a n  important  des ign  problem and 

underscores t h e  importance of o b t a i n i n g  good experimental  measurements f o r  t h e  

r e a c t i o n  under cons idera t ion .  

During t h e  next  q u a r t e r ,  w e  w i l l  cont inue  t o  exp lo re  t h e  r e a c t o r  behavior  

a s  a f u n c t i o n  o f  system parameters.  



I V .  USE OF CHROMATOGRAPHIC TECHNIQUES TO EXPLORE ABSORBERS 

FOR SO2 AND NOX (TASK 2) 

A.  A c t i v i t y  Coef f i c ien t s  

Severa l  o rgan ic  compounds such a s  methanol, t r ie thylene- te t raamine and N- 

cyclohexyl-2-pyrrolidone have been s t u d i e d  t h i s  q u a r t e r  i n  our  l abora to ry  f o r  

t h e i r  a b i l i t y  t o  absorb  NO2. 

For t h e  purpose of e s t a b l i s h i n g  a  r e l i a b l e  base of opera t ion  wi th  t h e  gas 

r h r o m a t ~ g ~ a p h  technique,  methanol was used t o  reproduce t h e  d a t a  of Mohamed 

111. The a c t i v i t y  c o e f f i c i e n t  a t  i n f i n i t e  d i l u t i o n  of a  NO2 i n  methanol was 

found t o  be 12.8 a t  26OC. Tnis r e s u l t  i s  compared wi th  Mohamed's f ind ings  f o r  

2 8 ' ~  i n  Figure 3. Good agreement i s  seen. 

When t e s t i n g  N-cyclohexyl-2-pyrrolidone f o r  NO2 absorp t ion  a b i l i t y ,  i t  

w a s  found t h a t  t h e r e  i s  some absoropt ion of NO2 (about 10% w t  of what i s  

i n j e c t e d )  a t  cond i t ions  of 2 5 ' ~  wi th  c a r r i e r  gas (He) f low r a t e  5  cc/min. 

However, t h e  a c t i v i t y  c o e f f i c i e n t  a t  i n f i n i t e  d i l u t i o n  could no t  be ca lcu la ted  

because t h e  r e t e n t i o n  t i m e s  f o r  a i r  and NO2 were i d e n t i c a l  and n o t  separab le  

a t  . t h e  condi t ions  t e s ted .  

. Fur the r  s tudy of t h i s  so lvent  i s  t o  be continued. Work w i l l  focus on 

exp lo r ing  varying opera t ing  temperatures,  amounts of s o l v e n t  i n j e c t e d  and t h e  

c a r r i e r  gas f low r a t e s .  

Triethylene-tetraamine was t h e  t h i r d  o rgan ic  so lven t  t e s t e d  f o r  t h e  

a b s o r p t i o n  of NO2. I n i t i a l  t e s t s  proved no absorpt ion;  however, m o t e  

experiments need t o  be performed t o  e s t a b l i s h  t h i s  f i n d i n g  abso lu te ly .  

A serles of illudercd amineo such as  NIN-Mpropylacetamide, N ~ N ~ N ~ N ' -  

T e t r a e t h y l  ethylenediamine, N-Nitrosodiethylamine and N-Nitrosodipropylamine 



w i l l  be s tud ied  i n  t h e  coming quar te r .  The a c i d  gases SO2, NO, and NO2 w i l l  

be used t o  e s t a b l i s h  absorp t ion  c a p a c i t i e s .  

B. Liquid Membranes 

Besides t h e  study of t h e  s o l u b i l i t y  of SO2, NO2, and NO i n  var ious  

o rgan ic  compounds, t h e  u s e  of l i q u i d  membranes f o r  t h e  s tudy  of a c i d  gas  

removal w i l l  be researched. A t y p i c a l  procedure f o r  making mode1,l iquid 

membranes . i s  a s  follows: 

Procedure f o r  making model l i q u i d  membranes 

I. Emulsion Formation 

1. Reagents: a. Heavy Mineral O i l  (not  l i g h t )  o r  Exxon's S-100-N 

b. I C I  America-Span-80 - s t a b i l i z e r  

c.  10 w t  % HC1 o r  H2S04 

d. 10 w t  % NaOH 

2. Using tu rb ine  impel ler  of 1500 RPM add f o u r  grams SPAN-80 t o  200 

c c  mineral  o i l ,  a l low t o  mix f o r  t e n  minutes. 

3. A t  t e n  minutes add 100 c c  of 10 w t  % NaOH. 

4. A l l o w  t~ mix f o r  20 minutes. 

5. A t  the end a n  e m l s i o n  must be o rgan ic  continuous. 

11. Contacting 

1. Add phenolphehalein t o  10 % w t  HC1. 

2. Switch t o  marine impeller .  

3. In  a p l a s t i c  beaker add 100 c c  a c i d  t o  200 cc emulsion. 

4 .  S t a r t  a g i t a t i o n  a t  500 RPM. 

5 .  Work up t o  h igher  mixing r a t e  u n t i l  phenolphthalein t u r n s  color.  

The ac id lbase  components i n  t h i s  sys tem a r e  used only t o  s e r v e  a s  



a demonstration t h a t  t h e  l i q u i d  membrane formed a r e  carrying out  

t h e  t r a n s f e r  of spec ies  a c r o s s  t h e  membrane, See Figure 4 f o r  a 

diagram of t h e  process.  

It i s  a n t i c i p a t e d  t h a t  t h e  hindered amine can be incorpora ted  i n t o  t h e  

o i l .  The amine can s e r v e  a s  t h e  t r a n s p o r t e r  of t h e  absorbed a c i d  gas  from t h e  

continuous phase i n t o  t h e  i n t e r i o r  of t h e  l i q u i d  membrane. I f  t h e  process is  

c a r r i e d  o u t  i n  a n  aqueous continuous phase, a n  enhancer may be added t o  t h e  

wa te r  t o  f a c i l i t a t e  absorptf.on of t h e  a c i d  gas i n  t h i s  phase from t h e  gases 

bubbled tllrough t h e  emulsf.on mixture. llze liquid m~mbrana can theu Lransport 

t h e  absorbed gas  t o  t h e  i n t e r i o r  aqueous phase which can be c a u s t i c  t o  

i n c r e a s e  t h e  a c i d  gas  removal process. Figure 5 shows t h i s  operat ion.  

A t  p resen t  t h e  equipment f o r  ca r ry ing  ou t  t h e  membrane formation has been 

assembled and model membranes have been made. The hex t  q u a r t e r  w i l l  explore  

t h e  u s e  of hindered amines i n  t h e  membrane formation. 

Other m a t e r i a l s  which have p o s s i b l e  p o t e n t i a l s  a s  t r a n s p o r t e r s  i n l i q u i d  

membranes a r e  EDTA and FeC13 s o l u t i o n s .  Di-2-ethyl-hexyl phosphoric a c i d  may 

oerve as a n  a c r l v e  t r a n s p o r t  agent  such t h a t  t h e  a c i d  gas  d issolved may be 

t r a n s p o r t e d  ac ross  t h e  l i q u i d  membrane a g a i n s t  i t s  concentra t ion gradient .  

Another avenue t o  explore  i n  f u t u r e  work i s  t o  u s e  a d i a l y z e r  of r i g i d  

membranes. Physica l ly  t h e  dialyzer i s  similar t o  a s h e l l  and tube h e a t  

exchanger arrangement. The d i a l y z e r  made of porous membranes i n  a t u b u l a r  

form can be soaked i n  a n  a c i d  gas absorber such a s  a hindered amine. Af te r  

d r a i n i ~ l g  t h e  amine, a gas conta in ing t h e  SO2 and NOX can be passed through t h e  

t u b e  s i d e  of t h e  exchanger. The gas i s  absorbed by t h e  membrane and 

t r ansmi t t ed  t o  the ' she1 . l  s i d e  where a c a u s t i c  s o l u t i o n  r e a c t s  and c a r r i e s  away 

t h e  absorbed gas. 



V. SUPPORT AND PROMOTER EFFECTS ON COMPOSITE 

CO/H2 CONVERSION CATALYSTS (TASK 3) 

The o b j e c t i v e  and methodology of t h i s  s tudy a re :  

. ob jec t ive :  t o  determine whether promotors (such a s  Tho2 i n  case  of  

c o b a l t )  merely a f f e c t  e x t r i n s i c  p r o p e r t i e s  (i .e. ,  s u r f a c e  a r e a )  o r  

change i n t r i n s i c  c a t a l y t i c  p r o p e r t i e s  (i .e. ,  d e n s i t y  of a c t i v e  s i t e s ,  

a b s o l u t e  r a t e  cons tants ) .  

. methodology: swi tching  ab rup t ly  t h e  i s o t o p i c  c o n s t i t u t i o n  of t h e  f e e d  

t o  working c a t a l y s t s ,  and monitoring t h e  r a t e  of ingrowth of t h e  "new" 

i s o t o p e  i n t o  products .  

We have s u c c e s s f u l l y  conducted experiments w i t h  unpromoted ruthenium 

(Figure 6 )  and c o b a l t  (F igure  7). 

By working wi th  deuterium ( s e e  t h e  preceding q u a r t e r l y  r e p o r t )  and 

i n c r e a s i n g  t h e  e l e c t r o n  impact energy of ou r  mass spect rometer  t o  30 ev ,  w e  

now have s u f f i c i e n t  r e s o l u t i o n  t o  fo l low t h e  s t epwise  ingrowth of 13c i n t o  t h e  

Cg and C4 Fischer-Tropsch products  (Figures  6  and 7). 

The q u a n t i t a t i v e  a n a l y s i s  of t h e s e  d a t a  c u r r e n t l y  i s  i n  progress .  From 

pre l iminary  r e s u l t s  w e  a r e  a l r e a d y  a b l e  t o  formula te  some pre l iminary  

conclusions : 

. i n  a d d i t i o n  t o  a  COad r e s e r v o i r ,  t h e r e  a r e  d i s t i n q u i s h a b l e  r e s e r v o i r s  

of C l a d  and C 3 a d  s u r f a c e  spec ies .  

. the rate of C-C bond formation i s  measurable. Lt v a r i e s  from - 2s 

(Ru) t o  6s (Co). 

1 3  . t h e  - C is not s t a t i s t i c a l l y  d i s t r i b u t e d  i n  t h e  C3 and C4 products .  



Before t u n i n g  t o  promoted. catalysts ,  we. w i l l  f i r s t  analyse further the 

currently obtained data, which contain novel and unexpected features 

(especial ly  the third of the preliminary conclusions just stated).  



V I .  EXTRACTION AND CONVERSION OF COAL AND OIL SHALE 

USING SUPERCRITICAL FLUIDS (TASK 4) 

A program f o r  t h e  s tudy  of s u p e r c r i t i c a l  f l u i d s  f o r  e x t r a c t i o n  of c o a l  

and  o i l  s h a l e  i s  be ing  c a r r i e d  out .  Emphasis i s  p l aced  on developing  a  

fundamental  unders tanding  of s u p e r c r i t i c a l  phase  behavior  as a p p l i e d  t o  c o a l  

convers ion  and  f o r  c o a l  l i q u i d  deashing  [2].  I n i t i a l  experiments  which have  

used  s u p e r c r i t i c a l  wa te r  t o  conver t  c o a l  t o  gases ,  l i q u i d s  and THF s o l u b l e  

p roduc t s  a t  s u p e r c r i t i c a l  t empera tures  have  produced h i g h  convers ion  w i t h  

brown c o a l  (75%) and w i t h  bi tuminous c o a l  (58%). R e s u l t s  ob ta ined  t o  d a t e  

have  shown c o a l  rank ,  c o a l  t ype ,  e x t r a c t i o n  ( r e a c t i o n )  t ime ,  e x t r a c t i o n  

tempera ture  and i n i t i a l  d e n s i t y  of t h e  s u p e r c r i t i c a l  phase  a r e  impor tan t  

v a r i a b l e s .  

It h a s  been hypothes ized  t h a t  when c o a l  i s  con tac t ed  w i t h  a  s u p e r c r i t i c a l  

f l u i d ,  a p o r t i o n  of t h e  c o a l  d i s s o l v e s  i n s t an t aneous ly .  The amount of c o a l  

which d i s s o l v e s  depends on t h e  d e n s i t y  and t h e  tempera ture  of t h e  

s u p e r c r i t i c a l  f l u i d  and  shou ld  i n c r e a s e  w i t h  a n  i n c r e a s e  i n  d e n s i t y  and  

tempera ture  of t h e  s u p e r c r i t i c a l  f l u i d .  It i s  f u r t h e r  hypothes ized  t h a t  on ly  

t h e  part  nf  t h e  coal which i s  d i s s o l v e d  i n  t h e  s u p e r c r i t i c a l  f l u i d  undergoes 

l i q u e f a c t i o n  r e a c t i o n s  which r e s u l t s  i n  t h e  fo rma t ion  of o i l s ,  a s p h a l t e n e s ,  

p reaspha l t enes ,  g a s e s  and char .  Consequently,  s h o r t  c o n t a c t  t ime l i q u e f a c t i o n  

of a bituminous c o a l  i n  a non-donor s o l v e n t  l i k e  t o l u e n e  w i l l  be s t u d i e d  t o  

de te rmine  i f  t h e s e  e f f e c t s  a c t u a l l y  e x i s t .  This  r e p o r t  b r i e f l y  d e s c r i b e s  t h e  

p rog res s  made du r ing  t h e  p e r i o d  December 1 3  through March 12. 

Progress  f o r  Period December 1 3  through March 12  

Experiments were done w i t h  t o l u e n e  and  p i p e r i d i n e  mixtures  a t  t h e  

mixtures '  c r i t i c a l  t empera ture  and d e n s i t i e s .  I n  t h e  a n a l y s i s  of che r e a c t i o n  



products ,  t h e  presence of p ipe r id ine  i n  t h e  c o a l  can a f f e c t  t h e  determination 

of t h e  amount of to luene  so lub les ,  because t h e  p i p e r i d i n e  w i l l  e x t r a c t  some 

products  which a r e  not  to luene soluble .  I n  o rder  t o  e l imina te  t h i s  e f f e c t  

dur ing e x t r a c t i o n  by to luene and THF, t h e  s l u r r y  (p ipe r id ine  + to luene + c o a l  

+ products)  was kep t  i n  t h e  hood s o  t h a t  t h e  p ipe r id ine  and to luene could 

vapor ize  (Tnis i s  Ex t rac t ion  Procedure A) .  Next i t  was s l u r r i e d  wi th  f r e s h  

to luene  and e x t r a c t e d  w i t h  to luene and then wi th  THF. The r e s u l t s  a r e  

oumnaarieed i n  Table 2. 

It was fouud that the rnnversion t o  THF os lub lc  piuducts for i y a c t i o n s  of 

p i p e r i d i n e  g r e a t e r  than  50% were negative.  It has been repor ted  by J o l l e y  e t  

a l .  [3]  t h a t  polymerizat ion of pyr id ine  so lub les  during e x t r a c t i o n  of t h e  

r e a c t i o n  res idues  occurs  un less  a n  i n e r t  atmosphere i s  present .  

An experiment was done wi th  p i p e r i d i n e  a t  380°c, a t  t h e  c r i t i c a l  dens i ty  

of p i p e r i d i n e  and f o r  a  r e a c t i o n  time of 30 minutes. The r e s u l t s  a r e  given i n  

Table  3. The p i p e r i d i n e  was allowed t o  vaporize and the s n l f d  mass ex t rac ted  

wi th  to luene and then wi th  THF. The conversion was found t o  ba negat ivc  

alrhough the conversinn a t  1 5  minutco and 60 d l ~ u L e s  under Otherwise i d e n t i c a l  

r e a c t i o n  condi t ions  were 53% and 83% respec t ive ly .  The only d i f f e r e n c e  was i n  

t h e  way products  were ext rac ted .  In  t h e  case with high csnveroions, t h e  

s l u r r y  from t h e  r e a c t o r  was not  d r i e d ,  but  r a t h e r  simply d i l u t e d  wi th  to luene 

a ~ l d  f l l t c r e d  through an e x t r a c t i o n  thimble. (This i s  Ex t rac t ion  Procedure B).  

I n  order  t o  determine whether removing t h e  p i p e r i d i n e  from slurry .by 

evaporat ion o r  not  made a d i f f e r e n c e  i n  t h e  r e s u l t s ,  a n  experiment was 

performed wi th  p i p e r i d i n e  a t  3 8 0 ' ~  and t h e  c r i t i c a l  d e n s i t y  of p ipe r id ine  f o r  

a r e a c t i o n  time of e i g h t  minutes. The s l u r r y  taken from r e a c t o r  a f t e r  

quenching was d ivided i n t o  f o u r  i d e n t i c a l -  pa r t s .  Two p a r t s  were d i l u t e d  w i t h  

to,luene and ex t rac ted  (Procedure B) two p a r t s  were d r i e d  (Procedure A)  and 



then  e x t r a c t e d  with toluene. The r e s u l t s  a r e  given i n  Table 3. The percent  

of t h e  s l u r r y  which d i s sov led  i n  to luene  was g r e a t e r  i n  t h e  f i r s t  case. This 

i n d i c a t e s  t h a t  removal of p i p e r i d i n e  by evapora t ion  may cause t h e  r e a c t i o n  

products  t o  polymerize and/or  t h e  p i p e r i d i n e  i s  e x t r a c t i n g  some of t h e  to luene  

inso lub les .  

Experiments were done a t  400 '~  wi th  to luene  a s  t h e  s u p e r c r i t i c a l  f l u i d  

and f o r  r e a c t i o n  t imes from two minutes t o  60 minutes. The r e s u l t s  a r e  g iven 

i n  Table 4. Di f fe ren t  l i q u e f a c t i o n  models were t r i e d  but  none s u c c e s s f u l l y  

modeled t h e  behavior. It w a s  then  hypothesized t h a t  only  a c e r t a i n  f r a c t i o n  

of coa l  d issolved i n  t h e  s u p e r c r i t i c a l  f l u i d  and i t  is t h i s  f r a c t i o n  which 

undergoes l i q u e f a c t i o n  i n  t h e  s u p e r c r i t i c a l  f l u i d .  

The model can be g iven a s  fol lows:  

P b A  

P  + char 

The lump A inc ludes  asphal tenes ,  o i l s  and gases together .  

For a  g r a d i e n t l e s s  r e a c t o r  t h e  model equat ions  a r e  s e t  up as: 



d char /d t  = K3 * P 

C = C1 + C2 + char  = f(P,T) 

C1/C = K4 

K4 " f(P,T) 

The i n i t i a l  concentra t ion of P  and A was obtained from s o l u b i l i t y  of raw 

c o a l  i n  to luene and THF respec t ive ly .  The d i f f e r e n t i a l  equat ions  were solved 

a n a l y t i c a l l y  and t h e  k i n e t i c  constants  were f i t t e d  us ing multi-parameter 

opt imizat ion.  ' h e  average a b s o l u t e  d e v i a t i o n  (AAD) between ca lcu la ted  and 

exper imenta l  values of asphal tenes  and preasphal tenes  was found t o  be 1%. The 

r e s u l t s  a r e  given i n  Table 5.  Experiments done previously  a t  h igher  d e n s i t i e s  

of to luene gave h igher  conversions under otherwise i d e n t i c a l  condit ions.  

Higher conversion were a l s o  obtained when higher  s u p e r c r i t i c a l  d e n s i t i e s  of 

water were used. An experimental  program i s  being undertaken t o  quan t i fy  

t h e i r  e f f e c t s  by s tudy ing  s h o r t  con tac t  t i m e  l i q u e f a c t i o n  k i n e t i c s  of Bruceton 

c o a l  i n  s u p e r c r i t i c a l  to luene a t  d i f f e r e n t  d e n s i t i e s  and a t  d i f f e r e n t  

temperatures.  

An experiment was conducted wi th  Bruceton c o a l  and water  a t  380 '~  and a t  

0.35 g / c c  dens i ty  of s u p e r c r i t i c a l  water  f o r  a r e a c t i o n  time of 30 minutes. 

The raw c o a l  s o l i d s  a f t e r  f i l t r a t i o n  and t h e  THFI of those  s o l i d s  have been 

s e n t  t o  PETC f o r  microscopic ana lys i s .  The r e s u l t s  a r e  awaited. The c o a l  



i n j e c t e d  w a s  of t h e  o r d e r  of 3g and convers ion  t o  gases ,  l i q u i d s  and THF 

s o l u b l e  p roduc t s  was 33%. The r e s u l t s  a r e  g iven  i n  Table 6. 

An experiment w a s  c a r r i e d  o u t  w i t h  H i  Na l i g n i t e  and wa te r  a t  380°c and 

a t  0.35 g / c c  d e n s i t y  of s u p e r c r i t i c a l  wa te r  f o r  a r e a c t o r  t ime of  30 

minutes.  The convers ion  t o  gases ,  l i q u i d s ,  and THF s o l u b l e  p roduc t s  w a s  

46%. The r e s u l t s  a r e  g iven  i n  Table 6. 

P l ans  f o r  t h e  Next Quar t e r :  

Experiments w i l l  be c a r r i e d  o u t  w i t h  Bruceton c o a l  and t o l u e n e  a t  

d i f f e r e n t  s t i r r e r  speeds  t o  f i n d  o u t  a t  which stirrer speed  t h e  mass- t ransfer  

r e s i s t a n c e s  a r e  e l imina ted .  

Experiments w i l l  b e  c a r r i e d  o u t  w i t h  Bruceton c o a l  and to luene  a t  reduced 

d e n s i t i e s  of 1.0 t o  1.5, t empera tures  of  3 8 0 ' ~  and. 4 0 0 ' ~  and  . r e a c t o r  t imes  of  

two minutes t o  t e n  minutes  t o  s tudy  t h e  s h o r t  c o n t a c t  t ime l i q u e f a c t i o n  

k i n e t i c s  , 
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T y p i c a l  E x p e r i m e n t a l  R e s u l t s  With S u p p c ~ r t e d  Ru C a t a l y s t  
( P r e e s u r e  = 1.46 MPa, S t i r r e r  Speed = 2300 rpin, f e e d  CO (%) = 20.71) 

No n- 
Condensab le  Moles CO Rate o f  Heat  

Feed Flow O f f  Caa CO coneumed / h r  G e n e r a t i o n  
Temp R a t e  Flaw Rate Convere ia 'n  gm C a t  l y s t  gm C a t  l y s t  h r .  KCalImol 
(K) - ( s c c l m i n )  ( ecc lmin )  ( 2 )  ( ~ 1 0  ) gm C a t a l y s t  CO Conver t ed  

9 (x10  9 

Ijea t 
Remova l 

C a l l h r .  
g m  Ca t a  1 . ~ 9  t 



Table  2 

Summary of Batch Ex t r ac t ion IReac t ion  f o  Br i ce ton  Bituminous Coal 
Using S u p e r c r i t i c a l  To luene-Piper id ine  Mixtures  

Run # 39 40 4 1  42 43 45 

Toluene, w t  X 94.93 75.00 54.92 34.98 15.50 54.63 

Pipe r fd ine ,  w t  % 5.07 25.00 45.08 65.02 84.50 45.37 

F l u i d  d e n i s t y ,  kg/m3 291.90 306.60 294.90 294.50 298.00 296.80 

3 Coal charged x 10 kg 37.00 34.70 42.30 38.10 32.10 58.70 

Temperature, K 647.60 647.60 647.60 647.60 647.60 647.60 

Pres su re  p r i o r  t o  
i n j e c t i o n ,  MPa 7.23 6.87 6.84 6.89 7.08 7.0 1 

Pres su re ,  MPa 
( s o l v e n t  + a r g i n )  10.88 9.80 10.13 10.16 10.25 11.38 

React ion t ime,  mine 15.00 15 .OO 1 5 .OO 15.00 15 -00 15.00 

S t i r r e r  speed, rpm 2500.00 2500.00 2500.00 2500.00 2500.00 2500.00 

* 
s o l i d  product ,  X 98.16 97.48 106.40 148.02 165.31 - 
Toiuene i n s o l u b l e s ,  

X 93.43 97.48 82.23 130.09 144.03 86.99 

* 
THF i n s o l u b l e s ,  % 87.64 91.69 82.23 111.67 110.39 83.36 

P y r i d i n e  i n s o l u b l e s ,  
% 86.49 85.30 80.90 98.89 90.92 - 

*The p r o d u c t s  a r e  e x p r e s s e d  a s  % o f  c o a l  i n j e c r e d .  

1 7  



Table 3 

Summary of Batch Extraction/Reaction of Bruceton Bf tuminous Coal' 
Using Supercritical Piperidine 

Run 8 

Extraction Procedure 

Piperi ine density, 
kg/m 4 

Coal c arged 3 x in 

Temperature, K 

Pressure prior t o  
inject ion,  MPa 

Pressure, MPa 
(solvent + argin) 

Reaction time, min. 

St irrer speed, rpm 

Toluene insolubles , 
% 

THF insolubles , % 

Pyridine insolu bles 
% 



Table 4 

Summary of Batch Extraction/Reaction of Bruceton Bitudnous Coal 
Using Supercritical Toluene 

Run /I 

To luen density , 3 kg /m 

Coal c arged '3 x 1 0  kg 

Temperature, K 

Pressure prior to 
injection, MPa 

Pressure, MPa 
(solvent + argin) 

Reaction time, min. 

Stirrer speed, rpm 

Toluene insolubles , 
X 

TRF, insolubles, X 8 3 -280 8 3 -490 88.610 9 0 -820 



Table 5 

Summary of Batch Extraction/Reaction of CoalILignite 
Using Supercritical Water 

Run # 54 5 7 

Solid Substrate Bruceton Bituminous Coal H i  Na Lignite 

Water density, kg/m 3 351.70 352.30 

Coal/L gnite  ch.arged 4 x 1 0  kg 

Temperature, K 64 9.80 649.80 

Pressure prior t o  
inject ion,  MPa 

Pressure, MPa 
(solvent + argin) 

Reaction time, min. 30.00 30.00 

Stirrer speed, rpm 2500.00 2500.,00 

% Solid product 7 9 -00 59.60 

% Gases 1.51 7.70 

X Liquids by dif  f . 19 -49 32.70 

% THFI 67.20 53.70 



Table 6 

Toluene-Bruceton coal a t  400 '~  

K1 = 0.09868 s e  - 1 

K2 = 1.244 s e c  -E 
K3 = 2.402 sec-' 
K4 = 0.195 

Exptl Predicted Exptl Predicted Reaction 
X GOA % GOA % Preasphaltenes % Preasphaltenes time, min. 

% GOA = 100 - % Toluene Insolubles 

% Preasphaltenes = % Toluene Insoluble - % THF Insolubles 



F i ~ u r e  1 . V a r i a t i c n  of r a t e  of heat sereratior. 
with temperature c s i n g  a r u t t e n l u m  
c a t a l y s t .  



l i g c r e  2.  X e t h a ~ e  p r ~ d u c t i o n  verscs t e n ~ e r a t c r e  
for s lurry  r e a c b r  using rctkeniux 
c a t a i y s t .  



Methanol Volume, cc 

Figure 3:  Absorption of NO2 by methanol. 
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Figure 4: m u i p m e n t  for p r e p a r a t i o n  of l i ~ u i d  membrane. 
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Figure 5 :  Membrane Mechanism 
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Fimre 6: I s o t o p i c .  s w i t c h i n g  w i t h  unpromoted ruthenium.  . 
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