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OBJECTIVE AND SCOPE OF WORK 

I .  The chemistry and Catalysis of Coal Liquefaction 

Task 1 Chemical -Catalytic Studies 

Coal will  be reacted a t  subsoftening temperatures w i t h  s e l ec t ive  
reagents to  break bridging 1 inkages between c lus t e r s  w i t h  minimal 
e f f ec t  on residual organic c lus te rs .  The coal wi1.l' be pretreated 
t o  increase surface area and then reacted a t  25 t o  3 5 0 ~ ~ .  Reagents 
and ca ta lys ts  will be used which are  select ive so t h a t  the coal 
c lus te rs  a re  solubilized with as 1  i  t t l e  fur ther  react ion as possible.  

Task 2 Carbon-13 NllR Investigation, of CDL and Coal 

Carbon-1 3 NMR spectroscopy will  be used t o  examine coal , coal derived 
l iquids (CDL) and residues which have undergone subsoftening reactions 
i n  Task 1.and extraction. Improvements i n  NMR techniques, such a s  
crosspolarization and magic angle spinning, wi 11 be applied. Model 
compounds wi 11 be included which a re  representatjve of s t ruc tu ra l  
u n i t s  thought to  be present i n  coal. Comparisons of spectra from 
native coals,  CDL and residues will provide evidence f o r  bondings 
which a r e  broken by mild conditions. 

Task 3 Catalysis and Mechanism of Coal Liquefaction 

This fundamental study will  gain an understanding of metal s a l t  
chemistry and ca ta lys is  in coal l iquefaction through study of reactior 
known in organic chemistry. Zinc chloride and other  c a t a l y t i c  
materials will  be tested as  Friedel-Crafts ca t a lys t s  and as  redox 
ca ta lys ts  using coals and selected model compounds. Zinc ch lor ide ,  
a weak Friedel-Crafts ca t a lys t ,  will  be used a t  conditions common to 
coal liquefaction to  par t ic ipa te  in well defined hydrogen t r ans fe r  
reactions.  These experiments will be augmented by mechanistic 
s tudies  of coal hydrogenation using high pressure thermogravimetric 
analysis and s t ructural  analysis.  The r e su l t s  of these s tudies  will  
be used to  develop concepts of ca ta lys is  involved in  coal l iquefac-  
t ion. 

Task 4 Nomenturn Heat and Mass Transfer in CoCurrent Flow of Particle-Gas 
Systems fo r  Coal Hydrogenation 

A continuation of ongoing studies of heat and t ranspor t  phenomena i n  
cocurrent, co-gravity flow i s  planned for  a .  one-year period. As time 
and development of exis t ing work permits, the exten'sion of t h i s  study 
t o  include a  coiled reactor model will  be undertaken. Mathematical 
models of coal hydrogenation systems will  u t i l i z e  cor re la t ions  from 
thest! s t r a igh t  a n d  coiled reactor configurations. 

Task 5 The  Ful~datr~er~ tal Chemistry and Clechanism of Pyrolysis of Bituminous 
Coa 1 

Previous work a t  the University of Utah indicates  t h a t  coal- pyro lys is ,  
-' 

dissolution ( i n  H-donor) and ca ta ly t i c  hydrogenation a1 1 have s imilar  
ra tes  and activation energies. A few model comoounds wil l  be pyrolyze 
in the range of 375 to  4750C. Activatioli energies,  entropies and pro- 



duct d i s t r ibu t ions  will  be determined. The reactions will a s s i s t ,  
i n  formulating the thermal reaction routes which a lso  can occur 
during hydro-1 iquefaction. 

11. Catalyt ic  and Thermal Upgrading of Coal Liquids 

Task 6 Catalyt ic  Hydrogenation of CD Liquids and Related Polycyclic Aromatic 
Hydrocarbons 

A variety of coal derived (CD) l iquids will  be .hydrogenated with 
sulfided ca ta lys t s  prepared in  Task 10 from large pore, commercially 
avai l ab le  supports. The hydrogenation of these 1 iqui ds wi 11 be 
systematically investigated as a function of ca t a lys t  s t ruc ture  and 
operating conditions. The e f f e c t  of extent of hydrogenation will  
be the subject  o f  study i n  s~lhsequent tasks i n  which crackabi l i ty  
and hydropyrolysis of the hydrogenated product wll l  be determined. 
To provide arb .ut,~Jet-standi ng ,of the shemi s t r y  involved, model poly- 
cyc l ic  arenes wlll  be u t i l i zed  in hydrogenation studie5. These 

. s t u d i e s  and re la ted  model s tudies  in Task 7 will  be u t i l ized  to  
elucidate  relat ionships between organic reactants and the s t ruc tura l -  
topographic cha rac te r i s t i c s  of hydrogenation ca ta lys ts  used in t h i s  
work. 

Task 7 Denitrogenation and Deoxygenation of C D  Liquids and Related Nitrogen- 
and Oxygen-Containing Compounds 

' ,  . Remova'l of. nitrogen and oxygen heteroatoms from C D  1 iquids i s  an impor- 
. t an t  upgrading s tep which must be accomplished t o  obtain fuels  

. corresponding' to  those from petroleum sources. Using CD 1 iquids as 
described in Task 6 ,  exhaustive H D N  and HDO will  be sought through 
study o f  ca ta lys t  systems and oper.a:tlng. conditions. As in Task 6 ,  
ca ta lys ts '  will  be prepared in  +[ask 10 and speci f i c i  ty  for  N-A and 0- 
removal wil l  be optimized' f o r  the catalyst  systems investigated. 

' 

Model compoundc, wi 11  a'l so be sys tena~t ica l  l y  hydrogenated using e f f ~ c -  
t ive  HDNIHDO ca ta lys ts .  Kinetics and reaction pathways will be 

' determined. A nonreducti ve deni trogenation system \vi 11 be investigated 
using materials which undergo reversible ni t r ida t ion .  Conditions wi 11 
be sought t o  cause minimal hydrogen consumption and l i t t l e  reaction 
of o ther  reducible groups. 

Task 8 Catalyt ic  Cracking of Hydrogenated C D  Liquids and Related Polycyclic 
Naphthenes and Naphthenoarornat.ics 

Catalyt ic  cracking of hydrogenated C D  l iquid feedstocks will be studied 
t o  eva1tlat.e t h i s  scheme as a means of upgrading CD 1 iquids. Cracking 
kinet ics  and product d is t r ibut ion  d b  a functSon of prc~eding  hydro- 
genation wil l  be evaluated t o  define upgrading combinations which 
require the minimal level of C D  l iquid aromatic saturat ion to  achieve 
substant ial  heteroatom removal and high yields  of cracked l iquid 
products. Cracking ca ta lys t s  to  be considered f o r  use in t h i s  task 
shal l  i  ncl ude conventional zeol i  te-containi ng ca ta lys ts  a n d  1 drye- 
pore molecular s ieve,  CLS (cross-1 inked sfiiecti t e s )  types under study 
a t  the  Univcrsi ty of Utah. Model compounds will  be subjected to  t e s t s  
t o  develop a mechanistic understanding of the reactions of hydro C D  
1 iquids under c a t a l y t i c  cracking conditions . 



Task 9 Hydropyro lys i  s  (Thermal Hydrocracki  ng) o f  CD L i q u i d s  

Heavy petrol'eum. f r a c t i o n s  can be thermal l y  hydrocracked over a spe- 
c i f i c  range o f  cond i t i ons  t o  produce 1 i g h t  l i q u i d  products w i t h o u t  
excessive hydrogenation occu r r i ng .  Th is  n o n c a t a l y t i c  method w i l l  
be appl ied '  to a v a r i e t y  o f  CD 1 i q u i d s  and model 'compounds, as 
mentioned i n  Task 6, t o  determine the cond i t i ons  necessary and 
t h e  r e a c t i b i l i t y  of these CD feedstocks w i t h  and w i t h o u t  p r i o r  
hydrogenat ion and t o  d e r i v e  mechanism and r e a c t i o n  pathway i nforma- 
t i o n  needed t o  ga in  an understanding o f  t h e  hyd ropy ro l ys i s  r e a c t i o n s .  
K ine t i cs ,  cok ing  tenden,cies and product  composit ions w i  11 be s t u d i e d  
as a func t i on  o f  ope ra t i ng  cond i t i ons .  

Task 10 Systematic S t r u c t u r a l - A c t i v i  ty  s tudy  o f  Supported SUl f i d e  C a t a l y s t s  
f o r  Coal L i q u i d s  Upgrading 

This task  w i l l  undertake c a t a l y s t  p repara t ion ,  c h a r a c t e r i z a t i o n  and 
measurement of a c t i v i t y  and s e l e c t i v i t y .  The work proposed i s  a 
fundamental s tudy  of t h e  r e l a t i  onship between the  sur face-s t r u c t u r a l  
p r o p e r t i e s  o f  supported s u l f i d e  c a t a l y s t s  and t h e i r  c a t a l y t i c  
a c t i v i t i e s  f o r  var ious  r e a c t i o n s  desi red.  Ca ta l ys t s  w i l l  be prepared 
f rom c o m e r c i a l  l y  ava i  1 able. Supports composed o f  a1 umina , s i  1 i c a -  
alumina, s i l i ca-magnes ia  and s i l i c a - t i t a n i a ,  m o d i f i c a t i o n  o f  these 
supports  t o  change a c i d i t y  and t o  promote i n t e r a c t i o n  w i t h  a c t i v e  
c a t a l y t i c  components i s  planned. The a c t i v e  c o n s t i t u e n t s  wi  11 be 
se lec ted  f rom those which a r e  e f f e c t i v e  i n a  s u l f i d e d  s t a t e ,  i n c l u d i n g  
b u t  n o t  r e s t r i c t e d  t o  Mo, W, N i  and Co. The c a t a l y s t s  ki i11 be p re -  
s u l f i d e d  before  t e s t i n g .  C a t a l y s t  c h a r a c t e r i z a t i o n  w i  11 c o n s i s t  o f  
physico-chemical p r o p e r t y  measurements and surface p r o p e r t y  measure- 
ments. A c t i v i t y  and s e l e c t i v i t y  t e s t s  w i l l  a l s o  be conducted us ing  
model compounds s i n g l y  and i n  combination. 

Task 11 Basic s tudy  of  t he  E f fec ts  of  Coke and Poisons on the A c t i v i t y  o f  
Upgrading Ca ta l ys t s  

Th i s  task  w i l l  begin i n  t h e  second year  o f  t he  c o n t r a c t  a f t e r  
s u i t a b l e  c a t a l y s t s  have been i d e n t i f i e d  f rom Tasks 6, 7 and/or 10. 
Two commercial c a t a l y s t s  o r  one commercial c a t a l y s t  and one c a t a l y s t  
prepared i n  Task 10 w i l l  be se lec ted  f o r  a two-par t  study, ( 1 )  simu- 
l a t e d  l a b o r a t o r y  po ison ing /cok i  ng and (2 )  t e s t i n g  o f  r e a l  i s t i c a l  l y  
aged ca Lalys t s .  K l  n e t i c s  of  hydropenation, hydrodesul f u r i  z a t i o n ,  
hydroden i t rogenat ion  and hydrocracking w i l l  be determined b e f o r e  and 
a f t e r  one o r  more stages of s imulated coking.  Se lec ted  model com- 
pounds w i l l  be used t o  measure d e t a i l e d  k i n e t i c s  o f  the  above r c a c -  
t i o n s  and t o  determine q u a n t i t a t i v e l y  how k i n e t i c  parameters change 
w i t h  the  e x t e n t  and type of poisoning/coking s imu la ted .  R e a l i s t i c a l l y  
aged c a t a l y s t s  w i l l  be ob ta ined from coal  1 i q u i d s  upgradins expe r iaen ts  
f rom o the r  tasks  i n  t h i s  program o r  from o t h e r  l a b o r a t o r i e s  conduct ing 
long- term upgrading s tud ies .  Deac t i va t i on  w i l l  be assessed based 
on s p e c i f i c  k i n e t i c s  determined and s e l e c t i v e  po i son ing  s t u d i e s  w i l l  
be made t o  determine c h a r a c t e r i s t i c s  of a c t i v e  s i t e s  remaining. 

Task 12 D i f f u s i o n  o f  Polyaromat ic  Compounds i n  Amorphous C a t a l y s t  Supports 

I f  d i f f u s i o n  o f  a r e a c t a n t  species' t o  the  a c t i v e  s i t e s  o f  the  c a t a l y s t  
i s  slob1 i n  comparison t o  the  i n t r i n s i c  r a t e  o f  t h e  s ~ l r f a c ~ !  r r a c t i n n ,  
then o n l y  s i t e s  near t he  e x t e r i o r  o f  the c a t a l y s t  p a r t i c l e s  w i l l  be 
u t i l i z e d  e f f e c t i v e l y .  A systemat ic  study of  t h e  e f f e c t  o f  mo lecu la r  
s i z e  on t h e  s o r p t i v e  d i f f u s i o n  k i n e t i c s  r e l a t i v e  t o  pore qecnz t r y  k ~ i l l  



be made using specif ic ,  large diameter aromatic molecules. Di ffusi.,on 
s tudies  \ v i  t h  narrow boiling range fract ions of representative coal 
l iquid will  a l s o  be included. Experimental parameters fo r  diffusion 
kinet ic  runs shal l  include aromatic diffusion model compounds, sol-  
vent e'ffects, ca ta lys t  sorption properties,  temperature and pressure. 

111. Hydrogenation of CO to  Produce Fuels 

Task 13 Catalyst Research and Development 

. . Studies with iron ca ta lys ts  wil l  concentrate on promoters, the use of- 
supports and the e f fec ts  of carbiding an'd n i t r id ing .  ' Promising 
promoters f a l l  i n to  two classes:  (1)  nonreducible metal oxides, such 
as CaO, K20, A1203 and MgO, and (2)  p a r t i a l l y  reducible metal oxides 
which can be c lass i f ied  as co-catalysts ,  such as  oxides of Mn, Mo, 
Ce, La, V ,  Re and rare  ear ths .  Possible ca ta lys t  supports include 
zeol i tes ,  alumina, s i l i c a ,  magnesia and high area carbons. Methods 
o f  produc i ny d s t i v e  supported iron catalysts f o r  CO hydrogenation 
will be investigated, such as  development .of shape se lec t ive  ca ta lys ts  
which can provide control o f  p r o d u c t  d i s t r ibu l iu~r .  In view o f  thc 
importance of temperature, a l t e rna t ive  reactor sys L t t ~ i ~ j  ( to  fixed bed) 
will be investigated to  a t t a i n  be t t e r  temperature control. Conditions 
will be used which give predominately lower molecular weight l iquids 
and gaseous products.. 

Task 14 Characteri zatfon of Catalysts and Mechanistic Studies 

Catalysts which show large differences i n  s e l ec t iv i ty  in Task 13 will  
be characterized as to  surface and bulk properties.  Differences in 
properties may provide the key to  understanding why one catalyst  i s  
superior t o  another and ident i fy  c r i t i c a l  properties,  essential  in 
select ive ca ta lys ts .  Factors re la t ing  t o  the surface mechani sm of 
CO hydrogenation will  a l so  be investigated. Experiments are proposed 
to  determine which ca ta lys ts  form "surface" (react1 ve) carbon and 
the a b i l i t y  of these ca t a lys t s  to  exchange C and 0 of isotopical ly 
labelled CO. Reactions of CO and Hz a t  temperatures below t h a t  
required fo r  CO dissociation are of par t icu lar  in t e re s t .  

Task 15 Completion of Previously Funded Studies and Exploratory Investigations 

This task i s  included t o  provide fo r  the orderly completion of coal 
liquefaction research underway in the.expir ing University of Utah 
contract,  EX-76-C-01-2006. 



Task 7 

Catalytic ~ydrodeoxygenation of Coal -Derived Liquids and 
. . .  .. . Re1 ated Oxygen-Containing Model Compounds 

Faculty Advisor: J .  Shabtai 
Graduate Student: Y .  S h u k l  a  

Introduction 

Coal-derived 1 iquids are characterized by the presence of a considerable. 
concentration of oxygen-containing components. Therefore, a systematic 
catalyt ic  hydrodeoxygenation ( H D O )  study of coal-deri ved 1 iquids and . 

related model compounds i s  being carried o u t .  This study provides informa- 
tion n o t  only on the mechanism of HDO as related t o  the subject of 
catalyt ic  upgrading of coal-derived liquids,  b u t  also on the role of 
oxygen-containing compounds in primary coal 1 iquefaction processes. 

Project Status 

The cata'lytic H D O  reactions of three representative aryl and aryl a1 kyl 
ethers,  i  . e . ,  di benzyl ether,  dtphenyl e ther ,  anisole and two furans , i  . e . ,  
2,3-benzofuran, di benzofuran and 2-naphthol, as feeds are presently being 
investigated. Results obtained with anisole ( 2 5 )  as feed are presented in 
this  report. This study observed the change inproduct composi tion as a 
function of experimental conditions, e.  g . ,  reaction temperature, hydrogen 
pressure and catalyst  type.. The experiments were performed in a shaken 
autoclave ,l and the products obtained were identified and quantitatively 
analyzed by GC-MS and GC-available standard samples. 

The reaction o f  25 in the presence o f  the sul fided Co-Moly-A1203 
and Ni-Mo/y-A1203 ca tTys t s  were investigated as a function of react~on 
temperature in the range o f  170-3500C, a hydrogen pressure o f  1000 psi g 
with a reaction time o f  0.5 hour. The results obtained with sulfided 
Co-Mo/y-A1203 and Ni-Moly-A1203 are summarized in Figures 1 and 2 ,  respec- 
t ively.  As seen in Figure 1 ,  the conversion o f  25 increased slowly from 
0.5% a t  1700C t o  11.50% a t  2600C a n d  then r ap id ly to  65.60% a t  3500C. 
The main product a t  a l l  temperatures was phenol ( 5 ) .  With an increase in 
temperature, the concentration o f  5 ,  f i r s t  increased then slowly decreased, 
and the concentrations o f  benzene T3) and - c r e s o l  ( 2 6 )  increased. Traces 
of cyclohexane ( 2 )  - , methyl cyclopentTne (1 - ) and dimet5l phenol (36) - were 
a1 so observed. 

With the sul fided Ni-Mo/y-A120 catalyst  (Figure 2 )  , the overall 
conversion varied from 0.5% a t  17002 t o  81.50% a t  32L)oC. The main prodr~ct . 
a t  a l l  temperatures was phenol ( 5 ) .  With an increase in temperature, the 
concentration o f  5, f i r s t  increased and then decreased, and the concentra- 
tion o f  3-cresol T26) increased. Traces o f  cycl ohexane ( 2 )  , methyl cycl o- 
pentane n ) ,  p-cresol ' (27) ,  - benzene (3)  - and trimethyl phenol (31) - were 
a1 so observed: 



The H D O  react ion of 25 in the presence of the su l f ided Co-Moly-A1203 
and Ni-Mo/y-A1203 c a t a l y s t s  were a lso  inves t iga ted  as a function of  
hydrogen pressure in the range of 250-1500 psig a t  a react ion temperature 
of 2600C and a  react ion time of 0.5 h o u r .  The r e s u l t s  obtained are summarized 
in Figures 3  and 4 ,  respect ive ly .  

The change in product composition as a  function of react ion temperature, 
hydrogen pressure and c a t a l y s t  type can be ra t ional ized  in terms of the 
react ion network proposed in Figure 5,. With b o t h  c a t a l y s t s ,  the products 
observed were formed via reaction paths A and B .  In react ion path A ,  25 
upon  C (a1  ipha t i c ) -0  cleavage yielded phenol ( 5 ) .  With sul fided Co-MOT 
5  upon C-0 cleavage yielded benzene ( 3 )  and t races  of cyclohexane ( 3 ) .  - 
With sul f ided Ni-Mo, 5  upon hydrogenaTion followed by C-0 bond cleavage 
yielded cyclohexane (7).  In reaction path 8 ,  25 by the converted mechanism2 
yielded 8-cresol (26)-which upon  t ransa l  k y l a t i z  yielded dimethyl phenol 
( 2 b )  - a n d - t r i r r i e t t ~ ~ l ~ i l e r l o l  (31 - ) . 
Future Work 

Kinetic s tud ies  of dfbenzyl e t h e r ,  diphenyl e t h e r ,  dibenzofuran and 
2-naphthol with commercial ca ta lys t s  and c a t a l y s t s  synthesized in t h i s  
laboratory wi l l  be continued. 
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F i  Zure 1 . Chanze in ?roduct cozposi tion fro? h;.drodeox:*?enation. . 

o f  anisole ( 2 5 )  as a function o f  reaction ter;?erature [cati!?:,st, 
sul fided C0-%/~-.?l263 (Yalco' #471) ; h:,dro.zen ;ressure, 1000 ?si 2; 
t o t a l  reaction t i q e ,  0 . 5  hour]., 
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' F i  gure 3. Chan9e i n  product con;osi t i o n  from h;7drodeox~!:enation o f  an i  s o l e  ( 2 5 )  
as a func t ion  of  hydrooen pressure [ c a t a l y s t  , sul  P i  ded Co-??o/y-:I1233 (Nal  co # m 1 )  ; 
r e a c t i o n  temperature, 2600C; t o t a l  r e a c t i o n  tire, 0.5 hour]. 
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Fi s u r e  4.  Chanse in  yroduct  coq-0s; t i o n  f r o g  3;.!drodeox:*:ena- 
t i o n  o f  a n i s o l e  (25; a s  a  func t ion  fo  h:ldro:en i2ressure 
[ c a t a l y s t ,  s u l  9 ided Ni-?lo/y-;',1223 (Nalco ff504) ; r e a c t j o n  
t em$era tu re ,  2600C; t o t a l  r e a c t i o n  t i r e ,  0 .5  ?our] .  



. . 

0-0 b] 
(3) (g) (1) 

+. 
. . . . .  

. . 
, .  . 

____.c 
&::an.sal k y l a t i o n  

F i g u r e  5 .  React ion ' w t w o r k  o f  HDO r e a c t i o n  o f  a n i s o l e  ( 2 5 )  w i t h  s u l f i d e d  c a t a l y s t s ,  - 
( e .  g . ,  Co-llo/y-Ala03, Ni-Ko/y-A1203). 



Task 7 

Deni trogenation aild Cleoxyqer~a 1 i u 1 1  u T C D  Liquids 
and Related N -  and 0- Containing Compounds 

Hydrodeni trogenation of Coal-Derived Liquids and Re1 ated N-Containing Compounds 

Faculty Advisor: J .  Shabtai 
Graduate Student: J .  Yeh 

Introduction 

The main objective of this  research project i s  t o  develop effective 
catalyst  systems and processing conditions for hydrodeni trogenation ( H D N )  
of coal-derived li'quids ( 'CDL) 111 a w'ide range of nitrogen contents and 
structural type composlti6~. T h i s  Is u f  par-ticular importance in view of 
the higher concentration of nitrogen-containing compounds in C D L  as 
compared t o  that in petrol.eum feedstocks. For a better understanding of 
deni trogenation processes, the project includes systematic deni trogenati on 
studies not only of CDL but-.also of related model. N-containing compounds 
f o u n d  in such 1 iquids, ..e. g . ,  phenanthridine, 1 ,'lo-phenanthrol ine, carba- 
zoles, acridines, e t c . ,  as a function of catalyst  type and experimental 
r a t e ,  mechanism and stereochemistry of MDN of structurally d is t inc t  N -  
containing aromatic systems in th.e presence of sul ffded catalyts.  

Project Status 

The typical gas chromatograms of the products for N-ethylcarbazole a n d  
carbaiole H D N  are struwr~ i n  Figures 1 a n d  2 respecttvely. The prnducts 
were i denti fied by GC wi tha  ni trogen-sensi tSve detector, GC/MS, reference 
cnmpounds a n d  standard mass spectra. 

An iner t  solvent, n-.C15H32, was used for this  study, No products appeared 
in the area where the solvent appeared. Thts was conftrmed by try'ingr1-C1~H 2 
as the iner t  sol vent: (see Figure 3'). Normal dodecane overlapped with one o $ 
the H D N  products, therefore n-C15H32 was chosen as the iner t  solvent (Figure 3 ) .  
Figures 1 a n d  2 show good product resolution. 

The prorl~~rt. distribution for N-ethyl-carbatole H D N  as a function o f  
reaction time a t  a hydrogen pressure o f  2500 p s f g  and a rernperal;ur.e uT 3CQ°C 
i s  shown i n  Figure 4 .  As seen in Figure 4 ,  the concentration o f  N-ethylcar- 
bazole ( 2 1 )  decreased as the reaction proceeded, but the concerltr~ation of 1 , 2 ,  
3,4-tetrahydro-~-eth~l-~dr~bazo1e ('22) Increased T i i - s t  reaching a maximum, t h e n  
decreased as the.  reactton proceeded. The concentrattons o f  three H D N  products 
(.compounds 23, 2 4 ,  a n d  2 5 )  increased during the reaction. Among these three, 
d i c y c l o R e x y T ( 2 ~  was. tz 1 arges t compound, followed by hexyl cycl ohexane ( 2 5 )  
and cycl ohexylqcl opentylmethane (:24). The product distribution for ca rbaz le  
H D N  ( ~ i g u r e  5 )  followed the same tEnds urrder the same conditions as those 
shown in Figure 4 .  

The proposed kinetic networks for H D N  of N-ethylcarbazole a n d  carbazole 
are shown in Figures 6 and 7 ,  respectively. Table 1 summarizes pseudo-first- 



order r a t e  constants a t  various temperatures for  these two reactants .  As 
i s  seen in Figure 6 ,  the hydrogenation of one of the two benzene r ings in 
N-ethylcarbazole (21) yielded 1,2,3,4-tetrahydro-N-ethylcarbazole (22) as  the 
f i r s t  s t ep  in the r eac t ion .  The subsequent H D N  react ions of  1 , 2 , 3 , T t e t r a -  
hydro-N-ethyl carbazol e  (22) went through di f f e ren t  intermediates t o  y ie l  d 
three H D N  products (23, 24 and 25).  These three H D N  products were not 
in terconver t ib le .  T - 6  r G c t i o n a t  the same conditions w i t h  a  pure dicyclo- 
hexyl and n-C15H32 mixture shows t h a t  compounds'24 - and 25 a r e  not the products - 
from the hydrocracking of  di cyclohexyl . 

The three para l le l  H D N  react ions ac tua l ly  involved several reaction s t eps .  
Intermediates for  those reaction were not seen d u r i n g  the reaction which indi -  
cates tha t  the hydrogenation reaction of 1,2,3,4-tetrahydro-N-ethyl carbazole 
t o  the intermediates was much slower than the H D N  reaction of  the intermediates 
to  di f f e ren t  H D N  products. The reaction r a t e  constants k2>k3>kq indica te  
t h a t  dicyclohe.xy1 ('23) was the major product of these three H D N  products, 
followed by hexyl cygohexane (25) - and then cyclopentyl cyclotiexylmethane ( 2 4 ) .  - 

The H D N  reaction network of carbazole (Figure 6 )  was s imi la r  t o  t h a t  of 
N-ethylcarbatole .,' Figure 6 indica tes  t h a t  the reaction network a1 so included 
a hydrogenation reaction followed by three para l le l  H D N  react ions.  Table 1 
shows t h a t  k.1 i n  the  M-ethylcarbazole H D N .  network i s  smaller than k l  in the 
carbazole H D N  network, because the ethyl group hindered the f la twise  adsorption 
of the benzene r ings and slowed down the hydrogenation react ion .  The k2, k3, 
kq f n  N-ethylcarbazole HDN' network were higher than those in the carbazole 
H D N  network. This indica tes  tha t  the ' e thy l  group tends to  weaken the C-N bond 
and enhances three paral l e l  H D N  react ions.  

From the r a t e  constants obtained a t  vari%ous temperatures, the ac t iva t ion  
energy for  each reaction s t ep  was calculated.  Figure 8 shows an Arrhenius 
p lo t  of f i r s t  order  ra te  constants fo r  N-ethylcarbazole H D N .  Table 2 
summarizes the frequency fac tor  and ac t iva t ion  energy of each reaction s t ep .  
The ac t iva t ion  ene-rgies for  the three paral l e l  H D N  react ions are the energies 
required for  the overall  react ions.  The'act ivat ion energies for  k3 and kq a re  
higher than those fo r  k.2 ,  indica t ing  t h a t  the- H D N  react ions of 1 ,2,3,4- 
tetrahydro-.N-ethylcarbazole require more energy to y ie ld  compounds - 4 and - 5 
than t o  y ie ld  dicyclohexyl (23) .  

7 
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F i gu re  1.  Gas Chromatogram o f  procucts  o f  hydrogenat ion and hydrogenolys is  r e a c t i o n  
i n  N-e thy1 carbazol  e HDN .. 

I 

h 
#I 

I I 

I I I 

r-.. 
' . 
I '. 

- - - ---. - - .- - --- - - ------- C 
'- 

I 1 I 
..\---.---.---,- b.-L -.--.-.--.. 

30 2 5  2 0 1 5. 1 0  5 0 
1 i 





i: 
FID signal 

------- TSD signal  . . - 

Retention time (minutes) 

Figure 3. Gas chroma togram of products o f  hydrogena ti011 and hydrogenolysis 
reac ti ons i n M-ethyl carbazol e i lDN 



Reaction t i  me, m i  n u  t e s  . 

Figure 4 .  Products d i s t r ibu t ion  as a function o f  reaction time in  
N-e thy1 carbazol e H D N .  
H p  pressure : 2500 psi g . Temperature : 320°C 



React ior i  t ime ,  minutes 

F igu re  5. Products d i s t r i b u t i o n  as a  funct ion.  o f  r e a c t i o n  t ime  
i n  ca rbazo le  HDN. 
H pressure:  2500 p s i  g. Temperature : 320'~. 2 



Figure  6 .  Proposed k i n e t i c s  network fo r  HDN o f  N-ethycarbazole 



Figure  7. Proposed k i n e t i c  network f o r  HDN o f  c a r b a z o l ~ .  



F igu re  8. A r rhen ius  p l n t .  of f i r s t  o r d e r  r a t e  cons tan ts  of 
hydrogena t ion  and hydrogeno lys is  r e a c t i o n s  i n  
N-ethy lcarba zo le  HDN. 



Table '1. Pseudo-first-order ra te  constants as a function of reaction 
temperature fo r  N-ethylcarbazole and carbazole H D N  a t  2500 psig hydro- 
gen pressure, unit :  cc o i l / g  ca t .  min. 

Reactant Temperature ,'C 1 k2  3 4 

300 0.102 0.282 0.029 0.035 

Carbazol e 320 0.476 0.812 0.133 0.244 

Table 2 .  The frequency factors  and activation energies of hydrogenation 
and hydrogen01 ysi s reactions i n  N-ethyl casbazale HON.. 



I V .  Concl u s i  ons 

D e t a i l e d  conc lus ions  a r e  i n c l u d e d  i n  t h e  r e p o r t s  f o r  each t a s k .  No 
r e p o r t s  were submi t ted  f o r  Tasks 1 and 2 .  Task 4  i s  no l o n g e r  funded 
and has been d i scon t inued .  Tasks 3, 5,  6, 8-11 have been completed. 
Tasks 12 and 14 a r e  i n a c t i v e .  The theses f o r  Task 13 a r e  now b e i n g  
w r i  t t e n .  
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