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03JECT.TVE AND SCOPE OF uno,, 

i .  The chemistry and Catalysis of  Coal Liquefact ion 

Task 1 Chemical-Catalytic Studies 

Coal w i l l  be reacted at subsoftening temperatures wi th select ive 
reagents to breakbr idging linkages between c lus te rs  with minimal 
e f fec t  on residual organic clusters. The coal w i l l  be pretreated 
to increase surface area and then reacted at 25 to  350°C. Reagents 
and catalysts w i l l  be used which are selective so that the coal 
c lusters are solubi l ized with as l i t t l e  fur ther  reaction as possible. 

Task2 Carbon-13 NNR Invest igat ion of CDL and Coal 

Carbon-13 N,,~,, spectroscopy w i l l  be used to examine coal coal derived 
l iqu ids (CDL) and residues which haveundergone subsoftening reactions 
in Task 1 and extract ion. Improvements in NMR techniques, such a s  
crosspolar izat ion and magic angle spinning, w i l l  be applied.. Model 
compounds w i l l  be included which are representative of s t ructural  
units thought to be present in c o a l  Comparisons Of spectra from 
native coals, CDL and residues w i l l  provide evidence for  bondings 
which are broken by mild condit ions. 

Task 3 Catalysis and Hechanism of Coal Liquefaction 

This fundamental study w i l l  gain an understanding of metal sa l t  
chemistry and catalysis in coal l iquefact ion through study of reactions 
known in organic chemistry. Zinc chloride and other ca ta l y t i c  
materials w i l l  be tested as Friedel-Crafts catalysts and as redox 
catalysts using coals and selected model compounds. Zinc chlor ide,  
a weak F r iedel -Craf ts  catalyst l ,  w i l l  be used at condit ions co~Tnon to 
coal l iquefact ion to par t ic ipate  in well  defined hydrogen t ransfer  
reactions. These experiments w i l l  be augmented by mechanistic 
studies of coal hydrogenation using high pressure thermogravimetric 
analys isand structural  analysis. The results o f  these studies w i l l  
be used to develop concepts of catalysis involved in coal l iquefac-  
t ion.  

Task 4 Momentum Heat and Mass Transfer in CoCurrent Flow of  Particle-Gas 
Systems for  Coal Hydrogenation 

A continuation of ongoing studies of heat and transport  phenomena i n  
cocurrent, co-gravi ty f low is planned for a one-year period. • As time 
and development of ex is t ing work permits, the extension of th is study 
to include a coi led reactor model w i l l  be undertaken. Mathematical 
models o f  coal hydrogenation systems w i l l  u t i l i z e  correlat ions from 
these s t ra ight  and coi led reactor configurat ions. 

Task 5 The Fundamental Chemistry and Mechanism of Pyrolysis of  Bituminous 
Coal 

Previous•work at the Universi ty of Utah indicates that  coal pyro lys is ,  
d issolut ion ( in H-donor) and ca ta ly t i c  hydrogenation a l l  have s im i la r  
rates and act ivat ion energies. A few model compounds w i l l  be.pyrolyzed 
in the range of 375 to 475oc. Act ivat ion energies, entropies and pro- 



duct d is t r ibut ions w i l l  be determined. The reactions w i l l  assist 
in formulating the thermal reaction routes which also can occur 
during hydro- l iquefact ion. 

I I .  Catalyt ic  and Thermal Upgrading of Coal Liquids 

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

A var iety of coal derived (CD) l iquids w i l l  be hydrogenated with 
sulf ided catalysts prepared in Task I0 from large pore, commercially 
available supports. The hydrogenation of these l iquids w i l l  be 
systematical ly investigated as a function of catalyst structure and 
operating conditions. The effect of extent of hydrogenation w i l l  
be the subject of study in subsequent tasks in which crackab i l i ty  
and hydropyrolysis of the hydrogenated product w i l l  be determined. 
To provide an understanding of the chemistry involved, model poly- 
cyc l ic  arenes w i l l  be u t i l i zed  in hydrogenation studies. These 
studies and related model studies in Task 7 w i l l  be u t i l i zed  to 
elucidate relat ionships between organic reactants and the s t ruc tura l -  
topographic character ist ics of hydrogenation catalysts used in this 
work. 

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

Removal of nitrogen, and oxygen heteroatoms from CD l iquids is an impor- 
tant upgrading step which must be accomplished to obtain fuels 
corresponding to those from petroleum sources. Using CD l iquids as 
described in Task 6, exhaustive HDN and HD0 w i l l  be sought through 
study of catalyst  systems and operating conditions. As in Task 6, 
catalysts w i l l  be prepared in Task I0 and spec i f i c i t y  for N- and O- 
removal w i l l  be optimized for  the catalyst systems investigated. 
Model compounds w i l l  also be systematically hydrogenated using ef fec- 
t ive HDN/HDO catalysts. Kinetics and reaction pathways w i l l  be 
determined. A nonreductive denitrogenation system w i l l  be investigated 
using materials which undergo reversible n i t r idat ion= Conditions w i l l  
be sought to cause minimal hydrogen consumption and l i t t l e  reaction 
of other reducible groups. 

Task 8 Catalytic Cracking of Hydrogenated CD Liquids and Related Polycyclic 
Naphthenes and Naphthenoaromatics 

Catalytic cracking of hydrogenated CD liquid feedstocks will be studied 
to evaluate this scheme as a means of upgrading CD liquids. Cracking 
kinetics and product distribution as a function of preceding hydro- 
genation will be evaluated to define.upgrading combinations which 
require the minimal level of CD liquid aromatic saturation to achieve 
substantial heteroatom removal and high yields of cracked liquid 
products. Cracking catalysts to be considered for use in this task 
shall include conventional zeolite-containing catalysts and large- 
pore molecular sieve, CLS (cross-linked snTectites) types under study 
at the University of Utah. Model compounds will be subjected to tests 
to develop a mechanistic understanding of the reactions of hydro CD 
liquids under catalytic cracking conditions. 



Task 9 Hydropyrolysis (Thermal Hydrocracking) of CD Liquids 

Heavy petroleum fractions can be thermally hydrocracked over a spe- 
c i f i c  range of conditions to produce l igh t  l iqu id  products without 
excessive hydrogenation occurring. This noncatalytic method w i l l  
be applied to a variety of CD l i qu ids  and model compounds, as 
mentioned in Task 6, to determine the conditions necessary and 
the reac t i b i l i t y  of these CD feedstocks with and without pr ior 
hydrogenation and to derive mechanism and reaction pathway informa- 
tion needed to gain an understanding of the hydropyrolysis reactions. 
Kinetics, coking tendencies and product compositions w i l l  be studied 
as a function of operating conditions. 

Task I0 Systematic Structura l -Act iv i ty  Study of Supported Sulfide Catalysts 
for Coal Liquids Upgrading 

This task w i l l  undertake catalyst preparation, characterization and 
measurement of ac t i v i t y  and se lec t iv i ty .  The work proposed is a 
fundamental study of the relationship between the surface-structural 
properties of supported sulf ide catalysts and the i r  cata ly t ic  
ac t iv i t ies  for various reactions desired. Catalysts w i l l  be prepared 
from co,,-~ercially available. Supports composed of aluminas,sil ica- 
alumina, silica-magnesia and s i l i ca - t i t an i a ,  modification of these 
supports to change acid i ty  and to promote interact ion with active 
catalyt ic components is planned. The active constituents w i l l  be 
selectRd from those which are effective ina sulfided state, including 
but not restr icted to Mo, W, Ni and Co. The catalysts w i l l  be pre- 
sulfided before testing. Catalyst characterization w i l l  consisi: of 
physico-chemical property measurements and surface property measure- 
ments. Act iv i ty  and se lec t iv i ty  tests w i l l  also be conducted using 
model compounds singly and in combination. 

Task I I  Basic Study of the Effects of Coke and Poisons on the Act iv i ty  of 
Upgrading Catalysts 

This task w i l l  begin in the second year of the contract a f t e r  
suitable catalysts have been ident i f ied from Tasks 6, 7 and/or I0. 
Two commercial catalysts or one commercial catalyst and one catalyst 
prepared inTask I0 w i l l  be selected for a two-part study~ (I)  simu- 
lated laboratory p0isoning/coking and (2) testing of rea l i s t i ca l l y  
aged cata lys ts .  Kinetics of hydrogenation, hydrodesulfurization, 
hydrodenitrogenation and hydrocracking w i l l  be determined before and 
after one or more stages of simulated coking. Selected model com- 
pounds w i l l  be used to measure detailed kinetics o~ the abQve reac- 
tions and to determine quant i tat ively how kinetic'parameters change 
with the extent and type of poisoning/coking simulated. Real is t ical ly  
aged catalysts w i l l  be obtained from coal l iquids upgrading experiments 
from other tasks in this program or from other laboratories conducting 
long-term upgrading studies. Deactivation w i l l  be assessed based 
on specific kinetics determined and selective poisoning studies w i l l  
be made to determine characterist ics of active sites remaining. 

Task 12 Diffusion of Polyaromatic Compounds in Amorphous Catalyst Supports 

I f  diffusion of a reactant species to the active sites of the catalyst 
is slow in comparison to the intrinsic rate of the surface reaction: 
then only sites near the exterior of the catalyst particles wi l l  be 
utilized effectively. A systematic study of the effect of molecular 
size on the sorptive diffusion kinetics relative to pore geometry wil l 
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be made using ~pecif ic, large diameter aromatic molecules. Diffusion 
studies with narrow boi l ing range fractions of representative coal 
l iqu id  w i l l  also be included. Experimental parameters for diffusion 
kinet ic runs shall include aromatic dif fusion model compounds, sol- 
vent effects, catalyst sorption properties, temperature and pressure. 

I l l .  Hydrogenation of CO to Produce Fuels 

Task 13 Catalyst Research and Development 

Studies with iron catalysts wi l l  concentrate on promoters, the use of 
supports and the effects of carbiding and nitr iding. Promising 
promoters fa l l  into two classes: (1) nonreducible metal oxides, such 
as CaO, K20, Al203 and MgO, and (2) par t ia l ly  redu~ibl~ metal oxides 
which can be classified as co-catalysts, such as oxides of Mn, No, 
Ce, La, V, Re and rare earths. Possible catalyst supports include 
zeolites, alumina, s.ilica, magnesia and high area carbons. Nethods 
of producing active supported iron catalysts for CO hydrogenation 
wi l l  be investigated, such as development of shape selective catalysts 
which can provide control of product distr ibution. In view of the 
importance of temperature, alternative reactor systems (to fixed bed) 
wi l l  be investigated to attain better temperature control. Conditions 
wi l l  be used which give predominately lower molecular weight liquids 
and gaseous products. 

Task 14 Characterization of Catalysts and Mechanistic'Studies 

Catalysts which show large differences in selectivi ty in fask 13 wi l l  
be characterized as to surface and bulk properties. Differences in 
properties may provide the key to understanding why one catalyst is 
superior to another and identi fy c r i t i ca l  properties, essential in 
selective catalysts. Factors relating to the surface mechanism of 
CO hydrogenation wi l l  also be investigated. Experiments are proposed 
to determine which catalysts form "surface" (reactive) carbon and 
the ab i l i t y  of these catalysts to exchange C and 0 of isotopically 
labelled CO. Reactions of CO and H 2 at temperatures below that 
required for CO dissociation are of particular interest. 

Tas~ 15 Completion of Previously Funded Studies and Exploratory Investigations 

This task is included to provide for the orderly completion of coal 
liquefaction research underway in the expiring University of Utah 
contract, EX-76-C-01-2006. 
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I I I  Highlights to Date 

Task I I  Kinetic studies of cata ly t ic  functions have revealed that the 
overriding deactivation of catalysts used in the H-coal process is due 
to coke deposits and not metal deposits. Signi f icant deactivation occurs 
early with the recycle o i l  used p r i o r  to introduction of coal. Thus, 
the catalyst losses appreciable ac t i v i t y  even before coal is processed. 
However, the catalyst can be successfully reactivated at this stage by 
a simple a i r  regeneration. 

Papers and Presentations 

"Comparison of the Chemical Structure of Coal Hydrogenation Products, Atha- 
basca Tar Sand Bitumen and Green River Oil Shale," R. Yoshida, T. Yoshida, 

Y .  Nakata, Y. Hasegawa, LM. Huno, Y. Ikawa, M. Makabe and D.M. Bodily, 
Fuel Proc. Tech., ~, 161 (1983). 

• , °  



Task l 

Comparison of Catalysts for Coal Conversion at 
Subsoftening Conditions 

Faculty Advisor: L.L. Anderson 
Graduate Student: T.C. Miin 

Introduction 

Coal liquefaction at subsoftening conditions by applying the HSAB 
principle has been completed on the test set of inorganic salts. The 
results are in the penultimate report. The description of this princi- 
ple and the explanation of reactions, which presumably occur in the coal 
liquidfaction process, are also given in that report. 

project status 

A species property has been found (the softness property) that can 
be used to predict whether a particular canditate reagent wi l l  be effec- 
tive in the reactions involved in the liquefaction. 

The HSAB (Hard and Soft A~ids and Bases) principle was invented between 
1961 and 1967 by R.G. Pearson. j Species which includes molecules, ions, ° 
radicals, elements and even the portion(s) of a species, is classified into 
three categories, hard, borderline and soft, according to i ts electronic 
softness. This classification, combined with the concept of Lewis Acids 
and Bases, can determine whether a species is a hard acid (base), a 
borderline acid (base) or a soft acid (base). A hard acid or base is 
generally characterized by a small atomic radius, a high effective nuclear 
charge, and low polar izabi l i ty;  whereas softness implies al l  the opposite 
properties. Furthermore, a soft base can be associated with low electronega- 
t i v i t y ,  easy oxidizabi l i ty,  or empty low-lying orbitals. l  A number of Lewis 
acids .and bases have been assigned to hard or soft groups (see Tables 2.1 
and 2.2 in Reference 2). The HSAB principle states, that hard acids prefer 
to bind to hard bases, and soft acids prefer to bind to soft bases. 
Obviously, the theory implies htat borderline acids prefer to bind to border- 
l ine bases. However, the softness property should not b.e over emphasized 
since the intr insic strength of acidity (basicity) is also important in a 
reaction. A four parameter equation is hence proposed by Pearson for 
governing the reaction. That i s ,  the equilibrium constant of the reaction 

A + B ------~ A:B 

is determined by 

log K = SAS B + ~AOB 

where o A, ~B are measures of some characteristics of softness; 
S B are measures of intr insic strength of acid A and base B. 

whereas, SA, 



In this work only weak acids or bases have been studied, and thus 
the intrinsicstrength of acidity or basicity becomes unimportant, and 
the above equations can be reduced to 

log K = constant + ~AOB 

About lO0 reagents have been tested for coal liquefaction by the HSAB 
principle. The reagents in the coal liquefaction reactions either serve 
as catalysts alone or do double duty, serving as catalysts and reactants. 

About 70 Friedel-Crafts or related reagents were tested as catalysts 
to l iquefy coal at about300oc and 2000 psig hydrogen pressure. Hiawatha 
HvB coal, which was pre-extracted with THF, was mixed with the catalyst 
and reacted in an autoclave for  three ~hours. The l iquid yield was defined 
by the THF soluble material in Weight percent of the THF pre-extracted coal. 
The total yield was the l iquid y ie ld plus the gas yield. (Gases were 
measured by gas chromatography.) 

Conversion from the experiments using the 70 catalysts ranged from 
5 percent to 99. percent. Results show that only borderline acids (according 
to the HSAB principle) gave higher conversion (over 20 percent of daf coal). 
Interestingly, the typical Friedel-Crafts catalysts, e.g., FeCl 3, gave the 
lowest coal conversion value (5%); whereas weak Lewis acids, e.g., SnI 4, 
gave the highest conversio.n value (99%). Explanations of the results are 
as follows: 

The general form of the coal liquefaction reaction .mechanism can be 
represented by 

235Oc 
Coal + Cat ~ Coal - Cat (1) 

Coal + Cat ~ [Coal - Cat] ~ (2) 

[Coal - Cat] ~ ~ products + char.cat (3) 

According to Beal!'s work, halides can penetrate into~the coal structure 
(intercalation) in the f i r s t  step of the above reactions. ~ According to the 
HSAB principle, borderline catalysts prefer to bind with borderline. 
functional groups of the coal structure. (Wiser's schematic representation, 
for example, shows that most functional groups and link!ng units of bituminous 
coal are expected to belong to the borderline category.) 4 Soft .or hard acids 
are expected to bind weakly with the structures in coal. Some presumed 
bond cleavage examples are 

Ether linkage cleavage reactions: 

in which the phenanthroxy portion is par t ia l ly  electronegative (a borderline 



base), and the tolulenyl  portion is pa r t i a l l y  e lectroposi t ive (a borderline 
acid). According to the HSAB pr inc ip le ,  only borderline catalysts can bind 
stably with such en t i t i es ,  i . e . ,  the hal ide-ether adduct forms. 

The formation of a coordination bond between oxygen and t in  would 
weaken the ether bond (ArO m CH2Ar) ' which is done at about 230°C. 

SnCI2 

When the temperature is raised above 250°C, Lewis acids a t t ract  mois- 
ture to form protonic acids or pro ton ic- l i ke  adducts. Strong Lewis acids 
(most strong Lewis acids are hard) ionize H20 completely to form protonic 
acids, whereas borderline acids (most borderline acids are weak) form 
protonic- l ike adducts with H20. Some examples are 

H 
I .  Soft acid: CdCI2 + H20 ~ CdCl 2 . . . .  0 

H 

2. Hard acid: FeCl 2 + H20 ~ [CI3FeOH ]- H + 

H 
3. Borderline acid: SnCl 2 + H 2 0 ~  Cl2Sn .-.0 - . . . .  H + 

4- 
_ Since H is very hard and H- is very soft, i t  is logical to say that 

Ha~,H ~- are borderline. (This should not be confused with H., which is a 
free radical, having a free electron which is not attracted by other electro- 
philes and thus is very polarizable and is soft.) 

The borderline proton-like portions (in HSAB terms they are borderline 
acids) bind stably with borderline coal-Lewis acid adducts to form stable 
transitions states in the second step of the coal liquefaction reaction 
mechanism, i .e . ,  

C12 
Sn 
o Q  

Ar-- 0 M CH2A r ÷ 

C12 
H Sn 

Cl2Sn...O~ . . . .  H ~ ~ Ar- -CH2Ar 

H 

0 

Sn 
Cl 2 

I0 



The catalyst-coal adduct is then ready fo r  the hydrogenolysis reaction; 
~ m 

C12 ~ 
Sn 

Ar- "0" ~--~-----. CH2Ar 

/{. 
/ . / . .  ° 

Sn 
C1 2 

Cl 
Sn 2 

H 

C H 3 A r ~  

H-O ~.H 

"Sn 
Cl 2 

ArOH - SnCI 2 
÷ 

CH3Ar 

+ 

H20 • SnCl 2 

The reaction is believed to occur "concertedly" without any formation 
of free electron charge. Two reasons can be proposed. F i r s t ,  i n t h e  
reaction circumstances, any generation of  electron charge w i l l  create "harder" 
port ions, which are not favored according to the HSAB pr inc ip le .  Second: 
the free electron charge generation w i l l  create carbonium ions which w i l l  
i n i t i a t e  Fr iedel-Crafts a lky la t ion  and lead to low l iquefact ion y ie lds ,  which 
are contrary, to the resul ts .  

However, the soft acid-coal adduct forms another weak a t t rac t ion  with 
the soft  acid-H20 adduct: 

C12 
Cd 

Ar-O'-- CH2Ar + 

Cl 2 
Cd 

CdCI2--.OH 2 - - ~  A r ~  ,,0"~ CH2Ar 

I 
O--H 

Cd 
C12 

Since ether linkages are not weakened extensively,  reaction (3) o f  the 
mechanism is not l i k e l y  to occur. (However, some fac i le  ether s t ructures 
s t i l l  can be cleaved and give small l iquefact ion y ie lds- - less  than 20 percent.) 

In the case of hard cata lysts,  the generated proton cannot only catalyze 
ether l inkage cleavage but also can i n i t i a t e  fur ther  Fr iedel-Crafts a lky la t ion  
reactions. The to ta l  e f fect  is that these hard catalysts c a t a l y t i c a l l y  
break down the large molecular weight coal en t i t i es  and form high molecular- 
weight char. 
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Final ly :  

C1 
Fe 3 

A r - - ~ - -  CH2Ar ~ 

® 

-- CH.Ar- 

C1 ~ H2 Fe3 @ 

Ar--O CH2Ar 
I 
H 

Fe 
C1 

/ 

RAr 

(RArCH3Ar)Q) 

RArCII2Ar 

In the t rans i t ion  state of the reaction there are large numbers of 
benzene structures. The short - l ived carbonium ion would be easier to 
attachto benzene structures (a lky lat ion reactions would occur) than to 
gas-phase hydrogen molecules. The reason for  th is is that the k inet ic  
concentration of benzene structures is much greater than that of hydrogen. 
Also, to obtain a hydride ion from a hydrogen molecule requires higher 
act ivat ion energy than to alkylate a benzene structure. One fact  to 
support th is argument is that a l l  of the hydroliquefaction processes for  
coal conversion show posit ive "effects of  increasing hydrogen pressure. 

Generally speaking, there are two types of mechanisms for reverse- 
Friedel-Crafts reactions. The f irst type involves free carbonium ions 
(C+). and the second involves partially-charged alkyl or aralky!+groups 
(C a+ ) which comprisethe "concerted" mechanism. Both C + and C -° are 
acids according to the HSAB principle. The former is harder than the 
latter. These two types of mechanism are: 

Fi rst Type. Free Carbonium Type Mechanism: 

.-R 

12 

H ~) AOH 
f 

J 

® 

H 
Ci12 

Ar 

rst step. 

fast  

;R 

H 
CH~_ 

Ar 

\ 

H 
+ 

Ar 

2nd step. 

sl ow 
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•i H2 

Ar 

t 

H 2 

\ 

> T3 
Ar 

further 
al kyl ation reactions 

Second Type. Concerted Deara]kylation Mechanism: 

R R R R 

H 
. . . . .  0. . .A 

CH 2 . . . . . . . . . . . . .  ~ 

(A is a Lewis acid) ,CH[ 

' R Ar 

3rd step. 

- 'H - - - -  

fast  

] s t  step. 

H 
0 - -- -- A ~- 

sl ow 

R • R 

! "g'-H 
Ar 

R R 

~ + 
l 

H 

fur ther Alkylat ion reactions 

+ 

CH 3 

l 
Ar 

2nd step. 
H 

I 
H - - - O " ~ .  

A 

slowest 
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As proposed above, protons (free or bound) are necessary for reverse- 
Friedel-Crafts reactions. However, mineral acids do not give good 
conversion yields because i l l  protonic acids are hard. Hard species are 
simply not favored for binding with borderline coal structures. Also, 
mineral acids and other hard Lewis acids (both are termed hard acids in the 
HSAB principle) in i t iate further aralkylation reactions, which lead to 
repolymerization of cleaved fragments. However, borderline acids do not 
have this disadvantage and thus can give better yields of coal conversion 
products. 

Sulfide and disulfide linkages belong to the soft HSAB category and 
thus are favored to be cleaved by soft catalysts; however, these bonds 
are comparatively unimportant in coal liquefaction reactions and thus 
no details are given here. 

Hydrogen-bond linkages and other facile linkages are less important 
and details are not given here. Borderline ,catalysts favor ether linkage 
cleavage reactions over reverse-Friedel-Crafts dearalykylation reactions. 
Hard catalysts favor Friedel-Crafts reactions (polymerization) since to 
disturb resonance in aromatic rings requires higher energy and thus needs 
stronger acidity. However, the polymerization reaction init iated by hard 
acids makes them generally unfavorable for coal conversion processing. 

Some of the literature supports for the above argument are the following 
reactiDns: 

The coupling reactions of phenols 2 

0 
I 

@ 
~ C H  2 

Ist Fe___Cl R (hat - d) + (9 CI3FeO ~ 
-----e-- pathway -~ ~]10--FeCl~ "-------~-½ ~ O F e C l  3 

products 
products further 

IH condensation 

K3Fe(CN)6,H 2 0._ H-- K~Fe(CN)= 2rid 
-----+'pathway ~ ~  ~ .  -~ . . . . . .  O ~  

~..' r ~ " e) + (9 ~ - -  O"'H"" K3Fe (CN) 6 
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Naphthol-l ike structures are formed in the cleavage of ether-l inkages which 
are found in coal structures, during the coal l iquefact ion process. The 
Reagent-substrate complex is  formed in two pathways. The borderl ine-borderl ine 
reagent-substrate complex in the intermediate step of the second pathway is 
formed via an outer-sphere at t ract ion in which no strong bonding between the 
substrate and metal ion exists. The ensuing phenoxy radical is re la t i ve ly  
free, and thus the ether linkage formed again in the last  step of the 
second pathway is jus t  l i ke  the reverse reaction of the former cleavage of  
ether linkage. The tota l  e f fect  is that the reagent-substrate complex is 
serving as an intermediate reaction complex, which Ioosensthe ether bond 

i n  the coal structure and makes i t  easier to perform the la te r  hydrogenolysis 
reaction. However, the hard-borderline reagent-substrate complex ( in the _ 
f i r s t  pathway), having an ionic bond formation between the phenoxyl and 
metal ion, not only prevents the formation of free phenoxyl radical but also 
puts an electron-withdrawing ef fect  on the aromatic r ing. Thus the la te r  
condensation reaction is reduced. The to ta l  e f fec t  is that an ether linkage 
is cleaved f i r s t  and replaced la ter  by a carbon-carbon linkage. This 
condensation reaction cap continue to form a high molecular weight polymer. 
This makes the la ter  hydrogenolysis more d i f f i c u l t .  The HSAB pr inc ip le 
can, therefore, successfully d i rect  the choice of e f fect ive inorganic sa l t (s)  
for  coal l iquefact ion under mild conditions. 

Future Work 

The borderline property according to the HSAB principle is not restricted 
to inorganic compounds. Therefore, organic materials which act with acidic 

o r  basic properties are also candidates for reactants for coal liquefactions. 
Furthermore~ "borderline hydrogen" can be predicted using the HSAB principle. 
Borderline hydrogen wi l l  be produced to liquefy coal at the same conditions. 

Refe ren ces 

I. T.L. Ho, "Hard and Soft Acids and Bases Principle in Organic Chemistry," 
Academic Press, New York, New York, 1977. 

. W.I. Taylor, eds., "Oxidative Coupling of Phenols," Dekker, New York, New 
York, 1967. 
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4. W.H. Wiser, Sc ien t i f i c  Problems of Coal U t i l i z a t i o n ,  DOESymposium 
Series 46, 232 (1978). 
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Task 2 

Carbon-13 NMR Invest igat ion of CDL and Coal 

Faculty Advisor: R.J. Pugmire 
Postdoctor Associate: D.K. Dalling 

W.R. Woolfenden 

Introduction 

NMR data has been obtained on a set of 25 samples obtained from the 
Exxon Coal Data Bank. Progress on the project is s t i l l  l imi ted by the 
delay in a graduate student f in ish ing his Ph.D. thesis. Dr. Warner 
Woolfenden has continued to work part-t ime on the project. He has 
now accepted a permanent posit ion and w i l l  no longer be available to the 
project. 

Project Status 

During the past quarter NMR data has been completed acquiring NMR data 
on the Exxon Coal Data Bank samples. All 25 samples were analyzed by 
standard CP/MAS and dipolar dephasing studies. 

Employing T 2 values obtained for  model compounds and 6 coals that 
were studied in some de ta i l ,  we are able to obtain semi-quantitative data 
on a number of  structural  parameters on each of the coals. In addition 
to the normal aromatici ty values, we have now calculated f A,H, faA,N 
fa H, fs* ,  and HAr* ( f ract ion of aromatic carbon that is p otonated, f ract ion 
of aromatic carbon that is nonprotonated, f ract ion of tota l  carbon that 
is aromatic and protonated, re lat ive f ract ion of carbon that is a l iphat ic  
methyl or a l iphat ic  quaternary carbon, and f ract ion of protons located on 
aromatic rings, i r respect ive ly) .  We are in the process of assessing the 
degree of v a r i a b i l i t y  in these parameters from the d i f ferent  coals. 
We w i l l  attempt to delineate structural  variables in the d i f fe rent  coals. 
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Task 3 

Catalysis and Mechanism of Coal Liquefact ion 

Faculty Advisor: D.M. Bodily 
Graduate Student: Tsejing Ray 

Introduction 

Metal halides such as ZnCI~ are well-known to be active catalysts fo r  
coal hydrogenation. Zinc chlorlde has been shown to be a very ef fect ive 
catalyst for coal hydrogenation in the entrained-f low reactor developed 
at the University of Utah.l,2 Bell and co-workers 3-5 have studied the 
reactions of model compounds with ZnCl 2 under conditions s imi lar  to those 
employed in coal hydrpgenation. They observed cleavage of C-O and C-C 
bonds in the model compound and proposed that the active cata ly t ic  species 
is a Bronsted acid formed ZnCl 2. 

Shibaoka, Russell and Bodily 6 proposed a model to explain the l ique- 
faction of coal, based on microscopic examination of the sol id products 
from metal halide catalyzed coal hydrogenation. The model involves a 
competition between hydrogenation and carbonization reactions. The 
hydrogenation process starts at the surface of v i t r i n i t e  part ic les and 
progresses toward the center. The v i t r i n i t e  is converted to a p las t i c  
material of  lower reflectance, which is the source of o i l s ,  asphaltenes 
and preasphlatenes. Concurrently, carbonization occurs in the center 
of the part ic les,  resul t ing in vesiculat ion and a hi.gher reflectance 
material. The p a r t i a l l y  carbonized material canbe hydrogenated at la ter  
stages, but at a lower rate than the or ig inal  coal. 

Thermal and/or ca ta ly t ic  bond rupture occurs during the l iquefact ion 
process. The i n i t i a l  products of the bond cleavage reactions may be 
stabi l ized by hydrogen addi t ion,  resul t ing in cleavage of bridges between 
aromatic ring systems and in deal kylat ion of aromatic rings. I f  the 
i n i t i a l  products of the reaction are not s tabi l ized,  they may polymerize 
to form semicoke-like material .  This primary semicoke may be isotropic 
or exhibi t  a f ine-grained anisotropic mosiac texture, depending on the 
rank of coal. The p last ic  material formed by s tab i l i za t ion of the i n i t i a l  
products may be fur ther  hydrogenated or, under hydrogen def ic ient  condit ions, 
may form secondary semicoke. The secondary semicoke is of medium to coarse- 
grained anisotropic mosiac texture. Bodily and Shibaoka 7 used th is  model 
to explain the nature of the residues fromhydrogenatiOn in the short- 
residence, entrained-flow hydrogenation reactor. The role of the ZnCI 2 
catalyst is examined in th is study. 

Project Status 

The Clear Creek coal samples heated in hydrogen and in nitrogen were 
analyzed by optical microscopy. Results of the analysis are summarized in 
Tables 1 and 2. In hydro sen the ZnCl 2 catalyst  causes an obvious softening 
of the coal grains at 350uC. At short reaction times, a reacted rim is 
observed on the grains. A t  20 minutes reaction time and 400oc, , the reacted 
zone is not v is ib le ,  ~ndicating that the reaction has proce4ded through the 
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entire grain. The in i t i a l  ~eactions involve softening of the v i t r in i te  and 
reaction of exinites. When ZnCl 2 is not present, only sl ight softening 
occurs prior to carbonization. 

In nitrogen, the ZnCl 2 also appears to increase the f lu id i t y  of the 
sample during heating, although not to the same extent as in hydrogen. 
This effect shows up in the size and shape of vesicules. 

Future Work 

The medium volati le coal wi l l  be analyzed by optical microscopy. 
Reflectance and fluorescence measurements of both coal sample residues 
wi I l be performed. 

References 
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7. D.M. Bodily and M. Shibaoka, Fuel, submitted. 

18 



. - e -  ~ 

cO . , -  0 
~ :~ z 

e -  

l 

= 
o 

e -  e - -  

~J 

or ,*  

,-: g 
d.l • 

(-. 

• r =' 

:::I s.. 

" o  

u'} 4.~ 
~J cJ 

" o  

f0 0"~" c... 

e.- f,j 
r..j (.j -I-~ 

O -  
tn e.- 

c- t.n ~ 
d j  (U c '  

m m ~  

~J 

c- 
n3 
e- 
r~J 

O 

..Cl 
O 

O 

C~ 
LO 
O3 

5.- Cl. ,~ C) (0 (L} 
(3. bO u'} 5... , " -  R-~ 

~J ~" ::3 f.J 

f.t'J , e"- or'-- 

• r -  0..I ..I-~ 00 u"~ 5... 

q; ~ {J (D .r.- 

0 ~ 0 0 " -  

4-} -,'- 

(U ~... f.J ",-- {.J 

• ~- -I-}-}.~ 4-- 0"} .~- 5- 
c~ .r... 0J 

4-- q-- ~ C:nO 4 -  0 
0 ~.; ";-'~ " 0  ( "  " O  

. , t O  

e,- ~ , . 'e l  
CJ " t l e - , - - -  

-'~ c -  .= -  . r -  

! 

oJ O 

• e-- ¢:I. ro 

d.J (u u,; 

(IJ 4.~ O 

u,- - o  ~ 
o ~-...cl 

u'; , , , ,o  

0J u'} ,,,, 
o~ co "o  • 

r,.j .,.- 

( "  c) (D ~3 
F-.. ~ !,= N 

t _  

e -  

co 
L'L 
CL 
tO c" 

"~" E 

O'} 
"O 

4-- 
O " ~  

dJ r0 
{~') ¢} 

"O 5.. 

-d '  
(.. (.- 

4~ ~J 

, '4 - .  
o 

o c,'} 

tJ  

s.. -d'  
(IJ 

N 

• .wa~ O 

r..jl 5,. ~J 
r 0 ~  

° 

(r.. 

S. 

e._ 

e-,,-, f ~ !  

4 -  ¢,DI 
O ,4-,~ ! 

8 

° l " '  

i 
O ~  

¢;! . . 
r " " i  

09 

o r -  

rO 

e -  

~ • 

4.~ ~ -  
rO 0 

4 -  tn 
o 

o0 

c-. 
.;...,, 

,,, r..~ v 
~ --,: r.J 
O') O f0 

cO E 
C} O 

4-: 

4.-} (U O 
u'; -4-~ . t -  

O") cO ~"0 

C3 

" o  

co 

c-  
o~,... 

(lJ 
"4..~ 
4 -  
O 

o 
of,,-, 

ro 
N 

" r " '  
c-  
O 

r._ 
¢0 
r..J 

(LI >J  

oe "  
c-  r.j 

(U 
N 

O e-, 

,,, "C}" 

c.-. 

O 4 . ~  

"O  
C} (U 

oi-- ~j  

o$,-., 

x O 
I.~ u'J 

C~ 
Lt'3 

~J 

.n3 

¢: 
o;..,,, 

(1.1 

4_ 
O u") 

,:... 
~:I'J. 

~ r "  

U3 

O 

¢0 
N 

Q 
.(3 

¢{~ 0t-- '  

n " "  

~ 4 . -  

dJ 

dJ o 
(.n = 

,J, 

~ "c:I 

(u ,:" 

n:I 
~J o 
L U'J 

CO O 
U~ u'~ 

o~,.-. 

O 

co 

Li3 

19 



Task 5 

The Mechanism of Pyrolysis of Bituminous Coal 

Faculty Advisor: W.H. Wiser 
Graduate Student: J.K. Shigley 

Introduction 

In the present state of knowledge concerning the fundamental chemistry 
of coal liquefaction in the temperature range 375-550oc, the liquefaction 
reactions are init iated by the thermal rupture of bonds in the bridges joining 
configurations in the coal, yielding free radicals. The different 
approaches to liquefaction, except for Fischer,Tropsch variations, represent 
ways of stabil izing the free radicals to produce liquid-size molecules. The 
stabil ization involving abstraction by the free radicals of hydrogen from 
the hydroaromatic structures of the coal is believed to be the predominant 
means of yielding l iquid size molecules in the early stages of al l  coal lique- 
faction processes, except Fischer-Tropsch variations. The objective of 
this research is to understand the chemistry of this pyrolytic operation 
using model compounds which contain structures believed to be prominant 
in ~itumious coals: 

Projec t Status 

Pyrolysis experiments for 9-benzyl-l,2,3,4-tetrahydrocarbazole (9-BTHC) 
have been conducted at 360oc. The compiled data are shown in Table I. The 
data for each reaction time are the average of at least two experiments. 
The normalized relative product distribution and the molar ratio of 
9-benzylcarbazole/carbazole (9BC/CARB) are shown in Table 2. The normalized 
relative product distribution vs. reaction time are plotted in Figure I. 
The product distribution shows trends very similar to those discussed in 
the previou~ report, l 

Kinetic analysis of the data has been performed using integral and 
differential techniques.2 The integral kinetic data are shown in Table 3 
and plotted in Figures 2 and 3. The integral analysis shows an interesting 
result. The data f i t  the f i r s t  order plot better than the second order 
plot but the second order plot shows a downward curvature. The downward 
curvature suggests that the overall reaction order is greater than two. 

In an attempt to c lar i fy  the overall reaction orde~ the data were 
analyzed by the differential technique. The results of this analysis are 
shown in Table 4 and are plotted in Figure 4. This analysis suggests that 
the overall reaction order is at least five and maybe as high as nine. 
These results suggest that at this temperature (360oc), the reactions are 
occurring in a mixed phase system (liquid/vapor or solid/liquid/vapor). 
The resultant complications involved in mixed phase reactions make a simplis- 
t ic analysis of this nature inadequate. 

Experiments have been conducted with 9-BTHC with the specific intent 
of determining the presence of molecular hydrogen (H2). Several experiments 
were conducted with approximately five milligrams of the model compound. 
The samples were prepared in the standard technique. 3 After pyrolysis the 
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tubes were quenched in liquid nitrogen and placed in a stainless steel 
gas sampling bottle with several stainless steel ball bearings. The 
sampling bottle is evacuated and then pressurized to 15 psig with 
purified helium. This sequence is repeated at least three times before 
final pressurization with helium to 15 psig. The pyrolysis tube is 
broken open with the ball bearings inside the sample bottle. %he contents 
are analyzed using a Carlo refinerygas analysis gas chromatographic system. 
No hydrogen was detected with the five milligram samples. In an attempt 
to understand i f  this was due to the l imits of detection of the system, 
experiments were conducted with increased sample sizes. Several tubes 
loaded with at least five milligrams were pyrolyzed and then analyzed 
simultaneously by the previously described method. Small amounts of 
hydrogen were detected under these conditions, along with even smaller 
amounts of methane, ethane and propane. This suggests that dehydrogena- 
tion occurs to a small extent and also that some methyl.radicals are formed 
by subsequent cleavage, from the i n i t i a l l y  thermally produced radicals. 

Hydrogen (H) balances were calculated for the pyrolysis of 9-BTHC 
to determine the apparent extent of the aforementioned dehydrogenation. 
The results of thisanalysis are shown in Table 5. The H-balance was 
calculated using 9-BTHC, 9-benzylcarbazole, carbazole, 1,2,3,4-tetrahydro- 
carbazole and toluene as the only products. The average hydrogen balance 
for all temperatures (360 to 440oc) is 94.3%. This result, in conjuction, 
with the results of the hydrogen analysis suggests that the dehydrogenation 
reactions are occurring to'a small extent. 

In correlating the pyrolysis of model compounds to coal pyrolysis, the 
experimental technique most often uti l ized in coal pyrolysis studies and i ts 
effects should be considered. Most coal .pyrOlysis studies have been 
conducted by observing the weight loss or rate of weight loss with time 
for the coal. Kinetics derived from these measurements can be considered 
as the kinetics of volatile products evolution. The pyrolysis of 9-BTHC 
has been analyzed by determining the kinetics of toluene, benzene a~d bibenzyl 
.production. The data were tested using f i r s t  and second order kinetics. 
I f  the rate of production of these compounds can be described by the 
equation dx/dt = kn(a-x) n, where 

a = in i t ia l  moles of Starting material 
x = moles of toluene + benzene + bibenzyl produced 
n = overall order of reaction occurring, 

then the data can be analyzed with the integrated forms o f t h i s  equation. 
I f  a value for n is assumed, the equation can be easily integrated. I f  
a value of one is assumed for n, the resultant equation i.s Ln a/a-x = k l t  
and i f  n is assumed to be 2, x/a(a-x)= k2t. The data can be analyzed for 
the f i r s t  and second order equations by plotting Ln a/a~x and x/a(a-x) vs. 
time, respectively,, and observing how well the data f i t  the plotted equations. 
The results of linear regression analysis of ~he plotted data are shown in 
Table 6. The results seem to show no definite trends and suggest that the 
method is, in some wa~ insufficient in describing the data. No definite 
conclusions may be made on the results of this analysis at this time. 

Extensive.experimentation has been conducted on 9-benzyloxy-],iO-:' 
propanophenanthrene (9-BOPP) in an attempt to f i nd  a suitabl ~ solvent. 

• . ! . . . .  • 
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Fourteen solvents or solvent systems were tested after a review of 
pertinent l i terature. The solvents were tested at ambient and elevated 
temperatures using manual and ultrasonic methods of mixing. The solvents 
tested were: carbon disulfide, dichloromethane, chloroform, methanol, ethanol, 
acetone, diethyl ether, dioxane, pyridine, dimethylsulfoxide, benzene, 
toluene and super-solvent (diethylether, ethanol, benzene). A known weight 
of 9-BOPP was placed in a mini-reaction vessel and a predetermined amount 
of solvent was added to form a one percent (by weight) solution i f  all the 
9-BOPP dissolved. The solutions were then allowed to s i t  for about one 
hour with occasional mixing. After an hour two microliters of the solution 
we~einjected into a gas chromatograph for analysis. Each solution was 
analyzed in this manner. The resultant analyses were used for comparison 
purposes, for each solvent tested. The five apparently best solvents 
were selected in this manner and they were carbon disulfide, dichloromethane, 
dioxane, dimethylsulfoxide, and pyridine. These solvents were tested in 
a more extensive manner both at elevated temperatures and ut i l iz ing an 
ultrasonic bath for mixing. None of these solvents dissolved enough of 
the 9-BOPP to form a one percent by weight solution. The solvents rated 
in order of increasing solubi l i ty of 9-BOPP are dioxane < dimethylsulfoxide < 
dichloromethane < carbon disulfide < pyridine. 

Another problem discovered with 9-BOPP was its high content of an 
impurity. The approximate purity of 9-BOPP is 65% with 35% of l , lO- 
(2-Propeno)=phenanthrene-9-ol. The structure of the impurity has been 
verified by GC/MS analysis. 

These two major problems with 9-BOPP necessitated the obtaining 
of some new model compounds. The model compounds obtained are l-benzyl- 
1,2,3,4-tetrahydroisoquinoline (I-BTHIQ), l-piperidinomethyl-2-naphthol 
(I-PMN), and 4-benzylpiperidine (4-BPP) are shown in Figures 5-7, respec- 
t ively. The model compound I-BTHIQ was chosen because the benzyl group 
is attached to a naphthenic carbon adjacent to a nitrogen in the compound. 
This wi l l  be valuable for comparing i ts pyrolysis to that of 9-benzyl- 
1,2,3,4-tetrahydrocarbazole (9-BTHC). The l-piperidinomethyl-2-naphthol 
was chosen for two reasons: (1) i f  the presence of the hydroxyl group 
wil l  affect the pyrolysis mechanism and (2) i f  the fact that the naphthenic 
portion of the model compound is the smaller cluster of the model compoun~ 
changes the pyrolysis mechanism. The third new model compound 4-BPP was 
obtained for two reasons. These reasons are: (1) the attachment of the 
benzyl group to a carbon para to the nitrogen in the piperidine, and (2) the 
model compound is two single ring compounds linked through a methylene 
bridge and is perhaps more similar to a lower rank coal. 

The pyrolysis of I-BTHIQ has been conducted at 623, 611 and 598 Kelvin 
(350, 338 and 325QC). The conversions and material balance results are 
shown in Tables 7-9. The normalized productdistribution data are tabulated 
in Tables lO-12 and plotted in Figures 8-I0. The product distributions for 
I-BTHIQ show trends similar to those of 9-BTHC as discussed in the previous 
report. ~ The increase in the yield of I-BIQ with conversion suggests that 
the thermally produced radicals are being stabilized by abstraction of H 
from a molecule of I-BTHIQ. The maximization of the I-BIQ yield shows that 
the thermal cleavage of I-BIQ becomes appreciable and proceeds at a rate 
faster than the stabilization of the thermally produced radicals. The 
maximum'of I-BIQ yield varies with temperature and occurs at earlier times 
the higher the temperature. 
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The I-BTHIQ pyrolxsis data has been analyzed using the integral 
technique of analysis. :  The tabulated data are shown in Tables 13-15 
and are plotted in Figures 11-16. The data at 623 Kelvin are best modeled 
by f i r s t  order kinetics and at 598 Kelvin by second order kinetics. The 
data at 611 Kelvin (338oc) are modeled equally well by the f i r s t  and 
second order integrated equations and the actual overall reaction order is 
probably between one and two. 

The data at 611 Kelvin (338oc) were analyzed using.the d i f fe ren t ia l  tech- 
nique of analysis and the results are tabulated in Table 16 and plotted 
in Figure 17. The result ing order of reaction from this technique is 
1.5 and supportsthe results of the integral analysis. 

Future Work 

Gas chromatographic/mass spectrometric analysis w i l l  be performed on 
I-BTHIQ, I-PMN, 4-BPP and the result ing pyrolysis product mixtures. The 
I-BTHIQ wi l l  be pyrolyzed at one and possibly two more temperatures. Experi- 
mentation w i l l  be conducted with I-BTHIQ and I-PMN similar to that used 
for 9-BTHC tb determine the presence of molecular hydrogen. Hydrogen 
balance calculations w i l l  be made to be used in conjunction with the 
hydrogen tests for mechanism elucidation. Pyrolysis experiments w i l l  be 
conducted on I-PMN at a minimum of four temperatures. Pyrolysis of 4-BPP 
w i l l  be conducted i f  time allows. 
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Figure 5. l-Benzyl-l,2,3,4-tetrahydroisoquinoline (I-BTHIQ). 
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.Figure 6. l -P iper id inomethy l -2-naphtho l  (I-PMN). 
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(Utah Coal, H/C ~ 1.0) 
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Figure 7. 4-Benzylpiperidine. 

H 

®-- 

Cl2Hl7 N, FW = 175.28 g/g mole 

MP = 6-7oc, BP = 279oc 

Bond ~BDE, kcal/mole 

l 80 

2 I02 

Component 

C 

H 

N 

Hydroaromatic C 

Aromatic C 

Aliphatic C 

H/C Atomic Ratio 

Model Compound, wt % 

82.2 

9.78 

7.99 

41.7 

50.0 

8.3 

1.4 

Bituminous Coal, wt % 

77 - 80 

4.8 -.6.0 

1 - 2  

15 - 25 

65 - 75 

5 - 1 0  

0.8 - 0.9 

(Utah Coal, H/C ~ 1.0) 
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Table 1 

PYROLYSIS OF 9-BENZYL-1,2,3,4-TETRAHYDROCARBAZOLE (9-BTHC) 
J 

Temperature: 633 K (360oC) 

Reaction 
Time, Min 

In i t ia l  Conc' n 
oT~ 9-BTHC, mmole/cc 

5.0 .02332 

10.0 .02526 

20.0 ~02268 

30.0 .02404 

60.0 .02078 

120.0 .02337 

240.0 .02602 

% Material  
Balance 

91.61 

92.70 

94.70 

91.94 

93.75 

90.73 

93.07 

Conversion of 
9-BTHC _+ SD 

.1764 ± .017 

.1855 ± .02 

.1971 ± .03 

.2239 ± .03 

.2861 ± .01 

.3424 ± .02 

.4525 ± .02 

Notes: 

I. % Mat'l Balance : [N(THC) + N(CARB) + N A + N(9BC) ] x I00 
NAo 

N A 
2. Conversion of 9-BTHC : I 

NAo 

3. SD = Standard deviation 

where, N A = mi l l imo les  of  9-BTHC @ .t 

NAO= mi l l imo les  of  9-BTHC @ t = o 
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Table 3 

PYROLYSIS OF 9-BENZYL-1,2,3,4-TETRAHYDROCARBAZOLE (9-BTHC) 

Overall Reaction(s) Order Determination - Integral  Technique 

Temperature: 633 K (360°C) 

Kinetic Plots Ordinates 

Reaction First Order Second Order 
Time, M~n -Ln(1-XA) XA/[CAo(1-XA)] 

5.0 • 1941 9.183 

10.0 .2052 9.015 

20.0 .2196 10.828 

30.0 .2s35 12.000 

60.0 .3370 19.28 

120.0 ,4192 22.28 

240.0 .6024 31.76 

Plot Y-Intercept Slope r 2 

First Order 
-Ln(l-XA)=klt .1982 .00174 .9852 

Second Order 
X A 

CAo(l-X A) : k2t 

where, 

9.565 .09771 .9513 

kl  [ : ]  min-l~ k2[ :  ] cc 

X A : Conversion of  9-BTHC 

CAo : I n i t i a l  conc'n of  9-BTHC, m~ole/cc 
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Table 4 

PYROLYSIS OF 9-BENZYL-I,2,3,4-TETRAHYDROCARBAZOLE (9-BTHC) 

Overall Reaction(s) Order Determination - Differential Technique 

Temperature: 633 K (360oc) 

Reaction C A, mmole 
Time, Min cc 

- -  L - - I I  L 

5.0 .01963 

10.0 .01951 

20.0 .01858 

30.0 .01793 

60.0 .01683 

120.0 .01550 

240.0 .01290 

r=CAI F 
" L T t - J  Ln L-X,~tLJ Ln [C A] 

2.40 x 10 -5 -10.64 -3.934 A 

9.30 x 10 -5 - 9.28 

6.5 x 10 -5 - 9.64 

3.667x 10 -5 -10.21 

2.217 x 10 -5 -10.72 

2.167 x 10 -5 -10.74 

-3.961 

-4.003 

-4.052 

-4.125 

-4.255 

Linear Regression Analysis 

r /'ACA\ ] 
Ln L- :Lnk+nLnC A 

y-intercept = Ln k = 

slope = n = 

r 2 = correlation coefficient = 

Case A Case B 

10.45 26.14 

5.0 9,0 

• 806 .989 

Case A: Delete Point #1 

Case B" Delete Point #i & #6 
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Table 5 

HYDROGEN BALANCE ON 9-BTHC PYROLYSIS" 

Temperature 
Kelvin (°C) z- H ~ SD 

633 (360) 0.908.4 0.015 0.980 ~ 0.009 

648 (375) 0.898 ~ 0.07 0.928 ± 0.06 

673 (400) 0.89l ± 0.03 0.95l ±.0.02 

683 (410) 0.997 ± 0.06 0.974 ± 0,02 

698 (425) 0.891 ± 0.08 0.923 ± 0.04 

713 (440) 0,895 ± 0.03 0.903 ± 0.02 

Averages 0.910 + 0.04 

Z-H ± S D/% Material Balance 

0.943 ± 0.03 

where, 

z H = average hydrogen balance at T 

SD = standard deviation 

z H = N(9-BTHC) + 15/19 N(9-BC) + 13/19 N(THC) + 9/19 N(CARB) + 

9-BC = 9-benzylcarbazole 

THC = 1,2,3,4-tetrahydrocarbazole 

CARB = carbazole 

8/]9 N(Toluene) 

P 
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Table 6 

9-BTHC PYROLYSIS KINETICS BASED ON VOLATILES PRODUCTION 
LINEAR REGRESSION ANALYSIS (y : mx + b) 

First Order a 
~ v s .  t Temperature Kinetics, Ln a-x 

Kelvin (°C) Slope (m) Y-Intcpt  (b) r~  

633 ( 3 6 0 )  9.63XI0 -4 0.014 0.9895 

648 ( 3 7 5 )  3.413X10 "3 0.012 0.9887 

673 (400) 0.0212 0.042 0.9816 

683 (410) 0.0386 0.042 0.9653 

698 (425) 0.0484 0.199 0.7966 

713 (440) 0.1053 0.313 0.8208 

Second Order x 
Kinet ics,  ~ v s .  t 
Slope (m) Y- in tcpt  (b) r2 

0.0681 1.15 0.9751 

0.3084 -0.095 0,9803 

2.489 -0.66 0.9674 

5.511 -7.2 0.9921 

7.23 11.66 0.8785 

22,42 10.3 0.8685 

where, 

a : i n i t i a l  mmoles of  9-BTHC 

x = mmoles of toluene + benzene + 2(bibenzyl) produced 

: mmoles of THC + CARB 

: mmoles of  9-BTHC cleaved 

r 2 : cor re la t ion coe f f i c ien t  

NOTE: Equations are derived from dx/dt = kn(a-x) n 
by assuming that  n : l  or 2 and integrat ing to 
obtain the resu l t ing  equations. 
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Table 7 

PYROLYSIS OF 1-BENZYL-1,2,3,4-TETRAHYDROISOQUINOLINE (1-BTHIQ) 

T~IPERATURE: 623 K (350°C) 

Reaction I n i t i a l  Conc'n % Material Conversion of 
Time, Min. mmole/cc Balance 1-BTHIQ +_ SD 

1.0 .03075 97. O0 .1572 -+ . 009 

3.0 .02937 92.55 .4362 _+ .0001 

5.0 .03108 99.09 .4941 _+ .01 

8.0 .03320 101.60 .6346 +_ .014 

10.0 .03567 106.34 .7172 +_ .003 

15.0 .03058 98.57 .8500 _+ .01 

20.0 .02688 94.96 .9417 +_ . 03 

Notes : 

1. % Mater ia l  balance : [N(THIQ)+N(ISOQ)+N(BIQ)+NA] /NAo 

N A 
2' Conversion o f  1-BTHIQ = 1 - 

NAo 

3. SD : Standard Deviat ion between experiments 

where, N(i) = mill imoles of i 

N A = m i l l , i ~ l es  of 1-BTHIQ 

THIQ = 1,2,3,4-Tetrahydroisoquinoline 

TSOQ = Isoquinoline 

BIQ : 1-Benzylisoquinoline 

X 100 
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Table 8 

PYROLYSIS OF I-BENZYL-I,2,3,4-TETRAHYDROISOQUINOLINE 
Temperature: 611 Kelvin (338oc) 

Reaction In i t ia l  Concentration % Material 
Time, min of I-BTHIQ, mmole/cc Balance 

l.O 0.03436 I02.4 

3.0 0.03039 I04.5 

5.0 0.03204 lO0.1 

8.0 0.03268 94.56 

lO.O 0.03175 93.36 

20.0 0.03027 93.14 

30.0 0.03286 92.29 

NOTES: 

I. 

Conversion of I-BTHIQ = [I-NAo]NA 

SD = Standard Deviation 

(I-BTHIQ) 

Conversion of 
I-BTHIQ ± SD 

O.1311 ± 0.005 

0.2708 ± O.Ol 

0.3648 ± O.OOl 

0.4806 ± 0.0008 

0.5560 ± 0.001 

0.7556 ± 0.02 

0.8345 ± 0.012 

% Material Balance : _ r ~ , ~ M ~ ~[N,ISOQ,+N,THIQ,+pAtN~I_BIQ/] x lO0 
NAO 

1 

3. 

where, 

N A = millimoles of I-BTHIQ at t 

NAO = millimoles of I-BTHIQ 2 t=O 
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Table 9 

PYROLYSIS OF I-BENZYL-I,2,3,4-TETRAHYDROISOQUINOLINE (I-BTHIQ) 
Temperature: 598 Kelvin (325oc) 

Reaction I n i t i a l  Concentration % Material 
Time, min of I-BTHIQ, mmole/cc Balance 

Conversion of 
I-BTHIQ ± SD 

1.0 0.02895 ~ 101.4 0.1025 _+ 0.01 

3.0 O. 03418 98.50 O. 1641 _+ O. 005 

5.0 O. 03805 94.21 O. 2640 ± O. Ol 

8.0 O. 03053 101.7 O. 3168 e O. 02 

I0.0 0.03350 98.88 0.3255 _+ 0.001 

20.0 O. 02747 94.55 O. 4767 _+ O. 02 

30.0 0.02566 lOl.O 0.5276 ± 0.02 

NOTES: 

I .  

2. Conversion of I-BTHIQ : 1 - 'N -L  
NAO 

3. SD : Standard Deviation 

where, 

N A = millimoles of I-BTHIQ @ t 

NAO = millimoles of I-BTHIQ @ t=O 

% Material Balance = [N~ISO~I+N~THIQI+N,BIQI+NA ] r  n~ r ~ r ~ _ x I00 
NAO 
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Table 13 

PYROLYSIS OF 9-BENZYL-I,2,3,4-TETRAHYDROISOQUINOLINE (I-BTHIQ) 

Overall Reaction(s) Order Determination - Integral Technique 

Reaction 
Time, min 

1.0 

3.0  

5.0 

8.0 

I0.0 

15.0 

20.0 

Temperature: 623 Kelvin (350oc) 

Kinetic Plots Ordinates 

First Order 
-Ln(l-xA) 

0.171 

0.573 

0.682 

~.007 

1.263 

1.895 

2.897 

Second Order 
XA/[CAo (l-xA)] 

6. 077 

26.33 

31.55 

52.36 

71.12 

186.7 

668.2 

Plot 

First Order 
-Ln(l-xA)=klt 

Second Order 
xA = 

CAo(I-xA} k2t 

Y-Intercept 

0.015 

- l l 9  

slope r2 

0.135 0.9812 

30.2  0.7480 
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Table 14 

PYROLYSIS OF 9-BENZYL-I,2,3,4-TETRAHYDROISOQUINOLINE (I-BTHIQ) 

Overall Reaction(s) Order Detemination - Integral Technique 

Temperature: 611 Kelvin (338oc) 

Kinetic Plots Ordinates 

Reaction First Order Second Order 
Time, min -Ln(l-xA) XA/[CAo(I -xA) ] 

I. 0 O. 1405 4.391 

3.0 0.3159 12.23 

5.0 O. 4538 17.92 

8.0 O. 6551 28.17 

,lO.O 0.8118 39.44 

20.0 l .410 I02.4 

30.0 I. 800 154.0 

Linear Progression Analysis 

Plot Y-Intercept 

First Order 
-Ln(l-xA}=kl t 0.166 

Second Order 
XA = 

CAo(l-xA) k2t -7.4 

Slope 

0.0575 

5.327 

r 2 

O. 9860 

O. 9914 
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Table 15 

PYROLYSIS OF I-BENZYL-I,2,3,4-TETRAHYDROISOQUINOLINE (I-BTHIQ) 

Overall Reaction(s) Order Determination - Integral Technique 

Temperature: 598 Kelvin (325°C) 

Kinetic Plots Ordinates 

Reaction 
Time, min 

I. 0 O. 1081 

3.0 O. 1792 

5.0 O. 3065 

8.0 0.3810 

10. 0 O. 3938 

20.0 O. 6476 

30.0 O. 7500 

First Order 
-Ln(l-x A) 

Second Order 
• XA/[CAo(l -XA)] 

3. 945 

5. 744 

9.427 

15.19 

14.40 

33.16 

43.53 

PIot Y- Intercept Sl o pe r 2 

'First Order 
-Ln(l-xA)=klt 0.156 O. 0218 O. 945 

Second Order 
XA = k2 t 

CAo(!-XA) 
2.33 I. 417 O. 988 

where, cc 
kl[= ] rain-l; k2[= ] mmo.le-min 

x A : Conversion of. I-BTHIQ 

CAo = In i t ia l  concentration of I-BTHiQ, mmole/cc 
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Table 16 

PYROLYSIS OF I-BENZYL-I,2,3,4-TETRAHYDROISOQUINOLINE (I-BTHIQ) 

Overall Reaction(s) Order Determination - Differential Technique 

Temperature: 611 Kelvin (338Oc) 

AC A 
Reaction C A, mmole -[a-~] 

Time, min cc 

l.O 0.02785 

3.0 0.02337 

5.0 0.02036 

8.0 O. O1665 

10. 0 O. O1423 

20.0 0.007833 

30.0 0.005304 

0.002239 

1.506 x 10 -3 

1.237 x 10 -3 

1.208 x lO "3 

6.397 x 10 -4 

2.529 x lO "4 

AC A 
Ln [- (A-~--) ] 

-6.102 

-6.498 

-6.695 

-6.719" 

-7.354 

-8.283 

Ln[C A] 

-3.665 

-3.823 

-3.990 

-4.171 

-4.507 

-5.025 

Linear Regression Analysis 

AC A 
Ln[-(AT)]  = Ln k + n Ln C A 

Y-Intercept = Ln k = -0.526 

Slope = n = 1.53 

r 2 = correlation coeff icient = 0.9/82 
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Task 6 

Catalytic Hydrogenation of CD Liquids and Related 
Polycycl i c Aromatic Hydrocarbons 

Faculty Advisor: J. Shabtai 
Research Associate: C. Russell 

Introduction 

The main objective of this research project is to develop a versati le 
process for controllable hydrotreating of highly aromatic coal l iquids, 
v iz . ,  a process permitting production of naphthenic-aromatic feedstocks 
containing variable relat ive concentrations of hydroaromatic vs. aromatic 
ring structures. Such feedstocks, including the extreme case of a fu l l y  
hydrogenated coal l iquid, are suitable starting materials for catalyt ic 
cracking, as applied for preferential production of l ight  l i qu id  fuels. 
The overall objective of this project and of a parallel catalyt ic cracking 
study is,  therefore, to develop and optimize a hydrotreating-catalytic 
cracking process sequence for conversion of coal l iquids into conventional 
fuels. 

The present project includes also a study of metal sulfide-catalyzed 
hydrogenation of model polycyclic arenes present in coal l iquids, e.g. ,  
phenanthrene, pyrene, anthracene and triphenylene, as a function of  
catalyst type and experimental variables.l This part of the study provides 
basic information on the rate, mechanism and stereochemistry of  hydro- 
genation of structural ly d ist inct  aromatic systems in the presence of 
sulfided catalysts. 

Project Status 

The systematic studies of metal sulfide-catalyzed hydrogenation of 
phenanthrene, pyrene, anthracene, triphenylene, and chrysene, have been 
completed and the results obtained are being prepared for publication. 
The study of the hydrogenation kinetics of a representative coal l iquid 
(SRC-II middle-heavy d is t i l la te )  is continuing. 

Future Work 

The study of the hydrogenation kinetics of a typcial coal l iquid (SRC-II) 
middle-heavy d is t i l la te)  and of a tetracycl ic model compound, i . e . ,  chrysene, 
wi l l  be continued and completed. 

References 

I. J. Shabtai, C. Russell, L. Veluswami and A.G. Oblad, paper in preparation. 
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Task 7 

Denitrogenation and Deoxygenation of CD Liquids 
and Related N- and O- Containing Compounds 

Hydrodenitrogenation of Coal-Derived Liquids and Related N-Containing Compounds 

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

Introduction 

The main objective of this research project is to develop effective 
catalyst systems and processing conditions for hydrodenitrogenation (HDN) 
of coal-derived liquids (CDL) in a wide range of nitrogen contents and 
structural type composition. This is of particular importance in view of 
the higher concentration of nitrogen-containing compounds in CDL as 
compared to that in petroleum feedstocks. For a better understanding of 
denitrogenation processes, the project includes systematic denitrogenation 
studies not only of CDL but also of related model N-containing compounds 
found in such liquids, e.g., phenanthridine, l ,lO-phenanthroline, carba- 
zoles, acridines, etc., as a function of catalyst type and experimental 
rate, mechanism and stereochemistry of HDN of structurally distinct N- 
containing aromatic systems in the presence of sulfided catalysts. 

Project Status 

The observed rat~ constant of a catalytic reaction depends on the 
following five steps:" 

I. Diffusion of reactants into catalyst. 
2. Adsorption of reactant. 
3. Chemical reaction. 
4. Desorption of product. 
5." Diffusion of product out of catalyst. 

Diffusion resistance is more important for larger sized catalyst parti- 
cles. To minimize diffusion resistance, the effect of catalyst particle 
size on the rate constant is being studied. The effect of catalyst particle 
size on the rate of hydrogenation of the pyri(line ring in 5,6-benzoquinoline 
is given in Table l and in Figure I. The reaction conditions are indicated in 
the footnote of Table. This rate constant changes l i t t l e  when catalyst par- 
t ic le size is about 650 microns or smaller (Figure l ) .  This means that 
there is l i t t l e  diffusion resistance when the particle size is about 650 
microns or smaller. 

Katzer found that a small amount of CS 2 in solution wi l l  stabil ize 
sulfided catalysts, increase HDN activi ty and decrease hydrogenation act ivi ty 
in the hydrogenation reaction of quinoline. ~ The effect of different 
concentrations of CS 2 on 5,6-benzoquinoline HDN kinetics has been studied. 
A typical GC chromatogram of the 5,6-benzoquinoline hydrogenation products is 
given in Figure 2. The reaction network is shown in Figure 3, and the 

ef fect  of CS 2 concentration on the rate constants is summarized in Table 2. 
Figure 4 shows hydrogenolysis act ivi ty vs. concentration of CS 2. Figure 5 
shows hydrogenation act ivi ty vs. CS 2 concentration. The ratios of k2/k 3 
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and k5/k 6 are given in Table 3 and Figures 6 and 7. 

Generally, a higher concentration of CS 2 wil l  increase hydrogenolysis 
activity (k 2, k5) and reduce hydrogenation activity (k 3, k 6, k7) (see 
Table 2, Figures 4 and 5). Figures 6 and 7 show that k hydrogenolysis/k hydro- 
genation increases with increased CS 2 concentrations. 

In the previous report ,  rate constants in the reaction network of Figure 3 
were determined using 5 grams of reactant over prepared catalysts.  Those rate 
constants (Figure 3)were also studied using smaller amounts of reactants over 
prepared catalysts,  with a small amount of  CS 2 added (5 drops/lO0 cc dodecane) 
to s tab i l i ze  sul f ided catalysts. The results are given in Table 4. The 
composition and methods of  preparation of  the catalysts are ind icated in the 
footnotes of Table 4, whi le deta i ls  are provided elsewhere. 3 Comparision 
of  rate constants using d i f fe ren t  amounts of  reactant is shown in Table 5. 
The experimental conditions are given in the footnotes of  these Tables. 

Kinet ic rate constants (Table 4) were obtained fo r  a reaction pressure o f  
2500 psig and at a reaction temperature of 300oc. The rate of  hydrogenation 
of  the pyr idine r ing in 5,6-benzoquinoline ( I ) ,  k I ,  is large, so most of  
the reactant is  consumed before taking the sample. C-N hydrogenolysis o f  the 
f i r s t  reaction intermediate, 1,2,3,4-tetrahydro-5,6-benzoqui nol ine (2__), is a 
very slow reaction with a l l  catalysts examined, although the cata lyst  2-5 
are somewhat active fo r  th is  step. Ring hydrogenation of  2, y ie ld ing  two 
octahydrobenzoquinolines (3),  is much fas ter  than cleavage, and catalysts 
3 and 5 are more active for  th is step. Compound 3 is much more susceptible 
to C-N hydrogenolysis (compared to 2__), y ie ld ing  tee denitrogenated products 6. 
Catalyst 3 is the least act ive in th is  C-N hydrogenolysis step. Compound -3 
also undergoes less act ive r ing hydrogenation (compared with ks) to y i e l d  
perhydro-5,6-benzoquinoline (4) ,  which is u l t imate ly  denitrogenated to 7. 
The F-addit ion catalyst  (cataTyst 5) has higher hydrogenation ac t i v i t y , - -  
k3 and k 6, than standard impregnation cata lyst  I .  Stepwise addit ion of  Co 
of  Ni in catalysts 2 and 6 produces lower hydrogenation a c t i v i t y ,  k 6, than 
fo r  the standard impregnated catalysts 1 and 4. 

From Table 5, k 5 fo r  0.5 gram of  reactant is about 5 times the k 5 ~or 
5 grams of  reactant, which suggests that  a second order polymerization 
reaction deposits coke which deactivates some active si tes on the catalysts.  

References 

I. O.H. Hougen and K.M. Watson, "Chemical Process Principle-Part I I l " .  

2. S.S. Shih, J.R. Katzer, H. Kwart and A.R. Stiles, "Symposium on 
Refining of Synthetic Crudes," Chicago meeting, 1977, pp 919-940. 

3. G. Muralidhar, F.E. Massoth and J. Shabtai, submitted for publication 
in J. Catalysts. 

59 



Table I. The effect of catalyst particle size a) on rate constant 

~l for 5,6-benzoquinoline hydrogenation reaction 

Catalyst No. Mesh opening "Conversion c k l 
(microns) 

l 2021 .441 1.163 

2 1265 .470 1.270 

3 637.5 ..681 2.286 

4 362.5 .682 2.293 

5 231 .688 2.332 

6 181 .681 2.285 

acommercial Ni-Mo Catalyst (Nalco NM-504) 

bRate constants are based on f i r s t  order assumption; unit is I/hr. 

CExperimental conditions: T:150°C, H 2 pressure:2500 psig, Reactant:.3g, 

Catalyst:.2g, CS 2 concentration:l drop/lO0 cc dodecane, 
Solvent:dodecane 20cc, Reactor:batch autoclave 
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Table 2: The effect of CS 2 concentration on the 

HDN reaction a of 5,6-benzoqui.noline 

Rate constants c 

Concentration of CS2 

(drops/lOOcc of dodecane) k i k 2 ,  k 3 k 4 k 5 k 6 k 7 k 8 

• o drops 
(unsulfided catalyst) 

o drops 
(sulfided catalysts) 

b 
5 drops 

lO drops b 

15 drops b 

--  .007 .616 -- 

- -  .o2  .968 - -  

/ 

-- •033 1.144 - -  

.032 .019 - -  " 

.301 . I f7 -.234 -- 

.421 .126 ..171 -- 

--  .034. l . l i 4  .177 .591 . 0 7 5  .136 -- 

--  ,041 .500 .762 . 093  .d47 - -  

acatalyst is6%Co, 8%Mo/yA1203,prepared by impregnation (3); Reaction 

conditions: T:300°C, H 2 pressure:2500 psig, Reactant:.5g benzoquinoline, 

Solvent:dodecane lOOcc, Catalyst:2 grams 

bSulfided catalyst is used ~ 

Cunit: I /h r  (see Figure 2) 
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Table 3. The effect of CS 2 concentration on k2/k 3 & 

ks/k 6 for 5,6 benzoqulnollne a 

Concentration of CS 2 
(drops/100cc dodecane) k2/k3 k5/k6 

o drops 
(unsulflded catalyst) .011 1.71 . 

o drops 
{sul fided catalyst) .022 2.56 

5 drops .029 3.35 

10 drops .031 7.92 

15 drops .082 ~). 194 

acatalyst: 6%Co, 8~o/y-A1203 prepared'by 
impregnation (3). 
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Table 4. Rate constants in the reaction network of Figure 2 
( for  5,6-benzoquinoline) using prepared cata lyst  - d i f f e ren t  amounts of  reactant. 

Rate Constant b 

Catalyst No. a k I k 2 k 3 k 4 

3Co8Mo/y-Al203(1)c -- . 0 1 2  .521 -- 

(step)3CoSMo/y-Al203(II) d -- . 029  .561 - -  

6Co8Mo/~-Al203(III) -- . 033  1.144 --  

3Ni8Mo/y-AI203(IV) -- . 0 2 5  .344 -- 

.SF3Co8Mo/y-AI203(V) e -- .030  1.430 .I07 

(step)3Ni8Mo/y-A1203(VI) f --  . 0 1 5  .715 -- 

k 5 k 6 k 7 

• 668 .055 .125 

.:625 <<.05 .083 

.421 .126 .171 

.610 .093 .046 

• 615 .251 <. 043 

.621 .031 - -  

k 8 

m ~  

.457 

aconcentration levels are 8% by wt of Mo in catalysts 1-6, .5% by wt of  F and 
3% by wt o f  Co in cata lyst  5_; 3% by wt of Ni in ca ta l~s~6;  the rest are the same 
as in Table 5A. 

b u n i t : I / h r .  Experimental condit ions: H 2 pressure:2500 psig, Reactant:.5 grams, 
Catalyst :2 grams, Solvent:lOOcc dodecane, CS 2 concentration:5 drops/lOOcc dodecane. 

Cprepared by a standard impregnation procedure (3). 

dprepared by a stepwise addition of Co to Mo impregnated y-A1203(3). 

eprepared by addition of F to Co-Mo impregnated y-Al203. 

fPrepared by a stepwise addition of Ni to Mo impregnated y-Al203()). 
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Table 5 Comparison of rate constants in the 
reaction network ' i f  Figure 2 using different, amounts of reactant. 

Rate Constants a'b 

Reactant Amount k 1 k 2 k 3 k 4 k 5 k 6 k 7 k 8 

5 g 1.923 .Oil 1.025 .314 .069 .075 .369 .370 

• 5 g - -  .021 .968 --  .301 . I 17 .234 

aunit is hr - l .  Experimental conditions: H2Pressure:2500 psig, Catalyst:2 grams, 
Solvent:100 cc dodecane, Temp.:300°C. 

bcatalyst is 6%Co-8%Mo/yA1203 ( I I I ) .  Particle size is 637 microns. 
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Figure I .  The ef fect  of catalyst par t ic le size on rate 
constant k I f.or 5,6-benzoquinoline. 
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Task 7 

Catalytic Hydrodeoxygenation of Coal-Derived Liquids and 
Related Oxygen-Containing Model Compounds 

Faculty Advisor: J. Shabtai 
Graduate Student: Y. Shukla 

Introduction 

Coal-derived liquids are characterized by the presence of a considerable 
concentration of oxygen-containing components. Therefore, a systematic 
catalytic hydrodeoxygenation (HDO) study of coal-derived liquids and 
related model compounds is being carried out. This study provides informa- 
tion not only on the mechanism of HDO as related to the subject of 
catalytic upgrading of coal-derived liquids, but also on the role of 
oxygen-containing compounds in primary coal liquefaction processes. 

Project Status 

The catalytic HDO reactions of three representative aryl and aryl- 
alkyl ether, i .e . ,  dibenzyl ether, diphenyl ether, anisole and two furans, 
i .e . ,  2,3-benzofuran and dibenzofuran, are presently being investigated. 
Results obtained with diphenyl ether (6) as feed are presented in this 
report. The change in product composition as a function of experimental 
conditions, e.g., reaction temperature, hydrogen pressure and catalyst 
types, is being studied. The experiments were performed in a shaken 
autoclave reactor, l The products obtained were identif ied and quantitatively 
analyzed by gas chromatography and mass spectrometry. 

The reactions of 6 in the presence of sulfided Co-Mo/y-Al203 and Ni- 
Mo/y-AI20R catalysts were f i r s t  investigated as a function of reaction 
temperature in the range'of 170 - 320°C, keeping all other experimental 
conditions constant. ~ The results obtained with sulfided Co-Mo/y-Al~O 3 
and Ni-Mo/y-AlpO R are summarized in Figures l and 2, respectively. As 
seen in Figure-l~ the conversion of 6 increases rapidly between 200 - 
290°C (from 1.20% at 200°C to 79.2% at 290°C) and then moderately from 
290oc to 320oc. At lower temperatures cyclohexylphenylether (39) is  the 
main intermediate which upon cleavage of the C-O bond forms phenol (5) and 
cyclohexane (2). In the middle temperature range, an intermediate of M.W. 
92 and benzene (3) are formed. At higher temperatures phenol (5) and 
benzene (3) are formed. Traces of methylcyclopentane ( I ) ,  cyclohexyl 
benzene (8), cyclohexyl phenols (lO) and dicyclohexyl phenols (13__) are 
also formed. 

Different compositions are observed with the sulfided Ni-Mo/y-Al 03 
catalyst (Figure 2). As seen with this catalyst, cyclohexane (2) is ~he 
main product at lower temperatures, which could have been formed from cyclohexyl 
phenyl ether or bicyclohexyl ether. At lower temperatures phenol (5) 
hydrogenation forms cyclohexane (2), while at higher temperatures, 
where hydrogenation-dehydrogenatiOn equilibrium favors dehydrogenation, 
(C-O) bond cleavage forms benzene (3). Small amounts of cyclohexene (22) 
methyl cyclopentane (1), cyclohexyl-phenol (lO), dicyclohexyl phenols 
and cyclohexyl diphenyl ether (12) are also f-ormed. 
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The reactions of 6 in the presence of the sulfided Co~Mo/y~A!203 
and Ni-Mo/y-Al203 cataTysts were also investigated as a function of 
hydrogen pressure in the range of 250 - 1500 psig (total reaction time, 
0.5 hr; amount of reactant, 5.0 g; amount of catalyst, l.O g; reaction 
temperature with sulfided Co-Mo catalyst, 260oc and with sulfided Ni-Mo 
catalyst, 320Oc). Results obtained are summarized in Figures 3 and 4, 
respectively. 

As seen in Figure 3, with the sulfided Co-Mo catalyst, the concen~ 
tration of benzene (3_) f i rs t  slowly decreases as pressure i.ncreases, but 
the concentration of phenol (5) remains constant, At higher pressures 
(1250 - 1500 psig) the concentration of phenol (5_) decreases while the 
concentration of benzene (3_) increases. Small amounts of methylcyclopen- 
tane (1), cyclohexane (2), cyclohexyl benzene (8), cyclohexyl phenols, 
dicycl~hexyl phenols and cyclohexyl phenyl ethe~ are also formed. 

As seen in Figure 4, with sulfided Ni-Mo, the concentration of 
benzene (3_) slowly decreases as pressure increases, but the concentra- 
tion of cyclohexane(2) increases. At higher pressures the concentration 
of benzene (3) again i-ncreases while the concentration of cyclohexane(2_) 
remains constant. The concentration of phenol(5) slowly decreases 
through out the pressure range. Smell amounts of methyl cylopentane (~), 
cyclohexyl phenol and cyclohexyl phenyl ether are also formed. 

The change in product composition as a function of reaction temperature, 
hydrogen pressure and catalyst type can be rationalized in terms of the 
mechanism proposed in Figure 5. With sulfided Co-Mo, at lower temperatures 
one of the rings hydrogenates and forms cyclohexyl phenyl ether (39) from 
which (C-O) hydrogenolysis yields phenol (5__) and cyclohexane (2) .mln the 
middle temperature ranges an intermediate of M.W. 92and benzene is formed. 
This intermediate o f  M.W. 92 is very reactive and i ts  molecular structure 
is now being determined. At higher temperatures the reaction path A is 
favored where cleavage of the (C-O) bond forms phenol and benzene. 

With sulfided Ni-Mo, cyclohexane is the main product at lower tempera- 
tures, which could have been formed from cyclohexyl phenylo ether or bicyclohexyl 
ether. (These could have been formed by hydrogenation of either one benzene ring 
or both benzene rings.) At lower temperatures phenol (5) hydrogenation 
could form cyclohexane while at higher temperatures the--hydrogenation- 
dehydrogenation equilibrium that favors dehydrogenation yields benzene. 

Future Work 

Kinetic studies of dibenzyl ether, diphenyl ether and dibenzofuran 
with both commerical catalysts and catalysts synthesized in this laboratory 
are in progress. 

References 
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Task 8 

Catalytic Cracking of Nydrogenated Coal-Derived 
Liquids and Related Compounds 

Faculty Advisor: J. Shabtai 
A.G. Oblad 

Graduate Student: John McCauley 

Introduction 

Hydrogenation followed by catalytic cracking provides a feasible 
process sequence for conversion of coal liquids into conventional 
fuels. Such a sequence has certain advantages in comparison with a 
hydrocracking-catalytic reforming scheme. 

The present project is concerned with the following interrelated 
subjects: (1) systematic catalytic cracking studies of polycyclic 
naphthenes and naphthenoaromatics found in hydrogenated coal liquids 
and (2) systematic catalytic cracking studies of hydrotreated coal- 
derived liquids. 

Project Status 

The systematic catalytic cracking studies, using newly synthesized 
cross-linked smectite (CLS) molecular sieves are being completed and 
results obtained are being summarized in the framework of ~he thesis 
of the Mr. John McCauley. A copy of the thesis will be submitted to the 
sponsor upon its completion. 

Future Work 

The thesis work of Mr. John McCauley on the above indicatedsubject 
will be completed. 

References 

I. J. Shabtai, U.S. Patent 4,238,364(1980). 

2. J. Shabtai, R. Lazar and A.G. Oblad, Proc. 7th International Congress 
on Catalysis, Tokyo, Japan, 1980, pp 828,840. 
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Task 9 

Hydropyrolysis (}hermal Hydrocracking) of CD Liquids 

Faculty Advisors: 

Graduate Student: 

J. S. Shabtai 
A. G. Oblad 
J. Williams 

Introduction 

This project is concerned with a systematic investigation of hydro- 
pyrolysis (thermal hydrocracking) as an alternative processing concept 
for upgrading of heavy coal-derived liquids (CDL) into l ight  l iquid 
products. The high eff iciency and versat i l i ty  of hydropyrolysis has been 
indicated in,previous studies with heavy CDL feedstocks and with model 
compounds, j-~ The present project is an extension of this previous work 
for the purpose of (a) further developing and enlarging the scope of the 
hydropyrolytic process, and (b) optimizing the operating conditions for 
dif ferent types of feedstocks, e.g.,  coal l iquids from dif ferent lique- 
faction processes, par t ia l ly  hydrotreated coal l iquids, and relevant model 
compounds. The project includes systematic studies of reaction kinetics, 
product composition, and coking tendencies, as a function of operating 
variables. The work with model compounds provides necessary data for 
further elucidation of mechanistic aspects of the hydropyrolysis process. 

Project Status 

Systematic studies of thermal hydrocracking reactions have been under- 
taken using as model compounds diaryl ,  diaralkyl and arylalkyl ethers, 
e.g., diphenyl ether, dibenzyl ether and anisole. Process variables inves- 
tigated include reaction temperature and contact time. Results obtained 
indicate that in the temperature range of 400 ° to 550oc diaryl ethers have 
a much higher resistance to cleavage than diaralkyl ethers with arylalkyl 
ethers being somewhat in between. Further studies for the elucidation of 
reaction mechanisms are in progress. 

The above studies allow for examination of the feas ib i l i ty  of upgrading 
(v iz . ,  deoxygenation and molecular weight reduction) of coal-derived liquids 
by'a combination of mild hydrotreatment and subsequent hydropyrolysis. 

Future Work 

The potential for the use of gas phase catalysts such as hydrogen 
choride and hydrogen sulf ide wi l l  be explored. 

References 

I. J. Shabtai, R. Ramakrishnan and A.G. Oblad, Advances in Chemistry, 
No. 183, Thermal Hydrocarbon Chemistry, Amer. Chem. Soc., 1979, 
pp 297-328. 

2. R. Ramakrishnan, Ph.D. Thesis, University of Utah, Salt Lake City, 
Utah, 1978. 
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Task lO 

Systematic Structural Activity Study of Supported 
Sulfided Catalysts for Coal Liquids Upgrading 

Faculty Advisors: F.E. Massoth 
J. Shabtai 

Post-Doctoral Fellow: N.K. Nag 

Graduate Student: K. Baluswamy 

Introduction 

The objective of this research is to develop an insight into the 
basic properties of supported sulfide catalysts and to determine how 
these relate to coal liquids upgrading. The proposed program involves 
a fundamental study of the relationship between the surface-structural 
properties of various supported sulfide catalysts and their catalytic 
act ivi t ies for various types of reactions. Thus, there are two clearly 
defined and closely related areas of investigation, viz. ,  (1) catalyst 
characterization, especially of the sulfided and reaction states and 
(2) elucidation, of the mode of interaction between catalyst surfaces and 
organic substrates of different types. The study of subject (1) wi l l  
provide basic data on sulfided catalyst structure and functionality, and 
would allow the development of catalyst surface models. Subject (2), on 
the other hand, involves systematic studies of modelreactions on 
sulfide catalysts, and the ut i l izat ion of data obtained for development 
of molecular level surface reaction models correlating the geometry (and 
topography) of catalyst surfaces with the steric conformational structure 
of adsorbed organic reactants. The overall objective of the project is to 
provide fundamental data needed for design of specific and more effective 
catalysts for upgrading of coal liquids. 

Atmospheric act iv i ty tests using model compounds representative of 
hydrodesulfurization (thiophene), hydrogenation (hexene) and cracking 
(isooctene) were employed to assay changes in the catalytic functions of 
varlous supported CoMo catalysts. I t  was found that hydrodesulfurization 
(HDS) and hydrogenation (HYD) act iv i t ies were generally unaffected by the 
type of alumina used or by the cobalt salt used in the preparation; 
whereas, cracking (CKG) act iv i ty varied considerably. Increase in Co or 
Ni content at a fixed Mo content of 8% resulted in considerably higher 
promotion of HDS act iv i ty than HYD act ivi ty.  Addition of additives at 
I/2% level to thestandard CoMo/Al203 catalyst generally increased HDS and 
CKG for acidic additives and decreased these functions for basic additives, 
HYD being unaffected. At 5% level, the additives decreased all functions, 
basic additives decreasing act iv i t ies more severely. In a series of cata- 
lysts employing silica-alumina as the support, the HDS and hydrogenation 
functions decreased with increasing si l ica content, while cracking went 
through a maximum in act iv i ty.  Catalysts prepared by supporting CoMo on 
TiO 2, Si02.MgO and carbon showed low act ivi t ies, except for high cracking 
act iv i ty for the two former catalysts. 
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Oxide precursors of CoMo and Mo catalysts supported on various si l ica- 
aluminas evaluated by ESCA showed that support-active component 
interaction decreased with increase of s i l ica in the support. I t  was 
also found that cobalt did not influence the Mo dispersion. Oh alumina, 
the Mo phase was found to be dispersed in essentially a monoatomic form. 

Several catalysts, which were evaluated in the atmospheric pressure 
test uni t ,  were subsequently tested at elevated pressure (34 atm) using 
dibenzothiophene (HDS), naphthalene (HYD) and indole (HDN). The high 
pressure runs were carried out sequential ly in the order indicated to 
assess the separate cata ly t ic  funct iona l i t ies .  Repeat runs of HDS and 

HYD af ter  HDN gave appreciably lower ac t i v i t ies  for  HDS and HYD which 
was found to be due to strongly adsorbed residues containing nitrogen. 
The effect of increasing H2S was to appreciably decrease HDS, moderately 
decrease HYD, and moderately increase HDN conversions. 

Comparison of high pressure results for HDS of dibenzothiophene and 
HYD of naphthalene with atmospheric results for HDS of thiophene and HYD 
of hexene carried out in the same reactor showed good correlations, sig- 
nifying that the low pressure tests reasonably reflect catalytic activity 

under high pressure test conditions, at least for the model compounds used. 

The sulfided catalysts, depending on their compositions, showed 
that the hydrogenation 6f naphthalene and tetral in is stereospecific. 
Detailed investigation with multiring aromatic and N-heterocyclic 
compounds are expected to provide insight into the nature and geometry 
of the active sites for the hydrogenation reactions that occur under 
hydroprocessing conditions. 

Project Status 

The studies on the stereospecific hydrogenation of naphthalene 
to decal.ins have been extended to the quinolines on sulfided CoMo/Al, 
NiMo/Al and Ni-W/al hydroprocessing catalysts under high H 2 pressure 
(2300 psig). The same experimental procedure as reported in the pre- 
vious report was used for every run, unless otherwise specified.. 
The results are given in Tables I-3. 

In contrast to the hydrogenation results of naphthalene and te t ra l i n  
to decalins, 1 the present works on quinolines show that the stereo- 
specif ic hydrogenation of the l a t t e r  is less susceptible to the catalyst 
composition (see Table I ) .  This immediately leads one to appreciate 
the involvement and importance of ~he N-atom in these reactions. While 
MoS 2 or Mo/AI catalyst have comparable ac t i v i t y  and se lec t i v i t y  with 
promoted catalysts, Ni or Co/A1 catalyst have much lower ac t i v i t y  for 
a l l  the hydrogenation reactions. 

J 

From Table 3 i t  is observed that the course of hydrogenation ( i .e. ,  
the selectivity towards various partial ly hydrogenated products included 
the DHQ's) varies widely depending on the position(s) of the substituent(s). 

The dramatic ef fect  of H2S on the product d is t r ibut ion and the 
relat ive ease of trans- or c is-addit ion is depicted in Table 2. I t  
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appears that the sites responsible for the trans-addition are pre- 
ferentially poisoned by H2S. Moreover, HDN is greatly enhanced by H2S. 
From the present results the following conclusions are derived: 

(1) Catalyst composition has .only minor effect on the 
stereospecific hydrogenation of quinolines. This 
is contrary to the naphthalene hydrogenation results, l 

(2) Substituents on both the benzenoid and pyridinoid rings 
and H2S in the reacting system lead to dramatic change 
in the stereospecific hydrogenation of these compounds. 

References 

I. W.H. Wiser et a l . ,  DOE Contract No. DE-ACOl-79ET14700, Quarterly 
Progress Report, Salt Lake City, Utah, Jan - Mar 1983. 
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Task I I  

Basic Study of the Effects of Poisons 
on the Act iv i ty  of Upgrading Catalysts 

Faculty Advisor: F.E. Massoth 
Post-Doctoral Fellow: J. Miciukiewicz 

Introducti:on 

The importance of cobalt-molybdena catalysts for hydrotreating and 
hydrodesulfurization of petroleum feedstocks is well-known. These catalysts 
are also being studied for hydrodesulfurization and liquefaction of coal 
slurr ies and coal-derived l iquids.  However, such complex feedstocks 
result in rapid deactivation of the catalysts. To gain an insight into the 
deactivation mechanism, the detailed kinetics of reactions of model compounds 
representative of heteroatom hydrogenolysis and hydrogenation are compared 
before and after addition of various poisons and coke precursors. The 
studies are carried out using a constant st i r red microbalance reactor, 
which enables simultaneous measurement of catalyst weight change and 
ac t iv i ty .  Supplementary studies are made to gain additional insight into 
the effect of poisons on the active catalyst sites. Final ly,  catalysts aged 
in an actual coal p i lo t  plant run are studied to compare with laboratory 
studies. 

Previous work on this project has shown that catalyst poisdning by 
pryidine or coke results in loss of active sites for benzothiophene HDS, 
but that the remaining unpoisoned sites retain thei r  original ac t iv i ty .  
Pyridine appeared to be si te selective in poisoning effect whereas coke was 
nonspecific. Furthermore, at least two HDS sites were indicated from the 
pyridine poisoning studies. 

Poisoning of a commercial CoMo/AI203 catalyst by several nitrogen con- 
taining compounds gave the following order of deactivation of hexene hydro- 
genation (HYD): quinoline > pyridine : 3,5-1utidine > indole'> ani l ine. 
Thiophene hydrodesulfurization (HDS) was deactivated more than hexene hydro- 
genation, but was less sensitive to the type of poison adsorbed. Poisoning 
with 2,6-1utidine gave opposite results, hydrogenation being deactivated more 
than HDS, showing that steric'  and inductive effects are important in the 
effect of specific poisons on catalyst deactivation. Adsorption of 2,6- 
lut id ine at low concentrations resulted in an increase in HDS ac t iv i ty  rather 
than the decrease expected, while a t  the same time hexene HYD decreased. 
However, this effect was considerably less pronounced for a laboratory- 
prepared CoMo catalyst using a pure y-A1203 support. 

Project Status 

Kinetic studies were completed for reactions of thiophene and of isooctene 
(2,4,4-trimethylpentene-l) on commercial aged catalysts which had been used in 
an H-coal process run (PDU-9). The samples were obtained from Sandia Labora- 
tor ies. One sample had been exposed to start-up recycle oi l  only for one day 
and the other to two days on recycle oi l  plus one day on coal. The former 
catalyst contained about 12% coke and 0.8% metals (mostly Ti and Fe), while the 
la t te r  contained about 14% coke and 1.3% metals. In addition, kinetic runs were 
made on the aged catalysts af ter  subjecting them to a coke burnoff at 500oc. 
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The aged catalysts represent samples taken ear ly in the PDU-9 run, 
which lasted 30 days. They were chosen because they showed s ign i f i can t  
a c t i v i t y  decline in other tes.ts,~ and thus the i r  study should reyeal 
causes of ear ly cata lyst  deact ivat ion in the H-coal process. Samples 
taken la te r  in the PDU run had such low residual a c t i v i t y  that the i r  
study would have been d i f f i c u l t  because of low conversions. 

The apparatus, procedure and data analyses were described in the 
last  quarter ly  progress report.  A l l  runs were carr ied out in a s t i r red -  
tank reactor at 350°C and atmospheric pressure, using one-half  gram of 
catalyst .  Reactants were introduced into the reactor by saturat ion bubblers 
at OOC with a H 2 f low.  Aux i l l a ry  H 2 and H2S flows were added to change 
par t ia l  pressures of the feeds, maintaining a to ta l  f low of I00 cm3/min. 
The data were analyzed by nonlinear least squares analysis to obtain para- 
meters from the generalized rate expression, 

kiPiPH 
r i = (I+K ipi+KspS). (1) 

where r is the measured reaction rate,  k the global rate constant, p the 
par t ia l  pressure and K the adsorption constant, subscript i re fer r ing  to 
reactant, H to hydrogen, and S to H2S ; n is a constant, e i ther  1 or 2. 

The k inet ic  parameters obtained for  reaction of thiophene with the 
various catalysts are given in Table I .  The primary reaction of thiophene 
is HDS to give n-butenes, with subsequent par t ia l  hydrogenation (HYD) of the 
butenes to n-butane. Since the react-ion is carr ied out in a s t i r red- tank  
reactor, the rates of HDS and HYD can be i nd i v idua l l y  determined and separately 
analyzed. I t  was found that bet ter  f i t s  were obtained fo r  n:2 in Equation 
( I )  for  HDS. For n-butene HYD, the contr ibut ions of the K~ terms in the 
denominator of Equation ( I )  were neg l ig ib le ,  giving a pseudo f i r s t - o r d e r  
• reaction in n-butene concentration. 

In order to compare the reac t i v i t i es  of the aged and regenerated 
catalysts,  the respective parameters were normalized to the fresh cata lyst  
basis. The results are given in Table.2. Thus, i f  there is no change in 
the parameter value between the aged or regenerated catalyst.and the fresh 
cata lyst ,  a value of u n i t y w i t h i n  the experimental' 95% confidence l im i t s  
should be obtained. -Inspection of Table 2 fo r  the thiophene HDS shows that 
the rate constant, k T, and the thiophene adsorption constant, KT, both 
decrease in the aged catalysts and increase in the regenerated catalysts;  
a reverse trend is observed in the H2S adsorption constant, KS, although 
not as marked. The overal l  rate of HDS (not shown) was s i gn i f i can t l y  
lower for  the aged cata lysts,  and somewhat higher fo r  the regenerated 
catalysts,  compared to the fresh c a t a l y s t .  This indicates that the metals 
alone do not cause cata lyst  deact ivat ion,  but rather the coke (or perhaps 
coke + metals) is the cause of deact ivat ion. '  

The global rate constant, k i ,  in Equation ( I )  ac tua l ly  contains Ki, 
according to thestandard der ivat ion of th is  equation based on the Langmuir- 
H~nshellwood treatment. By d iv id ing k i by K i ,  an i n t r i n s i c  rate constant, 
k,,  is obtained. Surpr is ing ly ,  these values appear to be the same for  HDS 
f~r a l l  the catalysts.  This i n t r i n s i c  rate constant has in i t  the number 
of a c t i v e s i t e s  and possibly a K H term for  hydrogen adsorption. Since 
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the aged catalysts were less reactive, i t  would be expected that some of 
the active sites would be covered by coke, giving a lower k~ value. That 
this was not observed may be due to a compensating increase in the intr insic 
reaction constant per unit active site or an increase in K H. 

A similar analysis for the butene HYD reaction accompanying the 
thiophene HDS reaction could not be made because of the small K values obtained 
(within experimental error). The relative f~rst-order rate constants (Table 2) 
show signif icantly lower reactivity for the aged catalysts and higher act iv i ty 
for the regenerated catalysts. Again, i t  is obvious that the coke is respon- 
sible for loss in hydrogenation act iv i ty,  since the metal deposits without 
coke present (regenerated catalysts) actually promote the HYD reaction of 
butenes. 

Results of the isooctene runs (carried out on the same catalyst charge 
after the thiophene run) are given in Table 3. (Time did not permit running 
the oi l  + coal catalyst.) Isooctene reacts,in two parallel paths, viz.,  (1) 
by hydrogenation to i sooctane and (2) by cracking (CKG) to isobutene, which 
subsequently undergoes partial hydrogenation to isobutane. Isooctane does 
not undergo cracking under the reaction conditions employed. Kinetic 
analyses revealed that H2S had a negligible effect on isooctene CKG and HYD 
and was eliminated from the kinetic analysis. The parameter values in 
Table 3 are for n=l in Equation (1). Secondary isobutene HYD was best f i t  
by a pseudo f i rst-order reaction. 

Comparisons of relative rate parameters for the isooctene runs are 
presented in Table 4. The aged catalyst showed a much depressed CKG act iv i ty 
compared to the fresh catalyst, which is reflected in the lower rate constant 
and adsorption constant. Undoubtedly, the coke has caused appreciable loss 
of active cracking sites (low k~), especially in view of the promoting effect 
of the metals in the regenerate~ catalyst. These results are quite different 
from those obtained for HDS discussed above, and are in_accordance with the 
view that different sites are used in HDS and cracking, z 

The secondary isobutene HYD response is similar to that obtained for 
n-butene HYD from thiophene, i .e . ,  lower reactivity for the aged catalyst 
and promoted act iv i ty  for the regenerated catalyst. However, the isooctene 
HYD reaction gave a different response (Table 4). The global rateconstant 
koH, was not signif icantly different between the aged or regenerated and 
the fresh catalyst, while the isooctene adsorption constant was lower for 
the aged and higher for the regenerated catalysts. Consequently, the 
intr insic constant, k~H, actually appears to be higher for the aged catalyst 
and lower for the regenerated catalyst, a result d i f f i cu l t  to understand. 
I t  should be appreciated, however, that considerably higher error was 
experienced in this particular analysis and the results should be considered 
tenuous. Nevertheless, i t  does seem unusual that the isooctene HYD response 
was so different from that of butene/isobutene HYD results. 

The results of this study are interesting on several counts. First, the 
catalyst exposed to recycle oi l  for only one day before introducing coal 
already showed appreciable deactivation of al l  catalytic functions tested, 
especially cracking. The recycle oi l  used contained metals and coke pre- 
cursors, as evidenced by the metal deposits and coke on the catalyst. Catalyst 
deactivation was caused by the coke, not the metal deposits. In fact, the 
metal deposits improved catalyst act iv i ty when the coke was removed 
(regenerated samples). 
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Second, deactivatiQn of the HDS and butene HYD functions for the 
sample exposed to two-days recycle oi l  and one-day coal, was only ~ l ight ly  
greater than the one-day recycle oi l  sample. This is reflected in the 
fact that the coke level was only marginally higher in this sample, the 
coke again being entirely responsible for deactivation. Appamently, the 
coke make from the recycle oi l  used is the main cause of high i n i t i a l  
ac t iv i ty  loss of the catalyst in this process. 

Third, the regenerated catalyst results show that catalysts deactivated 
early in the process can be successfully reactivated. However, other studies 
revealed that agedsamples taken later in the proces~ run suffer the same 
permanent deactivation which can not be reactivated. • 

Future Work 

I. F.E. Massoth and T.L~ Cable, Final Report, University of Utah Project 5- 
20414, February 1983, to Sandia Laboratories (Contract 68-8584). 

2. F.E. Massoth, Fourth Intern. Conf. Chemistry and Uses of Molybdenum, 
Golden, Colorado, August 1982, p 343. 
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Task 13 

Catalyst Research and Development 

Hydrogenation of Carbon Monoxide Over Raney Fe-Mn Catalyst 

Faculty Advisor: F.V. Hanson 
Graduate Student: K.R. Chen 

Introduction 

The objectives of this project are to determine the kinetics of the 
caustic leaching of alumina from iron-aluminum alloys and to determine 
the optimum process operating conditions fo.r the production of low molecu- 
lar weight olefins from hydrogen and carbon monoxide over Raney iron-man- 
ganese catalysts. 

A single phase AI-Fe (53/47, wt %) alloy was prepared for the leaching 
kinetics study. The leaching conditions were: leaching temprature 303- 
353 K, alloy granule particle size 30-325 mesh, 5% NaOH and alloy sample 
size 5 g. The volumetric flow rate of the hydrogen evolved was determined 
with a wet test meter. 

A Raney iron-manganese catalyst, prepared from an AI-Fe-Mn (59/138.3, 
363 K leaching) alloy, was used to evaluate the activi ty and selectivity 
of the catlayst. Catalyst loading and stabi l i ty  tests were conducted 
prior to the process variable study. 

Project .Status 

The results of leaching kinetiocs, loading and stabi l i ty  tests were 
discussed in the previous "report. A schematic of the process variable study 
apparatus is presented in Figure I. The operating conditions and the data 
are presented in Table I. The coefficients and reduced coefficients of the 
product selectivit ies are presented in Tables 2 and 3. In Table 3, the 
C2-C40/P ratio is expressed as a response equation: 

Yl = 3.407 - 2.43X l + 0.319X 2 - 0.884X 4 + 0.026X12+ 0.003X22 + 

O.llIX42 + O.164XiX 4 - O.223X2X 4 

where 
Y1 : C2-C40/P ratio response factor 

X 1 = Pressure 

X 2 = Temperature 

X 4 = H2/CO ratio. 

From this equation, the C2-C 40/P ratio under the operating ranges can be 
pre di cted. 
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In Figure 2, the Cp-C~ O/P. ratio decreases from 3.77 at 1378 kpa to 
2.74 at 4134 kpa. In t~e ~quilibrium equation CnH2n + H 2 
the olef inic products are favored at the lower pressure. T--~e CnH2n÷2' experimental 
results follow the stoichiometric prediction. In Figure 3, the temperature 
effect on the product selectivi ty on the C2-C 40/P ratio is presented. The 
O/P ratio increases as the temperature increases, from 2.75 at 443 K to 3.70 
at 483 K. The CO 2 selectivity increases as the temperature increases. In 
Figure 4, the C2-C 40/P ratio remains constant from a space velocity of 3" 
to a space velocity of 15. The space velocity effect was eliminated in the 
response equation of the C2-C 40/P ratio. In Figure 5, the C2-C 40/P ratio 
is very sensitive to the H2/CO ratio. The C2-C 40/P ratio increases from 
1.58 at the H2/CO ratio o 5 to 5.61 at the ~2/C0 ratio o f  0.2. The 
combined effects of the H2/CO ratio and temperature and of the H2/CO ~ ratio 
and pressure were observed, In Table 3, B14 is equal to 0.164 and B24 
is equal to -0.223. 

As discussed, a lower Hp/CO ratio, higher temperature and lower 
pressure may produce a highe9 C2-C 40/P ratio. To avoid carbon .deposits 
on the catlayst, the H2/CO ratio was limited to 0.5 in the optimal experi- 
ment. The calculated optimal operating conditions and their predicted O/P 
ratio value were 1378 kpa, 473 K, space velocity of 12, H2/CO ratio of 0.5 
and C2-C4 O/P value of 5.4. After the test run, the result was a C2-C 4 
value of 6.4, higher than expected. 

Future Work 

The Raney iron-manganese catalyst in the slurry bed reactor system 
wi l l  be used to optimize the C2-C 4 olef in ic products. 

97 



~-  cD 

,.-- ~-- oo ~.~ o 

o .  c~. ~ "~b_ o 

~) ~.. 
~- O • "~ 4-~ ~.. 
• ;~ (J (U 
r0 (D ~.- (u4~  

(I) ~ " o  , - -  ~ -  

E 0 ~.~ ~ .~ 
(U o'~ .. J u') 

e . -  

(~  Od~J tO ~ rO qJ.r -  ~ , - - . r - .  0J 

~ . . . . . . . . . . . . . . . . . .  
r"~ L:J L u  C...O " r -  ~...~ ,--j x , ,  . j  

m ~  

E -1 

. ~  , -n 

I m . T A  

4.a 
to  
s.. 

r-, 

" o  

i - -  

r~ 
°r,- 

~o 

(J  
O 
S- 

Q; 

O 

f.;  
.r-,, 

E 
QJ 

u 
o~ 

~J 

u. .  

98 



0 

4 

O/P 

0 CO 2 

C2-C 4 

I"I C5 + 

I00 

80 

3 i. 60 

-o  

C} 
f.r) 

1378 2756 4134" 

- 2 0  

_ 0 

Pressure, Kpa 

Figure 2. Pressure effect on product selectivity 
and Cp-C~ O/P Ratio 
463 KT H/CO Ratio = I / l  
Space Velocity = 9 cm3g-ls -I 

99 



0 
o f . .  

4~ 
f~ 
rv" 

r~ 

4 

• O/P 

0 C02 

m C2-C 4 

[ ]  C5 + 

[] 

0 

I I ! ,, t ,,, ! , , ,  0 
443 453 463 473 483 

Temperature, K 

I00 

80 

.60 

40 

20 

(.} 

Figure 3. Temperature effect on product select iv i ty and 
C~-C A O/P Ratio " 
2756~KPa (400 psig), Ho/CO Ratio = I / l  
Space Velocity = 9 cm3~-Is - l  

I00 



0 
iI,i 

r~ 

0 

0 01P 

0 C02 
; i 

C2-C 4 
÷ 

[ ]  C 5 

4 " 

3 " ~  . . . . . . .  

2. 

1 

0 • ~ ~ ! . . . . . . . . . . .  

3 6 9. I2 .15 

Space Velocity cm3g-lsec-I 

I00 

8O 

6o 

4O 

20. 

0 

Figure 4. .  Space veloci ty ef fect  on product se lect iv i ty  and 
Cp-C~ O/P Ratio . 
4B3 K, H2/CO Ratio.= I / I  
2756 KPB (400 psig) 

I01 



< - - ~  • o/P 

0 co 2 
5 " ~ l C2-C 4 

4 - ' 

2 

1 

0 I I , , I I I 

O. 167 O. 333 O. 500 O. 667 O. 833 

H 2 Concentration 
I/5 I /2  I / l  2/I 5/I 

H2/CO Ratio 

lO0 

80 

40 

20 

0 

Figure 5. H~/CO ratio effect on product selectivity and 
C~-CA O/P Ratio 
4(~3 ~, 2756 KPa (400 ~sig~ l 
Space Velocity = 9 cmJ g- s-. 

102 



Table i Data of Proees:~ Variable Study 

",To Pres 

Kpa 

1 3445 

2 34J~5 
3 344~ 

4 34~5 
5 3445 
6 3445 
7 34~5 

8 3445 
9 2067 

lO 2067 
ii 2067 

12-2067 
13 2067 

14 2067 

15 2067 

16 2067 

17 4134 

18 1378 

19 2756 
20 2756 

21 2756 

22 2756 

~3 2756 

~"- 2756 

25 275E 

. Temp. 

~K 

h-73 

z~73 

473 ; 

473 

z~53 
453 
453 
453 
473 
473 
473 

473 

453 
453 
~53 
453 
463 

463 

483 

443 

463 

463 

a.63 
1 @' . L c.~ 

"63 

ZV '" /"" 

• 12 2:1 

12 !:2 

6 2:1 

6 1:2 

12 "2:1 

12 !:2 

6 2:1 

6 1:2 

12 2:i 
12 1:2 

6 2:1 

6 I: 2 

12 2:! 

12 1:2 

6 2:1 

6 1:2 

9 I:i 

9 1 :I~ 

9 l : i  
9 I:i 

15 I:I 

3 I:] 

9 5:1 
9 1:5 

9 i:I 

C2-C 4 C i 
e/P 

2.30 0.19 

4.0! 0-15 
2.50 o.18 
4.02 0.14 
2.02 0.20 

3.ii 0.17 
2.11~ O.19 

3.09 0.15 
2.42 0.22 

5.1o o . 1 7  
2.~5 0:21 

"4.90 0.16 
2.36 o.23 
3.7i o . !9  
2 .35 0.22 
3-73 O.l? 
2.7~ 0.16 
3-77 0.20 

3.77 o.17 
2.56 0.20 
3.00 0 . i 8  
3.0~'- o.16 
1.5S 0.27 
5.6! o . i9 
3.31 O .]3 

c2-cti c;~. co 2 co >~ 
.2 

Cony. 

0.53 0.27 0.18 6.27 

0.54 0.3! 0.27 2.19 
0.53 0.28 0.22 13.33 

0.55 0.30 0.51 5.74 

0.53 0.26 O.11 5.41 
0.~9 0.29 0.38 1.18 

0.55 0.26 0.15 3.61 
0.50 0.31 0.30 1.73 

0.52 0.26 0.24 5.84 
0.51 0.32 0.32 1.80 
0.52 0.26 0.29 11.!7 
0.53 0.31 o.23 2.52 
0.53 0.24 0.12 2.71 

0.45 0.3]_ •o.4~ i . 1 2  
0.52 0.26 0.15 4.57 
0.49 0.29 0.29 1.48 
0.56 0.27 0.32 4.o3 

0.50 0.29 0.31 2.78 
o.55 0.2.3 o.52 11.86 
O.L~9 0-25 0.09 • 0.9! 
0.49 0.29 0.27 2.48 
0.56 0.27 0.5! 13-59 

0.50 0.22 &.15 ! I~.I;5 

0.~.":-~ 0.23 0.6_I 0.91 
o.53 o.3o e 33 ~.97 
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Table 2 Coefficients of 

Process Variable Study 

Pres. 

Temp. 

S.V. 

~2/co 

Coe. 

B 0 

B 1 

B 2 

B 3 

B 4 

Bll 

B22 

B33 

B44 

B12 

B13 

BI4 

B23 

B24 

B34 

C2-C 4 C2-C 4 C5+ C02 
0/P Select. Select. Select. 

3.310 .530 .300 .380 

-.243 .011 -.001 .003 

• 319 .012 .006 .049 

-.007 -.010 .001 -.0 23 

-.884 .004 -.019 -.092 

-.034 -.OOl -.002 -.030 

-.o57 -.oo3 -.oo6 -.o33 

-.093 -.002 -.002 -.012 

.o51 -.oo4 -.OLO _.o 14 

- .019 .000 .000 .010 

-.o33 .001 - .001  -.C 25 

.16~ -.002 .004 -.020 

.oo1 .003 .0o2 -.o25 

-.223 -.OZ4 .000 .030 

-.o31 .oo5 .oo~ -.o15 
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Table 3 Reduced Coefficients 

of Process Variable Study 

Pres. 

Temp. 

s.Vo 

 2/co 

Coe. 

B o 

B 1 

B 2 

Bll 

B22 

B33 
B44 

B12 

B13 

B14 

B23 

B24 

B34 

02-C 4 
o/P 

3.047 

-.243 

.319 

-.884 

.026 

.oo3 

.ili 

.i64 

-.223 

02-c 4 054 co 2 
Select. Select. Select. 

. 520  

.011 

• 012 

- .010 

~ t ~ w  

-. 014 

. 291  

.006 

- .019 

- .  OO4 

------4" 

- .  008 

.308 

.049 

- . o 2 3  ' 

-.092 

-.016 

.002 

m ~ o  

m g w l  
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Task 13 

Catalyst Research and Development 

Synthesis of Light Hydrocarbons from CO and H 2 

Faculty Advisor: F.V. Hanson 
Graduate Student: Y.S. Tsai 

I ntroducti on 

The hydrogenation of carbon monoxide to produce low molecular 
weight olefins has been investigated over unsupported i ron-manganese 
catalysts. The results from the preliminary tests which were performed 
in a bench-scale fixed-bed reactor system showed that the unsupported 
iron-manganese catalysts were very selective in the production of C2-C 4 
olefi ns. 

The catalysts were prepared by coprecipitation in which several 
steps were involved. However, the effects of the various preparation 
procedures on the catalyst act iv i ty and selectivi ty has not been determined. 
Nine Fe/Mn catalysts were prepared for the study of the catalyst prepara- 
tion effect. Atomic absorption spectroscopy was applied to determine the 
exact compositions of the catalysts. Some of the'cata.lysts were also 
analyzed by X-ray diffraction spectroscopy to obtain the average part!cle 
size of iron oxide in the catalysts. 

In this project in-si tu hydrogen reduction has been employed to 
activate the catalyst for the hydrogenation of carbon monoxide, but other 
catalyst pretreatments need to be examined to determine the optimum method 
of the catalyst activation for the production of C2-C a olefins. Hydrogen, 
carbon monoxide and three synthesis gases with different H2/CO ratios were 
used for the pretreatment study. In addition, a series of five Fe/Mn cata- 
lysts was tested at a set of standard operating conditions to examine the 
effect of manganese to promote the iron catalyst for the C2-C 4 olefin 
production. 

Project Status 

Generally, the YST series of Fe/Mn catalysts was prepared by adding 
iron nitrate and manganese nitrate solutions to ammonium hydroxide to form 
the precipitates. In the YST-2 catalyst preparation the mixture of iron 
nitrate and manganese nitrate was added to ammonium hydroxide, however, 
for the YST-3 catalyst, the iron nitrate was added f i r s t ,  then manganese 
nitrate. The precipitation procedures for the YST-4 catalyst were just 
the reverse of those for the YST-3 catalyst. For the FT series of Fe/Mn 
catalysts, the precipitation of the catalyst was performed by adding ammonium 
hydroxide to the solution of iron nitrate and manganese nitrate. The 
procedures for f i l t ra t ion ,  washing and drying were the same for all cata- 
lysts. 

Table 1 shows the actual compositions of the catalysts determined by 
atomic absorption (AA) spectroscopy. The actual composition of al l  catalysts 
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was very close to the calculated values. Therefore, the coprecip~tation 
technique was proven to be re l iab le  for  preparing a cata lys t  with a composi- 
t ion very close to the desired value. Data for  the average par t ic le  size of 
~-Fe203 a f ter  the calcinat ion of the Fe/Mn catalysts at 300oc for  16 hours 
are indicated in Table 2. The more manganese present in the cata lyst ,  the 
smaller the par t ic le  diameter of ~Fe203. Any form of manganese oxide was 
not detected due to the low concentratibn of Mn in the catalyst .  

The cata lyst  pretreatment studies were conducted over the YST-2 cata lys t  
by using hydrogen, carbon monoxide and synthesis gases of 3H2/C0, 2H2/C0 and 
H2/CO rat ios at 400oc and ambient pressure for  8 hours. Tables 3, 4, 5, 6 
and 7 show the effects on the product y ie ld  and se lec t i v i t y  due to the 
d i f fe ren t  pretreatments. Each experiment lasted up to 20 hours at the 
foll@wing conditions: a 2H2/C0 ra t i o ,  a 200 psig pressure and a 1.0 cm3g -I  
sec-" space veloc i ty .  The temperature was maintained at ei ther 210oc or 
at a point corresponding to about 7% CO conversion. Generally, the 
cata lyst  reduced by H 2 had a lower CO conversion than others, that i s ,  the 
CO conversion was about 3.5% at 210oc and 12 hours on stream compared to 
8-10% for  other catalysts activated by CO or synthesis gases. However, 
a f ter  the close examination of data at 12 hours on stream, the H2 reduction 
should s t i l l  be considered a bet ter  cata lyst  pretreatment for  the the 
research based on the fol lowing reasons: ( I )  The cata lys t  reduced by 
hydrogen had a low i n i t i a l  ac t i v i t y ,  but i t  showed a stable CO conversion 
a f ter  12 hours of act ivat ion time. For other cases the c a t a l y s t a c t i v i t i e s  
decreased suggesting an unstable c a t a l y s t .  (2) Methane and carbon dioxide 
are generally not desired products for  the Fischer-Tropsch synthesis, however, 
the se lec t i v i t y  of CH 4 and CO 2 was more than 32% for  a l l  the cases except 
for the hydrogen reduced cata lyst  wi th a 28% production. (3) The se lec t i v i t y  
of C2-C 4 hydrocarbQns for  the hydrogen reduced cata lyst  was about 50% 
and the O/P ra t io  in C2-C 4 hydrocarbons was 2.37. Generally, the C2-C 4 
hydrocarbon se lec t i v i t i es  for  other cases were lower than 45%. The O/P 
rat ios in C2-C 4 hydrocarbons were higher than 2.37 for  synthesis gas 
conditioned catalysts and the ra t io  for  the CO activated cata lystwas lower 
than 2.37. 

In the previous TGA study a period of 6 hours was adequate for the 
reduction of the catalyst by hydrogen. Therefore, the hydrogen ~retreat- 
ment for 8 hours should be sufficient to activate the catalyst for the' 
production of C2-C 4 olefins. Thus, these pretreatment procedures have 
been adopted for this research. Tables 8, 9, lO, II and 12 indicate the 
catalyst activi t ies and selectivit ies for the FT series Fe/Mn catalysts. 
Each catalyst was tested at least up to 12 hours when the catalyst, generally 
reached a stable condition for the synthesis. The catalyst seemed more 
active in terms of CO conversion with less manganese present, that is, 
the pure iron catalyst (FT-I) had a CO conversion of 8.5% at 210oc, but 
the FT-5 catalyst (12,8 Mn/lO0 Fe) only had 6.8% even at 231°C. The 
act ivi t ies for other FT catalysts were in-between. However, the effect 
of Mn on the production of C2-C 4 olefins was significant, that is, the 
selectivity of C2-C 4 hydrocarbons and the O/P ratio for the pure Fe catalyst 
were 45.7% and 1.07, respectively, but the data for the FT-2 catalyst 
(2.5 Mn/lO0 Fe) were 46.1% and 4.69, respectively. 

The iron cata lyst  with a low manganese ( i . e . ,  FT-2) content is s t i l l  
evaluated as a more select ive cata lys t  for  the production of C2-C 4 olef ins 
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due to the following reasons: (1) The CO conversion for the FT-2 catalyst 
(7.2% at 225°C) was better than those for other FT catalysts at the same 
conditions. (2) The selectivities of CO 2 and CHa for the FT-2 catalyst 
were less (generally at 35-36%) than those for ot~ier FT catalysts (more 
than 38%). (3) The selectivity of C2-C 4 hydrocarbons for the FT-2 catalyst 
was generally above 45% which was higher than those for other FT catalysts 
(less than 43%). (4) The O/P ratio of the C2-C 4 hydrocarbons for the FT-2 
catalyst was in the range of 4.4 - 5.0. This catalyst performance is very 
effective for the producti:on of C2-C 4 olefins because i t  promoted a more 
significant olefin production than the other Fe/Nn catalysts. 

Future Work 

A catalyst characterization study wi l l  be init iated. A literature 
survey on CO hydrogenation as well as heat and mass transfer for the fixed- 
bed reactor wi l l  be continued. 
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Table 1 Compositions of Fe/~ catalysts determined by 
atomic absorption spectroscopy. 

Catalyst At6mic Rat, io (,~n/lO0 Fe) 

Calculated 

YST-1 0 

YST-2 3 • 0 

YST-3 3.0 

YST-4 3.0 

FT-1 0 

~-2 2.5 

F~-3 5.0 

FT-4 8.1 

~ - 5  z2.2 

Actual 

.0 

3.6 

3.5 

,3.5 

0 

2,5 

5.1 

8.2 

ll.8 
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Table 2. Average particle diameter of ~ -Fe~03 in 
Fe/Mn unreduced catalysts analyzed ~y X-ray 
diffraction method. 

Atomic Ratio 
Catalyst ~Nn/ I00, Fe) Particle Size(~) 

YST-I 0 239 

YST-2 3.6 218 

F T - I  0 239 

FT-2 2.5 224 

PT-3 5 .z~ Z81 

FT-4 8.2 146 
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Table 3. Product yield and selectivity versus time for YST-2 
catalyst; Hydrogen reduction for 8 h0urs~ H2/C0==~; 
200 psig; 1.0 cc/g/sec space velocity. 

Time on 
stream(hr.) 3 . 0  7.2 l l .~ 12.5 

O Temp. (C) 210 210 210 210 226 

C0 cony. (%) 2.9 3.1 3,4 3-5 7.2 

CO 2 9 .2  5 .5  6 .8  7 . !  ! 2 . 1  

C 1 

c2-c4 

ROH 

O/P in 

C2-C 4 

31.3 24.7 21.5 2!.0 18.3 

42.2 47.5 49.0 49.8 46.7 

11.3 16.5 18.2 18.0 !8.1 

6.0 5.8 4.5 4.1 

0.94 1~69 2.22 2.37 

4.1 

2.7o 
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Table 4. Product yield and selectivity versus time for YST-2 
catalysts CO pretreatment for 8 hours; H2/C0:2/1; 
200 psig; 1.0 cc/g/sec space velocity. 

Time on 
:trelSm(hr.) o ~ .  ~ ~ 9.o 12.5 

Temp.(°C) 210 210 210 210 210 

CO cony.(%) 21.9 9.4 9.2 9.1 8.4 

C02 

C 1 

C 2-C 4 

c 5 

R0H 

2.2 5.6 8.3 9.7 9.3 

28.3 26.5 25.0 24.0 23.8 

52.1 43.9 43.1 42.2 42.1 

15.0 21.5 20.4 21.1 22.3 

2.4 2.5 3.2 3.0 2.5 

o/~ in 
c 2-0 4 1.08 1.38 1.52 1.63 1.68 
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Table 5. Product yield and selectivity versus time for YST'2 
catalyst; IH~/C0 pretreatment for 8 hours~ H2/C0~m_/1 

200 psigl 1.0 cc/g/sec space velocity. 

Time on 
stream(hr.) 0.2 ~.6 7.5 10. 5 12.8 

Temo.(°C) 210 210 210 210 210 

CO conv,(%) 12.1 !6.0 9-9 9.3 9.2 

v 

C02 

C 1 

c2-c4 

ROH 

13.8 13 -7 

46.6 26.4 

30.2 42.3 

7.7 14.9 

1.7 2.7 

12.6 12.6 12.8 

25.9 26.4 27.1 

42. $ 42.8 42.9 

16.8 15.9 14.9 

2.6 2.3 2.3 

o/P 
C2-C 4 2.41 2.84 3.82 3.73 3 • 84 

113 



Table 6. Product yield and selectivity versus time for YST-2 
catalyst: 2H?/1C0 pretreatment for 8 hours: H2/C0~2/1 

200 psig, 1.0 cc/g/sec space velocity. 

Time on 
stream(hr. ) o.4 4.5 . ~  io.2 z2.~ 

Temp. ( 0(3 ) 210 210 210 210 210 

CO cony. (%) 9.2 10.5 7.6 7.3 7.1 

O 

5~ 

C02 

C 1 

C2-C 4 

+ 
c 5 

ROH 

5.0 2.8 3.7 9.4 9.7 

41.8 31.1 31.5 28.2 27.8 

38.3 47.1 46.4 43.5 b2&.6 

14.9 16.5 16.0 16.6 15.8 

0 2.5 2.4 2.3 2.2 

o/P in 
C2-C 4 3.67 3.10 3.54 3.81 4.09 
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Table 7- Product yield and selectivity versus time for YST-2 
catalyst; 3H2/1C0 pretreatment for 8 hours; H2/C0--2/1 

~ 200 psig~ 1.0 cc/g/sec space velocity, 

Time on 
stream(hr.) 

Temp.(°C) 

9..6 5,o ~ .  12.5 

210 210 210 210 210 

co cony. (%) 

co 2 

C 1 

%-% 
~4 

ID 

m R0H 

8.7 z2.4 9.5 8.2 

8.2 8.8 9.4 9.6 

6.6 

9.8 

43.2 31.6 30,3 29,3 28.6 

37.5 42.2 43.8 43.6 44.3 

8.1 15.3 14.7 15.5 .15.4 

3.0 2.1 1.8 2.0 1.9 

o/P in 
C2-C 4 2.01 2.84 3.12 3.54 3.81 

} 
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Table 8. Product yield and selectivity versus time for FT-I 
catalyst! hydrogen reduction for 8 hours~ H2/C0=--~T1 

200 psig| 1.0 cc/g/sec space velocity. 

Time on 
stream(hr.) .,3. o 6 . 5  7 . 7  _..2_~ 

Temp. (°C) 210 210 210 210 210 

CO conv. (%) 9.7 8.6 8.4 8.5 8.5 

4~ 
0 
a) 

Q) 
t~ 

CO 2 

C I 

C2-C 4 

5 

R0H 

9.3 10.9 11.5 11.3 Ii.8 

39.3 33.6 32.9 31.3 31.8 

38.9 41.5 40.8 42.0 45.7 

i0.0 12.5 12.4 13.3 8.9 

2.5 1.5 2.4 2.1 1.8 

O/P in 
C2-C 4 i. 16 1.42 I. 51 I. 65 i. 07 
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Table 9. Product yield and selectivity versus time for FT-$ 
catalyst: hydrogen reduction for 8 hours; H2/C~------T1 
| 200 psig~ 1.0 cc/g/sec space velocity. 

Time 
on stream(hr') 7.0 8.5 11.0 12.5 17.5 3-9. o 

Temp. (°C) 

co aonv. (%) 

c o  2 

C 1 

*=i C2-C 4 

Og 

ROH 

O/P in 
C2-04 

210 210 215 221 220 

4.1 4..7 4.8 5.9 

8.4 8.7 11.5 14.5 

31.3 23.0 23.7 22.2 

47.0 50.8 47.4 46.1 

i0.8 

2.5 

2.68 

!4.8 .15.6 14.9 

2.7 1.8 .2.3 

3.~2 4.44 4.69 

6.2 

13.9 

22.4 

45.9 

16.1 

2.1 

4.56- 

225 

7.2 
f '  - . . . .  

15.8 

20.8 

44.9 

3.5.9 

2.6 

~.52 
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Table lO. Product yield and selectivity versus tim? for 
catalyst; hydrogen reduction for 8 hours, H2/CO-~--~I 
; 200 psig; 1.O cc/g/sec space velocity. 

Time on 
stream(hr.) 2.o 4.0 ./j_ zo.o 11.~,  

Temp. ( °C ) 210 225 225 225 231 

CO cony. (%) 4.4 6.6 5.4 5.2 6.9 

P-I 
(D 
u'J 

CO 2 

C 1 

C2-C 4 

+ 
c 5 

ROH 

7.8 13.8 14.5 15.0 19.3 

33.7 25.8 21.8 20.9 19.8 

a,4. Zl, 43.2 44.8  a,5.3 43.0 

12.0 14. ? 16.9 16.7 16. d 

2.1 2.5 2.1 2.1 1.9 

O/P tn 
02- % 2.59 3.55 ~.~i ~.61 5.05 
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Table il. Product yield and selectivity versus time for FT-4 
catalyst~ hydrogen reduction for 8 hours; H2/C0--~-T1 
; 200 psig; 1.0 cc/g/sec space velocity. 

Time on 
stream (hr.) 3,0 4,5 7.5 !0.5 12,5 

Temp. (°C) 221 221 230 230 230 

co Con . (%) 6.5 5.6 7.0 7.2 7.7 

+= 
O 
(D 

co 2 

C 1 

C2-C ~ 

+ 
c 5 

R0K 

13.2 13.3 

28 .-3 22.5 

44.3 46.2 

lZ.8 15.6 

2.4 2.4 

19.7 21. ! 21.4 

20.7 19,i 19.! 

42,8 42.2 42.3 

14.2 15.4 14.8 

2.6 2.2 2.4 

0/P in 
C2-C 4 2.7.] 4.04 4.88 5.09 5.03 
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Table 12. Product yield and selectivity versus time for FT-5 
catalysl; hydrogen reduction for 8 hours; H2/C~----271 

200 psig~ 1.0 cc/g/sec space velocity. 

Time on 
stream(hr.) ~ 7.o 1o.o 12.8 

TemD.(°C) 225 231 231 231 231 

CO conv. (~) 7.1 7.3 7.0 6.9 6.8 

c% 

C 1 

~C2-C 4 

g c5 

ROH 

o/P in 
C2-C 4 

13.4 17.5 18.2 19.1 19.7 

25.2 21.8 20.4 19.8 19.1 

t~3.2 z~2.9 b,3.2 ~2.7 ~3.1 

15.6 15.2 15.8 15.9 15.8 

2.6 2.6 2.4 2.5 2.3 

2.99 4.08 ~.61 5.18 5.29 
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V. Conclusions 

Detailed conclusions are included in the reports for each task. 
is no longer funded and has been discontinued. Task 14 is inactive. 
work was done under Task 15. 
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