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OBJECTIVE AND SCOPE OF WORK 

Io 

Task 1 

Task 2 

Task 3 

The chemistry and~Catalysis of Coal Liquefaction 

Chemical-catalyt ic Studies 

Coal w i l l  be reacted at subsoftening temperatures w~th select ive 
reagents to break bridging linkages between clusters with minimal 
ef fect  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 
a~d catalysts w i l l  be used which are selective so that  the coal 
clusters are solubi l ized with as l i t t l e  fur ther reaction as possible. 

Carbon-13 ' N~,IR Investigation of CDL and Coal 

Carbon-13 NMR spectroscopy w i l l  be used to examine coal, coal derived 
l iquids (CDL) and residues which have undergone subsoftening reactions 
in Task 1 and extract ion. Improvements in NMR techniques:'such as 
crosspolarizat ion and magic angle spinning: w i l l  be applied. Model 
compounds w i l l  be includedwhich are representative of structural  
units thought to be present in coal. Comparisons of spectra from 
nat ive coals, CDL and residues w i l l  provide evidence for  bondings 
which are broken by mild conditions. 

Catalysis and Mechanism 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 ly t ic  
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 Friedel-Crafts cata lyst ,  w i l l  be used at conditions common to 
coal l iquefact ion to par t ic ipate ih  well defined hydrogen transfer 
reactions. These experiments w i l l  be augmented by mechanistic 
studies of coal hydrogenation using high pressure thermogravimetri~ 
analysis and structural  analysis. The results of these studies w i l l  
be used to develop concepts of catalysis involved in coal l iquefac- 
t ion. 

Task 4 

Task 5 

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

A co~t~uat~e~ ~f  ongoing studies o f  heat a~d t~an~port phenomena in 
cocurrent, co-gravity flow is planned for  a one-year p e r i o d .  As time 
and development of exist ing work permits, the extension of th is  study 
to include a coi led reactor model w i l l  be undertaken. Mathematical 
models of coal hydrogenation systems w i l l  u t i l i z e  correlat ions from 

these st ra ight  and coi led reactor configurations, 

The Fundamental Chemistry and Mechanism of Pyrolysis df Bituminous 
Coal 

Previous work at the University of Utah indicates that  coal pyrolysis:  
dissolut ion ( in H-donor) and cata ly t ic  hydrogenation a l l  have s imi lar  
rates and act ivat ion energies. A few model compounds w i l l  be pyrolyzed 
in the range of 375 to 475oc. Activation 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 IO from large pore, commercially 
available supports. The hydrogenation of these l iquids w i l l  be 
systematically investigated as a function of catMyst structure and 
operating condit ions. The effect of extent of hydrogenation w i l l  
be the subject of study in subsequent tasks in which crackabi 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- 
cycl 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 ructura l -  
topographic character ist ics of hydrogenation catalysts used in th is 
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 HDO 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 lO 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 i da t i on .  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 Catalyt ic Cracking of Hydrogenated CD Liquids and Related Polycycl ic 
Naphthenes and Naphthenoaromatics 

Catalyt ic cracking of hydrogenated CD l iqu id  feedstocks w i l l  be studied 
to evaluate this scheme as a means of upgrading CD l iquids.  Cracking 
kinet ics and product d is t r ibut ion as a function of preceding hydro- 
genation w i l l  be evaluated to define upgrading combinations which 
require the minimal level of CD l iqu id  aromatic saturation to achieve 
substantial heteroatom removal and high y ie lds of cracked l i qu id  
products. Cracking catalysts to be considered for  use in this task 
shall include conventional zeol i te-containing catalysts and large- 
pore molecular sieve, CLS (cross-linked smectites) types under study 
at the University of Utah. Model compounds w i l l  be subjected to tests 
to develop a mechanistic understanding of the reactions of hydro CD 
l iquids under ca ta ly t ic  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 i gh t  l iqu id  products without 
excessive hydrogenation occurring. This noncatalytic method w i l l  
be applied to a variety of CD liquids~ and model compounds: as 
mentioned in Task 6: to determine the conditions necessary and 
the r e a c t i b i l i t y  of these CD feedstocks with and without p r io r  
hydrogenation and to derive mechanism and reaction pathway informa- 
t ion 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 St ructura l -Act iv i ty  Study of Supported Sul f ideCatalysts 
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 i v i t y .  The work proposed is a 
fundamental study of the relat ionship between the surface-structural 
properties of supported sul f ide catalysts and the i r  cata ly t ic  
ac t i v i t i es  for various reactions desired. Catalysts w i l l  be prepared 
from co~erc ia l l y  available. Supports composed of alumina: s i l i ca -  
alumina: silica-magnesia and s i l i c a - t i t a n i a ,  modif icat ion of these 
supports to change acid i ty  and to promote interact ion with active 
cata ly t ic  components is planned. The active constituents w i l l  be 
selected from those which are ef fect ive in a sulf ided state, including 
but not restr icted to Mo, W, Ni and Co. The catalysts w i l l  be pre- 
sulf ided before testing. Catalyst charac ter iza t ionwi l l  consis': of 
physico-chemical property measurements and surface property measure- 
ments. Ac t i v i t y  and se lec t i v i t y  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 after 
suitable catalysts have been ident i f ied  from Tasks 6 : 7  and/or'lO. 
Two commercial catalysts or one commercial catalyst and one catalyst 

prepared in Task I0 w i l l  be selected for a two-part study, ( I )  simu- 
lated laboratory poisoning/coking and (2) test ing of r ea l i s t i ca l l y  
aged catalysts. Kinetics of hydrogenation: hydrodesulfurization: 
hydrodenitrogenation and hydrocracking w i l l  be determined before and 
af ter  one or more stages of simulated coking. Selected model com- 
.pounds w i l l  be used to measure detailed kinetics of the above reac- 
t ions and to determine quant i ta t ive ly  how k inet ic  parameters change 
with the extent and type of poisoning/coking simulated. Rea l is t ica l ly  
aged catalysts w i l l  be obtained from coal l iquids upgrading experiments 

from other tasks in this program or from othe~ laboratories conducting 
long-term upgrading studies. Deactivation w i l l  be assessed based 
on specif ic kinetics determined and selective poisoning studies w i l l  
be made to determine character ist ics of active sites remaining. 

Task 12 Diffusion of Polyaromatic Compounds in Amorphous Catalyst Supports 

I f  di f fusion of a reactant species to the active sites of the-catalyst 
is slow in comparison to the i n t r i ns i c  rate of the surface reaction: 
then only sites near the exter ior  of  the cata lyst  part ic les w i l l  be 
u t i l i zed  ef fect ive ly .  A systematic study of the ef fect  of molecu!ar 
size on the sorptive di f fusion kinetics re la t ive to pore geometrywil l  



be made using specif ic,  large diameter aromatic molecules. Diffusion 
studies with narrow boil 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 I I .  Hydrogenation of CO to Produce Fuels 

Task 13 Catalyst Research and Development 

Studies with iron catalysts w i l l  concentrate on promoters, the use of 
supports and the effects of carbiding and n i t r id ing.  Promising 
promoters fa l l  into two classes: ( I )  nonreducible metal oxides, such 
as CaO, K20, AI203 and MgO, and (2) par t ia l l y  reducible metal oxides 
which can be classi f ied as co-catalysts, such as oxides of Mn: Mo, 
Ce, La, V, Re and rare earths. Possible catalyst supports include 
zeoli tes, alumina, s i l i ca :  magnesia and high area carbons. Hethods 
of producing active supported iron catalysts for CO hydrogenation 
w i l l  be investigated, such as development of shape selective catalysts 
which can provide control of product d is t r ibut ion.  In view of the 
importance of temperature, alternative reactor systems (to fixed bed) 
w i l l  be investigated to attain better temperature control. Conditions 
w i 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 se lec t iv i ty  in Task 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 ident i fy  c r i t i ca l  properties, essential in 
selective catalysts. Factors relat ing to the surface mechanism of 
CO hydrogenation w i l l  also be investigated. Experiments are proposed 
to determine which catalysts form "surface" (reactive) carbon and 
the a b i l i t y  of these catalysts to exchange C and 0 of isotopical ly 
labelled CO. Reactions of CO and H 2 at temperatures below that 
required for CO dissociation are of part icular interest.  

Task 15 Completion of Previously Funded Studies and Exploratory Investigations 

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



I I I  Highlights to Date• • ~  

• A series of Co and Ni promoted 8%Mo/AI-203 catalysts was evaluated 
for HDS, hydrogenation and HDN Of model .compounds in a high pressure 
reactor. Atlow promoter level, the Co-containing iatalyst was better 
for HDS, but at high levels-, the Nicata.lyst was superio~ .for hydrogenation 
and HDN. • " 

• • . , -  , . 

Pressures of He or H 2 up to 70 atm had no effect on effective (pore) 
d i f fusiv i t ies  of aromatic compounds inact ivated  alumina • supports. 

, .  , . , 

Papers and Presentations 

"Hydrodesulfurization Catalysis," F.E. Massoth and G. Muralidhar, plenary 
lecture presented at Fourth Climax International • Conference on Chemistry 

• ahd Uses of Molybdenum, Golden, Colorado, August 1982. 

"Catalytic Functionalities of Supported catalysts. Zf fect  of Support 
onMo Dispersion,"~G. Muralidhar, F.E. Massotband J.• Shabtai, presented 
at ACS meeting," Kansas City, Missouri, September 1 9 8 2 .  . .  

' :  Z 



Task 1 

Comparison of Catalysts for Coal Conversion at Subsoftening Conditions 

Faculty Advisor: L.L. Anderson 
Graduate Student: Tiee-Chyau Miin 

Introduction 

Research on the di rect  ca ta ly t i c  l iquefact ion of coal has included many 
catalysts of various types from those employed by the Germans such as Luxmasse 
and molybdenum oxide to expensive compounds such as germanium chloride. Some 
of the catalysts are actual ly  poor hydrogenation or hydrogenolysis catalysts 
but give good y ie ld  in coal conversion reactions. To understand the ca ta ly t i c  
conversion of coal, the chemical character ist ics and reac t i v i t y  of the ca ta ly t i c  
materials used are important considerations. 

Project Status 

Recent work on these properties has led to the application of the HSAB 
(Hard and Soft Acids and Bases) pr inc ip le .  Catalyt ic compounds in the categories 
of Hard, Borderline, and Soft were tested as catalysts under the same hydro- 
treatment conditions. These conditions were a pressure of 2000 psi hydrogen 
and temperatures less than 300oc. About t h i r t y  single inorganic, salts were 
tested as conversion catalyts.  The results show that salts which have "borderl ine" 
acidic sites are better catalyts than ei ther hard or soft  compounds. The conversion 
to gases and l iquids (mostly l iquids at these mild conditions) ranged from 20 to 
99 percent for borderline cation salts while those for hard and soft  were less 
than 20 percent (see Table I ) .  

Future Work 

The l iquids produced by d i f fe ren t  ca ta ly t i c  reactions w i l l  be analyzed and 
compared. The reason for the ac t i v i t y  of borderline catalysts w i l l  be explained 
and more catalysts w i l l  be studied. The results could lead to a better under- 
standing of the catalysis of the conversion of coal and other sol id fuels as well 
as an indicat ion of the chemical structures par t ic ipat ing in the ca ta ly t i c  
conversion reactions. 



Table I .  Conversion of high vo la t i l e  bituminous coal (Hiawatha, Utah) with 
treatme~ by H 2 at 2000 psi and 290°C for  3 hours. Y ie l ds  in weight per 
cent of THF extracted coal. a 

Catalysts 

GeCl 4 

SnCl 4 

SnCI 2" 2H20 

SnF 2 

SnBr 2 

Snl 2 
SnO 

PbCI 2 

Liquid 

81 

71 

77 

I0 

80 

80 

5 

15 

Gas Total 

4°3 

1 .5  

9 

3 

13 

13 

3 

1.3 

85 

72 

86 

13 

93 

93 

.8 

16 

CuCI2"2H20 I0 13 

RhCl 3" nil20 

CoCI 2"6H20 

14 

18 

13 

0.6 

27 

19 

FeF 2 

• FeCI 2" 4H20 

FeBr 2 

Fel 2 
FeS 

FeCl 3 

I I  

21 

4 

3 

I0 

3.5 

1.5 

2.5 

1 

2 

1.4 

1.5 

12 

23 

5 

5 

1 

5 

ZnSO 3 

ZnF 2 

ZnCl 2 

ZnBr 2 

Znl 2 

CDC12"2 I/2H20 

HgCl 2 

27 

9 

70 

82 

77 

8 

18 

2 

1 

,8 

12 

7 

1 

1.0 

29 

I0 

78 

94 

84 

9 

19 

SbCl 3 20 2 22 

NiCI2"6H20 7 I0 17 

CeCI3"7H20 4 1 5 

aRaw coal was pre-extracted as completely as possible with tetrahydrofuran in 
a soxhlet extractor before ca ta ly t i c  treatment. 

9 



Task 3 

Catalysis and Mechanism of Coal Liquefaction 

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

Introduction 

Metal halides such as ZnClp are well-known to be active catalysts 
for  coal hydrogenation. Zinc c~loride has been shown to be a very 
ef fect ive catalyst  for  coal hydrogenation in the entrained-flow reactor 
developed at the University of Utah. l ,  2 Bell and co-workers3T 5 have 
studied the reactions of model compounds with ZnCI 2 under conditions 
s imi lar  to those employed in coal hydrogenation. They observed cleavage 
of C-O and C-C bonds in the model compound and proposed that the active 
ca ta ly t i c  species is a Bronsted acid formed ZnCl 2. 

Shibaoka, Russell and Bodily 6 proposed a model to explain the l ique- 
fact ion 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 last ic  
material of lower ref lectance, which is the source of o i l s ,  asphaltenes 
and preasphaltenes. Concurrently, carbonization occurs in the center 
of the par t ic les ,  resul t ing in vesiculation and a higher reflectance 
material.  The pa r t i a l l y  carbonized material can be hydrogenated at la ter  
stages, but at a lower rate than the or ig inal  coal. 

Thermal and/or ca ta ly t i c  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 addit ion, result ing in cleavage of bridges between 
aromatic ring systems and in dealkylation of aromatic rings. I f  the 
i n i t i a l  products of the reaction are not s tab i 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  
conditions, may form secondary semicoke. The secondary semicoke is of 
medium to coarse-grained anisotropic mosiac texture. Bodily and Shibaoka 7 
used this model to explain the nature of the residues from hydrogenation 
in the short-residence, entrained-flow hydrogenation reactor. The role 
of the ZnCI2 catalyst  is examined in th is  study. 

Project Status 

Samples of Clear Creek,.Utah coal have been reacted in a short-residence 
time, tubing-bomb reactor. The nominal reaction time is 5 minutes, with 
two minutes required for heat up. The temperature varied from 350 to 500°C 
and the i n i t i a l  hydrogen pressure at room temperature was I000 psi. Zinc 
chloride catalyst  wa~ impregnated on the coal from aqueous solution by the 
method of Lee et al. ° 

I0 



Hydrogenolysis•products were extracted in soxhlet apparatus with THF. 
A separate set of samples was examined by optical microscopy, using 
reflectance techniques. The optical microscope observations are reported 
in Table l .  . . . .  . ~ . .  ... ~,~, 

1 

3. 

4. 

, 

The optical microscope observations indicate that in the presence of 
ZnCI 2, the softening temperature of the coal is lower. Under the conditions 
of these experiments, anisotropic semi=coke is formed when the coal i•s 
rapidly heated to the region of 450°C or above. At a given temperature, 
the anisotropic regions are more developed when ZnCI 2 is present. 

. ° 

Future Work ' .  . 

The hydrogenolysis..residues will-be further characterized, .Additional 
samples.will be reac~ed. Samples.will be reacted in a-n~trogen atmosphere 
for comparison with.the samples reacted under hydrogenolysis conditions. 
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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 l iquefact ion in the temperature range 375-550oc, the l iquefact ion 
reactions are i n i t i a ted  by thermal rupture of bonds in the brides jo in ing 
configurations in the coal, y ie ld ing free radicals. The d i f fe ren t  approaches 
to l iquefact ion,  except for  Fischer-Tropsch var iat ions,  represent ways of 
s tab i l i z ing  the free radicals %o produce molecules. The s tab i l i za t ion  
involving abstraction by the free radicals of hydrogen from the hydro- 
aromatic structures of the coal is believed to be the predominant means 
of y ie ld ing l iqu id  size molecules in the early stages of a l l  coal l ique- 
factipn processes, except Fischer-Tropsch variat ions. The objective of 
th is  research is to understand the chemistry of th is pyro ly t i c  operation 
using model compounds which contain structures believed to be prominant 
in bituminous coals. 

Project Status 
The var iat ion in experimental technique alluded to in the previous 

quarter ly report has been further refined to improve material' balances and 
analyses consistency. Improvements in solvent del ivery, reaction tempera- 
ture control ,  reaction time measurement and reaction quenching havebeen 
incorporated into the t echn ique .  

Five experiments were conducted at 350°C with 9-benzyl- l ,2,3,4- tetrahydro- 
carbazole for times of one, three and f ive minutes. The low conversions 
encountered at th is temperature made i n i t i a l  analysis of the technique 
d i f f i c u l t .  Material balances ranged from 83 to 99%, but the conversions were 
consistently between 16 to 19% of the star t ing material.  I t  was decided to 
continue experiments at a higher temperature to determine the f e a s i b i l i t y  of 
the experimental technique. 

Experiments were conducted at 400oc for  times ranging from one to 
t h i r t y  minute's. The data for  "these experiments are shown in Table I .  Material 
balances ranged from 82 to 105% of start ing mater ial ,  with conversions from 21 
to 75% of start ing material (9-BTHC). This s ign i f ies  a tremendous improvement 
in the consistency and accuracy of the experimental data u t i l i z i n g  th is  
technique. A major i ty of the experiments had material balances from 88 to 95.%. 
I t  must be remembered that the kinet ics data presented in th is report are f o r  
one temperature only, and therefore, l i m i t  the conclusions. The conclusions 
made are speculative and must remain as such unt i l  fur ther data can be 
gathered for comparison. 

Kinetic a~lalysis of these data was performed i n i t i a l l y  with the integral 
technique i for zero: f i r s t  and second order k inet ics.  Zero order kinet ics does 
not model the data well at a l l  and can be discarded as a possible description 
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of the reactions occurring. The results of the f i r s t  and second order 
kinet ics analyses are shown in Table 2. A l inear regression analysis was 
performed on the f i r s t  and second order kinet ics data and the results are 
shown at the bottom of Table 2. 

The f i r s t  and second order k inet ic  data are plotted in Figures 1 and 
2, respectively. The l ine drawn on each plot  is the resul t  of the l inear 
regression analysis of the data. 

The data was also analyzed u t i l i z i n g  the d i f fe ren t ia l  technique. 1 
This technique involves the determination of the rate of change of the 
concentration of the star t ing material (dCA/dt) from a concentration versus 
time curve. The concentration (CA) versus time curve is shown in Figure 3. 
The results of th is analysis are shown in Table 3, with the plot  of Ln(-dCA/dt) 
versus Ln (CA) in Figure 4. The d i f fe ren t ia l  analysis strongly suggests 
that the reaction(s) occurring at 400oc can be modeled more e f fec t i ve ly  
by second order k inet ics.  I f  Figures 1 and 2 are compared, v isual ly  and 
by l inear regression analysis, i t  can be seen that the data f i t  the second 
order plot better. Experimental error makes the comparison a l i t t l e  more 
d i f f i c u l t  than necessary. U t i l i z i ng  the d i f fe ren t ia l  and integral analyses, 
i t  can be concluded ( for  th is  temperature, 400oc) that the reactions occurring 
can be modeled most e f fec t i ve ly  by second order k inet ics.  

Pyrolysis experiments for  9-BTHC have also been conducted at 425oc. 
Problems have been encountered with the formation, due to side reactions, of 
what appears to be condensation reaction products. Material balances above 
90% have not been consistent ly at tainable, with the recovery decreasing as 
reaction time and heavy products formation increases. The side reaction 
products are s imi lar  in appearance to coke and tars from coal or petroleum 
reactions. They are very resistant to dissolut ion in standard solvents and 
complicate product analyses considerably. The data gathered thus far at 425°C 
are shown in Table 4. 

Future Work 

In an attempt to identify unknown pyrolysis reaction products occurring 
at 400 and 425oc, gas chromatographic/mass spectrometric analyses wi l l  be 
oerformed in an attempt to understand the pyrolysis mechanism better and to 
verify previous analyses. I t  is also hoped that some information wil l  be 
obtained to confirm or refute the production of the apparent condensation 
reaction(s) products. 

GC/MS analysis w i l l  also be performed on the three model compounds to be 
u t i l i zed  in th is study. 2 These analyses w i l l  be performed to ver i fy  composi- 
t ion and structure of the model compounds. 

Improvements in sample preparation to prevent the retention of any oxygen 
and/or water in the sealed tubes w i l l  be studied and implemented i f  deemed 
necessary. Certain means to prevent th is retention are current ly u t i l i zed  
but refinements may be necessary. 

Also, work w i l l  continue to improve the experimental technique and in 
doing so improve data consistency, especial ly at higher pyrolysis temperatures 
(T > 425oc). 
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• Table 2. Pyrolysis of 9-benzyl-l,2,3,4-tetrahydrocarbazole overal l  
reaction(s) order determination via the integral technique. TemP: 400oc 

Reaction Time, 
Hi nutes 

1 

3 

5 

5 

8 

I0 

15 

20 

30 

K inet ic  Plots '  O r d i n a t e s  
F iRst  Qrder 
-Ln ( I -X A ) 

O. 2361 

O. 3340 

O. 4423 

0.4560 

• O.4755 

0.8481 

0,7620 

1. 0234 

1.402 

Second Order 
XA/[CAO(I-X~)]  

9.894 

16.20 

26.73 

24.57 

30.96 

47.28 

70.36 

77.29 

]43.36 

L inear Regression Analysis 

F i r s t  Order 

-Ln(I-XA) = k l t  

Second Order 
x A 

CAO(I_XA.) : k2t 

Y- In tcp t  

0.2427 

1.774 

S1 ope 

0.0391 

4.44 

r 2 

0.9471 

0.9778 

whe re, 

- I  
k l [=  ] min 

CC 
k2 [ : ]  n~nole-min ' 

2 r : co r re la t i on  c o e f f i c i e n t  
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Table 3. Pyrolys is o f  9-benzyl-l,2,3,4-tetrahydrocarbazole overal l  
order determinat ion d i f f e r e n t i a l  method. Temp- 400oc. 

Reaction Time, C A _(ddt_~ ) Ln[CA] 
! l inutes 

1 

3 

5 

5 

8 

I0 

15 

20 

30 

reac t ion(s)  

Ln[-(~Ct-~) ] 

0.02125 2.499 x 10 -3 -3.851 -5.992 

0.01753 1.999 x 10 -3 -4.044 -6.215 

0.01495 1.201 x lO "3 -4.203 -6.725 
} 

0.01491 -4.206 

0.01223 8.334 x lO -4 -4.404 -7.090 

0.01209 7.145 x lO -4 -4.415 -7.244 

0.00758 3.748 x lO -4 -4.882 -7.889 

0.00829 3.335 x lO -4 -4.793 -8.006 

0.00526 1.666 x lO "4 -5.248 -8.700 

CA = NAn(i-xA) 
VT 

Linear Re~ression Analysis 

Ln[-(ddCt-~)] = Ln(k) + n_Ln[CA], where 

Y- in tercept  = 1.623 = Ln(k) 

Slope = 1.98 = n 

r 2 = 0.9849 : co r re la t ion  coe f f i c i en t  
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Task 6 

Catalytic Hydrogenation of CD Liquids and Related 
Polycyclic 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 f u l l y  
hydrogenated coal l iqu id,  are suitable starting materials for catalyt ic 
cracking, as applied for preferential production of l ight  l iquid 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 is t inc t  aromatic systems in the presence of 
sulfided catalysts. 

Project Status 

The systematic studies of the hydrogenation reactions of chrysene and 
of an SRC-II d i s t i l l a t e  (b.p. range 230 - 455 o ) are being continued. 

Future Work 

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

Reference 

I .  J. Shabtai, C. Russell, L. Veluswamy and A.G. Oblad, to be published. 
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Task 7 

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

Catalyt ic Hydrodeoxygenation of Coal-Derived Liquids and Related 
Oxygen-Containing Compounds 

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

Introduction 

Coal-derived l iquids are characterized by the presence of a consider- 
able concentration of oxygen-containing components. Therefore, a systematic 
cata ly t ic  hydrodeoxygenation (HDO) study of coal-derived l iquids and 
related model compounds i s  being carried out. The study provides information 
not only on the mechanism of HDO as related to cata ly t ic  upgrading of coal 
l iqu ids,  but also on the role of oxygen-containing compounds in primary 
coal l iquefact ion processes. 

Project Status 

:Systematic HDO studies of representative diaryl  ethers and dibenzofurans 
are in progress. These two types of compounds are found as components of coal- 
derived o i l s ,  asphaltenes and asphaltols and show considerable resistance 
to hydrodeoxygenation. 1 Ongoing kinet ic studies indicate that HDO rates for 
dibenzofurans are markedly lower as compared with those of diaryl  ethers. In 
ef fect ,  evidence is being accumulated to indicate that dibenzofuran type of 
components in coal l i qu id {  show highest resistance to HDO in upgrading 
reactions catalyzed by sulf ided Co-Mo and Ni-Mo catalysts. 

Future Work 

The above indicated studies w i l l  be continued. 

Reference 

I .  H.B. Oblad, Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 1982. 
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Task 8 

Catalytic Cracking of Hydrogenated Coal-Derived 
Liquids and Related Compounds 

Faculty Advisors: 

Graduate Student: 

J. Shabtai 
A.G. Oblad 
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 hydrodcracking- 
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 

Systematic catalytic cracking studies, using newly synthesized cross- 
linked smectite (CLS) molecular sievesl,2 are being continued. One type 
of newly prepared catalyst systems, i .e. ,  cross-linked fluorhectorites (CCFH 
molecular sieves) show much higher cracking activities as compared to those of 
conventional, zeolite-containing cracking catalysts in model reactions with 
a variety of alkylsubstituted arenes (see previous report, DE/ET/14700-10). 
Data will be provided in the next report. 

Future Work 

The above indicated studies will be continued. 

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' (Thermal Hydrocra•cking) of CDLiquids • 

Faculty Advisors: J, Shabtai 
A.G. Oblad 

Graduate Student: Y. Wen 

Introduction . ~ 

This project is concerned with a systematic investigation of hydro- 
pyrolysis (thermal hydrocracking) as an alternati.veprocessing concept 
for upgrading of heavycoal-derived l iquids into l.ight l iquid products. 
The high eff iciency and versat i l i t y  of hydropyrolysis has been ihdicated 
in previous studies with heavy CDL feedstocks and with model C0mpounds. I-3 
The present project is an~extension of this previous work for the 
purpose of (a) further developing and enlarging the scope of the hydro- 
pyrolytic.reaction~,and (5) optimizing the operating conditiohs for " " 
d i f 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 thehydropyrolysis 
process. "" •.. 

.PrpJec~ Status~• • ~ ..~ 
The sys{en~ti.chydropyrolysis •studies of representative naphthenoaromatic 

hydrocarbons and of an SRC-II middle-heavy d i s t i l l a te  (b.p. range,230-  455°C) 
are being continued. In addition to te t ra l in  (see preceding progress repor t  
DE/ET/14700-10) a study of the hydropyrolytic reactions of 9, lO-dihydro- 
anthracene was in i t ia ted.  

Future Work 
Hydropyrolysis studies with (a) par t ia l ly  hydrogenated coal i iquids, 

• and (b) polycyclic naphthenoaromatics as feeds wi l l  be continued. 
3 ,  . ' , • 

References . 

I. J. Shabtai, R. Ramakrishnan and A.G. Oblad, Adwnces in Chemistry,'No. 183, 
Thermal Hydrocarbon Chemis•tr~, Amer.Chem. Soc., 1979, pp 297-328. 

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

. A.G. Oblad, J. Shabtai and R. Ramakrishnan, U.S. Patent 4,298,457 • (1981). 
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Task I0 

Systematic Structural Ac t iv i ty  Study of Supported 
Sulfided Catalysts for Coal Liquids Upgrading 

Faculty Advisors: F.E. Massoth 
J. Shabtai 

Post-Doctoral Fellow: Y. Liu 
Graduate Student: K. Baluswamy 

Introduction 

The objective of this research is to develop an insight into the 
basic properties of supported sul f ide catalysts and to determine how 
these relate to coal l iquids upgrading. The proposed program involves 
a fundamental study of the relat ionship between the surface-structural 
properties of various supported sulf ide catalysts and thei r  cata ly t ic  
ac t i v i t i es  for various types of reactions. Thus, there are two c lear ly 
defined and closely related areas of investigation, v iz . ,  ( I )  catalyst 
characterization, especial ly of the sulfided and reaction states and 
(2) elucidation of the mode of interact ion between catalyst surfaces and 
organic substrates of d i f fe rent  types. The study of subject ( I )  w i l l  
provide basic data on sulfided catalyst structure and funct iona l i ty ,  and 
would allow the development of catalyst surface models. Subject (2), on 
the other hand, involves systematic studies of model reactions on 
sulf ide catalysts, and the u t i l i za t i on  of data obtained for development 
of molecular level surface reaction models correlat ing 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 specif ic and more effect ive 
catalysts for upgrading of coal l iqu ids.  

Atmospheric ac t i v i t y  tests using model compounds representative of 
hydrodesulfurization (thiophene), hydrogenation (hexene) and cracking 
(isooctene) have been developed. These were employed to assay changes 
in the cata ly t ic  functions of various supported CoMo catalysts. I t  was 
found that hydrodesulfurization (HDS) and hydrogenation (HYD) ac t i v i t i es  
were generally unaffected by the type of alumina used or by the cobalt sal t  
used in the preparation; whereas, cracking ac t i v i t y  varied considerably, 
being highest for y-A1203 and cobalt sulfate addit ion. Addition of acidic, 
basic or neutral ions to the standard y-alumina catalyst at 0.5 wt % level 
showed interesting changes in cata ly t ic  ac t i v i t i es  for the various functions~ 
In a series of catalysts employing si l ica-alumina as the support, the HDS 
and hydrogenation functions decreased with increasing s i l i ca  content, 
while cracking went through a maximum in ac t i v i t y .  Catalysts prepared 
by supporting CoMo on Ti02, Si02-MgO and carbon showed low ac t i v i t i es ,  
except for high cracking ac t i v i t y  for the two former catalysts. 

Oxide precursors of CoMo and Mo catalysts supported on various s i l i ca -  
aluminas evaluated by ESCA showed that support-active component interact ion 
decreased with increase of s i l i ca  in the support. I t  was also found that 
cobalt did not influence the Mo dispersion. On alumina, the Mo phase was 
found to be dispersed in essent ial ly a monoatomic form. 
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Several catalysts, which were evaluated in the atmospheric pressure 
test  un i t ,  were subsequently tested at high pressure (34 atm) using 
dibenzothiophene (HDS), naphthalene (HYD) and indole (HDN). Results 
showed poor corre lat ion of HDS and HYD ac t i v i t i es  between the two test  

• condit ions. The high pressure runs are carr ied out sequent ia l ly  in the 
order indicated to assess the separate Cata ly t ic  func t i ona l i t i es .  Repeat 
runs of HDS and HYD af ter  HDN gave appreciably lower a c t i v i t i e s  fo r  HDS and 
HYD which was found to be due to strongly adsorbed residues containing 
nitrogen. 

Project Status 
In this period several NiW catalysts Were prepared and tested in the low 

pressure reactor. High pressure tests on a CoMo/Al20 3 and NiMo/Al203 
series of catalysts were carried out. Also, the effect of H2S on HDS, HYD 
and HDN was evaluated. 

Catalysts. containing 3% Ni and 16% W were prepared by impregnation on 
the fo l lowing supports: y-Al203, 10% Si02-AI~O 3 and 25% SiO2-AI?O 3. The 
levels of Ni and W were chpsen to give equimolar concentrations ~o those 
previously used in CoMo and NiMo catalysts.  The catalysts were tested fo r  
thiophene HDS, hexene HY~ and isooctene CK6 in the low pressure r e a c t o r ,  
as described previously~ ~ The resu l ts ,  in terms of rate constants, are given 
in Table I ,  together with comparable results for  CoMo and NiMo catalysts.  On 
Al203, the NiW catalyst  is only about 2/3 as active for  HDS and HYD as the 
CoMo cata lyst ,  and as act ive for  HDS b u t s l i g h t l y  less ~ct~v~ for  HYD as the 
NiMo catalyst .  However, on the Si02-containing supports, NiW is more active 
for  HDS but less active for  HYD than the comparable CoMo catalysts.  Th i s  
in terest ing reversal gives s i gn i f i can t l y  higher HDS/HYD se lec t i v i t i es  for  
these catalysts.  Also, the presence of W has markedly increased the cracking 
function on these catalysts,  complete conversion even being obtained oN the 
AI203 catalyst~ Thus, WS 2 has appreciably more protonic ac id i t y  than MoS 2. 

High pressure tests were carr ied out ona  series of CoMo/AI203 and NiMo/ 
AI203 catalysts which had been previously screened in the low pressure'reactor. 2 
In these tests,  made'at 500 psi ,  dibenzothiophene is used for  HDS, naphthalene 
for  HYD and indole for  HDN. m Results are presented in Table 2. Severa l  
in terest ing differences are observed for  Co versus Ni promotion. A t  I% leve l ,  
Co promoted HDs more than Ni while HYD and HDN promotions were about the same. 
However, at 3% and 6% levels ,  Ni promoted a l l  ~eactions more than Co. Generally, 
Ni promoted HYD and HDN re l a t i ve l y  more than HDS compared to Co. These results 
are in general agreement with the low pressure data on these same Catalysts, 2 
except for  lowe~ HDS for  the Ni compared to the Co catalysts obtaified at low 
pressure, Apparently, the Ni 'catalysts become more active with increased H 2 
presSure tha~ the c6~parable Co catalystS. 

The ef fect  of H:S on promoting HDN was reported previously. 2 S im i l a r  
tests Were made oh H~S and HYD, and repeated on HDN. In these, the amount of 
CS 2 (conVerted to H2S in the reactor) in the l-iquid feed was increased four fo ld  
ove~ the standard amount used. Table 3 pre~ents the results obtained for  the  
6% Co 8% Mo/AI203 ~atalyst .  Increase in HpS par t ia l  pressure resulted in a 
large lo~s in HDS a c t i v i t y  and a moderate Toss in HYD ac t i v i t y .  The increase 
in HDN confirm~ ou~ ea r l i e r  resul t ,  ?he d i f fe ren t  responses to H2S indicate 
di f fegent s~tes are involved for  these three reactions. Evidence for  d i f fe ren t  
si tes for  these reactions has recent iy beenreviewed." 
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Future Work 

Several additional NiW catalysts wi l l  be prepared and tested. A high 
pressure test for HDO wi l l  be developed and a number of different catalysts 
wi l l  be evaluated for HDO activity. Reactivity tests wi l l  be instigated on 
selected reactants expected to give information on the stereochemistry of 
HYD, HDN and HDO reactions in order to obtain insight into the nature of 
the active sites present. 

References 

I. W.H. Wiser, F.E. Massoth, J. Shabtai and G. Muralidhar, DOE Contract No.DE- 
ACOl-79ET14700, Quarterly Progress Report, Salt Lake City, Utah, April-June 
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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 

Introduction 

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 deac- 
t ivat ion mechanism, the detailed kinetics of reactions of model compounds 
representative of heteratom 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 rred 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 poisoning by 
pyridine or coke results in loss of active sites for benzothiophene HDS, 
but that the remaining unpoisoned sites retain their  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 CoMo/AI203 catalyst with several nitrogen-containing 
compounds gave the following order of deactivation of hexene hydrogenation: 
quinoline > pyridine > indole > ani l ine. Thiophene hydrodesulfurization 
was deactivated more than hexene hydrogenation, but was less sensitive to 
the type of poison adsorbed. Poisoning with 2,5-pyridine gave opposite 
results, hydrogenation being deactivated more than hydrodesulfurization, 
showing that steric and inductive effects are important in the effect of 
specific poisons on catalyst deactivation. 

Project Status 

Work has continued on the effects of N-compound poisoning on thiophene 
HDS and hexene hydrogenation (HYD) act iv i t ies  of a CoMo/AI203 catalyst. The 
experimental technique has been described in the last progress report. 1 

Figure 1 presents results of relat ive catalyst deactivation of HDS and 
HYD forpiperidineand pyridine. Relative act iv i ty  is the rat io of the 
ac t iv i ty  of the poisoned to the unpoisoned catalyst. Piperidine had a 
greater deactivating effect on HDS than pyridine, probably due to the 
greater basic character of piperidine. However, there was no difference in 
HYD deactivation between the two compounds, somewhat surprising in view of 
the greater effect of basicity on HYD poisoning found previously for other 
N-compounds. 
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Comparisons o f  deactivations with N,N-dimethylanil ine and an i l ine are 
shown in Figure 2. Both HDS and HYD ac t i v i t i e s  were more deactivated wi th  
the methyl-substituted compound. This may be due to the part ia l  overlaP 
of a methyl group on an adjacent active s i te ,  rendering that s i te  less 
active. In terest ing ly ,  a s te r i c  hindrance ef fect  was not present (moderating 
adsorption) as had been observed for  2,6-dimethylpyridine on HDS ac t i v i t y .  1 
Apparently, the N atom in N:N-dimethylanil ine is able to bond to the HDS 
s i te  without hindrance, whereas the N atom in 2:6-dimethylpyridine encounters 
some hindrance due to the methyl groups. 

The e f fec t  of excess H2S on the poisoning effects of ani l ine::  pyridine 
and 2,6-dimethylpryidine was studied. In excess H2S, the HDS ac t i v i t y  was 
lower than in i t s  absence, but the HYD ac t i v i t y  was unaffected. Relative 
ac t i v i t y  deactivations for  both reactions with the three poisons were 
essent ia l ly  the same with or without added H2 s. Thus, the presence of 
H2S, while depressing HDS ac t i v i t y :  had no ef fect  on the re la t ive 
deactivating ef fect  of these poisons. 

Four general f indings come from these poisoning studies: ( I )  for  
the same to ta l  amount of a given poison adsorbed, HDS ac t i v i t y  is deactivated 
more than the HYD; (2) deactivation-uptake plots of both show concave 
curvature; (3) stronger bases give greater deactivation of HYD, but l i t t l e  
difference for  HDS; and (4) s ter ic  hindrance affects HDS deactivation but 
not HYD. Interpretat ion of these results is complicated by the fact  that 
tota l  adsorption of the poison is measured rather than the speci f ic  amount 
on active s i tes ,  while ac t i v i t y  data is related to only active s i tes ,  whose 
number may be re la t i ve l y  small compared to the tota l  adsorption si tes 
( ca ta l y t i ca l l y  active plus inact ive s i t e s ) .  For a given poison, th is  
complication is of no importance in evaluating i t s  ef fect  on HDS vs. HYD 
ac t i v i t y .  Thus, the greater deactivation ef fect  on HDS compared to HYD 
for  a l l  unhindered poisons means that re la t i ve ly  more poison adsorbs on 
HDS sites than HYD s i tes ,  and indicates that HDS sites are stronger Lewis 
acid si tes. That the deactivation-uptake plots show curvature implies a 
d is t r ibu t ion  of strengths (ac id i ty )  of both HDS and HYD sites is present. 

When comparing the ef fect  of d i f fe ren t  poisons on ac t f v i t i es ,  differences 
in adsorption on inact ive sites may come into play. However, i t  can be shown 
that th is cannot account for differences in deactivation of HYD while HDS 
deactivation is essent ia l ly  unaffected for  d i f fe rent  poisons. Therefore, 
we assume that adsorption on active si tes is proportional to to ta l  adsorption. 
Then, the greater deactivation on HYD for  stronger bases may be rat ional ized 
by an electron inductive ef fect  on a neighboring uncovered s i te ,  lowering 
i t s  Lewis ac id i ty  and ca ta ly t i c  a c t i v i t y  (e.g. pyridine vs. an i l ine) .  That 
HDS deactivation is not s im i la r l y  affected may be due to the stronger ac id i ty  
of HDS s i tes:  neighboring inductive ef fects having less ef fect  on i t s  strong 
ac id i ty  than on the weaker ac id i ty  of HYD si tes. 

The ef fect  of 2,6-dimethylpyridine on greater deactivation of HYD 
compared to pyridine may be s im i la r l y  explained as the former is a stronger 
base. However, the greater deactivation of HDS is not observed; in facE, 
HDS is less deactivated with dimethylpyridine. This may be explained by a 
s ter ic  e f fec t ,  the methyl groups preventing close approach of the molecule 
to the active adsorption s i te ,  rendering i t  e f fec t i ve ly  less basic in th is 
case; thus, i t s  inductive ef fect  on a neighboring HDS s i te  w i l l  be weakened 
and less deactivation w i l l  occur. I f  th is  explanation is correct, i t  indicates 
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that the geometry of HDS and HYD sites is d i f fe rent ,  the former being 
susceptible to s ter ic  hindrance effects and the l a t t t e r  not. F inal ly ,  
i t  should be noted that no ster ic  effects on either HDS or HYD were 
obtained with N,N,dimethylaniline compared to ani l ine.  Orientation of 
the adsorbed molecule on the HDS site must be d i f ferent  in this case 
than for pyridine to account for differences in s ter ic  effects. 

Future Work 

Additional poisoning studies w i l l  be made with several O-compounds 
to compare resu l t sw i t h  the N-compounds. Kinetic studies of HDS and 
HYD on a fresh and aged catalyst which had been used in an H-coal p i l o t  
plant run w i l l  be in i t i a ted .  

Reference 

I .  W.H. Wiser and F.E. Massoth, DOE Contract No. DE-ACOI-79ETI4700, 
Quarterly Progress Report, Salt Lake City, Utah, April-June 1982. 
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Task 12 

Diffusion of Polyaromatic Compounds in 
Amorphous Catalysts Supports 

Faculty Advisor: F.E. Massoth 
Post~Doctoral Fellow: G. Seo 

Introduct i  on 
This project, involves assessing di f fusional  resistances wi th in 

amorphous-type catalysts. Of primary concern is thequest ion of whether 
the larger,  mul t i r ing hydro-aromatics found in coal-derived l iqu ids w i l l  
have adequate access ib i l i t y  to the active si tes wi th in the pores of 
typical processing catalysts. When molecular dimensions approachpore 
size diameters, the effectiveness of a par t icu lar  catalyst  i s  ~edu~d 
owing to s ign i f i cant  mass transport resistance. An extreme case occurs 
when molecular and pore size are equivalent, and pores below th is  size 
are physical ly inaccessible. 

The project objective can be achieved through a systematic study of 
the ef fect  of molecular size on sorptive di f fusion rates re la t ive  to 
pore geometry. Conceptually, the d i f fus ion of model aromatic compounds 
is carried out using a s t i r red  batch reactor. The preferent ia l  uptak e 
of the aromatic from the a l iphat ic  solvent is measured-using a UV spectro- 
meter. Adsorption isotherms are determinedto supplement:tHe di f fusion 

• , , .  studies. ' 

Studies to date have been confined to Ambient temperature and pressure. 
Four aromatic solutes ranging from 7 to 19 ~ and four aluminas^(representative 
of catalyst  supports) having average pore sizes of 50 to 150 mZ/g have 
been studied. The solutes were dissolved in cyclohexane solvent.• EqOil i-  
brium adsorption isotherms of the various solutes for  the d i f fe ren t  al.uminas 
were a l l  nonlinear and well represented by Freundlich equations; :Uptake 
experiment.s demonstrated that the slow step in the adsorption process was 
in t rapar t i c le  d i f fusion.  Effect ive d i f f u s i v i t i e s  were determined from 
the uptake data by applying a pore di f fusion model incorporating a Freundlich 
.isotherm. The ef fect ive d i f f u s i v i t i e s  were foundto be less than those 
for  free pore d i f fus ion,  the ra t io  giving•a measure of the res t r i c t i ve  ef fect  
dueto the pores. This res t r i c t i ve  factor was shown to decrease with 
increasing rat io of solute molecular diameter to alumina pore diameter. 
Empirical correlat ions betweenthe res t r i c t i ve  factor and the ra t io  of 
molecular to pore diameter were obtained, which agreed well with l i t e ra tu re  
results for other Systems. 

The ef fect  of temperature dn d i f f u s i v i t y  was studied for  alumina M using 
tetraphenylporphine as solute. Because of the re la t i ve ly  high vapQr pressu#e 
Of the cyclohexane solvent used previously, dodecane was employed as solvent 
for  higher temperature studies. But d i f f i c u l t i e s  were encountered due to 
the impurit ies in dodecane which adsorbed on the alumina. Though reproducible 
adsorption isotherms were not obtained,.ef fect ive d i f f u s i v i t i e s c o u l d  be 
calculated from the uptake data assuming a l inear isotherm • . 
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Project Status 

The ef fec t  of pressure and temperature on e f fec t ive  d i f f u s i v i t y  was 
studied during th is  period. Dif fusion experiments were carried out with 
aluminas M, C and L using tetraphenylporphine and coronene as solute under 
d i f fe ren t  pressures in the autoclave s t i r red  reactor. Because of impur i t ies ,  
dodecane and decane solvents were treated with molecular sieve 13x and 
an activated alumina. Removal of impur i t ies in the solvents was s t i l l  not 
complete a f te r  th is  treatment, but reproducible e f fec t ive  d i f f u s i v i t i e s  could 
be calculated from uptake data. As the adsorption isotherms at elevated 
temperature and pressure were not obtained, e f fec t ive  d i f f u s i v i t i e s  were 
calculated under the assumption of l inear  isotherms. 

No s ign i f i can t  e f fec t  of helium pressure on ef fec t ive d i f f u s i v i t i e s  of 
solutes was observed up to 70 atm, as shown in Table I .  Although hydrogen 
dissolved s l i g h t l y  in the cyclohexane, there was no di f ference in e f fec t ive  
d i f f u s i v i t i e s  to 70 atm of hydrogen, as shown in Table 2. The same results 
were observed regardless of the alumina or solute used. Although l i qu id  
v iscosi ty  increases with pressure and l i qu id  bulk d i f f u s i v i t y  decreases 
with increase in v iscos i ty ,  th is  e f fec t  is very small,  and d i f f u s i v i t i e s  
were not noticeably affected by pressure. 

A question arises on the ef fec t  of solvent on the ef fec t ive d i f f u s i v i t y .  
Caro et al observed a surface blocking e f fec t  caused by solvent molecules in 
n-decane d i f fus ion in zeol i tes.~ They found that the d i f fus ion rate of n- 
decane into the zeol i te  with d i f f e ren t  solvents decreased as the molecular 
size of the solvent increased. In the d i f fus ion of  aromatic compounds in 
aluminas, surface blocking ef fec t  was not observed using cyclohexane, heptane 
and hexane as solvents by A. Chantong.2 He explained that pore sizes in the 
aluminas were larger compared to the solvent molecular sizes, and therefore, 
s ter ic  hindrance of blocking caused by small changes in the solvent molecular 
size was not operative. As shown in Table 3, using dodecane as solvent, the 
ef fect ive d i f f u s i v i t y  of tetraphenylporphine was reduced to one-fourth of 
that in cyclohexane solvent for  alumina M. The molecular size of dodecane 
is about twice of that of cyclohexane. Thus, a s ter ic  hindrance or blocking 
ef fec t  may be obtained for  larger size solvents. More experimental results 
w i l l  be required to con f i rm th i s .  

Ef fect ive d i f f u s i v i t i e s  (De) increased with temperature as expected, as 
seen in Table 3. (Results reported previously3 for  these runs are incorrect 
due to an error in ca lcu la t ion . )  The increase is appreciably greater than 
predicted by the increase in bulk d i f f u s i v i t i e s  for  th is  temperature range 
(De (60°C)/De (25°C) = I0,  D b (60oC)/D b (25oc) = I . I ) .  This dif ference 
indicates that pore d i f fus ion is an activated process. The act ivat ion energy 
for  d i f f us i on .o f  tetraphenylporphine into alumina M in dodecane solvent was 
13 kcal/mole determined from an Arrhenius p lo t .  Sa t te r f ie ld  and Cheng 4 reported 
the ef fec t ive d i f f u s i v i t y _ o f  mesitylene in NaY was 13 x lO-13cmZ/s at OOC, and 
increased to 60 x lO-13cmZ/s at 30oc, the act ivat ion energy for  d i f fus ion being 
9 kcal/mole. 

Ratios of the ef fect ive d i f f u s i v i t i e s  to the f ree-solut ion d i f f u s i v i t i e s  
of the same cross-sectional area (Db~) are also shown in Table 3. The rat ios 
of De/Db~ were a l l  less than 1 at elevated temperature, indicat ing that the 
mobi l i t y  of the solutes in alumina is less than the i r  mob i l i t y  in f ree-solut ion 
of the same cross-sectional area. 
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Future Work '" • 
Additional •diffusion runs of coronene and oetaethylpopph.ine, i n  alumina 

M, C and L wil l  be carried out a~ high.4r tempeYatdre. " 
~ ,  . ,  

• , , , , 
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Table I .  Effect of Hepressure on effect ive di f fusi •v l i t iesoftetrapf ienyl  - 
porphine in alumina M •at room tempera.ture.. ,• 
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Table 2. Effect of.H 2 pressure on ef fect ive d i f fus iv i t i es  of coronene .in 
alumina C and L at room temperature . . . .  , .. 

Alumina 

Solvent 

Pressure, atm 

D e .x 106, cm2/s 

• decane 

.2.9 69 

4.9 4.7 

C • " - -  L : ' '  

cycl ohexane, cyc.1 o hexane 

0.85 a 69 . " 2.91'", "69 

-4.4" 4.3 3.8 3.7 

aR~f2.  
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Table 3. Effect of temperature on ef fect ive d i f f us i v i t i es  of tetra-  
phenylporphine in alumina M. 

D e x 106 D b x I06a D e 
Temp,°C Solvent cm2/s cm2/s 

25 b cyclohexane 0.66 4.4 0.21 

25 dodecane 0.15 4.0 0.05 

40 dodecane 0.48 4.2 0.16 

60 dodecane 1.5 4.5 0.47 

aD b is bulk d i f f us i v i t y  estimated from Wilke-Chang equation. 

bRef 2. 
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Task 13 

Catalyst Research and Developmeni: 

Faculty Advisor: F.V. Hanson 
Graduate Student: C.S. Kim 

Introduction 

The objectives of th is project are to develop a preparat iontechnique 
for a Raney type catalyst  (par t i cu la r l y  Raney iron-manganese), to establish 
catalyst  characterization techniques, and to determine the optimum process 
variables for the maximum production of gasoline boi l ing range hydrocarbons, 
low molecular weight olef ins and BTX via hydrogenation of carbon monoxide. 
A detai led.discussion of the objectives was presented in a previousreport. 1 

An e lec t r i c  heating furnace was bu i l t  to prepare the AI-Fe and AI-Fe-Hn 
al loys. Several samples of aluminum al loys were prepared and an optimum 
preparation technique was developed. 

A st i r red- tank reactor was fabricated to act ivate the al loys in an 
aqueous solution of sodium hydroxide at d i f fe ren t  act ivat ion conditions and 
is working sa t i s fac to r i l y .  

A high pressure fixed-bed reactor system has been bu i l t  to determine the 
catalyst composition and act ivat ion variables which w i l l  optimize the catalyst  
ac t i v i t y  and se lec t i v i t y .  The same reactor w i l l  be used for the process 
variable invest igat ion. 

A series of  exploratory runs were made to determine a proper range of 
process variables for  a standard catalyst  screening test .  The catalysts 
were tested at the fol lowing conditions in the fixed-bed reactor: pressure,  
200 psig; space ve loc i ty ,  3.0 cc/g-cat-sec; H2/CO, 2.0; temperature, 
150 to 200oc . . . . . .  

The carbon mass balance of CO hydrogenation in the fixed-bed unit  was 
sat is fac tory  (> 95%), especial ly at low levels of  CO conversion. The Raney 
catalysts were more active than the precipi tated catalyst  in terms of 
CO conversion. Among the Raney catalysts,  high temperatures produced more 
active catalysts than low temperatures, 

A thermogravimetric analysis technique was used to determine an optimum 
reduction temperature. The optimum temperature was 400°C for precipi tated 
catalysts and 375°C for Raney catalysts. A l l  the catalysts were reduced 
under a hydrogen gas stream at the optimum temperature for 5 hours, jus t  
pr ior  to the a c t i v i t y  test  in the fixed-bed. 

Other catalyst characterization work has been done such as BET surface 
area and X-ray d i f f rac t ion .  
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Project Status 

The standard ac t i v i t y  tests of the catalysts were reported in the 
previous report. A dupl icat ion run for the Raney Fe-Mn (50oc, a l loy  
addition) was made, since the ac t i v i t y  test data indicated the catalyst  
ac t i v i t y  did not reach a steady-state. Table 1 l i s t s  the results along 
with data of two other catalysts prepared at d i f ferent  temperatures for 
comparison. 

The ca ta ly t i c  a c t i v i t y  of Raney Fe-Mn, prepared at 90oc, was higher 
than the other two catalysts Prepared at lower temperatures. The other 
two catalysts showed ca ta ly t i c  ac t i v i t y  s imi lar  to each other. 

The Raney Fe-Mn catalyst  (50°C, a l loy addit ion) was tested at a high 
space veloc i ty  and the results are shown in Table 2. When comparing the 
data in Tables 1 and 2 of Raney Fe-Mn catalyst  (50°C), there was no s i g n i f i -  
cant change in product d is t r ibu t ions ,  while the C2-C 40/P rat io  increased 
as the space veloci ty increased. 

Another Raney Fe-Mn catalyst  (50oc, caustic addit ion) was prepared from 
a d i f ferent  batch of a l loy samples to check the reproduc ib i l i ty  of the 
catalyst  preparation technique and the al loy preparation technique. Figure 1 
shows the aluminum % leaching curves of two catalysts prepared at the same 
conditions. The f inal  aluminum % leaching data agreed well within experi- 
mental errors. Table 3 shows the results of the ac t i v i t y  tests of the 
same catalysts. The ca ta ly t i c  ac i t v i t y ,  in terms of CO % conversion, also 
agreed, which again confirms the reproduc ib i l i t y  of the catalyst  preparation 
technique as well as catalyst  test ing procedures. 

For iron catalysts,  a f i r s t -o rde r  empirical Equation ( I )  2 has been 
successfully used to determine k inet ic  parameters as fol lows: 

- In ( l - x )  = A esp (-E/RT) ( I )  
S 

where A is the rate constant, E is the act ivat ion energy, x is CO conversion, 
and S is the space veloc i ty .  By rearranging Equation ( I )  

In (-~ I n ( l - x )  = In k : In A-E/RT (2) 

The ac t i v i t y  test data were used to determine the act ivat ion energy 
and the pre-exponential factor of each catalyst  for  CO hydrogenation using 
Equation (2). Figure 2 shows an Arrehnius p lot  for the Raney Fe-Mn cataqyst 
(50 °, a l loy addit ion).  The  k inet ic parameters of other catalysts were obtained 
and are l i s ted  in Table 2. Generally, the range of the act ivat ion energ~ 
agreed with the values of  the iron catalysts reported in the l i te ra tu re .  ~,3 

Since the act ivat ion energy of the catalysts were d i f fe rent  from each 
other, the pre-exponential factor could be used as a sole c r i te r ion  for 
comparing ca ta ly t i c  ac t i v i t y .  A better comparison of ca ta ly t i c  ac t i v i t y  can 
be made by comparing the turn-over number of each catalyst  for  CO hydrogenation. 
This can be obtained from selective chemisorption which gives the number of 
active sites on the catalyst  surface. 

The elemental composition of some catalysts was determined by Atomic 
Absorption technique. Table 5 l i s t s  the resul ts.  There is good agreement 
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between the values from•AA and the measurement of aluminum % leaching 
• during the activation of the alloys..• . . . . .  

Future Work 

The elementalanalysis of catalysts wil!  be completedusing the same • •  

technique. The part icle size of the catalyst s rysta l l i te  wil l  be determined 
using the X-ray line-broadening technique. The part icle size data wi l l  be 
ut i l i zed in connection with the BET surface a rea to  explain the.differences 
in catalyt ic  activity~between di f ferent  catalysts. .  ~ ~ ' 

• The Raney Fe-Mn catalyst (90oc, al loy addition) wil l  be used for the 
process variable study. This work wil l  be carried:out by another graduate 
student for his master thesis., •The chemisorption:technique wil l  lbe u t i l i zed  
to determine the turn-over frequency of each catalyst for COhydrogenation 
as soon as the apparatus is available.  7he construction of •theapparatus 
isunderway. • . 

References 

. 

. 

. 

W.H. Wiser, F.V. Hanson and.C.S. Kim, DOE Contract No. DE-ACOI-7gET 
14700~ Quarterly progress Report, Salt  Lake Ci . ty ,Utah; .~ct -Dec1979.  

R.B. Anderso.n,'~ata]ysis=" Vol.~4,•Reinhoid Pubi ishingco. ,  New~York'~ 
New York, 1961. 

M.A. Vannice J. Catal . ,  37_.__, 449 . (1975) 

• ° .  

• ' , • . , 

o . . . • .  

43 



Table I. Fixed-bed run of Raney Fe-Mn catalyst. Pressure, 200 psig; H2/CO, 
2.0; Space Velocity, 3.0 cc/g sec. Catalyst prepared at 50oc by alloy 
addition method. 

Leaching Reaction CO Conv % 
Temp, °C Temp, °C (output) 

Hydrocarbon Select iv i ty  % CO 2 % 
C 1 C2-C 4 C5+ ROH 

50 150 

160 

170 

180 

0.6 42.9 41.5 15.7 0 I0.6 

1.2 26.5 49.3 24.2 0 16.6 

2.7 24.6 49.0 26.1 0.4 24.6 

5.0 23.2 50.3 26;I 0.3 33.6 

I. 93 

l .87 

l .85 

l .90 

30 150 

160 

170 

180 

190 

20O 

0.7 47.2 41.5 I0.6 0.7 5.9 

1.4 39.7 41.9 17.6 0.9 7.7 

2.8 34.4 45.4 19.5 0.7 l l . 8  

4.6 31.7 48.0 19.9 0.4 17.2 

8.6 27.6 49.2 21.8 1.3 25.7 

12.9 25.5 50.6 22.8 l.O 33.2 

l .78 

I. 68 

l .64 

l .69 

l .87 

2.14 

90 150 

160 

170 

180 

190 

200 

1.2 33.7 34.3 32.0 0 7.6 

1.6 32.7 44.1 23.1 0 12.0 

2.9 28.2 49.0 22.5 0.4 19.5 

6.1 26.9 47.1 25.1 l.O 26.3 

13.0 23.2 49.1 26.7 0.9 35.4 

23.6 21.9 52.0 25.2 0.9 42.9 

2.39 

2.51 

2.58 

2.42 

2.17 

2.49 
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Table 2, Fixed-bed run of Raney Ee-Mn catalyst.-Pressure,, 200 psig;. H2/CO, 
2.0. Catalyst prepared at 50°C by a l l o y a d d i t i o n .  

Space Velocity Rea'cti n CO Co nv % HYdrocarbon Select. ivi ty % C02% 
(cc/g sec) Temp, 8C ( o u t p u t )  C i C2-C 4 CST ROH C~}~ 4 

9.8 170 

180 

i90 

200 

0.9 27.5 51.0 21.0 0.45 16.7 .• 2.03 

2.1 24.9 50.6 23.8 0.7 23.4 1.99 

3.7 24.0 • 51.3 24.1 0.48 30.3 1.97 

6.6 22.2 50.3 26.7 0.80 37.0 2.08 

19.7 200 3.6 23.5 51.6 24.9 0.02 •29.8" 2.43 

Table 3. Fixed-bed run of Raney Fe-Mn catalyst .  Pressure, 200 psig; H2/CO, 
2 .0 ;Space  Veloci ty,  3.0 cc/g sec. Catalyst prepared at 50oc by caustic 
addition. 

Reaction CO Conv % 
Temp: oC (output) 

Hydrocarbon Se lec t iv i ty  % C02% 
Cl C2-C4 C5 ~ RQH C~/~ 4 

150 0.9 30.8 50.8 17.4 0.94 5.5 " 1.83 
(0.7) (28.9) (45.2)(16.3)(0.58) (5.9) (2.11) 

160 1.9 
(1.6) 

28.2 49.8 2].2 0.74 6.7 1.72 
(25.7) (50.2) (22.9)(1.2) (6.7)  (2.00) 

170 3.8 
(3.1) 

27.7 50.2 21.6 0.52 lO.l 1.69 
(25.6) (50.5) (22.7)(I.2) (lO.l) (1.90) 

180 6.5 
(6.4) 

26,2 49.6 20,9 3.2 1 4 . 0  I..75 
(29.4) (46.4)(2Q.0)(4.3)(14.2.) (1.84) 

( ) Numbers in parenthesis are from a catalyst  prepared at 
but made from a .d i f ferent  batch of  al oy samples. 

the same conditions 
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Table 4. Kinetic Parameters. 

Type Catalyst Preparation 
Method, Temp (oc) 

E a (Kcal/mol) 
Activation Energy 

A Pre-exponential 
Factor 

Fe Alloy Addition 
25 27.8 8,1 x lO 12 

50 31.9 9.6 x lO 14 

90 27.4 5.9 x lO 12 

90 a 23.5 7.0 x lO lO 

Caustic Addition 
25 27.2 4.5 x lO 12 

50 29.6 7.8 x lO 13 

90 29.8 9.8 x lO 13 

I0% solution 90 b 24.7 1.2 x IO II 

Precipitation 26.0 6.9 x IO I I  

Fe-Mn Alloy Addition 
30 23.8 4.7 x lO lO 

50 28.0 5.3 x lO 12 

50 c 27.7 4.5 x lO 12 

50 b 30.7 9.1 x lO 13 

90 29.3 2.6 x lO 13 

Caustic Addition 
50 26.1 8.0 x IO I I  

50 28.4 9.9 x lO 12 

90 26.8 1.9 x lO 12 

Coprecipitation 29.0 5.7 x lO 12 

aAlloy from Alpha Products. 

• blo% NaOH solution used for preparation. 

CFrom high space velocity run. (SV = lO, 20). 
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Table 5. Elemental Composition Analysis. 

Sample Type H 2 Evolution a 

A1 Fe Mn 

Atomic Abso.rption 

A1 " Fe Mn 

A1 - Fe-Mn A11 oy 
(59/38/3 wt %) 

AI-Fe-Mn A1 loy b 
(59/38/3) 

59.2 

- -  58.8 

37.7 • 

38. i 

3.1 

3.1 

Copreci pi tated 
Fe-Mn 

Raney Fe-Mn 
90oc, Alloy Addition 0 92.7 7.3 

Raney Fe-Mn 
50oc, Al loy Addit ion 12.0 81.5 6.4 

26.8 67.8 5.4 • 
Raney Fe-Mn 
30°C, Al loy Addit ion 

2.8 

2.8 

29.9 

.92.5 4.7 

92.0 5.2 

66.0 4.1 

Raney•Fe-Mn 
50"C, 10% Solution 38.3 57.2 4.5 34.i 61 .:7 4.2 

aThe elemental composition was estimated from aluminum % leaching, which was 
measured by H 2 evolut ion. I t  was assumed that Fe and Mn were not Iost  during 
act ivat ion.  . . . . .  

bAlloy from Alpha Products. • . . . .  

o 
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Task 14 

Characterization of Catalysts and Mechanistic Studies 

Carbon Monoxide Hydrogenation in Pseudo Slurry Reactor over 
Iron-Manganese Catalyst 

Faculty Advisor: F.V. Hanson 
F.E. Massoth 

Graduate Student: Wei-Ping Tai 

Introduction 

The conventional fixed-bed reactor has been used in this department 
to test the catalyt ic ac t iv i t ies  of catalysts with di f ferent compositions. 
Because of the highly exothermic nature of the carbon monoxide hydro- 
genation reaction, conversion level in the fixed-bed reactor is always 
kept below I0 percent to guarantee rel iable data. The "hot spot" occurring 
in the fixed-bed operation not only decreases the accuracy of kinetic data, 
but also accelerates undesired reactions, i . e . ,  the Boudouard reaction 
(disproportionation of CO to CO 2 and carbon) with concomitant fouling of 
the catalyst and shi f t ing of the select iv i ty  in the direction of methane. 
The pseudo slurry reactor has been introduced to minimize the temperature 
rise in the reactor and thereby maintain the catalyst ac t iv i ty  and select iv i ty .  
The objective of this investigation is to compare the performance of the 
tradit ional fixed-bed reactor with the pseudo slurry reactor. 

Project Status 

I t  has been reported in the previous report that temperature rise in 
a dense fixed-bed reactor is greater than that in a diluted fixed-bed 
reactor. A heat transfer media in a diluted fixed-bed reactor helps pre- 
vent a temperature rise inside the reactor, n-Hexadecane is a better heat 
transfer l iquid than Mobil #1 base stock MCP 151 without any additives because 
the former produces more C2-C4 hydrocarbons and less carbon dioxide. In this 
investigation, the effect of process variables such as temperature, pressure, 
H2/CO ratio and space velocity were tested in a diluted bed pseudo slurry 
reactor with n-hexadecane as the heat transfer liquid. Twenty grams of 
20/32 mesh catalyst pellets were mixed with four volumes of Denstone 57 
ceramic particles (20/32 mesh). The catalyst was pretreated in-situ with 
hydrogen at 673OK at ambient pressure for 20 hours. The catalyst was further 
stabilized by l)  reacting at 463OK at ambient pressure 16 hours with a H2/CO = 
2/I and a space velocity of 0.4 cm3/sec g-cat, 2) reacting at 473OK at the 
desired reaction pressure for four hours with a H2/CO = 2/I and a space 
velocity = 0.4 cm3/sec g-cat and 3) reacting with the same conditions as in 
the previous ste~ except that the heat transfer liquid was introduced at a 
rate of 0.I03 cm /sec. The operation procedure has been explained in the 
previous report, n-Hexadecane circulating rate was kept at 0.I03 cm3/sec 
for al l  runs. 

Figure 1 shows the ef fect  of temperature on CO conversion in a diluted 
bed pseudo slurry reactor. Higher CO conversion occurs with an increase in 
reaction temperature. Total  pressure also affects CO conversion as shown in 
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Figurel.  H!gher pressure means longer contact time and causes greater CO 
conversion. Temperature effect on carbon dioxide and C2-C4 hydrocarbon 
se lec t iv i t ies  are shown in Figures 2 and 3. More carbon dioxide and less 
C2-C4 hydrocarbons are produced at higher reaction temperatures. At the 
same reaction temperature, lower pressure causes higher CO 2 se iec t i v i t y  and 
lower Cp'C 4 hydrocarbon production. The temperature e f fec ton  the o le f in /  
paraff i~ rat io  of C2-C 4 hydrocarbons at d i f ferent  reaction pressures are 
shown Figures 4 to B. The olefin/paraff inmat~bs of C 3, C 4 ahd C2-C 4 hydro- 
carbons always increase as the temperature increases. The temperature ef fect  
on the o le f in /para f f in  rat io  of C 2 hydrocarbons i s n o t  clear at low reaction 
pressures. 

The effect of space velocity on CO conversion is shown in Figure 9i 
Higher space velocitymeans shorter contact time between reactant gas and 
catalyst, and i t  causes lower CO conversion. The pressure effect on CO 
conversion is also shown in Figure 9. Space velocity does have as ign i f i can t  
effect on carbon dioxideselect iv i ty.  Figure lO shows the carbon dioxide 
selectivity versus space velocity at different reaction pressures. Higher I 
space velocity produces less carbon dioxide. The pressure effect oncarbon 
dioxide selectivity is also observed in Figure lO. At the same reaction 
temperature and space velocity, less carbon dioxide is produced at higher 
pressure. Detailed product selectivit ies-at different reactionpressures 
are shown in Figures l !  to 15. Generally speaking, as the space velocity 
increases, methane and C2-C 4 hydrocarbon selectivit ies increase, but the '~. 
~ ncreasing trend slows after the Space velocity is higher than 1.5. V~rying " 
he space.velocity between 0.5 to 2 has l i t t l e  effect on the combined C2~C4 ~ 

olefin/paraffin ratiosat different reaction pressures as shown in Figures 
16 to 20. There are some minor changes On the ol.efin/paraffin ratiosin C 2 ,  
C3 and C hydrocarbonS as the space velocity changes. The effect of increasing 
space vel ocity above 2.0 has also been investigated. Figures 21 and 22 show 
the ef fect  of space veloci ty on the ac t i v i t y  and se lec t i v i t y  of carbon monoxide 
hydrogenation in the di luted bed pseudo s lurry reactor. :Thetrends of 
product se lec t iv i t ies  and the o le f in /para f f in  rat io a re ' s im i l a r .  

Another important process variable forcarbon monoxide hydrogenation i s •  • 
the H /CO rat io  of the reactant gas •, The reactant gas with a H2/CO rat io  from • ° ,  

0.5 to 4 has been investigated uslng a Union Garbide gas f lowcontrol ler~ • 
Figure 23 shows the ef fect  of the H2/CO.rati.o on co conversion at d i f ferent  
reaction pressures. The CO converslon is proport ional . to the H9CO ra t i o . i n  
the reactant, gas. The ef fect  of the H2/CO rat io  on the carbon ~ioxide selec- 
t i v i t y  is s ign i f icant  as shown in Figure 24. i t  shows, that the carbon dioxide 
se lec t iv i ty  drops quickly as the reactant gas H2/CO rat io  increases from 0.•5 
to 2 .  For a H2/CO rat io greater than 2, the carbon dioxide s e l e c t i v i t y .  
continues to drop at a slower rate. Figure 24 confirms.that with o t h e r  
conditions constant, a higher marbon dioxide se lec t i v i t y  is achieved at a 
lower reaction pressure. Product se lec t iv i t ies  of methane, carbon •d iox ide,  
and C2-C 4 hydrocarbons Versus a H2/CO rat io at d i f ferent  reaction~pressures 
are shown in Figures25 to 29. Methane production increases l inear ly  as the.. 
H2/CO rat io of the reactant gas increases. Hydrocarbons in. the C2-C 4 range 
increase rapidly as the H2/CO•ratio increases from 0;5 to 2, For most runs 
theCp-Ca hydrocaF'bons seTectivi ty reaches a maximum Ho/CO rat io  of about 
threeT ?he H2/CO rat io Of the reactant gas greatly effects the Olef in / :  
Paraffin rat io of C2-C4 hydrocarbons especially at lower reactionpressures. 
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The olefin/paraffin ratios of C 2, C 3, C 4 and C2-C 4 hydrocarbons drop unanimously 
when the H2/CO ratio of the reactant increases from 0.5 to 4 as shown in Figures 
30 to 34. The olefin/paraffin ratios of C2 hydrocarbons are more sensitive 
to the H2/CO ratio of the reactant than those of C3 and C 4 hydrocarbons. 

Future Work 
The Ph.D. Dissertation of ~Ir. W.P. Tai is being written and a final 

copy wi l l  be submitted when completed. 
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C~-C a' hydrocarbons for carbon monoxide hydrogenation in d i lu ted bed 
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Figure 28. Effect of H2/CO rat io on product select iv i tes for carbon 
monoxide hydrogenation in di luted bed pseudo slurry^reactor. Temperature, 
503°K; Pressure, 3200 KPa and Space Velocity, 1 cmJ/sec g cat. 
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V. Conclusions 

i Detailed conclusions are included in the reports for each task. 
i Task 4 is no longer funded and has been discontinued, The report for 

Task 2 was not submitted. No work was done under Task ]5. 
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