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OBJECTIVE AND SCOPE OF WORK 

I. The chemistry and Catalysis of  Coal Liquefact ion 

Task 1 Chemical-Catalytic Studies 

Coal w i l l  be reacted at subsoftening temperatures with select ive 
reagents to break bridging linkages between clusters wi th 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. Reaqents 
and catalysts w i l l  be used which are select ive so that the coal 
clusters are solubi l ized with as l i t t l e  fur ther  reaction as possible. 

Task 2 Carbon-13 NMR Investigation of CDL and Coal 

Carbon-j3 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 
crosspolarization and magic angle spinning, w i l l  be applied. Model 
compounds w i l l  be included which are representative of structural  
units thought to be present in coal. 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 Mechanism of Coal L i q u e f a c t i o n  

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. Z inc chloride and other ca ta ly 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 c h l o r i d e ,  
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 in well defined hydrogen transfer 
reactions. These experiments w i l l  be augmented by mechanistic 
studies of coal hydrogenation using high pressure thermogravimetric 
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 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 in 
cocurrent, co-gravity flow is planned for  a one-year period. As time 
and development of exist ing work permits, the extension of this 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 coiled reactor configurations. 

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

Previous work at the University of Utah indicates that coal pyro lys is ,  
dissolut ion ( in H-donor) and ca ta ly t i c  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. 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 Polycycl ic 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 
avai lable supports. The hydrogenation of these l iquids w i l l  be 
systematical ly investigated as a function of catalyst structure and 
operating condit ions. The ef fect  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 structura;-  
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 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 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 systematical ly hydrogenated using effec- 
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 Po]ycyc]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 ibu t 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 iqu 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-l inked 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 tinder ca ta ly t i c  cracking conditions. 
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Task 9 Hydropyrolysis (Thermal IIydrocracking) of CD Liquids 

Heavy petroleum fract ions can be thermally hydrocracked over a spe- 
c i f i c  range of conditions to produce l i g h t  l i qu id  products without 
excessive hydrogenation occurring. This noncatalyt ic method w i l l  
be applied to a var iety  of CD l iquids 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 pr 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 S t ruc tu ra l -Ac t i v i t y  Study of Supported Sulf ide Catalysts 
for  Coal Liquids Upgrading 

This task w i l l  undertakecataiyst  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 re lat ionship between the surface-structural  
properties of supported su l f ide catalysts and the i r  ca ta ly t i c  
ac t i v i t i es  for  var iousreact ions desired. Catalysts w i l l  be prepared 
from commercially avai lable. Supports composed of alumina, s i l i c a -  
alumina, sil ica-magnesia and s i l i c a - t i t a n i a ,  modif ication of these 
supports to change ac id i ty  and to promote interact ion w i t h a c t i v e  
ca ta ly t i c  components is planned. The active constituents w i l l  be 
selected from those which are ef fect ive ina sulf ided state, including 
but not res t r ic ted to Mo, W, Ni and Co. The catalysts w i l l  be pre- 
sulf ided before test ing. Catalyst characterizat ion w i l l  consist 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 t ing ly  and in combination. 

Task I I  Basic Study of the Effects of  Coke and Poisons on the Ac t i v i t y  of 
Upgrading Catalysts 

This task w i l l  begin in the second year of the contract af ter  
suitable catalysts have been iden t i f ied  from Tasks 6, 7 and/or I0. 
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 )  s i m u -  
lated laboratory poisoning/coking and (2) test ing of r e a l i s t i c a l l y  
aged catalysts. Kinetics of hydrogenation, hydrodesulfur izat ion, 
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 detai led kinet ics 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 i s t i ca l l y  
aged catalysts w i l l  be obtained from coal l iqu ids 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 speci f ic k inet ics determined and select ive 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  d i f fus ion of a reactant species to the active sites of  the catalyst  
is slow in comparison to the i n t r i n s i c  rate of the surface reaction, 
then only si tes near the ex ter io r  of the catalyst  part ic les w i l l  be 
u t i l i zed  e f fec t i ve ly .  A systematic study of the ef fect  of molecular 
size on the sorptive d i f fus ion kinetics re la t ive  to pore geometry w i l l  
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be made using specif ic,  large diameter aromatic molecules. Diffusion 
studies with narrow boil ing range fractions of representative coal 
l iquid w i l l  also be included. Experimental parameters for dif fusion 
kinetic 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 wi 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 classif ied as co-catalysts, such as oxides of Mn, Mo, 
Ce, La, V, Re and rare earths. Possible catalyst supports include 
zeolites, alumina, s i l i ca ,  magnesia and high area carbons. Methods 
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 d istr ibut ion.  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 l iquids 
and gaseous products. 

Task 14 Characterization of Catalysts and Mechanistic Studies 

Catalysts which show large differences in se lect 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 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 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. 
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I I I  Summary of Progress to Date 

Analysis of a group of coal l iquids produced by cata lyt ic  hydrogenation 
of Utah coals with ZnCI 2 catalyst was begun. Carbon-13 nuclear magnetic 
resonance and l iquid chromatography techniques wi l l  be used to correlate 
chemical properties with hydrogenation react iv i ty .  Equipment previously 
used for downflow measurements of heat and momentum transfer in a 
gas-coal suspension was modified for upflow measurements. 

The catalyt ic hydrodeoxygenation of methyl benzoate has been studied 
to elucidate the reactions of ester during upgrading of coal-derived l iquids. 
The kinetics of hydrogenation of phenanthrene have also been determined. 
The catalyt ic cracking mechanism of octahydroanthracene is reportedin 
detai l .  Studies of the hydrodesulfurization of  thiophene indicate that 
some thiophene is strongly adsorbed as a hydrogen-deficient poiymer on 
cobalt-moiybdate catalyst. Part of the polymer can be desorbed as thiophene 
by hydrogenation. Poisoning of the catalyst inhib i ts  the hydrosulfurization 
ac t iv i ty  to a greater degree than the hydrogenation ac t iv i ty .  

Iron-manganese catalysts for carbon monoxide hydrogenation is studied 
to determine the role of iron carbide formation on se lect iv i ty .  Pure iron 
catalyst forms a Hagg iron carbide phase under reaction conditions. ' 

Papersand Presentations 

"The In i t i a l  Stage of Coal Conversion," D.M. Bodily, R. Yoshida, Rocky 
Mountain Fuel Society, Salt Lake City, Utah, February 1980. 



Task 2 

Carbon-13 NMR Investigation of CDL and Coal 

Faculty Advisor: R.J. Pugmire 
Post Doctoral: D.K. Dalling 

I ntroducti on 

Carbon-13 NMR (CMR) spectroscopy can provide s igni f icant  insights into 
the structure of sol id coal by means of direct examination. In addition, 
comparison of solid coal spectra with that obtained from the corresponding 
residue and coal derived l iquids provides a valuable new means for exploring 
the detai ls of the chemistry of the coal l iquefaction process. The effect 
of strong dipolar f ie lds in the solid together with the large chemical sh i f t  
anistropy of aromatic carbons in the solid state combine to l im i t  the 
ava i l ab i l i t y  of the extensive detai l  common in l iquid spectra. The C-H 
dipolar interaction can produce 13C !inewidths of up to 40 KHz while the 
chemical sh i f t  anisotropy can be as large as several KHz even at moderate 
f ie lds strengths. The detection of a nucleus of low natural abundance (e.g., 
13C at l . l%) presents sens i t i v i t y  problems in crysta l l ine solids that are 
also challenging. Recently, developed experimental techniques now provide 
powerful methods for investigating the in t r ica te  structural details in solid 
coal. The use of high power proton polarization techniques can be used to 
reduce the dipolar broadening arising from C-H interactions while rapid 
magic angle spinning reduces not only the dipolar broadening but also 
the chemical sh i f t  anisotropy of the resonance l ines. The combination of 
these two experimental techniques produces lines of 3-50 Hz width at a 
half height depending upon the spectral and operating parameters. Work 
under this task w i l l  attempt to improve on these experimental techniques 
and apply them to the measurement of solid coal, coal l iquids and model 
compounds. 

Project Status 

Work on spinner development is continuing as there is a major need for 
improvement in the cross polarization/magic angle spinning experiments. 

Work has begun on the 13C NMR analysis of coal derived l iquids at 75 MHz. 
On the previous DOE contract, 24 coals from producing Utah mines were converted 
into coal l iquids using the short contact ZnCl 2 catalyzed hydrogenation process 
developed at the University of Utah. The coal l iquids produced provide a 
valuable set of samples for comparison as the conversion percentages vary by a 
factor of 3 on this group of coal samples of similar rank. The preliminary 
NMR data on the three l iquid samples studied to date exhibi t  surprisingly 
similar spectral patterns. While minor variations in the spectral patterns are 
noted, the l iquid structural moieties can not yet be correlated with differences 
in conversion ef f ic iency. 

Future Work 

Following the completion of this probe design for solids work, the process 
coal and cc~l char w i l l  be examined to compare structural features that may be of 
use in interpreting the data on l iquids. This work w i l l  beoin durinq the 
next quarter. 
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Task 3 

Catalysis and Mechanism of Coal Liquefac{ion 

Faculty Advisor: D.M. Bodily 
Graduate Student: Jason M i l l e r  

Introduction 

The hydrol iquefaction of coal may be characterized by a mechanism which 
involves the i n i t i a l  rupture of covalent bonds to form reactive intermediates. 
These intermediates may be s tab i l ized by hydrogen transfer to form lower 
molecular weight products or they may polymerize to  form insoluble char or 
coke. Metal halides such as zinc chloride have been shown to be active in 
the bond scission stage of the reaction where as many catalysts are active 
only in s tab i l i z ing  the intermediates, often by regenerating a hydrogen 
donor. The combination of  thermal, and cata ly t ic  reactions occurring simul- 
taneously results in a complicated reaction mechanism. The chemistry of 
ZnCI2 w i l l  be studied with model compounds and coal by such reactions as 
hydrogen transfers, cleavage of  speci f ic  bonds and in te rac t ion  with 7 elec- 
tron systems. 

A high performance l i qu id  chromatograph,HPLC, w i l l  be used to analyze 
l i qu id  products of  the reactions under study. Further characterization of 
the products w i l l . be  by nuclear magnetic resonance, NMR, structural  analysis 
and vapor pressure osmometry. 

.Project Status 

The components for  the HPLC were received and assembled, Thesystem 
includes two pumps with pressure l im i t s  of 6000 and 4500 psi ,  a solvent 
programmer, automatic in ject ion system, d i f f e ren t i a l  refractometer detector, 
UV detector at 254 nm and data module. Individual components have been 
checked and the overal l  system tested with model compounds. 

A series of f ive  coal hydrogenation l iquids have been selected to 
develop separation schemes. The l iquids were prepared from well=characterized. 
coals, In addit ion, the l iquids are being characterized by carbon-13 NMR 
and pyrolysis mass spectroscopy. The HPLC w i l l  provide s.upplementary informa- 
t ion on the samples while developing separation procedures..Thesamples have 
been separated by extraction.procedures into asphaltenes andhexane soluble- 
o i l s .  

Future Work 

• Separation • procedures for  coal l iquids w i l l  be developed byHPLC. 



Task 4 

l 

Momentum, Heat and Mass Transfer in Cocurrent Flow 

Faculty Advisor: J.D. Seader 
Graduate Student: R. Sorensen 

Introduction 

The project is concerned with the invest igat ion of both the momentum 
amd heat transfer phenomena for a gas-solid suspension flowing ve r t i ca l l y  
through a heated tube. This research is motivated since consistent data and/ 
or correlations are not found in the l i t e ra tu re  for upward and downward 
configurations. The system being studied presently is a coal pa r t i c l e -a i r  
system. 

Project Status 

This work is a modif ication of the previous research of B.S. Brewster. 
His downflow system was modified, as shown in Figure I ,  to accommodate coal 
transport in upflow. This required the reversal of a l l  units of the pre- 
vious system including supporting equipment, feeder and receiver hoppers, 
and the column tubing. The closely spaced pressure taps were positioned 
at the lower end of the tower to observe acceleration effects of the 
transported material.  

To insure a uniform entrance-flow environment, a ten-foot section 
of the stainless steel tubing of the same type as the tower was bent over 
a 2 I/2 foot radius. This forms the 180 degree bend at the lower end of 
the tower, which was required since the feeder and vibratory hoppers are 
gravity fed. 

Once the basic system was in place the manometer switching bank was 
replaced. Al l  pressure taps, coal traps and pressure l ines were cleared 
of any residual coal dust. Higher pressure drops are required in the 
upflow case than were used fn the previous experiments. Therefore, a l l  
jo in ts  were securely tightened and sealant used on hose connections, 
gaskets, etc. to minimize leakage. 

The previous e lect r ica l  system was modified so that a l l  control is 
exercised from the control board located on the second f loor .  Previous data 
from the downflow experiments used a -72/+28 mesh size coal sample. The 
upflow experiments w i l l  use approximately the same size d is t r ibu t ion  for 
comparison purposes. Therefore, i t  was necessary to screen about 90 pounds 
of coal part ic les.  These coal par t ic les were the same samples used in the 
previous experiments. A t t r i t i on  due to mechanical breakage had increased 
the re la t ive  amount of smaller diameter par t ic les.  The smaller part ic les 
were then removed and discarded such that the -42/+28 mesh was more nearly 
approximated. 
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Future Work 

Experiments wil l  be run at various solid mass flow rates to obtain 
pressure drop profiles along the column. These results will  be compared 
with other data in the l i t e r a t u r e ,  

The upper pressure drop test section will  be replaced by a heat 
transfer test section, and the heat transfer to the particles will  be 
observed. 
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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 iquefaction, the l iquefaction reactions are in i t ia ted by thermal 
rupture of bonds in the "bridge~'joining configurations in the coal, 
yielding free radicals. The d i f ferent  approaches to l iquefact ion, except 
for  Fischer-Tropsch variat ions, represent ways of s tabi l iz ing the free 
radicals to produce molecules. The stabi l izat ion 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 l iquefaction processes, except 
Fischer-Tropsch variations. The objective of this research is to under- 
stand the chemistry of this pyrolyt ic operation using coal model compounds. 

Project Status 

The pyrolysis assemblyhas been designed and wi l l  be bu i l t  by the 
University of Utah machine shop. The assembly consists of two zones, 
a cool and a hot zone (Fig I ) .  The cool zone is a 0.375 in stainless 
steel tube with a once-through heatexchanger bu i l t  around i t .  The 
hot zone is a 6 in. long copper cylinder lined inside with a 0.375 in. 
stainless steel tube and outside with a 3.5 in. stainless steel pipe. 
The hot Zone wi l l  be heated byLindberg e lect r ic  resistant heating units 
and surrounded by adequate insulation to maintain a safe exterior temper- 
ature. 

A sample of the model compound wi l l  be sealed in a glass tube and 
placed in the 3/8 in. center tube in the cool zone. After the hot zone 
has reached a constant temperature and other preparations are made, the 
glass tube containing the sample wi l l  bepushed in the 0.375 in. stainless 
steel tube into the "hot" zone by the plunger. The plunger Consists of 
thick~lalled 0.25 in. stainless steel tube ~J~h a .S~age]ock .union tee .on  
the exterior end. One side of the union tee w i l l  be plugged. Upon 
completion of the experiment at a predetermined time, the tube is crushed 
with the plunger and the reaction products are swept out of the "hot" 
zone by argongas flowing through the plunger. The reaction product 
vapors are swept into a pair of traps in l iquid nitrogen baths and con- 
densed. The traps are designed to permit sampling of the gas and the 
l iquid collected in the trap. The collected products w i l l  be analyzed by 
gas chromatography, mass spectrometry and any other analytical method 
considered necessary. 

Future Work 

The pyrolysis assembly w i l l  be buil~ and support materials (Swagelock 
f i t t i ngs ,  control lers, etc.) w i l l  be ordered. A method wi l l  be decided 
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to enable analysis of any gases which would not be condensed in the l i qu i d  
nitrogen traps, i . e . ,  H2, CH 4. The l i t e r a t u r e  search fo r  re lated work 
w i l l  continue. 
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Task 6 

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

Faculty Advisor: J. Shabtai 
A.G. Qblad 

Graduate Student: G. Haider 

Introduction 

Coal-derived l iquids (CDL) are characterized by a high proportion of 
oxygen-containing compounds. Therefore, a systematic catalyt ic hyoro- 
deoxygenation (HDO) study'of CDL and related model compounds is being carried 
out. The study provides information not only on the mechanism of HDO as 
related to catalyt ic upgrading of coal-derived l iquids, but also on the 
role of oxygen-containing coal components in the primary coal l iquefaction 
processes. 

Project Status 
In continuation of previous studies (see preceding reports), the catalytic 

hydrodeoxygenation of an ester, i .e . ,  methyl benzoate (~) was examined, and 
the results obtained are presented in this report. Figure l summarizes the 
change in product composition from l as a function of reaction temperature 
in the range of 200-320°C (hydrogen-pressure, 1550 psi) using a sulfided Ni-W/ 
AI203 catalyst~ i . e . ,  Sphericat 550 ( I /16") which was supplied by Nalco 
Chemlcal Co. As seen from Figure I ,  the ma~, pro.~LEcts derived from compound 
1 at 230uc are benzaldehyde acetal ( F c . ~ - ~ H - ~ 3  , 2) and toluene (3). 
E-xtrapolation to temperatures below 230oc'indicate~that the main product- 
under such conditions is the acetal 2 . With a gradual increase in tempera- 
ture above 230°C, there is a gradual-decrease in the concentrations of 
acetal (2) and toluene (3). Parallel to this there is a gradual increase 
in the yTeld of benzene T~) as well as some formation of methyl benzyl 
ether (4)- After reaching a maximum around 260oc, compound 4 decreases at 
higher temperatures. The product from 1 contains also small-amounts (< 5%) 
of benzyl alcohol (6)and xylenes (9). - 

The results in Figure 1 can be rationalized by considering the mechanism 
outlined in Figure 2. In the f i r s t  reaction ste~methyl benzoate (~) pro- 
bably undergoes reduction to form a highly reactive intermediate, i .e. ,  the 
hemi-acetal (~which can undergo hydrogenolysis either at the (a) or (b) 
positions to form benzyl alcohol (6) or methyl benzyl ether (4), respectively. 
In subsequent steps compound 6 can-either undergo hydrogenolysis to toluene (3) 
or etherification to 4 by interaction with methanol (8). The latter 
is formed as a by-product in various steps shown in Figure 2. Likewise, 
acetal 2 is probably derived by acid-catalyzed interaction of the hemi- 
acetal T7) with methanol. In the final hydrodeoxygenation steDs, compounds 
and 4 undergo hydrogenolysis to yield toluene. As indicated abov~the 
latter undergoes gradual dealkylation to benzene at temperatures > 230°C. 

16 



The present study has elucidated the nature of oxygen-containing 
intermediates in the HDO of I ,  i . e . ,  acetal (~) and ether ( 4 ) .  Such 
compounds apparently have not been detected in previous investigations of 
HDO of methyl benzoate or other esters. 

Identif ication of pKoducts from HDO of methyl benzoate was carried 
out by gas chromatography/massspectrometry and by comparison with 
reference samples. A typical gas chromatogram of products from HDO of 
is shown in Figure 3. --•" 

Future Work • 
Systematic HDO studies are being presently carried out with coal-derived 

liquids. 

4 

t , ' '  
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Task 7 

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

Faculty Advisor: J. Shabtai 
C. Russell 

Graduate Student: J. Peterson 

Introduction 

The main objective of this research project is to develop a versatile 
process for controllable hydrotreating ofhighly aromatic coal liquids, viz., 
a process permitting production of naphthenic-aromatic feedstocks containing 
variable relative concentrations of hydroaromaticvs, aromaticring structures. 
Such feedstocks, including the extreme case of a ful ly hydrogenated coal 
liquid, are highly suitable starting materials for catalytic cracking, as 
applied for preferential production of l ight liquid fuels, i The overall 
objective of this project and of a parallel catalytic cracking study is, 
therefore, to develop and Optimize a hydrotreating-catalytic cra~king process 
sequence for conversion of coal liquids into conventional fuels, i . 

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

Project Status 

The present report provides data on the kinetics of. hydrogenation of 
phenanthrene (1) in the presence of a sulfided Ni-W/AI~O 3 catalyst.. De- 
terminations werfl made using an autoclavesystem, speclally designed for 
kinetic studies. ~ An example of the product composition change as a func- 
tion of time is given in Figure I. Data obtained in a wide range of 
conditions were analyzed by a modification of the Himmelblau method j to 
obtain the rate constants for the reaction network indicated in Fig 2. 
Activation energies for the various reaction steps were calculated. 

Figure 3 summarizes the k inet ic  rate constants for  phenanthrene hydro- 
genation as a function of temperature in the range of 230-380°C (pressure, 
2500 psig).  Fig 3 indicates that (2) is the most rapid ly  formed i n i t i a l  
product above 270°C, while (3) is th-e most rapidly formed ini t ia l  product 
below 270oc. However, for complete hydrogenation to saturated products, 
the path via (3) remains more important than the path via (2) over the 
whole temperatu-re range. At 230°C, 75% of the reaction proc-eeds via (3) 
while at 375°C, 60% of the reaction proceeds via (3--) as calculated from 
the rate constants in Fig 3. 

Future Work 

The kinetics of hydrogenation of anthracene and triphenylene are 
presently under invest igat ion.  ,, 
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Task 8 

Catalyt ic Cracking of Hydrogenated Coal-Derived 
Liquids and Related Compounds 

Faculty Advisor: J. Shabtai 
A.G. Oblad 

Graduate Student: S. Sunder 

Introduction 

Hydrogenation followed by ca ta ly t i c  cracking provides a feasible 
process sequence for conversion of coal l iquids into conventional fuels. 
Such a sequence has certain~advantages in comparison with a hydrocracking- 
ca ta ly t ic  reforming scheme, i 

The present project is concerned with the fol lowing interre lated sub- 
jects:  ( I )  systematic ca ta ly t i c  cracking studies of model polycycl ic 
naphthenes and naphthenoaromatics found in hydrogenated coal l iqu ids,  e.g. ,  
decalin, perhydrophenanthrene, t e t r a l i n ,  1,2,3,4,5,6,7,8-octahydroanthra- 
cene, and 9,10-dihydrophenanthrene, as a function of catalyst  type and opera- 
t ing conditions, and (2) systematic ca ta ly t ic  cracking studies of hydro- 
treated middle-heavy d i s t i l l a t e  from SRC I I  as a function of the same 
variables. 

Project Status 

Results from cata ly t i c  cracking studies of model polycycl ic  naphthenes, 
e.g. ,  decalin and perhydrophenanthrene, were reported ear l ie r .  Systematic 
ca ta ly t i c  cracking studies of model polycycl ic  naphthenoaromatics, which 
are typical components of p a r t i a l l y  hydrogenated coal l iqu ids ,  were also 
carried out. The preceding report provided results obtained with t e t ra l i n  
as start ing feed, whereas the present report summarizes the results obtained 
with 1,2,3~4,5,6,7,8-octahydroanthracene as feed. 

The cata ly t ic  cracking reactions of 1,2,3,4,5,6,7,8-octahydroanthra- 
cene (26) were investigated as a function of reaction temperature, using 
the same apparatus and catalyst (Durabead-8) as in the study of decalin (~). 
Table 1 and Figures I -  3 summarize the change in product composition from 
cata ly t i c  cracking of a solut ion of 1,2,3,4,5,6,7,8-octahydroanthracene (2__66) 
in benzene (26/solvent ra t io  1:2 by wt) , *  as a function of reaction tempera- 
ture in the ra--nge of 300-450°C, keeping a constant LHSV=I.7 hr -I . The 
total  process time in each experiment was kept constant at 30 minutes. 

As seen from Table 1 and Figure I ,  the conversion of 26 increases 
gradually with increase in temperature (from 51 to 86% by wt--)-with pre- 
servation of high se lec t i v i t y  for l i qu id  products (86-91%). Coke formation 

Benzene was used as an iner t  solvent. I t  was shown in separate runs that 
benzene does not produce any gaseous or l iqu id  products under the same 
conditions (and up to 500oc). Appropriate corrections were made for some 
coke formation from the solvent (<1%). 
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is more pronounced at 300-325°C (10-14%), "but decreases steadi ly at hi.gher 
temperatures (e.g. ,  4.7% at 450oc) The formation of.gases steadi ly increases 
from 0.23% at 300°C to 8.1% at 450°C, while the l iqu id  y ie ld  passes throuqh 
a maximum between 325-425oc and then s l i gh t l y  decreases at 450°C. As ind icated 
i n  Figure 42, the gaseous products consist mainly of saturated C 3 an d C 4 hydro- 
carbons. 

Table 1 and Figures " 3A, 3B~ and 3C summarize the change in l iqu id  
product composition as a function of reaction temperature. For the purpose 
of c l a r i t y  in presentation the compositional data are subdivided in to  three 
sets, v iz . ,  t r i c y c l i c  products formed byske le ta l  rearrangement and/or:hydro- 
gen transfer reactions (F ig 3A):; b icyc l ic  products formed in i~he early 
cracking stages (Fig 3B); and monocyclic and Open-chain products formed in 
the la ter  stages of the cracking process (Fig 3C). As"seen, ] ,2,3,4,"5,6,7,8- 
octahydrophenanthrene (30) is the predominant •product as .low temperatures • 
(51% at 300oc) and, therefore: indicated as a primary pr;oduct derived "by 
skeletal rearrangement o f 2 6 .  As seen from Fig 3A, the .concentration of 
30 gradual ly  decreases with--increase in temperature, while two other par t ia l  ly 
hydrogenated phenanthrene derivat ives, i . e . ,  1,2,3,4,9,10,11,12-octahydro- 
phenanthrene (29) and 1,2,3,4-tetrahydrophenanthrene (31), are formed in 
increasing y ie lds.  Compounds 29 and 31 pass ..through ma~ima between,350-400oc 
and then decrease at higher tem-peratur-es. Perhydrop~enanthrene (22) is also 
formed but in negl ig ib le amounts, while the concentration of phen~threne"(32), 
which is apparently derived from the pa r t i a l l y  hydrogenated compounds 29, 30, 
and 31, slowly increases between 350-450Oc. 

As seen from Fig 3B, a Variety of b icy lc ic  products~ anticipated from 
Cracking of a saturated r ing in the star t ing compound 26 or in the hydro- 
phenanthrene deri.vatives 22, 29, 30, 31, are aradual]y f--ormed.:with increase 
in the depth of the react~n TmainTy a-b-ore 350oc). Tetra l in  (18), Cl~- 
alkenylnaphthalenes (27a) and C l4-a lky l te t ra l ins  (27b') pass thr-ough a maximum 
at c_~a 400oc before .Undergoing fur ther  cracking. Also observed as product 
components are l-ethyl-2-phenylcyclohexane (28a) and l-cyclohexyl:2-~henyl- 
ethane (28b), which are anticipated products from cracking of a middle 
saturated r ing, passing through a maximum at 350-375oc. Methylnaphthalenes 
(20a), methyl tetral ins (2Oh), naphthalene (19), and methylindans (17) are 
formed in increasing yields with increase in---temperature. Cl2-alkyl--naphtha- 
lenes (21a) and Cl2-a lky l te t ra l ins  (21b)are also formed in small amounts. 

As seen from F ig  3C, monocyclic and open-chain products, derived from 
the b icyc l ic  products by addit ional crackina, increase steadi ly with increasing 
temperature, and become the main l iqu id  products at 450°C. These include 
C5-C 6 paraf f ins and olef ins (2,3,4,5) ,  methylcyclopentane (7), dimethylcyclo- 
pentane (8a), methylcyclohexane-(~b~, methylethylcyclopentanes (ga), dimethyl- 
cyclohexan-es (gb), toluene (13), C-R-R-alkylbenzenes (14a, 14b), Cg-a~Ikylbenzenes 
(l~c),. and Cl 0 ---~nzenes (15,T6,24,~5). . . . .  . Any. benzene f-ormed ~n the reaction 
could not be measured, sl~ce benzene was used as a solvent. 

The observed change in product composition from 26, as a function of 
reaction temperature (Table 1 , Fig I -  3): can be rat ional ized in terms og 
the mechanistic scheme proposed in Fiqure 4. The compound 1,2,3,4,5,6,7,8-  
octahydroanthracene (26) readi ly undergoes Skeletal rearrangement on acidic 
catalysts to give 1,2~-3~4,5,~,7,8-octahydrophenanthrene (30). The Schroeter 
mechanism, proposed for this reaction~ is indicated at the--top of Fig ¢. 
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The rearranged product 30could then undergo hydrogen transfer and 
hydrogen rearrangement reactions to yield perhydrophenanthrene (22), 
1,2,3,4,9,10,11,12-octahydrophenanthrene (29), l ,2,3,4-tetrahydro-phenan- 
threne (3_]_I) and phenanthrene (3__22). Compound 31 undergoes subsequent 
cracking of the saturated ring to yield Cl4-alky---Inaphthalenes (27a), which 
by further complete or partial dealkylation could yield naphthalene (I__99), 
methylnaphthalenes (20a), and Cl2-alkylnaphthalenes (21a). On the other 
hand, compounds 30 and 29 (and to some extent She feed (26).could undergo 
cracking of an en~satura--ted ring to yield Cl4-alkyltetra-lins (27b), which 
by further complete or partial dealkylation yield tetralin (18)~ethyl- 
tetralins (2Oh), and Cl2-alkyltetralins (21b). In a competing reaction 
1,2,3,4,9,10,11,12-octahydrophenanthrene 2T29) could undergo cleavage of the 
middle ring to yield l-ethyl-2-phenylcyclohexane (28a) and l-cyclohexyl-2- 
phenylethane (28b). Compounds 28a and 28b could easily undergo secondary 
cleavage reactions to yield monocyclic compounds. Secondary cleavage reac- 
tions of the tetralin derivatives (18, 20b, and 21b) could proceed by path- 
ways indicated for tetralin,(18)2 Alkylation of phenanthrene (3__22) to yield 
some Cl5, Cl6-alkylphenanthrenes apparently also occurs to a small extent. 

Future Work 
Studies of other model naphthenoaromatic compounds and of hydrotreated 

coal liquids are continuing. 
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Task Iu 

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

Faculty Advisors: F.E. Massoth 
J. Shabtai 

Post-doctoral Fellow: G. Muralidhar 

Introduction 

The objective of this research is to develop an insight into basic 
properties of supported sulfide catalysts and to determine how these 
relate to coai 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 
activit ies for various types of reactions. Thus, there are two clearly 
defined and closely related areas of investigation, viz.,  (1) catalyst 
characterization, expecially 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 model reactions 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. 

Supported sulfide catalysts are extensively used in the oi l  and 
related industries for hydrocracking and hydrotreating of fuel o i l ,  
dist i l lates and residuals, lhey have also received attention for ]ique- 
fied coal processing and even coal liquefaction. Despite this, l i t t l e  
is known of the fundamental structureof the operating catalyst and the 
active sites responsible for i ts reactivity. This is especially true with 
regard to the role of the support. Without such information, development 
of new and better catalysts for the more severe operations currently demanded 
is seriousiy llmited. 

For upgrading of coal liquids, i t  is desirable to reduce the molecular 
weight to produce a feedstock for direct use in refineries with a minimum 
consumption of hydrogen~ home of the most ~mportant reactions involved 
in coal liquids upgrading are hydrogenolysis, hydrogenation and hydrocracking. 
Thus, a hydrocracking function is needed to break down larger molecular 
entities, e.g., asphaltenes, hydroaromatics, etc., but not so strong as to 
cause cracking to l ight gases; and a hydrogenolysis function is needed to 
selectively remove heteroatoms. Therefore, the relative ratio of acidic 
to hydrogenation-dehydrogenation components should be cr i t ical  for develop- 
ment of optimized catalysts. To achieve this requires a basic and detailed 
understanding of the catalyst functions involved, which currently does not 
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exist.  Furthermore, the design and optimization of specif ic catalysts for 
CDL upgrading requires that studies of sulfided catalyst ac t i v i t y  and 
se lect iv i ty  in model reactions be pursued with due consideration of the 
c r i t i c a l l y  important relationship between cata lys ts t ruc ture  (including 
surface geometry and topography) and the steric-conformational character- 
is t ics  of organic reactants. This has been so far a largely neglected sub- 
jec t  as evidenced by the v i r tual  absence of any stereochemical studies 
of hydrogenation processesin the presence of su l f idedcata lys ts ,  

The catalyst support can af fect  the character of the sulf ide phase 
obtained as well as the cata ly t ic  ac t i v i t y  of these catalysts. 1 In the 
preparation, the metal oxide can interact with the carr ier  forming rather 
complex interaction phases. The degree of this interact ion, which depends 
on the part icular metal and support involved, can greatly af fect  the 
subsequent phases and their  disposition on the support during sul f id ing of 
the catalyst. These interactions can be greatly affected by the manner 
of preparation andthe chemical nature of the support. In the preparation 
of the catalyst, the mode of addition of the active components, the 
calcination temperature and the gaseous environment, al l  have a bearing 
on the f inal state of the catalyst.2, 3 The chemical nature of the carr ier  
greatly determines the degree of interaction with the active components. 
For example, With molybdenum or cobalt: s i l i ca  shows l i t t l e  interact ion, 
y-alumina strong interact ion, and sil ica-alumina intermediate interaction. 
Alteration of a given support by d i f fe rent  modifiers can influence this 
interaction, e.g.~ gallium-doped y-Al203 gave stronger interaction with 
nickel ~ or cobalt ~ than the original AI203. 

I t  is well known that t~e addition of various promoters can greatly 
increase catalyt ic  ac t i v i t y .  ~ These usually encompass transi t ion metals 
in conjunction with group VIB metals, forexample, Ni added toWS 2 catalysts, 
or Co added to MoS 2 catalysts. The former combination is more active for 
hydrogenation while the la t te r  is better for hydrogenolysis reactions~ For 
example, combinatigns of these components have be~n studied for  h~drodesulfur- 
ization of gas oi l~ simulated~iddle d i s t i l l a tes ,  m and residuals; ~ hydro- 
deni t r i f ica t ion of shale o i l ;  ju and hydrotreating of heterocyclics and 
polynucle~ aromatics, I I  solvent refined coal, COED pyrolysis oi l  and 
syn tho i l .~  

Theacid i tyof  the surface is another important property of sulfided 
catalysts. The acid i ty  can greatly influence the se lect iv i ty  of the catalyst. 
Even activated alumina i t s e l f ,  e.g. ,  y- or q-Al203, cannot be considered as 
a neutral carr ier,  since ~ ide  from i ts  i n t r i ns i c  Lewis acid i ty ,  i t  can 
exhibit  increased acidi ty IJ and~,especially, to develop Bronsted acidi ty 
when molybdenum is added to i t .  "~ Preparation conditions can greatly af fect 
the residual acidi ty of sulfided alumina catalysts, i~ 

Many of the sulf ide catalysts currently used for hydrotreating or hydro- 
cracking of coal l iquids are supported on amorphous sil ica-aluminas. These 
catalyst supports exhibi t  Bronsted (as well as Lewis) acid i ty ,  which is 
responsible for cracking ac t iv i t y .  However, a problem here is that these 
catalysts also tend to coke more rapidly and become deactivated. The  
addition of alkal i  to these catalysts should suppress undesirable cracking 
side reactions. 
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Techniques for characterizing supported sulfided catalysts are many 
and varied, which can be a good gauge of the complexity of these catalysts. 
Standardized techniques have been well developed for metallic catalysts and 
acidic-type catalyts, which in many instances can be related to catalytic 
activity. No such standard techniques have yet emerged for characterizing 
sulfide catalysts, and there is no single technique adequate to define 
thes@catalysts. Major techniques which have been applied to these catalysts 
are: ~b (1)X-ray diffraction--to identify the bulk phases present, e.g., WSp, 
Co9S 8, etc.; (2) gravimetric/volumetric measurements--to measure adsorptio~ 
of various gases and reduction/sulfidation reactions; (3) magnetic ~us- 
ceptibil i ty--to assess the coordination of transition metals; (4) electron 
microscopy--to establish the degree of homogeneity of components throughout 
the catalyst; (5) diffuse reflectance spectroscopy--to determine the 
coordination of active components; (6) infra-red spectroscopy--toassess 
surface structures of active components and type of acidity present; and 
(7) photo-electron spectroscopy--to establish surface phases present. 

One of the more useful concepts developed for molybdena catalysts is 
the surface stoichiometry of the sulfided catalyst.17 This can be charac- 
terized in terms of surface concentrations of oxide, sulfide and anion 
vacancies.,these vacancies are postulated to be the active sites for hydro- 
genolysis. ~m ~fferent sites may be responsible for hydrogenolysis and for 
hydrogenation; i~ the latter may consist of Al sites adjacent to Mo vacancies. 
The importance of such correlations may be illustrated by the following 
example. Recent studies indicate that hydrogenation of a partially blocked 
benzene ring in condensed multiring compounds, e.g., the middle ring in 
phenanthrene, is sterically hindered an~nrequires vertical adsorption of 
the ring through its unobstructed side. ~v Examination of surface models 
of a Co-Mo/Al203 catalyst indicates the crit ical adsorption of such rings 
is possible at certain "valley" (s l i t )  sites. I t  is tentatively deduced 
that an increase in the concentration of such sites by an appropriate 
change in catalyst composition could increase the hydrogenation rate for 
such hydrogenation-resistant substrates. 

In summary, much of a qualitative nature is known of certain factors 
influencing catalysis over supported sulfide catalysts. However, there is 
a dearth of quantitative, fundamental information relating catalyst structural 
properties to catalyst activity. 

The scope of the work involved on this project encompasses catalyst 
preparation, characterization and activity testing. A flow chart showing 
catalysts to be prepared is given in Figure I. Commercial catalyst 
supports wil l be used as available. Only those having moderate to large 
pore sizes will be chosen to avoid diffusional effects in the catalytic 
tests to be employed. Different types of supports will include: alumina, 
sil ica, magnesia and titania and combinations of these. Those not available 
will be prepared by appropriate techniques. Altered supports will involve 
modification of the carriers to change acidity and/or possible interaction 
effects with the active components. Various additives will also be incorporated 
to change the acidity or basicity of the support. 

The most common active components for these types of catalysts are those 
of Mo, W, Ni and Co, and study will concentrate on combinations of these. 
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Standard impregnation andprecipi tat ion techniques wi l l  be used to incor- 
porate these onto the preformed supports. Some combinations w i l l  be 
prepared by coprecipatation, ~n whieh the support is precipitated con- 
currently with the active components. A number of catalysts wi l l  be pre- 
pared d i rect ly  in the sulfided form by prec ipat ion in a sulf iding medium. 
Selective additives w i l l  also be incorporated insome of the preparations. 
Use of various supports, preparation methods and additives should generate 
catalysts having appreciable differences in catalyt ic ac t iv i ty ,  the object 
being to relate the d i f ferent  catalyst functions to the active phases 
present. 

Figure 2 gives the flow chart for evaluation of catalysts. This involves 
characterization of catalyst properties andcata ly t ic  ac t iv i ty  tests on 
selected model compounds. Characterization w i l l  be done on the oxide, 
sulfided and reacted states. Measurements wi l l  include: surface area, pore 
volume, X-ray analysis, electron microscope, reflectance spectra, acid i ty,  
adsorption, ESCA and temperature-programmed desorption. Not a l l  of these 
w i l l  be employed on a l l  catalysts, but rather on selective examples of 
catalysts showing important differences in catalyt ic  act iv i ty  and select iv i ty .  

Two types of ac t i v i t y  tests are envisioned, v iz . ,  low pressure 
screening tests and high pressure ac t iv i ty  tests. The low pressure tests 
are designed to allow rapid screening of many catalysts to obtain relat ive 
act iv i ty  data. Simple model compounds are used to evaluate catalyst 
act iv i ty  for hydrodesulfurization, hydrogenation and hydrocracking reactions. 
These wi l l  be useful for evaluating d i f ferent  catalysts with respect to their  
ac t iv i ty  and select iv i ty  for these part icular functions. The high pressure 
tests are carried out on select ivecatalysts showing wide differences in 
ac t iv i ty  and select iv i ty  from the screening tests. The high pressure 
tests are designed to determine act iv i ty  for aromatic hydrogenation, hydro- 
denitrogenation, hydrodesulfurization and hydrodeoxygenation using mixtures 
of model compounds. Also, s~ected model compounds wi l l  be employed having 
special stereochemical requirements to obtain insight into geometric-topo- 
graphical.characteristics of the catalyst surface for the various types of 
reactions important in functioning of these catalysts in coal l iquids up- 
grading. 

Project Status 

Since this projecthas just recently been activated, sufficient results 
are not yet at hand to warrant presentation at this time. A number of Co- 
Mo catalysts on several different supports has beenprepared and characteri- 
zation and act ivi ty testing is in progress. 

Future Work 

Prepared catalysts wi 11 be tested for cata lyt ic  ac t iv i ty .  Additional 
catalysts w i l l  beprepared and tested. 
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Task I0 

The Effects of Poisoning on the Desulfurization Act iv i ty  of 
Cobalt-MolybdateCatalysts 

Faculty Advisor: F.E. Massoth 
Graduate Student: R. Ramachandran 

Introduction 

The importance of cobalt-molybdena catalysts for hydrotreating and 
hydrodesblfurization of petroleum feed stocks is well-known. These 
catalysts are also being studied for h~drodesulfurization and l iquefaction 
of coal slurr ies and coal-derived l iquids. However, these complex feed 
stocks result  in rapid deactivation of the catalysts. To gain an 
insight into the deactivation mechanism, detailed kinetics of the 
hydrodesulfurization of the model compound benzothiophene are compared 
before and af ter  addition of various poisons and coke precursors. The 
studies are planned usinga constant st i r red microbalance reactor, 
which enables simultaneous measurement of catalyst weight change and 
ac t iv i ty .  Additional temperature programmed desorption studies provide 
information on changes in strength of  adsorption sites with poison/coke. 

The rate of benzothiophene (BT) hydrodesulfurization over a 
commercial CoMo/AI?O 3 catalyst was f i r s t  order in BT, f i r s t  order in H 2 
and inhibited by BT, H2S and H2. Data analysis showed a good correlation 
with a dual s i te mechBnism, with BT and H2S competing for one type of s i te 
and H 2 for another. Adsorption of BT was much stronger than H2S: The data 
did not permit distinguishing between associative and dissociative adsorp- 
t ion of H 2. Pyridine and quinoline were part ial  poisons for the reaction, 
but thei r  ef fect was reversible to a large extent. 

Separate gravimetric adsorption measurements of H2S over the sulfided 
and the BT reacted catalyst, showed reversible adsorption and good data 
conformance to a Langmuir isotherm. The presence of pyridine lowered H2S 
adsorption, indicating competition for adsorption sites. 

Temperature programmed desorption studies of thiophene on the CoMo/ 
AI203 catalyst showed a complex desorption pattern -- appreciable amounts 
of butene were found, as well as desorbed thiophene, signifying part ial  
decomposition of the thiophene during temperature programmed desorption. 
Studies with H2S as adsorbate, indicated some dissociative adsorption of 
H2S occurred during temperature programmed desorption. 

Project Status 

Since molybdena catalysts are known to possess hydrogenation ac t i v i t y  
in addition to hydrodesulfurization (HDS) ac t iv i t y ,  l-hexene was chosen to 
study the kinetics of the hydrogenation function. Hexene, diluted with n- 
heptane solvent, was fed over the same aged CoMo (Ketjen) catalyst previously 
used for HDS of be~zothiophene. The experimental procedure is the same as 
described ear l ier .  • Reaction products were analyzed by gas chromatography 
using a Flame lonization Detector and a 6 f t  column of n-octane on porosil C. 
Interest ingly, apart from the hydrogenation reaction to give n=hexane, some 
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cracking to propylene also took place. Apart from the above two reactions, 
rapid isomerization of l-hexene also occurred. 

The k inet ic series was carried out by a systematic var iat ion of the 
par t ia l  pressures of hexene, H2S, H 2 and He. Table 1 gives the par t ia l  
pressures and rate data. Table 2 shows the rate equations used in f i t t i n g  
the data. I t  can be seen from the sum of squares that i t  is very d i f f i c u l t  
to d i f fe ren t ia te  between rate equations and even between dual and single 
s i te  mechanisms. But some interest ing conclusions may be reached: ( I )  hexene 
hydrogenation follows a Langmuir-Hinshelwood type mechanism and (21 reaction is 
inh ib i ted by H 2, hexene and to a sm~ll extent by H2S. Comparing the H2S 
inh ib i t i on  for hydrodesulfurization • and hydrogenation, HDS of benzothiophene 
is inh ib i ted to a much greater extent than hydrogenation of hexene. The 
re l a t i ve l y  low values for  H2S adsorpt ion(Ks in Table 2) for  hydrogenation 
compared to HDS argues for  d i f fe ren t  active sites ~or the two reactions, as 
has been previously suggested by Owens and Amberg. 

Rates of hexene cracking increased with an increase in H2S partial 
pressure. Goudriaan et al. 3 and Satterfield 4 observed, during hydrodeni- 
trogenation of pyridine, an enhancement of the hydrocracking act iv i ty of 
a CoMo/Al catalyst by H2S. Increase in the cracking act iv i ty with H2S 
may be due to the following: I t  was reported earl ier l ,  on the basis of 
TPD experiments using H2S as the adsorbate, that part of the H2S adsorbed 
on the catalyst is adsorbed dissociatively with release of H 2. However, 
some of the H 2 may remain on the catalyst in the form of protons, increasing 
catalyst acidity. These protons can then participate in carbonium ion 
cracking reactions. According to this view, an increase in H2S pressure 
should lead to an increase in proton concentration andconsequently to an 
increase in cracking act iv i ty.  Figure l shows the cracking to vary l inearly 
with H2S partial pressure and indicates a very low intr insic cracking activi ty 
in the'absence of H2S. 

Temperature programmed desorption (TPD) experiments were also continued 
during this period using thiophene (TP) as the adsorbate. The experimental 
set-up is the same as described earl ier. 5 The experimental sequence consisted 
of (1) sulfide the catalyst using I0% H2S in H 2 at 400oc for 2 hours, (2) flush 
in He at 400oc for l hour, (3) cool to lO0OC in He, (4) adsorb/desorb TP in 
He at lO0OC, (5) TPD in He to 350°C, (6) cool to lO0°C in He and (7) tempera- 
ture programmed reduction (TPR) in H 2 to 350oc. Also, the above sequence was 
repeated replacing H 2 with D 2 in Step 7. 

Figure 2 shows the above sequence of experiments with a Mo/AI203 catalyst.  
During the TPD run, TP desorbed along with butene, a desul fur izat ion product, 
leaving some hydrogen def ic ient  coke on the catalyst .  But H2S, another 
desulfur izat ion product, was not observed. During the subsequent TPR in H 2, 
butene, HpS and TP were observed. Even though the catalyst  was heated to 
350oc during the TPD in He, TP desorbed around 160Oc during the TPR, ind i -  
cating that the TP came from a reactive polymer. As in the case of H2S ad- 
sorption, during the TPR in H 2, H2S desorbed around 210°C indicat ing that 
this H2S may be from S chemisorbed on the catalyst during the TPD in He. The 
butene which desorbed around 200°C may be due to HDS of the desorbing TP, 
while that around 280°C from hydrogenation of residual coke. Companion 
experiments in a f low microbalance confirmed the presence of a residue re- 
maining af ter  the TPD in He, which was completely removed in the subsequent 
H 2 step. 
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Figure 3 shows the TPR experiment in D2. Apart from the~bUtene and 
thiophene, D2S was also observed.  The low temperature TPwas completely 
deuterated, indicat ing two p o s s i b i l i t i e s ,  Viz. ,  ( I )  the thiophene polymer 
is t ~ t a l l y  devoid of  hydrogenor (2) the hydrogen remaining i n  the polymer 
exchanged with D 2 at low temperature. A separate TPR experiment in D 2 on 
adsorbed TP showed exchange to occur as low as 120°C; thus, e i ther  explana- 

t i o n  remains a poss ib i l i t y ,  although a polyme~without hydrogen seems un- 
l i ke l y .  The butenes were observed around 200oc, mainly as C4D 8, and 
around 280°C, as C4D8 and C~H2D 6. The 200oc portion of C4D 8 may be due 

• to the HDS reaction of C4D4S while the 280OCportion may be from the coke, 
as explained above. Since some C4H2D 6 wasalways observed, the Coke may 

have about 2 hydrogens per C 4 un i t . . Lower  molecular weightproducts were 
not observed, indicat ing that the C 4 units must preserve the i r  structural  
i n teg r i t y  in the coke. 

The results of  these desorption studies have some bearing on the 
mechanism of thiophene desul fur izat ion.  I t  is s ign i f i can t  that some 
thiophene was so strongly chemisorbed on the ca ta lys t ,  that i t  underwent 
decomposition to coke when t~mperature programmed ~n He. The hydrogen 
released in this polymerization was surpr is ing ly  act ive,  forming butene 
below 200°C, e i ther  by an HDS reaction with adsorbed thiophen e or hydro- 
genation of  a port ion of  the coke. Two addit ional points are important, 
v i z . ,  butadiene and H2S were not observed in the reaction products below 
300°C. These facts appear to be in con f l i c t  with reaction mechanisms 
proposed by Owens and Amberg 2 and by Ko'Iboe. 6 The former postulates buta- 
diene as a reaction intermediate, which should have been the mostfavored 
product in theabsence of gas phase H 2. The l a t t e r  proposes d i rect  forma- 
t ion of H2S from an intramolecular hydrogenolysis reaction, which should 
have been detected based in previous results on H2S adsorption-desorption. 

Insight into the nature of the coke species l e f t  a f ter  TPD in He is 
provided bY the subsequent TPR experiments in H2 and D2. The release of  
thiophene at low temperature almost cer ta in ly  indi.cates a portion of the 
coke exists as a hydrogen-deficient thiophene polymer. Addition of  gas- 
eous H 2 then causes hydrogenation of thepolymer with formation of dis- 
crete thi:ophede molecules. Another portion of the coke is more resistant 
to hydrogenation and evolves as butene at higher temperature. This coke 
is also hydrogen-deficient, but appears to contain two hydrogens per C 4 
unit. I t  may also contain sulfur, since an H2S peak corresponded with 
the butene peak. Because of the integrity of the C~ structure in this 
coke, i t  may consist of strongly chemisorbed, hydrogen-deficient thiophene 
units, in contrastto the apparently weakly adsorbed thiophene polymer. 
Under HDS conditions, the polymer form would not be stable, butthe 
coke form could be an intermediate in the HDS reaction. 

The above results were obtained on an 8% Mo/AI203 catalyst .  To inves- 
t igate the ef fect  Of cobalt, a sample of th is catalyst  was impregnated to 
give 3% Co and recalcined at 500oc. The cata lyst  was sul f ided and TPD-TPR 
experiments were performed as above for  the Mo catalyst .  
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Figure 4 compares TPD of thiophene for the two sulfided catalysts. 
The CoMo/AI catalyst gave two TP desorption peaks, the low temperature one 
simi lar to Mo/AI and an additional high temperature one. Evolution of H2S 
and butene corresponded with the second TP peak, indicating a high temperature 
decomposition was occurring as well as the low temperature decompostion 
observed with both catalysts. The TPR in H 2, Fig 5, showed less H2S for the 
CoMo/AI catalyst, and the high temperature H2S peak found with Mo/AI was 
missing. These results show some s imi lar i t ies  and some differences in 
catalyst adsorption sites when cobalt is present. I f  i t  is assumed that 
vacancies associated with Mo are the predominant sites for  thiophene adsorp- 
t ion, i t  then appears that Co has affected the adsorption energetics of 
some of these sites while some retain their  original character. Thus, the 
promotional effect of Co in HDS may be due to an electronic influence on 
the active sites, the effect inGreasing with Co content. This is in 
agreement with recent f indings." 

Future Work 

A kinetic series of experiments wi l l  be carried out using BT-hexene 
mixtures to study their  possible interaction. Alsoexperiments on the 
poisoned and coked catalysts wi l l  be carried out to study their effect on 
HDS act iv i ty.  The TPD and TPR experiments wi l l  be continued on aged and 
poisoned catalysts. 

References 

I. W.H. Wiser et a l . ,  DOE Contract No. E(49-18)-2006, Quarterly Progress 
Report, Salt Lake City, Utah, Oct-Dec 1979. 

2. P.J. Owens and C.H. Amberg, Advances in Chemistry Series, No. 33, 1961, 
p 182. 

. F. Goudriaan, H. Gierman and J.C. Vlugter, J. Inst. Petrol. (London), 
59 (565), 40 (1973). 

4. C.N. Satterfield, M. Modell and J.Fo Mayer, A. I .Ch.E.J. ,  2__77, llO0 (1975). 

5. W.H. Wiser et a l . ,  DOE Contract No. E (49-18)-2006, Quarterly Progress 
Report, Salt Lake City, Utah, April-June 1979. 

6. S. Kolboe, Can. J. Chem., 4__77, 352 (1969). 

7. F.E. Massoth and K.S. Chung, Proceedings of the VII International Congress 
on Catalysis, Tokyo, Japan, July 1980, Paper A44. 

50 



Table I. Hexene hydrogenation k i n e t i c  data.  

PI x 104 , arm PS x 102 , arm PH, atm Ri x I02,  cm3/min g 
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Task 12 

Diffusion of Polyaromatic Compounds in Amorphous Catalysts Supports 

Faculty Advisor: F.E. Massoth 
Graduate Student: A. Chantong 

Introducti on 

This project involves assessing dif fusional resistances within amor- 
phous-type catalysts. Of primary concern is the question of whether the 
larger, mult ir ing hydro-aromatics found in coal-derived l iquids wi l l  have 
adequate accessibi l i ty  to the active sites within the pores of tyoical 
processing catalysts. When molecular dimensions approach pore size dia- 
meters, the effectiveness of a part icular catalyst is reduced owing to 
s igni f icant  mass transport resistance. An extreme case occurs when mole- 
cular and pore sizes are equivalent, and pores below this size are physi- 
cal ly inaccessible. 

The project objective can be achieved through a systematic study of 
the effect of molecular size on sorptive dif fusion rates relat ive to pore 
geometry. Conceptually, the dif fusion of model aromatic compounds is 
carried out using a st i r red batch reactor. The preferential uptake of the 
aromatic from the al iphat ic solvent is measured using a UV spectrometer. 
Adsorption isotherms are determined to supplement the dif fusion studies. 

In i t i a l  work entailed development of a suitable reactor, measurement 
techniques and methods of data analysis. These demonstrated that adsorption 
was dif fusion-control led. Effective d i f fus iv i t i es  were larger than predicted 
for pore dif fusion and a surface dif fusion contribution was postulated. 
Subsequent studies were extended to other multiaromatic compounds and 
aluminas mith simi lar results. The fract ional surface dif fusion contr i -  
bution was appreciable and about the same in al l  cases. Because of th is ,  
res t r ic t ive  dif fusion effects could not be properly evaluated. However, 
for  the largest size compound (20~) and smallest average pore size alumina 
(50 ~) tested, a markedly lower d i f f us i v i t y  was obtained, indicative of 
a rest r ic t ive dif fusion effect.  

Project Status 

Adsorption data o f  neph~ha~ene i~ cyc~ohex-ane ~i~h catalyst L (y-alumina) 
at high concentrations are shown in Fig I .  The data show a highly nonlinear 
isotherm. Prasher and Ma report a l inear isotherm for l-methylnaphthalene 
in cyclohexane solution with alumina pel lets, i Their data are compared 
~ i th  the data in Figure I .  The differences in the results obtained 
from the two sets of data may be explained by differences in the aluminas 
used. Not much difference in behavior between naphthalene and l-methyl- 
naphthalene would be expected. 

The adsorption data at high concentration f i t  a Freundlich isotherm 
very well but not a Langmuir isotherm, as shown in Fig 2. In the low 
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concentration region (5-40 mg/l) ,  the data f i t  both Freundlich and Langmuir 
isotherms. The Freundlich iso thermplo t  for  the low concentration region 

i s  also shown in Fig 2. At about the 40-60 mg/l region, there is a 
d iscont inu i ty  in the isotherm between the low and high concentration ranges. 

The equilibrium curve for the Freundlich isotherm is representedby 
the following equation: 

Bf = kC~I/n 

where Mf is the final solute uptake in mg/cc catalyst, Cf is the final 
solute concentration in mg/l, and k and n are constants for a given solute 
and catalyst. Values of k and n are 0.212 and 1.49 in the low concentra- 
tion range and 0.852 and 2.10 in the high range. 

Additional d i f fus ion runs werecarr ied out at moderate concentrations. 
Results are given in Table I ,  together With ear l i e r  data at  low concentrat ion. 
Calculated ef fect ive d i f f u s i v i t i e s  are lower at the higher concentration. 
This apparent concentration ef fect  may be due to the use of a l inear  iso-. 
therm assumption in the calculat ions, which is c lear ly  not va l id  from the 
recent isotherm data obtained. A numerical solut ion t o t h e  d i f fus ion 
equations incorporating the Freundlich isotherm is being developed. 

Euture Work 

Additional d i f fus ion runs w i l l  be made at other concentrations. 
Effect ive d i f f u s i v i t i e s  for  a l l  runs w i l l  be redetermined using a 
mathematical model involving a Freundlich adsorption isotherm in an 
attempt to reconcile theconcentrat ion ef fect .  

References 

I .  B.D. Prasher and Y.H. Ma, AIChE J. ,  23, 303"(1977). 

TABEE 1 

Effect ive d i f f u s i v i t i e s  of naphthalene in cyclohexane with Catalyst L. 

Final Conc. Final Uptake Ads. Equil .  Const. Dexl06 
Cf(mg/l) Mf(mg/cc)  K ( I )  (cm2/sec) 

357 13.0 35,5 

345 12.9 , 37.4 

__,345 12.6 35.3 

3.9 

4.9 

3.7 

10.5 1.4 137 7.7 

7.5 1 .0  139 ~ 7.1 
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Task 13 

Catalyst Research and Development 

Faculty Advisor: A.G. Oblad 
F.V. Hanson 

Graduate Student: C.S. Kim 

Introduction 

The objectives of this project are to develop a preparation technique 
for a Raney type catalyst (par t icular ly  Raney iron-manganese catalyst) and 
to f ind the optimum operating process variables for the maximum production of 
C2-CI0 hydrocarbons via hydrogenation of carbon monoxide. Previous work has 
shown that promoted iron catalysts par t icu lar ly  those promoted with manganese 
are very promising for the production of C2-CI0 hydrocarbons. The objectives 
of this investigation can be subdivided as follows: 

I .  Preparation of Raney type catalyst of various compositions, part icular- 
ly Fe-Mn catalyst. 

. Establish catalyst characterization procedures which can be correlated 
with yield and select ivi ty parameters. The characterization proce- 
dures wi l l  include atomic adsorption, X-ray di f f ract ion, BET surface 
area measurement, chemisorption, TGA and surface spectroscopic analysis 
such as ESCA, Auger, etc. 

. Investigate the effect of f ixed bed process variables such as tempera- 
ture,  pressure, space velocity and H2/CO rat io on yield and select iv i -  
ty. 

4. Study the interactions between the major catalyst component and pro- 
moters in terms of yield and select iv i ty to C2-CIO products. 

5. Study the overall kinetics of carbon monoxide hydrogenation process. 

A fixed bed reactor system was designed and set up to find optimum opera- 
ting process variables and to study the overall kinetics of hydrogenation of 
carbon monoxide over Raney type catalysts. 

A tubular type electr ic furnace was designed to make Fe-Mn-AI alloys. All 
the necessary parts were ordered. Since the Raney type catalyts are pyrophoric 
when exposed to a i r ,  an apparatus for in-s i tu  activation of Raney alloys was 
designed. 

Project Status 

As a f i r s t  step to prepare a Raney type catalyst, a few attempts were 
made to make Fe-Al alloys according to the information reported in the l i te ra-  
ture. Equal weights of aluminum pellets and iron Chips, of which diameters 
are about I/8 inch and which were contained in separate crucibles, were placed 
in a box type electric furnace. The original door of the furnace was opened 
and firebricks were attached to the openings f irmly to prevent intrusion of 
air  into the hot box. A stream of argon gas was introduced into the hot box 
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and was allowed to f low jus t  over the crucibles to exclude the remaining a i r  
in the furnace and to keep a pos i t ive pressure o fargon gas in the hot b o x .  

The furnace was heated to 900oc. The crucible containing the aluminum 
was removed from the furnace f i r s t  and then the c ruc ib leconta in ing  the 
iron chips. Obviously the aluminum was completely melted and the iron chips 
were heated to br ight  red. The aluminum melt was poured into t h e c r u c i b l e  
containing the iron and th is  mixture was mixed with a carbon s t i r r i n g  rod. 
The above procedure was done as quick ly  as possible to minimize the tempera- 
ture drop and oxidation of two metals. 

Although i t  is reported in the l i t e r a t u r e  that enough heat of  reaction 
is  evolved to melt the iron and to form an a l loy ,  there was no ind icat ion 
of a l loy  formation. The color of  the surface of iron chips was changed to 
black from the shiny metal color of  i ron,  which indicates an oxide f i lm  
formation on the surface of  i ron,  which in turn prevents the attack of  alumi- 
num onto the surface of iron to form an a l l o y .  A fur ther  heating of th is  
metal mixture to 1350oc, which is above the equi l ibr ium temperature (I150oc) 
o f  l i qu id  and sol id  aluminum-iron a l loy  at that composition (50/50 wt, %), 
did not show any a l loy  formation. Therefore a box type e l ec t r i c  furnace is 
not adequate to make these a l loys.  Using an induction or arc furnace under 

vacuum or ine r t  gas atmospheres may be a good choice to make the a l loys ,  
but the equipment is not avai lable at the present time. 

A tubular e lec t r i c  furnace was designed to make the allOYs. This furnace 
consists of  Kanthal Super 33 heating elements and a Mul l i te  tube with one end 
closed. The other end of  the tube w i l l  be connected to a copper sealing uni t  
to make the tube gas t i gh t .  A vacuum or an iner t  gas atmosphere condit ion 
w i l l  be applied to th is  tube to prevent oxidation of metals. 

Future Work 

Al l  the necessary parts for  construction of the furnace has been ordered 
and w i l l  be avai lable shor t ly .  An apparatus for  i n - s i t u  act ivat ion of  Raney 
al loys w i l l  also be constructed. As soon as a l l  the equipment is assembled, 
a Raney Fe-Mn cata lyst  w i l l  be made and hydrogenation of carbon monoxide w i l l  

be  carr ied out in the f ixed bed reactor.  
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Task 14 

Characterization of Catalysts and Mechanistic Studies 

Faculty Advisor: F.E. Massoth 
Graduate Student: K.B. Jensen 

Introduction 

This phase of the project is intended to supplement the high pressure 
reactor studies by detailed examination of the catalyst properties which 
enhance catalyst act iv i ty  and select ivi ty. This is accomplished by 
characterization studies performed on fresh catalysts and on the same 
catalysts which have been run in the reactor. Of particular interest 
are metal areas, phase structure, catalyst s tab i l i t y  and surface 
characteristics. Also, variables in catalyst preparation and pretreat- 
ment are examined to establish their effects on catalyst properties. 
Finally, in-si tu adsorption and act iv i ty are studied under modified 
reaction conditions with a number of well-characterized catalysts to 
obtain correlating relationships. 

The catalysts under present investigation are iron based catalysts 
promoted with manganese oxide. 

ProjectStatus 

One of the characteristics of iron-based ~atalysts is the formation of 
iron carbide during Fischer-Tropsch synthesis. • In seeking the r6~e of 
manganese oxide in altering the select ivi ty of iron catalysts, an investiga- 
tion of i ts effect on the carburization reaction was undertaken. In i t ia l  
study focused on the pure iron catalyst to provide a base case for comparison 
with mixed Mn-Fe catalysts. A flow microbalance was used to follow carbide 
formation in the presence of a CO/H 2 mixture. 

Figure 1 shows a carburizat ion-reduction cycle performed on the iron 
catalyst  (TI), The catalyst  sample was f i r s t  prereduced in H 2 overnight 
at 500oc, The temperature was then lowered to 250oc and CO added to the H 2 
flow to give a CO/H 2 ra t io  of about three. The sample rapidly gained 
weight, fat exceeding monolayer coverage of CO ~about 0.7%)~ and ~n~in~ed 
to gain weight at a slower rate. At lO0 hr, the CO flow was discontinued 
and the subsequent weight loss monitored unti l  an approximate approach to 
constant weight was achieved. Following, the catalyst was heated to 500oc 
in H 2, where upon the catalyst weight returned to i ts original reduced value. 
The weight loss was slow in both temperature regimes. These results show 
that carburization is slow under these conditions. The weight gain after 
lO0 hr corresponds to a state between Fe3C and Fe2 C, although some coke 
may also be present. Reduction in H2 removed an appreciable portion of the 
weight gain, but a substantial amount remained at 250°C. The lat ter  may be 
residual coke or a less-reactive carbide phase. An X-ray analysis of the 
sample at this point w i l l  be undertaken to c lar i fy  this issue. 
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The results Of addit ional carburization runs at several temperatures 
are shown in Fig 2. Generally, the catalyst  underwent a rapid weight 
pick up followed by a slow continuous gain. Attempts to l inear ize the 
data with a parabolic re lat ionship (wt gain vs. square root time) were 
unsuccessful, although this form has been reported for  carburization of 
iron catalysts under s imi lar  condit ions. 2 However, an Elovich p lo t  (wt 
gain vs. log time) gave a good f i t  of  the data as shown in Fig 3. Two 
reac t i v i t y  regimes are c lear ly  indicated by the breaks in the l ines,  which 
is in qua l i ta t ive  agreement with previous f indings. An approximate a c t i v a t i o n  
energy of 3.5-4 kcal/mole from the i n i t i a l  slopes are also in agreement with 
previous work: 2 although the l a t t e r  was derived from parabolic plots.  To 
account for  the two reaction regimes, reaction has been postulated to involve 
formation of  ~ d i lu te  iron carbide phase in i ron followed by formation of 
iron carbide. ~ 

The carburization run at 300°C was continued for  65 hr and the catalyst  
then analyzed by X-ray d i f f r ac t i on .  The X-ray pattern was no tnea r l y  as 
sharp as for  f reshly reduced catalyst .  However, the presence of  a t l e a s t  one 
carbide phase was apparent; the peaks most closely matched x-Fe2C (Hagg), 
although this phase did not account for  a l l  the peaks present. Hagg iron 
carbide is the predominant phase at carburization temperatures up to 325°C. 

Future Work 

Carburization studies w i l l  continue on the iron-manganese oxide catalysts. 

:References 

I .  L.J.E. Hofer, "Catalysis IV," P.H. Em~ett, Ed., Reinhold, New York, N.Y., 
1956. 

2. K.M. Sancier, W.E. Isakson and H. Wise, Am. Chem. Soc., Div. Petro. Chem., 
Preprints, 23 (2), 545 (1978). 

65 



T 
0 
C 
0 

0 
0 

"r" 

0 
l.,z,_ 

0,3 

I 
o CO 

% 'u~e9 Bq6~eM 

o 
o 

0 
0 

o 
o 

o 
0 

o 

L 

E 
° r m  

o 

c-  
o 

o 

4 -  
o 

c -  

c -  
o 

" o  

c ~  

! 

o 
0r,,- 

N 

i, 

66 



c._) 

I, 
o 
p.- -  

o o 
c )  Lc) 
o c",J 
c,~ c,,J 

0J 

o0 ,,.o 

O 
C:) 
r-- , .  

1 

L ~  

C~ 

II 

C~ 
-r" 

O 
(.b 

_ ..O 

- :x:) 

- ,=::i- 

c::) 

E 

F-- 

F -  
v 

u') 

.4-) 
(13 

C_) 

c- 
O 
S... 

O 

0..) 
I " "  
" I " -  
4-- 
O 

CL 

c- 

mr... 

c- 
O 

N 
- r - -  

f-1 

n:I 

~J 
S- 

' L L  

' U.L~9 ~-q~ .La M 

. 67  



U 
o \ o ~. o 
O ~, uc~ \ f - -  

O,.I 

L~ 

I, 
o 

c_) 
cr) 

OJ 

I ,,I I I 
CO ~O ~ 

% ~ u ~ o  BqS~BM 

cO 

e- 
0 ¢ . .  

E 

o 
._.1 

I--- 
v 

>~ 

¢~. 
¢J  

c- 
o ¢_ 

4_ 
o 

o 
°1--" 

N 
0 r -  
L. 

.¢- 
a5 

O q-. 

¢.n 

O 

e- 
¢J 

t ¢ - -  

O 

L~ 

~4 

Lt_ 

68 



V. Conclusions 

Detailed concTus~o~s are included in the reports for each task. Task 1 
is temporarily inact ive, ~waiting a student. Tasks 9 and I I  have not been 
in i t i a ted  as yet. No work was done under Task 15. 
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