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OBJECTIVE ANDSCOPE OF WORK 

I. The chemistry andCatalysis of Coal Liquefaction 

Task 1 Chemical-Catalytic Studies 

Coal w i l l  be reacted at subsoftening temperatures with selective 
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 
and catalysts w i l l  be used which are selective so that the c o a l  
clusters are solubil ized with as l i t t l e  further reaction as possible. 

Task 2 Carbon-13 NMR Investigation of CDL and Coal 

Carbon-13 NMR spectroscopy wi l l  be used to examine coal, coal derived 
l iquids (CDL) and residues which have undergone subsoftening reactions 
in Task 1 and extraction. Improvements in NMR techniques, such as 
crosspolarization and magic angle spinning, w i l l  be applied. Model 
compounds wi 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 wi l l  provide evidence for bondings 
which are broken by mild conditions. 

Task 3 Catalys~s and Mechanism of Coal Liquefaction 

This fundamental study w i l l  gain an understanding of metal sal t  
chemistry and catalysis in coal l iquefaction through study of reactions 
known in organic chemistry. Zinc chloride and other cata 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 chloride, 
a weak Friedel-Crafts catalyst,  w i l l  be used at conditions common to 
coal l iquefaction to part icipate in well defined hydrogen transfer 
reactions. These experiments wi l l  be augmented by mechanistic 
studies of coal hydrogenation using high pressure thermogravimetric 
analysis and structural analysis. The results of these studies wi 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 coiled reactor model wi l l  be undertaken. Mathematical 
models of coal hydrogenation systems wi l l  u t i l i ze  correlations from 
these straight 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 pyrolysis, 
dissolution (in H-donor) and catalyt ic  hydrogenation a l l  have similar 
rates and activation energies. A few model compounds wi l l  be pyrolyzed 
in the range of 375 to 475oc. Activation energies, entropies and pro- 
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duct distributions wil l  be determined. The reactions wil l  assist 
in formulating the thermal reaction routes which also can occur 
during hydro-liquefaction. 

I f .  Catalytic and Thermal Upgrading of Coal Liquids 

Task 6 Catalytic Hydrogenation of CD Liquids and Related Polycyclic Aromatic 
Hydrocarbons 

A variety of coal derived (CD) l iquids wi l l  be hydrogenated with 
sulfided catalysts prepared in Task I0 from large pore, commercially 
available supports. The hydrogenation of these l iquids wi l l  be 
systematically investCgated as a function of catalyst structure and 
operatingcondit ions. The effect of extent of hydrogenation wi l l  
be the subject of study in subsequent tasks in which crackabi l i ty 
and hydropyrolysis of the hydrogenated product wi l l  be determined. 
To provide an understanding of the chemistry involved, model poly- 
cycl ic arenes wi l l  be ut i l ized in hydrogenation studies. These 
studies and related model studies in Task 7 wi l l  be ut i l ized to 
elucidate relationships between organic reactants and the structural- 
topographic characteristics of hydrogenation catalysts used in this 
work. 

Task 7 

Task 8 

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

Removal of nitrogen and oxygen heteroatoms from CD liquids is an impor- 
tant upgrading step which must be accomplished to obtain fuels 
corresponding to those from petroleum sources. Using CD liquids as 
described in Task 6, exhaustive HDN and HDO wi l l  be sought through 
study of catalyst systems and operating conditions. As in Task 6, 
catalysts wil l  be prepared in Task lO and specificity for N- and O- 
removal wi l l  be optimized for the catalyst systems investigated. 
Model compounds wi l l  also be systematicallyhydrogenated using effec- 
tive HDN/HDO catalysts. Kinetics and reaction pathways wil l  be 
determined. A nonreductive denitrogenation system wil l  be investigated 
using materials which undergo reversible nitr idation. Conditions wil l  
be sought to cause minimal hydrogen consumption and l i t t l e  reaction 
of other reducible groups. 

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

Catalytic cracking of hydrogenated CD liquid feedstocks wil l  be studied 
to evaluate this scheme as a means of upgrading CD liquids. Cracking 
kinetics and product distribution as a function of preceding hydro- 
genation wi l l  be evaluated to define upgrading combinations which 
require the minimal level of CD liquid aromatic saturation to achieve 
substantial heteroatom removal and high yields of cracked liquid 
products. Cracking catalysts to be considered for use in this task 
shall include conventional zeolite-containing catalysts and large- 
pore molecular sieve, CLS (cross-linked smectites) types under study 
at the University of Utah. Model compounds wi l l  be subjected to tests 
to develop a mechanistic understanding of the reactions of hydro CD 
liquids under catalytic cracking conditions. 
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Task 9 Hydropyrolysis (Thermal Hydrocracking) of CD Liquids 

Heavy petroleum fractions can be thermally hydrocracked over a spe- 
c i f i c  range of conditions to produce l igh t  l iquid products without 
excessive hydrogenation occurring. This noncatalytic method wi 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 reac t i b i l i t y  of these CD feedstocks with and without pr ior  
hydrogenation and to derive mechanism and reaction pathway informa- 
t ion needed to gain an understanding of the hydropyrolysis reactions. 
Kinetics, coking tendencies and product compositions wi l l  be studied 
as a function of operating conditions. 

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

This task wi l l  undertake catalyst preparation, characterization and 
measurement of ac t i v i t y  and se lec t iv i ty .  The work proposed is a 
fundamental study of the relationship between the surface-structural 
properties of supported sulf ide catalysts and their  cata lyt ic  
ac t iv i t ies  for various reactions desired. Catalysts w i l l  be prepared 
from commercially available. Supports composed of alumina, s i l i ca -  
alumina: silica-magnesia and s i l i ca - t i t an i a ,  modification of these 
supports to change acid i ty  and to promote interaction 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~ded state: including 
but not res t r ic ted to Mo, W, Ni and Co. The catalysts wi l l  be pre- 
sulfided before test ing. Catalyst characterization w}l l  consist of 
physico-chemical property measurements and surface property measure- 
ments. Ac t iv i ty  and se lec t iv i ty  tests w i l l  also be conducted using 
model compounds singly and in combination. 

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

This task wi l l  begin in thesecond year of the contract af ter 
suitable catalysts have been ident i f ied from Tasks 6, 7 and/or I0. 
Two commercial catalysts or one commercial catalyst and One catalyst 
prepared in Task I0 w i l l  be selected for  a two-part study, (I)  simu- 
lated laboratorypoisoning/coking and (2) test ing of rea 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 tomeasure detailed kinetics of the above reac- 
tions andto determine quant i tat ively how kinet ic parameters change 
with the extent and type of poisoning/coking simulated. Real is t ical ly  
aged catalysts w i l l  be obtained from coal l iquids upgrading experiments 
from other tasks in this program or from other laboratories conducting 
long-term upgrading studies. Deactivation w i l l  be assessed based 
on specif ic kinetics determined and selective poisoning studies wi l l  
be made to determine characterist 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 in t r ins ic  rate of  the surface reaction, 
then only sites near the exter ior  of the catalyst particles w i l l  be 
ut i l ized ef fect ive ly .  A systematic study of the effect ofmolecular 
size on the sorptive di f fusion kinetics re lat ive to pore geometry wi 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 wi l l  also be included. Experimental parameters for dif fusion 
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 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 
w i l l  be investigated, such as development of shape selective catalysts 
which can provide control of product distr ibut ion.  In view of the 
importance of temperature, alternative reactor systems (to fixed bed) 
w i l l  be investigated to at ta in 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. 



I I I  Summary of  Progress to Date 

Studies of  the chemistry and catalysis of coal hydrogenation have been 
i n i t i a t e d  with the construction of a f low reactor for  extract ion of  coal 
and the development o f ~ n a l y t i c a l  techniques. Work was i n i t i a t ed  on the 
design of a rotor  for  ~JC nuclear magnetic resonance of sol id  coal and ex- 
tracted coal. Studies on momentum, heat and mass t ransfer  in a f lu id ized  
bed simulated cond i t i ons fo r  coal hydrogenation and were used to invest igate 
effects o f  par t i c le  size and sol ids loading. 

The ca ta ly t i c  upgrading of coal-derived l iqu ids is investigated by 
studies of  the ca ta ly t i c  denitrogenation, desul fur izat ion,  deoxygenation and 
cracking of  model compounds. Aging of  Co-Mo catalysts was found to reduce 
the number of active sites but not the nature of the s i tes.  

A Raney catalyst  is being developed for  the hydrogenation of carbon mon- 
ox#de. Temperature programmed desorption was used to study the properties o f  
an iron manganese oxide cata lyst  previously shown to give high y ie lds of C 2- 
CIO hydrocarbons. 
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Task l 

A Systematic Study of Coal Structure 
by Extraction Liquefaction Under 

Mild Reaction Conditions 

Faculty Advisor: J. Shabtai 
Graduate Student: H.B. Oblad 

Introduction 

This study is concerned with extractive coal l iquefaction under mild 
experimental condit ions, using a variety of solvents and homogenous cata- 
lysts. Coal slurr ies w i l l  be processed in a small integral flow reactor 
which wi l l  be operated at temperatures of I00-300°C, hydrogen pressures 
of I00-I000 psiq and very short residence times. The mild conditions w i l l  
be adjusted to abtain very low coal conversions, e.g.,  2-5 percent to avoid 
secondary reactions. The s l u r r y w i l l  be quenched, the l iquids w i l l  be 
removed and analyzed, and the washed solids w i l l  be reloaded into the 
reactor with fresh solvent and catalyst. Repetition of this procedure 
coupled with theappl icat ion of selective catalysts should y ie ld re la t ive ly  
simple primary products. The information gathered should reveal the types 
of original structural components and interconnecting functional groups 
present in coal. 

Project Status 

A flow reactor has been constructed which is capable of pumping a dilute 
coal slurry through a preheater and a 2 zone furnace. The reactor tube can be 
heated up to = 300oc and hold pressures up to about 2000 psig. Coal slurries 
of lO volume parts liquid to 1 weight part coal powder can be pumped at 
volumetric flow rates up to 6 cc/sec. They are pumped into a large bore pre- 
heater and then passed into a long, narrow bore coiled dissolver where i t  
resides for approximately 6 sec. The residence time can be lengthened by 
decreasing the pumping rate. The bottom l im i t  to the slurry flow rate is 
governed by the sedimentation rate of the coal particles in the preheater. 
Only coal 200 mesh and smaller can be used, thus avoiding plugging the 
reactor. The hot slurry is cooled rapidly in a concentric tube heat exchan- 
ge~. Cold w a ~ i ~  p~ssed ~hrough ~he annular space between the 2 concentric 
tubes at very high velocity and in cocurrent flow. Quench is achieved in 
about 1 I / 2  sec.  The slurry can be recycled to the st i r red feed hopper or 
can be expelled to a receiver. 

A coal from the U.S. Fuel Mine in Utah has been recycled in the reactor. 
I t  is a high volat i le bituminous b type coal. I t  was circulated f i r s t  with 
cyclohexane for 7 hours. The slurry was pumped out of the reactor and sepa- 
rated in a centrifuge. The remaining coal was retrieved for further extrac- 
tion. The liquid was decanted and the cyclohexane removed. The resin was 
weighed and subjected to various analyses. The same coal sample was then 
extracted in this manner 3 more times. The solvents used were benzene, acetone 
and tetrahydrofuran in that order. The extracts underwent analysis by inf ra-  
red spectroscopy, 13C NMR spectroscopy, CHN elemental analysis and molecular 
weight determination by vapor pressure osmometry. 



Extract ion at 150°C and 250oc showed no s ign i f i can t  di f ference in 
depth of ext ract ion.  Likewise var ia t ion  of N 2 pressure (100-150 psig) 
had l i t t l e  e f fec t  on ext ract ion except to maintain the solvents in a l i qu id  
or dense phase. The depth of extract ion was in the same range as those 
reported e a r l i e r  when performed by other methods. 

Future Work 

Coal samples w i l l  be pretreated by impregnation with d i f f e ren t  sa l ts ,  
fol lowed by mild heating (150-300°C), fo r  the purpose of increasing the i r  
in te rna l  surface area and pore volume. Such pretreated samples w i l l  be 
subjected to ex t rac t ive  l iquefac t ion  in the newly constructed reactor using 
(a) nonreacting solvents and (b) soluble cata lyst -so lvent  systems. 

' . ,  , ,  



Task 2 

Carbon-13 NMR Investigation of CDL and Coal 

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

Introduction 

Carbon-13 NMR (CMR) spectroscopy can provide significant insights into 
the structure of solid coal by means of direct examination. In addition, 
comparison of solid coal spectra with that obtained from the corresponding 
residue and coal derived liquids provides a valuable new means for exploring 
the details of the chemistry of the coal liquefaction process. The effect 
of strong dipolar fields in the solid together with the large chemical shift 
anisotropy of aromatic carbons in the solid state combine to l imit the 
availability of the extensive detail common in liquid spectra. The C-H 
dipolar interaction can produce 13C linewidths of up to 40 KHz while the 
chemical shift anisotropy can be as large as several KHz even at moderate 
{~eld strengths. The detection of a nucleus of low natural abundance (e.g., 
~C at l.l%) presents sensitivity problemsin crystalline solids that are 

also challenging. Recently, developed experimental techniques now provide 
powerful methods for investigating the intricate 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 shift anisotropy of the resonance lines. 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 will attempt to improve on these experimental techniques 
and apply them to the measurement of solid coal, coal liquids and model 
compounds. 

Project Status 

During the f i rs t  quarte~ work was initiated at a modest level on examining 
alternative designs for magic angle spinning (MAS) rotors. Ideas were formu- 
lated for redesignof the present MAS spinners to achieve high speed (5-6 KHz) 
stable spinning capability of larger rotors than those presently in use in 
this laboratory. Material considerations (in addition to design criteria) are 
very important for two reasons: l) The material used for rotor construction 
must have sufficient strength so as not to deform the rotor athigh spinning 
rates. Work on model compounds indicated that even minor spinner instability 
can give rise to small spinning side bands. Furthermore, at high spinning 
rates some rotors have exploded. 2) To cut dQwn the amount of time required to 
obtain data on a given solid, one must increase the amount of sample inside the 
receiver coil. Hence, the need for larger rotors. Several larger rotors have 
been built to spin approximately 200 mg of sample as opposed to the lO0 mg 
normally used in the past. I f  this effort islsuccesful, the instrument time 
required to achieve a given S/N ratio wil l  be reduced by a factor of 4. 
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Future Work 

The 13C NMR analysis of coal l iqu ids obtained by ZnCl2 catalyzed hydrogena- 
t ion of coals at short contact time w i l l  be i n i t i a t ed .  

I I  



Task 3 

Catalysis and Mechanism of Coal Liquefaction 

Faculty Advisor: D.M. Bodily 
Graduate Student: Jason Mi l le r  

Introduction 

The hydrol iquefact ion 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 stabi l ized by hydrogen transfer to form lower 
molecular weight products or they nay 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 
ZnCI 2 w i l l  be studied with model compounds and coal by such reactions as 
hydrogen transfers, cleavage of speci f ic bonds and interact ion with ~ elec- 
tron systems. 

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

Project Status 

Review of data obtained under a previous contract leads to the conclusion 
that zinc chloride is an active catalyst for bond scission in coal hydrogena- 
t ion during the i n i t i a l  stage of the reaction. Solid catalysts such as cobalt 
molybdate or f e r r i c  oxide are inef fect ive below 20% conversion. Structural 
analysis of the i n i t i a l  products of hydrogenation with these catalysts indicates 
a higher hydrogen content, lower heteroatom content and lower aromaticity than 
the products at higher conversion. The structures are the same as those 
obtaining from samples hydrogenated with no catalyst.  For impregnated zinc 
chloride catalyst ,  the structure of the l iquids is quite d i f ferent .  

Future Work 

An HPLC method for  rapid analysis of coal hydroliquefaction products w i l l  
be developed. 
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Task 4 

Momentum, Heat and Mass Transfer in Cocurrent Flow • 

Faculty Advisor: J.D. Seader 
Graduate Student: B.S. Brewster 

Introduct ion 

This pro ject  is  concerned with an invest igat ion of the momentum and 
heat t ransport  phenomenon for  gas-solids suspensions f lowing v e r t i c a l l y  
downward through a heated tube. The research is motivated by the lack 
of data or correlat ions thereof in the l i t e r a t u r e  to the downward cocurrent 
conf igurat ion and a comparison to the upward cocurrent conf igurat ion.  
Both have appl icat ion to coal-conversion reactors. 

Project  Status 

During th is  period, heat t ransfer  measurements were completed fo r  the 
cocurrent downward f low of the coal p a r t i c l e - a i r  system. 

I n i t i a l l y ,  heat t ransfer  measurements with a i r  alone were conducted 
to determine the heat loss correct ion to be applied to subsequent measure- 
ments wi th coal suspensions. The a i r  alone Nusselt numbers were also com- 
pared with standard correlat ions to checkthe system operab i l i t y .  Ex i t  
gas temperature p ro f i l es ,  measured in a few runs with coal suspensions, 
were used to determine the rate of  gas- to -par t i c le  heat t ransfer  in 
terms of an average par t i c le  Nusselt number for  the suspension based on 
the par t ic le-sur face-area.  Par t ic le  Nusselt numbers calculated from the 
data were then correlated in terms of  average pa r t i c le  s ize,  gas f low 
rate and sol ids loading; and the resul t ing corre lat ions were used to 
calculate one-dimensional temperature p ro f i les  of  the gas and so l ids.  
The gas temperature p ro f i l e  was then used to calculate the local wal l  
Nusselt number. This was based on the to ta l  rate o f  heat t ransfer  to the 
suspension and the temperature di f ference between the inside surface of  the 
tube wal l  and the bulk gas. 

Following a procedure developedby Kim, as reported ea r l i e r ,  heat 
loss from the heat t ransfer  tes t  section was essent ia l l y  independent of  
gas mass f low rate and equal to a value that represented less than 5 percent 
of  the to ta l  heat generated for  most of  the subsequent runs with coal sus- 
pensions. 

Wall Nusselt numbers for  the f low of a i r  alone were obtained over a 
Reynolds number range of about I0000 to 30000. The data were in excel lent  
agreement with the well-accepted corre lat ions of Sparrow and Kays. 

Using the measured heat loss, values of the heat f lux  at the inside 
surface of the tube, during studies with coal suspensions, were assumed 
to be uniform and were calculated from the to ta l  heat generated in the 
tube as measured e l e c t r i c a l l y .  The heat f l ux  wi th coal suspensions was 
always higher than with a i r  alone at the same gas f low rate. Data for  
three a i r  f low rates are shown in Fig I .  At the high f low rate 
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(Res~ av ~ 29500), the heat f lux  with lO0-micron par t ic les is higher than 
with~OO-micron par t ic les at sol ids loading rat ios less than 3. This is 
due to the higher surface area for gas- to-par t ic le  heat transfer and, 
consequently, higher uptake of heat by the sol id  phase with the smaller 
par t ic les.  The data for  Resn av equal to approximately 14100 show a 
higher heat f lux  w~th the smaller par t lc les at sol ids loading rat ios less 
than 3 and an approximately equal heat f lux  for  both par t i c le  sizes at 
sol ids loading rat ios greater than 5. 

An upstream thermocouple was used to measure ex i t  gas temperature for  
the tests with lO0-micron coal suspension. The thermocouple indicated 
temperatures higher than the gas temperature due to heating of the probe 
by impacting par t ic les.  The magnitude of the impact heating was measured 
and correlated for temperature correction in terms of radial posi t ion,  
sol ids flow rate and gas veloc i ty .  Impact heating with the downstream 
probe in 300-micron suspensions was neg l ig ib le ,  and no correction was 
necessary. 

Complete radial p ro f i les  of the ex i t  gas temperature for  runs with 
coal suspensions were made for  a number of runs. In every case, the gas 
temperature was decreased by the addit ion of  sol ids due to the absorption 
of heat by the sol ids from the gas. 

Bulk gas temperature was calculated by neglecting the ef fect  of the 
sol ids on the shape of the gas ve loc i ty  p ro f i l e  in the suspension and 
integrat ing the measured temperature p ro f i les .  The average par t ic le  
Nusselt number in coal suspensions was based on the average par t i c le -  
surface-area diameter of  the suspension and calculated so as to make the 
predicted ex i t  bulk gas temperature agree with that calculated from the 
measured pro f i les .  These average par t i c le  Nusselt numbers are plotted in 
Fig 2, where they are seen to depend on gas flow rate, sol ids loading and 
par t ic le  size. Values for  the 300-micron suspension are 2 to I0 times 
higher than those for  the lO0-micron suspension, consistent with the fact"  
that the averagesurface-area-diameter of the larger par t ic les is approxi- 
mately three times that of the smaller par t ic les .  The par t i c le  Nusselt 
number increases with increasing f low rate and turbulence level of the 
gas, decreases with increasing sol ids loading ra t io  and at high loadings 
can be lower than the theoretical, value of 2 for  a sphere in an i n f i n i t e  
stagnant f l u i d .  

Part ic le Nusselt numbers were then used to calculate the solids and 
gas axial temperature p ro f i les .  Local wall Nusselt numbers for  the suspen- 
sion were then calculated from the wall temperature and these bulk gas 
temperature p ro f i les ,  where gas properties were evaluated at the average 
of the i n l e t  and out le t  conditions. The resul t ing asymptotic Nusselt number 
(measured at a distance of 42 inches from the i n l e t  of the heated tube) is 
compared with the correlat ions obtained with glass beads by Kim in Fig 3. 
The same trends observed with the glass bead suspensions are also apparent 
in the coal par t ic le  suspensions; i . e . ,  Nusselt number is almost constant 
at the lower gas Reynolds numbers (9600 and 14200) and decreases only 
s l i g h t l y  with sol ids loading at the higher Reynolds number (28500). 

Bulk gas and solids temperatures at the heat t ransfer  section out let  
were determined from the Nusselt number corre lat ions.  These resul t ing 
prof i les led to the fo l lowing observations. F i rs t ,  the temperatures of 
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both solids and gas decrease with increasing solids loading as previously 
observed with the gas temperature profiles. Second, the difference in 
temperature between the solids and gas is always greater with the larger 
size particles. Third, the outlet temperature of the solids in the 300- 
micron suspension is much less dependent on solids loading than that of the 
solids in the lO0-micron suspension. Fourth, the outlet temperature of the 
solids is much higher in the lO0-micron suspension than that of the solids 
of the 300-micron suspension at low solids loadings, but solids temperature 
in both suspensions appears to approach the same asymptotic value at high 
loadings. 

Future Work 

As discussed in previous progress reports, experimental results for 
cocurrent upward flow scatter widely and, thus, cannot be directly compared 
to the data obtained here for cocurrent downward flow. Accordingly, i t  
is planned to modify the apparatus to conduct a limited number of runs in 
the upward flow configuration so that a comparison can be made. 
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Task 5 

The Mechanism of Pyrolysis of Bituminous Coal 

Faculty Advisor: W.H. Wiser 
Graduate Student: John 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 "bridges" jo ining configurations in the coal, 
yielding free radicals. The d i f ferent  approaches to ICquefaction, 
except for Fischer-Tropsch variat ions, represent ways of s tabi l iz ing 
the free radicals to produce molecules. The s tab i l izat ion involving 
abstraction by the free radicals of hydrogen from the hydroaromatic struc- 
tures 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 
understand the chemistry of this pyrolyt ic  operation using coal model 
compounds. 

Project Status 

One model compound has been received and the second one is currently 
being synthesized by Parrish Chemical Company of Provo, Utah. 1 

The Perkin-Elmer thermogravimetric system has been calibrated and 
tested. Several preliminary experimentshave been conducted on the f i r s t  
model compound using about I0 mg of the compound for each experiment. The 
preliminary thermogravimetric experiments indicate that the compound has 
too high a vapor pressure in the temperaturerange of interest  (300-500°C) 
to be studied by this method. Preliminary ~ndications from Parrish Chemical 
Company'are that the second model compound w i l l  behave in a simi lar manner. 
. I t  is,  therefore, necessary to devise a new method to conduct the experi- 
mentation. A l i te ra ture search is being conducted on current techniques for 
studying the pyrolysis of vo lat i le  compounds. 

Future Work 

A new method for studyingthe pyrolysis of the model compounds w i l l  
be designed. I t  w i l l  be bu i l t ,  assembled, tested and used to determine the 
mechanism and kin@tics of the model compounds. 

References 

I .  W.H. Wiser et a l . ,  DOE Contract No. E (49-18)-2006, Quarterly Progress 
Report, Salt Lake City, Utah, Jan - Mar 1979. 
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Task 6 

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

Faculty Advisors: 

Graduate Student: 

J. Shabtai 
A. G. Oblad 
G. Haider 

In t roduc t ion  

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

Project Status 

The present report is concerned with a study of the hydrodeoxygenation 
of 1,4-benzodioxane (~, {~0 )- Figures l (A and B) and 2 (A and B) 
summarize the change in product composition from HDO of compound l as a 
function of temperature, using sulfided Ni-W/AI203 and sulfided Co-Mo/Al203 
catalysts, respectively. For clar i ty in presentation, the change in product 
composition is subdivided into two sets (A and B), both in Figures l and 2. 
The Ni-W/AI203 and Co-Mo/Al203 catalyst precursors used were Sphericat 550 

omo 71 l " ( I / 16 " )  and Nalc 4 ( /32 ),  respec t i ve ly .  Both were suppl ied by Nalco 
Chemical Co. 

As seen from Figure 1 (A), the main products from compound l at low 
temperatures (200-231 o C) are 

. .-.~.OCH:CH 2 
l-hydroxy-2-vinyloxybenzene~ o{~L.o H , ~) 

, • H , 3 1,2 dih~droxybenzene ( L~H ( E-) t_ j _ 
ethylbenzo-l,4 dioxane ( ~ -~ ,  4) 

Extrapolation to temperatures below 2bO°C ~ndicates that the main product 
under such conditions is 2. With increase in temperature above 200°C, there 
is a gradual decrease in the concentration of 2, while the concentrations of 
3 (found mostly as a polymer) and 4 gradually i-ncrease. After reaching a 
m-aximum around 260°C, the concentration of 3 slowly decreases at higher 
temperatures. However, compound 4, after passing through a maximum around 
230uC gradually decreases between-230-350Oc. This is accompanied by the 
formation of higher ethylated benzodioxanes, i .e . ,  

Et 
diethylbenzo-l,4-dioxane (E£~o) ' 6) 

• E o - _ t r l e t h y l b e n z o - l , 4 , - d i o x a n e  (E~o~ , 7) 

tetraethylbenzo-l,4-dioxane :~z~tE~ ° , 8) 
l 

] _ 

especially between 290- 350Oc. For sim~"~c~ty the ethylated dioxanes 6, 7 
and 8 have been plotted together in Figure l-A. At temperatures above260EC 
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(Figure I-B) there is also some formation of ethylphenol (9), diethylphenol 
(I0) and t r ie thy lphenol  ( I I ) .  Above 290°C the product contains small amounts 
of cyclohexane (12) and methylcyclopentane (14), and another product,~F~CHOH 
ta t i ve ly  assigned-the structure of l-hydroxT-2-benzoxyethylene ( ~ 15) 
Similar compositional change patterns are observed with a sulf ided Co-Mo/AI203' 
catalyst  (Figures 27A and 2-B), although there are some signi f icant 'd~fferences. 
In pa r t i cu la r ,  a marked increase in the rate of formation of phenol (5), 
apparently by hydrodeoxygenation of compounds 2 and 3, isobserved wi~-h the 
sulf ided Co-Mo/AI203 catalyst  (Figure 2-A). IT ~s al-so observed that with 
this catalyst the concentrations of benzene (16__) and cyclohexene are some- 
what higher than those found in the reaction product using the sulf ided 
Ni-W/AI203 catalyst  Compound 2 (l-hydroxy-2-vinyloxybenzene) could not be 
observed even at 200°C. I t  i--s possible that 2 is formed i n i t i a l l y ,  but then 
converted into 3 and ~ at a much faster  rate than-that observed in the reaction 
with the sulf ided Ni-W/AI203 catalyst  (compare with Fig I-A).  Another 
interest ing di f ference is that at 200-230°C, the product with Co-Mo/AI203 
catalyst contains some ethanol (17), which might be derived by a two-step 
hydrogenolysis sequence d i rec t l y  from the feed i (vide in f ra ) .  

The results in Figures I(A and B) and 2(A and B) can be rat ional ized by 
considering the mechanistic schemes outl ined in Figures 3 and 4. In the reac- 
t ion with the sul f ided Ni-W/AI203 catalyst  (Fig 3) 1,4-benzodioxane ( I )  
apparently undergoes fast  dehydrogenation to dehydrobenzodioxane (18) which 
by hydrogenolytic cleavage yields Compound 2. Hydrogenolysis of 2 gives 
ethylene and 1,2-dih~d~oxybenzene over sulf ided catalysts have been indicated 
in previous studies. ~,~ The presence of ethanol in the reaction product with 
the sulf ided Co-Mo/AI203 catalyst  (Fig 2-A) indicates that there is apparently 
an addit ional pathway leading to the formation of phenol (5), v i z . ,  hydro- 
genolysis of 1 to the intermediate alcohol 22, followed by hydrogenolysis of 
22 to y ie ld  5--and ethanol, Which could be consumed as an alky lat ing agent 
TFig 4). - 

The present study indicates that certain reaction pathways in the HDO 
of ortho-diphenolic ethers, e.g. ,  1,4-benzodioxane or 1,2-dialkoxybenzenes, 
produce upon hydrogenolysis reactive coke precursors, e.g. ,  O-dihydroxybenzene. 
This is an addit ional evidence (see also previous report) that oxygen-con- 
taining components of coal l iquids could play a major role in the fast  deacti- 
vation of conventional sulf ided catalysts in the upgrading processes. 

Iden t i f i ca t ion  of products from HDO of 1,4-benzodioxane (1) was carried 
out by gas chromatography/mass spectrometry and by comparison with reference 
samples. A typ ica l  gas chromatogram of products from HDO of ! i s  shown in 
Figure 5. 

Future Work 
Systematic HDO studies are being presently carried out with the ester. 

References 
I .  A. Dierichs and R. Kubicka, Fenoly a zasady z uhli  (-Phenols and Bases 

from Coal) SNTL, Prague, 1956. 
2. 0.. Weisser and S. Landa, "Sulf ide Catalysts, Their Properties and Appl icat ions," 

Pergamon Press, New York, New York, 1973. 
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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 ef fect ive 
catalyst systems and processing conditions for reductive hydrodenitrogena- 
t ion (HDN), as well as for  d i rect  (non-reductive) denitrogenation, of 
coal-derived l iquids (CDL) in a wide range of nitrogen contents and struc- 
tural type composit ion. This is of part icular importance in view of the 
higher concentration of nitrogen-containing compounds in CDL as compared 
to that of petroleum feedstocks. For a bet ter  understanding of deni- 
trogenation processes, the project includes systematic denitrogenation 
studies not only of CDL but also of related model N-containing compounds 
found in such l iquids as phenanthridine, l, lO-phenanthroline, carbazoles, 
acridines, etc. ,  as a function of catalyst type and experimental variables. 
A part of the study is concerned with determination of the rate, mechanism 
and stereochemistry of HDN of s t ructura l ly  d is t inc t  N-containing aromatic 
systems in the presence of sulfided catalysts. 

Project Status 

The present report d~scusses some i n i t i a l  results obtained in a study 
of the hydrogenation reactions of phenanthridine (~) over a sulfided Ni- 
W/A1203 catalyst. Hydrogenation ~eactions were carried out in an auto- 
clave system described elsewhere." Reaction products were ident i f ied by 
a combination of gas chromatography, mass spectrometry.and by comparison 
with pure reference compounds. 

Changes in product composition from hydrogenation of 1 were f i r s t  
investigated as a function of reaction temperature in the~ange of 300- 
380°C using a constant pressure of 2500 psig. Results obtained are 
given in Table I .  An example of  a gas chromatographic separation of 
products from ~ is given in Figure I .  

As seen in Table I~ the main products from 1 observed at 300°C are 
1,2,3,4,5,6,13,14-octahydrophenanthridine (2) and5,6 ,7 ,8 ,9 ,10, l l ,12-  
octahydrophenanthridine (3). Small amounts of 1,2,3,4-tetrahydrophenan- 
thrine (4_) and 7,8,9,10-tetrahydrophenanthrine (5_), which a~e anticipated 
primary-products in a stepwise hydrogenation of  ~, are also found at 
this temperature. The other expected primary product, 5,6-dihydrophenan- 
thridine (6), is not observed at  300Uc possibly because of fast  
secondary reactions (studies below 300oc are presently underway to 
determine whether this compound is an important f i r s t  step intermediate 
in the hydrogenation reaction). Considerable amounts o f  the completely 
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hydrogenated product, perhydrophenanthridine (7) are also formed. With 
an increase in temperature between 300-350oc, the concentration of 2, 3 
and _7 gradually decreases while that of the anticipated HDN products, 
methylsubstituted biphenyl derivatives (8), gradually increases. In the 
range of 350-380oc such bicyclic products (8) are gradually converted 
into monocyclic derivatives (C6-C 8 benzenes and cyclohexanes) by hydro- 
genolysis of the C-C bond bridging the two rings in 8. 

These results suggest that in the temperature range studied so 
far at least two rings must be saturated before removal of nitrogen 
from the middle ring. The accumulation of the octahydro-derivatives 

and 3, and the perhydro-derivative 7, which is observed before the 
appearance of the denitrogenated bicy~lic product 8, supports this 
conclusion. Also a rather high hydrogen consumpti-on is involved in 
the removal of each middle-ring nitrogen. However, the HDN reaction of 
phenanthridine (1)_ is fundamentally different from that of other t r i -  
cyclic N-containing compounds, e.g., 5,6- and 7,8-benzoquinolines, 
leading finally to monocyclic rather than bicyclic HDN products. 

The products obtained from HDN of ! can be rationalized by a 
mechanism suggested in Figure 2. 

Future Work 

The HDN reactions of phenanthridine wil l be studied at reaction 
temperatures between 200-300°C. to clarify the nature of the early hydro- 
genation steps in the process. An autoclave modified for determination 
of kinetic rate constants will then be used to verify the mechanism of 
Figure 2. This autoclave wil l also be used to verify p~oposed reaction 
networks for 5,6-benzoquinoline and 7,8-benzoquinoline. • 

Work will be initiated on nonreductive denitrogenation of CDL and 
related model compounds via nitride formation. 

Reference 

I. L .  Veluswamy, Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 
1977. 
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TABLE 1 

CHANGE IN PRODUCT COMPOSITION FROM HYDRODENITROGENATION 
OF PHENANTHRIDINE AS A FUNCTION OF TEMPERATURE AT 

2500 PSlG, (CATALYST: SULFIDED Ni-W/AI203)a 

TEMPERATURE, °C .300 350 

CONVERS ION, MOLE % 1 O0 1 O0 

PRODUCT COMPONENTS, MOLE %: 

(6_) 

(7_.) 

380 

I00 

3 .55 3.18 2.94 

49.36 18.03 

4.59 5.69 

66.34 

27.19 15.82 14.54 

XYLENES 

TOLUENE 

METHYLCYCLOHEXANE 

BENZENE 

CYCLOHEXANE 

2.92 21.84 36.68 

- - -  9.67 

0.38 2.12 

1.18 3.34 

1.68 5.71 

I .  97 I .  26 

aln each experiment IOg of  1 and 1 g of sphericat 550 cata lys t  (Ni-  
W/A1203) were used with a r-eaction time of  3 hr. 
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B IC YCL ICS 
r 

Figure I. A typical gas chromatographic separation of products 
of hydrogenation of phenanthridine. (Column: lO' x I /8" ;  6% 
Dexil 300 on Chromosorb; Program: 60 - 270oc at 4OC/min. 
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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 
S. Sunder 

Introduction 

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

The present project is concerned with the following interrelated sub- 
jects: (1) systematic catalytic cracking studies of model polycyclic 
naphthenes and naphthenoaromatics found in hydrogenated coal liquids, e.g., 
decalin, perhydrophenanthrene, tetral in,  1,2,3,4,5,6,7,8-octahydroanthra- 
cene, and 9,10-dihydrophenanthrene, as a function of catalyst type and opera- 
ting conditions, and (2) systematic catalytic cracking studies of hydro- 
treated middle-heavy d is t i l la te  from SRC I I  as a function of the same 
variables. 

Project Status 

Results from catalytic cracking studies of model polycyclic naphthenes, 
e.g., decalin and perhydrophenanthrene, were reported earlier. Results 
from systematic catalytic cracking studies of model polycyclic naphtheno- 
aromatics, e.g., tetral in,  1,2,3,4,5,6,7,8-octahydroanthracene, 9,10- 
dihydrophenanthrene are being carried out. Results obtained with tetral in 
(18) as a feedstock are summarized in this report. 

Catalytic cracking of tetral in (18) was investigated as a function of 
reaction temperature and LHSV, using th--e same appa~atus and catalyst 
(Mobil Durabead-8) as in the study of decalin (l_). The total process time 
in each experiment was kept constant at 30 min. 

Table 1 and Figures I-3 summarize the change in product composition 
from catalytic cracking of 18 as a function of reaction temperature (350- 
500oc) keeping a constant LH-SV=O.60 hr -l . As seen from Table 1 and Fig l ,  
the conversion of 18 increases gradually with an. increase in temperature 
(from ll% at 350oC-to 96% at 500oc). The selectivity for liquid formation 
is high for the entire temperature range studied. The liquid yield is 
higher than 87% between 400oc and 475oc, passing through a maximum (91%) 
at _ca. 450oc. Below 400Oc the liquid yield is somewhat lower due t o  
considerable coke formation. However, at higher temperatures (450-500oc), 
the liquid yield is reduced due to an increase in secondary cracking 
reactions. Coke formation, which is ca. 24% at 350oc, steadily decreases 
until i t  is only ca. 3% at 500oc. Gas--products, however, increase from 
about I% at 350oc to 14% at 500oc. Figure 2 shows that the gaseous products 
consist mainly of saturated C 3 and C 4 hydrocarbons. 
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As seen from Table 1 and Figure 3, naphthalene (19), apparently formed 
by hydrogen ~cransfer, is .the major product between 35~and 500oc, but i t  
gradually decreases in concentration above.450oc:..Methylnaphthalenes (20a___) 
and Cl2-alkylnaphthalenes (21a) are also-formed (6to lO mol/lO0 mol of 
L8converted). The ant ic ip~d primary.cracking products from tetralin (18___), 
i .e . ,  ClO-alkenylbenzenes (24, 25) (plotted in Figure 3 as free and condensed 
as coke) decrease steadily from ca.. 20% at 350°C to ca. 5% at 525oc. The 
Clo-alkylbenzenes {15, 16), deri~d by•saturation o ~ h e  side.chains of the 
Clo-alkenylbenzenes~24T~25), go throughan early maximum at ca. 375°C and 
then decrease due to ~ a l ~ a t i o n  at higher temperatures. The-C6-C 9 benzenes 
(12, 13, 14) formed by partial or complete dealkylation of such Clo-benzenes 
(15, 16, 24, 25.) gradually increase with increasing temperature and are in- 
dicated as the main products above 525oc. Decalin ( l ) ,  apparently formed 
by hydrogen transfer reactions of 18, is"found in only small amounts (8 mol/ 
lO0 moles of 18 reacted) • at 350oc a-n-d decreases gradually due to Cracking 
reactions athT-gher temperatures, yielding C6-C7cyclanes (7.,-8) and C~-C 6 
open-chain products (2, 3, 4, 5). The C6-C 7 cyclanes go thr--oug--h amax~mum 
at ca__ 475°C and then decrease due t o secondary cracking reactions. The 
C5-C 6 paraffins and olefins increase steadilywith ificreasing temperature 
to about 5.5 mol/lO0 mol of 18 cracked at 500°C. • .... , • . 

• Table 2 and Figures 4-6 summarize the change in productcomposition 
from catalytic cracking o f l 8 a s a  function of LHSV (0.16-9.78 hr-l) at 
a constant reactiontemperature.of 425oc. ' The.changes.in product distri -  
bution follow similar patterns as in the study of the temperature effect 
(Table l ,  Figures 1-3). 

o 

z 

•I. 

An appropriate reaction mechanism has been developed to describe.the 
change in product composition with the reaction variables studied.- ' 

, The followi.ng •conclUsion can be. reached on the.basis of. the results 
obtained.. Tetralin (18) undergoes smooth • catalytic:cracking.in.the entire 
temperature,range studied. However coke formation .is high.at lowtemperatures 
(350-400UC), and formation of bicyclic l iquid components,, e.g., naphthalene 
and alkylnaphthalenes is. high at intermediate temperatures.' (400-500oc) 
Thus high temperatures (> 550uC) are required to obtain desirable products 
such as benzene derivatives and C5-C 6 open-chain products fromtetralin (18). 

• . . " ; '  : . .  

Future Work . . . . . .  . : .  

Systematic catalytic cracking studies on 1,2,3,4,5,6,7,8-octahydro- 
anthracene, 9,10-dihydrophenanthrene and hydrogena.ted..SRC I I  ..are being. 
• c o n t i n u e d . . .  •. " . . : 

• , . . . .  . • : , , , 

• , . . .  

, • - .  . . . . .  

Reference ' ' " ' " 

L. R.. Veluswamy, Ph.D..Thesis, university"ofUtah, SaltE.ake City, Utah 
1977. 
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Task II 

The Effects of Poisoning on the Desulfurization Activity of 
Cobalt-Molybdate Catalysts 

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

Introduction 

The importance of cobalt-molybdena catalysts for hydrotreating and 
hydrodesulfurization of petroleum feed stocks is well-known. These 
catalysts are also being studied for hydrodesulfurization and liquefaction 
of coal slurries and coal-derived liquids. 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 after addition of various poisons and coke precursors. The 
studies are planned using a constant stirred microbalance reactor, 
which enables simultaneous measurement of catalyst weight change and 
activity. 

Init ial tests with the flow microbalance reactor showed that 
perfect gas mixing was not achieved when injecting a liquid feed (gaseous 
at reaction temperature) directly into the reactor. Modifications incor- 
porated into a new reactor design have eliminated the problem and improved 
the mechanical stabil i ty of the system. 

Preliminary tests of benzothiophene hydrodesulfurization over a 
sulfided CoMo/Al203 catalyst showed the rate to be proportional to benzo- 
thiophene and hydrogen and inhibited by benzothiophene and H2S. Pyridine 
and quinoline were poisons for the reaction. Advantage of this finding 
was taken to develop a technique for assaying active catalyst sites by 
successive poisoning-activity measurements. 

Adsorption of H2S on the sulfided catalyst was reversible and corre- 
lated with a Langmuir adsorption isotherm. Chemisorption of pyridine 
lowered H2S adsorption, indicating a competition for adsorption sites. 

Temperature-programmed desorption studies of thiophene on the CoMo/ 
A1203 catalyst showed a complex desorption pattern when using a thermal 
conductivity detector to monitor the effluent gas stream. Employing a 
mass spectrometer to analyze the off gases, appreciable amounts of butene 
and H2S were found, as well as desorbed thiophene, signifying partial 
decomposition of the thiophene during temperature-programmed desorption. 
Similar patterns were observed on aged and poisoned catalyst, with less 
overall adsorption of thiophene in the latter two cases. 

Project Status 

Benzothiophene (BT) hydrodesulfurization (HDS) kinetics were under- 
taken on a commercial Ketjen 3% Co 8% Mo/Al203 catalyst using the constant 
stirred microbalance Teactor. The apparatus was identical to that 
described previously," except for the modified reactor design. 2 Preliminary 
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experiments were carried out varying catalyst particle size and st i r rer  
speed to establish a regime without mass transfer influence. The 
catalyst (150 mg) was sulfided using I0% H2S in H 2 at 400oc for 2 hours, 
flushed in He at 400oc for l hour before cooling to the reaction temperature 
of 350oc. A minimum H2S flow over the catalyst was maintained during the 
series of experiments to avoid any catalyst structural changes.3 The BT, 
dissolved in n-heptane solvent, was pumped through the reactor in a H 2- 
H2S flow mixture chosen as the standard condition. The extent of the BT 
reaction was analyzed by gas chromatography using an FID detector and a 
6 foot column of 3% SE-30. Ethyl benzene was the only hydrocarbon product 
observed under the present reaction conditions. The BT was fed contin- 
uously under the standard.flow conditions until the catalyst weight 
reached a fa i r l y  steady condition, as observed by constancy in catalyst 
weight and conversion. About 2 weeks were required for the catalyst to 
reach this state. Subsequently, 4-6 hours were needed to reach a new 
steady state after each change in reaction conditions. 

Figure 1 shows the cata lyst  weight changes which occurred during the 
k inet ic  series. Although the cata lyst  continued to gain weight over the 
time period involved, these changes were r e l a t i v e l y  smaller than the 
large weight obtained during the i n i t i a l  exposure of the su l f i dedca ta l ys t  
to BT. During the period of the k ine t ic  series, cata lyst  conversions 
under the standard condit ion remained essent ia l ly  constant, indicat ing that 
the small addit ional weight increases did not a f fec t  the cata lyst  ac t i v i t y .  
Weight changes at various reaction, condit ions were essent ia l ly  reversible 
and are related to d i f fe ren t  amounts of adsorbed species present on the 
catalyst .  

The k inet ic  series was carried out by systematic var ia t ion of the 
par t ia l  pressures of BT, H2S, H 2 and He. Table 1 gives the par t ia l  
pressures and rate data for  this series. Massoth 4 and others 5 have shown 
that the HDS reaction rate follows a Langmuir-Hinshelwood form. Table 2 
shows the d i f fe ren t  types of  rate equations t r ied  fo r  f i t t i n g  the data, 
The Universi.ty of Utah Computer Center ZXSSQ subroutine, based on the 
Levenberg-Marquardt algorithm, was used to f i t  the data to the d i f fe ren t  
rate equations. This program gives the rate constants, adsorption 
equi l ibr ium constants and the sum of squares between the observed and the 
calculated rates. Table 2 indicates that i t  is rather d i f f i c u l t  to 
d i f f e ren t i a te  between rate equations, especial ly  for  the cases 2, 4 and 6, 
jus t  based on the sum of  squares. But some in terest ing conclusions can 
be reached from the correlat ions:  ( I )  BT and H2S compete fo r  the same type 
of s i te  and they i n h i b i t  the react ion; (2) H 2 adsorbs on a d i f f e r e n t  s i te  
and i t  also inh ib i t s  the reaction; (3) BT adsorbs much stronger than H2S 
and (4) the presence of a square in the H2S-BT term improves the sum of  
squares considerably, indicat ing a possible two s i t e  adsorption as i n i -  
t i a l l y  reported by Sat ter f ie ld .  D From these data i t  is d i f f i c u l t  to 
say whether H 2 adsorbs on the cata lyst  associat ively or d issoc ia t ive ly .  

Temperature-programmed desorption (TPD) experiments were also continued 
during this period using H2S a@ the adsorbate. The experimental set up is 
the same as described earlier. I 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 lO0°C in He, (4) TPD ih He to 350oc, 
(5) cool to lO0OC in He, (6) TPD in H 2 to 350Oc, (7) cool in He to lO0OC, 
(8) adsorb H2S/H2.at lO0OC for I/2 hour, (9) desorb in He for l hour at 
lO0OC, (lO) TPD in He to 350oc, ( l l )  cool to lO0OC in He, (12) TPD in He 
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to 350oc, (13) cool in He to lO0°C and (14) TPD in H 2 to 350Oc. 

Figure 2 shows the above sequence of experiments for 8% Mo/y-AlgO~ 
and y-Al203. Curve l shows that during Step 6, H2S desorbs from the ~ ~ 
catalyst eventhough the catalyst was previously stripped in He at 400oc. 
But in the case of y-AlgO 3, no H2S was observed, indicating that the S 
removed as HpS in the c~talyst is associated with the Mo phase. During 
Step lO, bot~ Mo/Al203 and A1203 desorbed H2S (curve 2), but Mo/Al203 
also desorbed some H 2 whereas alumina did not. Also, during Step 14, 
(curve 3) H2S desorption was observed with the catalyst whereas no H2S 
was observed with Al203. These results indicate that part of the H2S 
adsorbs dissociatively on the catalyst. Also the Mo/Al203 does not 
seem to possess any alumina character for H2S adsorption. 

Additional H2S desorption studies were done on aged and poisoned 
Mo/Al203 catalyst. In the former case, the presulfided catalyst was 
exposed to a thiophene-H 2 reaction mixture for an overnight period at 
350°C. In the latter case, the aged catalyst was subsequently exposed to 
quinoline for one hour, also at 350oc. A subsequent one-hour He flush 
post-treatment at 350oc was applied in both cases. Figure 3 compares 
the results for fresh sulfided, aged and poisoned catalysts. In these 
runs, TPD in He was followed by TPD in H 2 after adsorbing H2S at lO0OC. 
The desorption curves in He are due to reversibly adsorbed H2S, whereas 
those in H 2 are due to sulfur le f t  from dissociative adsorption of the H2S. 
The amount of H2S adsorbed on the aged and poisoned catalyst was consider- 
ably less than on the fresh sulfided catalyst, although the desorption 
patterns were similar in nature for all cases. I t  therefore appears 
that the nature of the adsorption sites for H2S has not changed on the 
aged and poisoned catalyst, only their number has decreased. 

Future Work 

A kinetic series of experiments wil l  be carried out on hexene hydro- 
genation and on a mixed feed of BT-hexene. This wi l l  be followed by 
poisoning experiments using quinoline. The TPD .experiments wi l l  be 
continued using thiophene as the adsorbate. 
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Table I .  Benzothiophene Hydrodesulfurization Kinet ic Data 

PT x 104 , atm PS x 102 , atm PH, atm R T, cm3/min.g 

1.12 

2.86 

10.62 

3.16 

1 . 2 7  

1.53 

1.62 

1.18 

1.37 

1.47 

1.17 

0.97 

1,52 

1.65 

2.12 

1.17 

2.16 

1.66 

1.68 

1.68 

1.68 

1.66 

3.85 

5.5 

1.69 

1.76 

1.75 

1.72 

1.8O 

1.80 

1 ;65 

1.64 

1.73 

1.65 

0.836. 

0.833 

0.826 

0.833 

O. 836 

0.814 

O. 798 

0.836 

O. 735 

0,616 

0.834 

0.836 

O. 539 

O. 392 

0.243 

0.835 

O. 240 

0.158 

0.331 

O. 486 

0.307 

0. I  46 

0.131 

0.120 

0.154 

0.144 

0.136 

0.186 

0.139 

0.136 

0.116 

O. 079 

0.158 

0.077 
i 
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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 diffusional resistances within amorphous- 
type catalysts. Of primary concern is the question of whether the larger, 
multiring hydro-aromatics found in coal-derived liquids wil l have adequate 
accessibility to the active sites of typical processing catalysts. When 
molecular dimensions approach pore size diameters, the effectiveness of a 
particular catalyst is reduced owing to significant mass transport resistance. 
An extreme case occurs when molecular and pore sizes are equivalent, and 
por~below this size are catalytically inactive. 

The project objective can be achieved through a systematic study of the 
effect of molecular size on sorptive diffusion rates relative to pore 
geometry. Conceptually, the diffusion of model aromatic compounds is 
carried out using a stirred batch reactor. The preferential uptake of the 
aromatic from the aliphatic solvent is measured using a UV spectrometer. 
Adsorption isotherms are determined to supplement the diffusionstudies. 

I n i t i a l  work entai led development of a suitable reactor, measurement 
techniques and methods of data analysis. These demonstrated that adsorption 
was d i f fus ion-cont ro l led.  Effect ive d i f f u s i v i t i e s  were larger than predicted 
for  pore d i f fus ion and a surface d i f fus ion contr ibut ion was postulated. 
Subsequent studies were extended to other mult iaromatic compounds and aluminas 
with s imi lar  resul ts.  The f ract ional  surface d i f fus ion contr ibut ion was 
appreciable and about the same in a l l  cases. Because of th is ,  r es t r i c t i ve  
d i f fus ion effects could not be properly evaluated. However, for^the largest 
size compound (20 ~) and smallest average pore size alumina (50 ~) tested, 
a markedly lower diffusivity was obtained, indicative of a restrictive diffu- 
sioneffect. 

Project Status 

Our early studies of diffusion of aromatic compounds in alumina catalyst 
supports have led us to conclude that an appreciable contribution to the 
diffusion flux was due to svrface diffusion, which occurred simultaneously 
with normal pore diffusion." Subsequent work with meso-tetraphenylporphi~e 
cast doubt on whether surface diffusion was occurring with this compound. 
However, due to the large size of this compound, possible surface diffusion 
could be masked by restrictive diffusion, lowering the overall diffusivity. 
Therefore, we reinvestigated the naphthalene system to further check on 
surface diffusion, since its small molecular size should preclude a restric- 
tive diffusion effect. Also, a reliable value of the bulk diffusivity needed 
to assess effective diffusivity data, is available for this compound. 
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Previous work on naphthalene gave evidence of apparent surface di f fusion.  1'3 
There are two problems with this interpretat ion.  F i rs t ,  the calculated tor -  
tuosi ty  factors were lower than expected by a factor of two to th ree.  Second, 
and more important, i t  is d i f f i c u l t  to envision how appreciable surface d i f fu -  
sion can occur with the very low coverage of adsorbed naphthalene (less than 
I% of alumina surface), indicating the adsorption sites are quite far  apart. 
Since surface di f fusion must occur by molecular jumps between adsorption 
s i tes,  such large distances between these sites would seem to preclude this 
as a plausible mechanism. 

New di f fusion runs of naphthalene/cyclohexane with alumina catalyst L 
showed variable results which could be related to the catalyst sample size 
used~ Thus, lower apparent d i f f us i v i t i e s  were obtained with larger amounts 
of c a t a l y s t s .  This indicated that bulk mass transport may be af fect ing the 
results.  To eliminate this possible factor,  the s t i r red  tank reactor was 
modified to include baffles around the periphery of the reactor to achieve 
better contact between catalyst  and solution. Results with the new reactor 
showed better consistency in that datawere independent of ca ta l ys ts i ze .  
Interest ingly,  the ef fect ive d i f f u s i v i t y  (De) values were now independent of 
equil ibrium adsorption (K), as shown in Fig I ,  contrary to the ear l ie r  data. 
The ear l ie r  data appear to approach the new data at high values of K. This 
is s ign i f i cant  because the surface di f fusio~ should resul t  in an increase 
in e f f e c t i v i t y  d i f f u s i v i t y  with adsorption, ~ which the new data do not show. 
Thus, the occurrence of surface di f fusion becomes questionable and the pre- 
vious data explicable in terms of mass transfer ef fects,  since larger catalyst 
samples were used in the low K region. However, the problem of high d i f f u -  
sion rates remains, i . e . ,  the average D e is considerably higher than expected 
for  pore d i f fus ion,  y ie ld ing an unreasonably low catalyst  tor tuos i ty  factor 
of 0.8 

Prasher and Ma report no surface di f fusion occurs in alumina p e l l e t s  
with a l-methylnaphthalene in cyclohexane solution. TM Their experiments were 
carried out at considerably higher solute concentrations (40,000 - I00,000 
mg/l) than ours (5 - 40 mg/l). To see the ef fect  of concentration, a d i f f u -  
sion run was made at a concentration of 370 mg/l. The ef fect ive d i f f u s i v i t y  
was about one-half o f ' tha t  obtained in the low concentration range, giving 
a somewhat more reasonable tor tuos i ty  factor of 1.5. A concentration effect 
is not generally observed in these types of d i f fusion studies. 

A possible source of error in determining d i f f u s i v i t y  values in 
adsorption-diffusion studies arises from the nature of the adsorption 
isotherm involved. The calculated di f fusion coef f ic ient  depends on the 
value of the equil ibrium adsorption constant, which is invariably obtained 
from the assumption of a l inear adsorption isotherm. However, our systems 
are quite non-linear in this respect, as shown in Fig 2 for  naphthalene with 
catalyst L. We had been assuming that adsorption was approximately l inear 
in our calculations to solve the applicable d i f fe ren t ia l  equations in 
closed form. The fact that the isotherm is not l inear may mean that our 
calculated values are in error, and may account for the unexpected concen- 
t ra t ion ef fect  mentioned above, as well as the high d i f f us i v i t i e s  obtained. 
I t  now appears necessary to reanalyze our data employing a non-linear isotherm. 
This requires a numerical technique for  solution. 

Future Work 

IsothefTns w i l l  be determined for the naphthalene system at higher 
concentrations and additional d i f fusion runs w i l l  be made in this region. A 
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numerical technique wil l  be developed to incorporate a non-linear isotherm 
into the basic differential equations for diffusion. This wi l l  be applied 
to the previous and new data obtained to see i f  this wi l l  resolve the problem 
of high apparent di f fusivi t ies for naphthalene. Subsequent work wil l  involve 
larger aromatic molecules. 
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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 th is project  are to develop a preparation technique 
for a Raney Type catalyst  (pa r t i cu la r l y  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 pa r t i cu la r l y  those promoted with 
manganese are very promising for  the production of C2-CI0 hydrocarbons. The 
objectives of th is invest igat ion can be subdivided as f o l l o w s :  

I .  Preparation of Raney type cata lyst  of  various compositions, part icu- 
l a r l y  Fe-Mn catalyst .  

. Establish cata lyst  character izat ion procedures which can be correlated 
with y ie ld  and se lec t i v i t y  parameters. The characterizat ion procedures 
w i l l  include atomic adsorption, X-ray d i f f r ac t i on ,  BET surface area 
measurement, chemisorption, TGA and surface spectroscopic analysis 
such as ESCA, Auger, etc. 

3. Investigate th~ ef fect  of f ixed bed process variables such as tempera- 
ture, pressure, space ve loc i ty  and H2/CO ra t io  on y ie ld  and se lec t i v i t y .  

4. Study the interact ions between the major cata lyst  component and pro- 
moters in terms of y ie ld  and se lec t i v i t y  to C2-CI0 products. 

5. Study the overal l  k inet ics of  carbon monoxide hydrogenation process. 

A f ixed bed reactor system was designed and construction was i n i t i a t ed  
with avai lable materials. An extensive l i t e ra tu re  survey has been done on 
theprepara t ion  of  Raney type catElysts. 

Project Status 

The construction of  the f ixed bed reactor system hasbeen completed. A 
detai led schematic f low d~agram is shown in Figure I .  The f ixed bed reactor 
consists of a 20 inch long 316 stainless steel tube with a 1 inch O.D. and I /2  
inch I.D. and is embedded in a 3/4 ifich thich aluminum block to enhance the 
uniform temperature d i s t r i bu t ion  along the reactor tube. The reactor is 
positioned v e r t i c a l l y ,  rather than hor izonta l l y ,  to minimize the possible en- 
trainment of  high molecular weight hydrocarbon products from the reaction in 
the reactor. 

The reactant gas, a CO and H 2 mixture, w i l l  be dried and treated with 
activated carbon to remove any trace of  water and metal carbonyls. Af ter  
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passing through the reactor, the product gas and vapors wil l pass through 
Trap I and Trap I I .  Trap I will be kept at lO0OC to remove the high 
boiling point hydrocarbons, while Trap II will be kept at O°C in an ice 
bath to condense the low boiling point products, mainly water and alcohols. 
The remaining gas will pass through a Grove back pressure regulator, which will 
reduce the gas pressure to atmospheric pressure. The flow rate of the exit 
gas will be monitored by a dry testmeter. A gas chromatograph will analyze 
the composition of the exit gas. 

The fixed bed reactor system has been tested for leaks and is now 
ready for use. 

Future Work 

A technique for the preparation of Raney iron-manganese catalyst will 
be developed. The following procedure for the preparation of Raney type 
catalyst will be used: l) fusion of alloys, 2) size reduction, 3) decom- 
position of alloys by caustic solution and 3) washing of the remaining 
active components. Since Raney type iron-manganese catalysts (or alloys) 
are not commercially available, the above procedure wil l  be used. Guide- 
lines from the literature survey on the preparation of other types of 
Raney catalysts will be used. The hydrogenation of carbon monoxide will 
be studied after the catalysts are prepared. 
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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 selectivity. This is accomplished by 
characteri-zation 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 tabi l i ty  and surface 
characteristics. Also, variables in catalyst preparation and pretreat- 
ment are examined to establish their effects on catalyst properties. 
Finally, in-situ 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. 

Project Status 

Some in i t i a l  runs with the temperature-programmed desorption/reaction 
(TPD/TPR) apparatus were performed on reduced iron, manganese oxide and 
an iron manganese oxide catalyst (T9) containing 17.7 Mn/lO0 Fe. In 
these runs, there has been a problem with small amounts of oxygen con- 
tamination from the helium use~ but action wi l l  be taken to eliminate this 
problem. A number of useful observations were made, however, and in some 
runs the oxygen contamination effects are minimal. 

Figure l shows the result of a TPR experiment in a 2% CO in He mixture 
over a reduced iron catalyst. The CO concentration began to decrease 
around 200oc, indicating CO adsorption. At somewhat higher temperatures, 
CO 2 appeared which may have come from CO disproportionation or reaction 
of CO with contaminant oxygen on the catalyst. At higher temperatures, 
CO began to rise together with C02, going through a maximum. The increase 
in the CO may have been due to some CO desorption, whereas the peak in the 
CO 2 most l ike ly  was due to reaction of CO with contaminant oxygen. On 
holding the temperature at 500oc for one-half hour, both CO and CO 2 
reached a steady state, indicating disproportionation was occurring since 
any oxygen contamination should have been removed by then. 

The TPD/TPR experiments on pure MnO were less ambiguous than those 
performed on iron except for CO adsorption. Figure 2 shows the TPD 
of several preadsorbed gases. The oven dried catalyst was f i r s t  reduced 
in H 2 at 500oc overnight. After purging with He the desired gas was 
exposed to the catalyst at room temperature for at least 15 minutes. 
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Helium was again introduced u n t i l ' t h e  adsorbed gas concentration decayed 
to a stable value. The catalys~ temperature was then raised l i nea r l y  
and the o f f  gas monitored by the mass spectrometer. The cata lyst  was 
exposed to H 2 at 500oc between runs. Carbon dioxide desorbs o f f  the 
catalyst  at around 210°C. Nitrogen and hydrogen showed no desorption peaks 
and therefore exhibited no adsorption on MnO. Carbon monoxide (2.2% in 
He) did not seem to adsorb on the MnO cata lyst  in one run, possibly due 
to preadsorbed oxygen blocking adsorption si tes or too low a par t ia l  
pressure of CO. A subsequent experiment in the microbalance, however, 
showed that pure CO can be adsorbed and desorbed from pure MnO with no 
net weight gain, indicat ing d issoc ia t iveadsorpt ion did not occur. 

One carbon monoxide TPD run was done on Catalyst T9. A broad, 
shallowpeak of carbon monoxide was formed at low temperature, as shown 
in  Figure 3. Addit ional work w i l l  be needed to evaluate th is resu l t  
in perspective with studies on thepure  iron catalyst .  

The X-ray d i f f r ac t i on  patterns of  a number of used cata lyst  were 
examined. The main phases were iron and manganese oxide as had been 
previously found on f reshly  reduced catalysts.  However, there is some 
evidence of carbide formation. The peaks of in terest  are very close 
to those Of ~- i ron and make analysis d i f f i c u l ~ .  Trends in apparent 
carbide peak heights with cata lyst  composition Show no clear re lat ionship.  
Iron catalysts are known to produce iron carbides during Fischer Tropsch 
synthesis. 1,2 The catalysts that were used in the reactor studies had 
been exposed to synthesis gas at 500 psi and 200-260oc for  approximately 
8 hours. Though a carbide phase appears evident, i t  seems to be less than 
10%. Further experiments in the microbalance along with X-ray d i f f r ac t i on  
studies w i l l  be needed to describe and analyze what e f fec t  manganese 
oxides may have on carbide formation. 

Future Work 

The microbalance w i l l  be used to monitor the cata lyst  weight changes 
resul t ing from chemisorption of gases and carbon formation during H2-CO 
reaction. Samples w i l l  be analyzed by X-ray d i f f r ac t i on  at various 
stages of reaction for  carbide formation. The TPD/TPR runs w i l l  be 
continued with the mixed iron catalysts.  
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V. Concl usi ons 

Conclusions for  each task are included in the individual reports, Task 9 
did not have a student duri-ng th is  quarter and no work was done on Task 15. 
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