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II OBJECTIVE AND SCOPE OF WORK 

i .  The 

Task 1 

Task 2 

Task 3 

chemis t r y  ahd C a t a l y s i s  o f  Coal 

C h e m i c a l - C a t a l y t i c  Stud ies 

Li quefacti on 

Coal wi l l  be reacted at subsoftening"temperatures.with selecti.ve 
reagents to,break bridging linkages be~veen clusters with minimal 
effect on residual organicclusters..The coal w i l l  be pretreated 
to increase surfacearea and then reacted at. 25 to 350uc. Reagents 
and catalysts wil l  be used which are~selective so that the coal 
clusters are solubilized with as l i t t l e  furtherreaction as possible, 

Carbon-13 NMR Investigation of CDLand Coal 

Carbon-13NMR spectroscopy wil l  be used,to examine-coal, coal derived 
liquids(CDL) and residues which haveundergone subsoftening reactions 
in Task l. and extraction. ImprovementsinNMR techniques,sudh as 
crosspolarization-and magic angle spinning,will be applied:Model 
compounds wil l  be included which are representative of~structural 
units thought tobe present in Coal..Comparisons of Spectra from 
native coals, CDL and residues will provide evidence for bondings 
which are.broken by mild conditions, 

Catalysis and Mechanism of Coal Liquefaction " 

This fundamental study wil l ,gain an understanding of metal salt 
chemistryand catalysis in coal liquefaction through study of reactions 
known in organic chemistry~ zinc chloride and other catalytic 
materials wi l l  be tested as Friedel-Crafts catalysts and asredox 
catalysts usingcoals and selected model ~compounds~. Zinc chloride, 
a weak Friedel-CraftS catalyst, will beused at conditions co~on to. 
coal liquefaction to participate in well defined .hydrogen.transfer 
reactions,,.These experiments will be,augmented by-mechanistic 
studies of-coal hydrogenation using highpressure thermogravimetric 
analysis and. structural analysis. The.resultsof these studies.will 
be used to develop concepts of catalys~s".involved in coai liquefac- 
tion. " 

Task 4 

Task 5 

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

A continuation of ongOTng studies of heat and transpor~ phendm-6h~ ~ 
cocurrent, co-gravity flow is planned for a one-year period..As time 
and development of existing 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  uti l ize correlations'from 
these straight and coiled reactor configuration s . -" • • 

The Fundamental Chemistry and Mechanism of Pyrolysis Of Bituminous 
Coal -. .. ' 

Previous work at the University of Utah ,indicates that coallpyrolysis, 
dissolution (in H-donor) end catalytic hydrogenation all have similar 
rates and activation energies,. Afew model compounds wi l l  be pyrolyzed 
in the range of 375 to475oc. Activation energies, entropies and pro- 
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duct distributions wi l l  be determined. The reactions wil l  assist 
in formulating the thermal reaction routes which also can occur 
during hydro-I iquefaction. 

I I .  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) liquids wi l l  be hydrogenated with 
sulfided catalysts prepared in Task lO from large pore, commercially 
available supports. The hydrogenation of these liquids wi l l  be 
systematically investigated as a function of catalyst structure and 
operating conditions. The effect of extent of hydrogenation wi l l  
be the subject of study'in subsequent tasks in which crackability 
and hydropyrolysis of the hydrogenated product wi l l  be determined. 
Toprovide an understanding of the chemistry involved, model poly- 
cyclic arenes wi l l  be uti l ized in hydrogenation studies. These 
studies and related model studies in Task 7 wi l l  be util ized to 
elucidate relationships between organic reactants and the structural- 
topographic characteristics 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'liquidsis an impor- 
tant upgrading step which must be accomplished to obtain fuels 
correspondingto those from petroleum sources. Using CD liquids as 
described in Task 6, exhaustive HDN and HDO wil l  be sought through 
study of catalyst systems and operating conditions. As in Task 6, 
catalysts wi l 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 systematically hydrogenated using effec- 
tive HDN/HDO catalysts. Kinetics and reaction pathways wil l  be 
determined. A nonreductive denitrogenation system wi l l  be investigated 
using materials which undergo reversible nitridation. Conditions wi l l  
be sought to cause minima~ hydrogen consumption and l i t t l e  reaction 
of other reducible groups. 

Task 8 Catalytic Cracking of Hydrogenated CD Liquids and Related Polycyclic 
i~phthenes ~nd Nap~th~rbmatics 

Catalytic cracking of hydrogenated CD liquid feedstocks wi l 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 w i l l be  subjected to tests 
to develop a mechanistic understanding of the reactions of hydro CD 
liquids under catalytic cracking conditions. 



Task 9 Hydropyrolysis (Thermal HydrocraCking) of CD Liquids 
Heavy petroleum fractions can be.thermally hydrocraCked overa Spe- 
ci f ic range Of conditions to produce light liquid products without 
excessive hydrogenation occurring. This noncatalytic method wil l  
be applied to a variety of CD liquids and modelcompounds: as 
mentioned in Task6: to determine the conditions necessary and 
the react ib i l i tyof  these CD feedstocks with and without prior 
hydFogenation and to derive mechanism and reaction path~y informa- 
tion needed to gain an understanding of the hydr6pyrolysis reactions. 
Kinetics, cokingtendencies and productcompositions wil] be studied 
as a function of operating conditions. 

Task lO Systematic Structbral-Activity Study of Supported Sulfide Catalysts 
for Coal Liquids Upgrading 

This task w i l l  undertake catalyst preparation: characterization and 
measurement of activity and selectivity. The work proposed is a 
fundamental study of the relationship between the surface-structural 
properties of supported sulfide catalystsand their catalytic 
activiti.es for various reactions desired. Catalysts will be prepared 
fromcommerCially available..Supports composed of alumina: silica- 
alumina: silica-magnesia and sil ica-titania, modification of these 
supports .to change acidity and to promote interaction with active 
catalytic components is planned. The active constituents wil l be 
Selected from those which are effective in a sulf, ided state:including 
but not restricted to Mo, W, Ni and Co. The catalysts will be pre- 
sulfided before testing~ Catalyst characterization will consist of 
physico-chemiGalpropertymeasurements and surface proper~y measure- 
ments. -Activity and selectivity tests wil l also be conducted using 
model compounds singly and in combination. 

Task" II Basic Study of the Effects of Coke and PoisOns on the Activity of 
Upgrading Catalysts 
This task wil l  begin in the second year of the contract after 
suitable catalystshave been ident i f ied from Tasks 6,-7and/or I0. 
Two commercial catalysts or one commercial catalyst and one catalyst 
prepared in Task ]0 w i l l  be selected fo~.a two-part Study:(1) simu- 
lated laboratory poisoning/coking and (2) tes t ing  o f r e a l i s t i c a l l y  
aged catalysts. Kinetics of hydrogenation, hydrodesulfurization: 
hydrodenitrogenation and hydrocrackingwil l  be determined before and 
after o_ne-o_rmore stages of simulated coking. Selected model, com- 
pounds wi l l  be Used to measure detailed kinetics o f the  above .reac- 
tions and to determine quantitatively how kinetic parameters change 
With the extent and type of poisoning/coking simulated.- Realistically 
aged catalysts w i l lbe  obtained from coal liquids upgradingexperiments 
from other tasks, in this program or from other laboratories Conducting 
long~term upgrading studies. Deactivationwili be assessedbased 
on specific kinetics determined and selective poisoning studies wil l 
be made to determine characteristics of active sites remaining., 

Task 12 Diffusion of Polyaromatic Compounds in Amorphous Catalyst supports 
I fdif fusion Of a reactant species to the active sites of the catalyst 
is slow in comparison to the intrinsic rate of the:surface reaction, 
then only sites near the exterior of the catalyst particles Will be 
utilized effectively. A systematic study of the effect of molecular 
size on the sorptive diffusion kinetics relative to pore geometry w i l l  
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be made using specific, large diameter aromatic molecules. Diffusion 
studies with narrow boiling range fractions of representative coal 
liquid will also be included. Experimental parameters for diffusion 
kinetic runs shall include aromatic diffusion 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 will concentrate on promoters, the use of 
supports and the effects of carbiding and nitriding. Promislng 
promoters fall into two classes: ( l )  nonreduclble metal oxldes, such 
as CaO, K20, Al203 and MgO, and (2) partially reducible metal oxides 
which can be classified as co-catalysts, such as oxides of Mn, Mo, 
Ce, La, V, Re and rare earths. Possible catalyst supports include 
zeolites, alumina, silica, magnesia and high area carbons. Methods 
of producing active supported iron catalysts for CO hydrogenation 
will be investigate~ such as development of shape selective catalysts 
which can provide control of product distribution. In view of the 
importance of temperature, alternative reactor systems (to fixed bed) 
will be investigated to attain better temperature control. Conditions 
will be used which give predominately lower molecular weight liquids 
and gaseous products. 

Task 14 Characterization of Catalysts and Mechanistic Studies 

Catalysts which show large differences in selectivity in Task 13 will 
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 identify critical properties, essential in 
selective catalysts. Factors relating to the surface mechanism of 
CO hydrogenation will also be investigated. Experiments are proposed 
to determine which catalysts form "surface" (reactive) carbon and 
the abil ity of these catalysts to exchange C and 0 of isotopically 
labelled CO. Reactions of CO and H 2 at temperatures below that 
required for CO dissociation are of particular interest. 

Task 15 Completion Of Previously Funded Studies and Exploratory Investigations 
This task is included to provider or the orderly completion of coal 
liquefaction research underway i~:he~xpiring University of Utah 
contract, EX-76-C-01-2006. 
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I I i  Highlights to Date 

Studieson the basic.properties of supported sulfide catalysts showed 
that different supports have a profound influence on catalytic activities 
of.CoMo catalysts.:. The three functions .of hydrodesulfurization,hydro = 
genBtion and cracking were differently affected depending on the support 
used and the man~er of preparation of the catalyst. Also, incorporation 
of additives to the support showed that thedifferent catalytic functions 
ca~ be selectively affected. 

• " " " C ' , ' .  . ' . "  

A syst~atic study concerned withcatalyticcracking of coal-derived 
iiqUids,:viz.,~anSRC-Ii middle-heavy distillate and four hydrotreated 
$RC-Ii ~roducts was carried out in the range of 375 - 500oc • (LHSV, ~ 0.2 - 
3~9-hr-.). HydrotreBi~ent, evento a limited extent, resulltS i n a  
r~arkableimprov~entin ~heyield ofgasoline-range products f r ~  the 
SRC-Zidistillate. Thisimprovement is ascribed to: (a) hydrogenolys!s 
reactions leading to ]o~er molecular weight Ifeedstock•"components and. 
(b)"li~ted hydrogenation of aromatic rings leading to polycyclic feed 
c~ponents with sufficient c0ncentration of hydroaromatic rings,needed 
for.effective cracking. The results with modalcompounds and the data 
o~ hyd~Ogenconsumption during hydrotreatment of SRC-!I liquids indicate 
tbBt for tricyclic,.tetracYClic, and pentacyclic coal-liquidcomponents 
the;optimal concentration of hydroaromatic rings for effective"subsequent 
cra;king is at least two rings per molecule. 

, . . ' , . . 

Pa.pers..and~resentpti6ns 
I. R3 Pu~ire, "Structural Characterization or Coal Macerals Using 13C 

CP/I~S Techniques~".presented at the Gordon .Research Conference, 
Ne~Hampton, Ne~Ha~pshire, June 30, 198D. ~ 

L 
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Task 2 

Carbon-13 NMR Investigation of CDL and Coal 

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

Introducti on 

The work carried out over the last several months has focused on 
three aspects of the application of CP/MAS (cross polarization, magic 
angle sp~nningl NMR to fossil fuels. The f i r s t  and most extensively 
investigated area has been in the development of probes and rotors to 
increase the sensitivity and ease of experimentation without sacrificing 
resolution or spinning speed. The second area has been an assessment of 
the re l iab i l i t y  of quantitative results obtained from CP or CP/MAS ex- 
periments. Thirdly, the technique has been applied to two well charac- 
terized western Whole coals at this time. 

The in i t ia l  workon the analysis of coal-derived liquids obtained 
from 24 producing Utah coal mines has also been completed. 

Project Status" 

The probe and magic angle spinner previously I developed in this 
laboratory have served as the starting point for furthering the state- 
of-the-art in this f ield. Several aspects of this design make i t  very 
useful for routine examination of fossil fuels. 

A unique aspect of this probe is that the sample may be removed 
w~thout having to remove the probe from the magnet and a new sample 
inserted without having to readjust the magic angle. Samples of 150 mg 
can be routinely spun at speeds ~ 4.0 KHz making sideband free operation 
possible in 23 kg magnetic fields. In most instances this experimental 
set-up is optimum, especially i f  one is sample limited. However, in the 
analysis of fossil fuels, one is usually not sample Timited. I f  a 
larger sample can be spun, the greater sensitivity realized wi l l  be 
translated into increased sample throughput. While a spectrum can be 
observed in ~2000scans (I.7 hr) on 150 mg Samples, i t  is best to collect 
10 ~-0 25 ~fiou~and scans ~8 to 20 hr) for sufficient signal to noise to 
allow resolution of differing chemical types. With this in mind, a probe 
and spinner system is being developed that is capable of spinning samples 
of 500 mg or more at rates over 6 KHz. This wi l l  represent at least a 
three-fold increase in sensitivity over the current probe with an 
associated order of magnitude savings in time. 

The basic d i f f i cu l ty  associated with the CP/MAS.experiment is in 
spinning the sample fast enough to reduce the spinning sidebands to less 
than a few percent. This is i l lustrated well in a comparison of the 
spectra of 9 methyl, 9-I0 dihydroanthracene taken at two different magne- 
t ic  fields and spinning rates (Figure l ) .  The upper spectrum is taken 
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at 25 MHz for 13C and at a spinning rate of approximately 5 KHz. The 
sidebands are nearly imperceptible and are located well out into the wings 
of the spectra. In the lower trace, taken at 50 MHz for 13C and at a 
spinnlng rate of 1.5 KHz, the spectrum ~s dominated by the sidebands, 
which goup to the fourth order. Furthermore, the intensi ty of the side- 
bands have an assymetry of approximately 50% representative of the nature 
of the chemical sh i f t  tensors.  At this f ie ld  strength, in order to pro- 
vide a sideband free spectra of comparable qual i ty to that obtained at 
23 kg, One wouid require lO KHz sample spinning rate. 

As a rule of thumb, the minimal useful spinning rate needed for l3C 
CP/F~S spectroscopy must be equal to or greater than 150 ppm at the f ie id  
being used, and a value of 200 ppm is preferred to assure the absence of 
overlap of spectral l ines and sidebands in many substances. Experience 
has shown that spinning at this rate w i l l  generally reduce the sidebands 
of the aromatic and carbonyl carbons • to <10% of ~he total  intensi ty and 
push the upfield s~deband on the uPfield side of  the a l iphat ic  carbons. 
The following are ranges of necessary sample rotat ion rates at i l l us t ra t i ve  
f ie ld  strengths: 

Magnetic Field of 

14 kg (15 MHz for 13C) 

23 kg (23 MHz for 13 C) 

46 kg (50 MHz for !'3C) 

Range of Spinning Rates Needed 

2250 - 3000 Hz 

3750 - 5000 Hz 

7500 - I0000 Hz 

The general multi-purpose NMR spectrometer of the immediate future 
is evolving as an instrument based on a 46 kg superconducting solenoid 
and, as such, the ab i l i t y  to spin at speeds of at least 7500 Hz is needed 
to make the CP/~S technique practical at these f ie ld  strengths. ~ In many 
cases the extra dispersion afforded by higher f ie lds  reveals more struc- 
tural information and is accompanied by greater sens i t iv i ty .  (Sensi t iv i ty 
increases approximately as the 3/2 power of the f ie ld  strength.) Line- 
widths do however often scale with f ie ld  i f  they are dominated by t h e  
spread of suscept ib i l i t ies seen by the resonant nuclei, and in this case 
no additional resolution is realized at higher f ie lds.  Generally, Some 
fract ion of the gain in dispersion is realized. A comparison of the spectra 
taken at 25 and 50 MHz for 13C of 9,9,10 tr imethyl-9,10 dihydroanthracene i 
is typical (Figure 2). Although the extra resolution is not a fu l l  factor 
of two, one does observe an improvement of approximately I /3 .  

~or a sample o f  50~ m~> tb~ problem now is how to rotate the 'samples 
at a minimum_rate of 7500 Hz. A sample I /4  in. in diameter and 5/8 in. 
t a l l  (0.5 cm 3) has been chosen. A material rotor geometry must now be 
chosen. In this problem there are two design c r i te r ia .  

I .  The speed at which the rotor spins is l imited by the speed of 
sound in the driving medium. I t  is usually practical to spin at 
a rate atwhich the periphery of the maximum diameter of  the rotor 

• has a tangental velocity of a~out 2/3 the speed of sound in the 
medium, 

2. The tensi le Strength of the material must be high enough to take 
the tremendous centripetal forces generated at these rates. A 
further requirement is that the material must also not produce a 
large background in the CP/MAS experiment. 
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Since spinning wil l be done with compressed air (speed of sound = 
1140 f t /s) ,  the maximum outer diameter of the rotor will be 

7500 Hz x w D ft/cycle = 2/3 (If40) ft/sec or D=0.39 in. or ~lO mm 

To calculate the stress induced by the sample on the rotor, a simple 
model will be used including only the hoop stress in the walls to obtain 
the stress due to the sample (as) 

Ost = rP s 

Ps in the. pressure, at r produced by spinning the sample (assuming a thin 
wall cyllnder, i .e . ,  r>5t where t is the wall thickness) 

Now 
=2r 2 

Ps = Ps 2 

where Ps is the sample density and assumes the sample is fluid like. 

Assuming a density of ~l.O g/cc, Ps, at 7500 Hz with r=0.125", is 
~1600 psi or ~s t = 200 psi-in. 

The mass of the rotor will also contribute to the stress in the walls 
in a more complex fashion. For this estimate a wall thickness of 0.050" 
wil l be used giving equal volumes of rotor material and sample in the coil. 
For p the average of the sample (l.O g/cc) and the rotor material wil l be 
used. This increases the effective r to a value of ~ outer + r inner)/2. 
For thewall thickness of 0.050" and an O.D. of 0.350'~ the average r is 
0.150~ Thus 

Ototalt ~ 350 psi in or ~total = 7000 psi (Paverage=l.O) 
Unfortunately th)s )s at the l imit of the strength of most plastics. 

Listed in Table 1 are a number of materials tried with advantages and 
disadvantages. 

As noted in the Table, Delrin is the only material used to date 
that is suitable for rotation of >7500 Hz with this rotor design. The 
deuterated PMMA, Boron nitride and Kel-F have l i t t l e  or no background 
but do not wear well as rotors. Below 5 KHz, Kel-F is adequate but deforms 
at higher rates. Boron nitride exhibits excessive wear due to the starting 
and stopping of the rotor and is not serviceable. The deuterated PMMA, in 
theory, should be able to go to +7000 Hz but because of i ts low impact 
strength, hairline cracks develop from starting and stopping the rotor 
and from machine fabrication. The cracks eventually weaken the rotor_until 
i t  explodes violently when rotating. Unfortunately, even though the 1 3 c 
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signal from Delrin is only a s ingle l ine,  i t  can.be so intense that in a 
long run, as with foss i l fue l  samples., i t  can be d i f f i cu l t  toseparate, i t  
from the spectrum, Currently, the possibil i ty of having deuterated Delrin 
made for this application is being investigatedas i t  should give no back- 
ground in the spectra. The outside development of glass fiber reinforced 
Kel-Fiis actively,being pursued as another possibil ity for a rotor material. 

• ~hile 13C CP/.~S.spectroscopy is recognized as one of the best.methods 
f0rcharacterizing the.carbon functionalities present in fossil ,fuels, there 
is .always the question :of quantitation of results " Are al l  the types of 
carbon present in coals observed and is there any differential discrimination 
in thecross pol.arization process? To begin toanswer Some of these questions, 
a limited set Of.CP-data has been taken on a model.Compound,, hexa~ethyl- 
benzene (HMB), and on two, of the coals-studied under thiscontract. 'The 
preliminary findings wi l l  be discussed~ 

• Eirst, consider the problems in quantifying th e cP experiment. 

i i3c ,i 
Ip p 

I 

I ' 11 Lattice 

Consider the above thermodynamic model of the cross.polarizationprocess. 
Unde~3spinlocking of the 'H's in the sample and simultaneous irradiation of 
the,  C.underthe HartmBnn-HBhn Condition~magnetization is transferred.from 
the IH's to !JC at a rate Characterized by I/TCH:, This rate depends onthe 
~trehgth of the dipolar interaction between the l~C and its nearest neighbor 
IH's~ In a system as heterogeneous as a coal, there wi l l  be a large ~ange 
of TCH'S, Sb~rt for groups such as methyls and other protonated carbons and 
longer for ~C's isolated in the interiors of condensed.aromatic r i ngs .  
Thus, for short polarizationtimes One might expect to preferentially enhance 
the s~gna~s due to groups such a~me%hy~s, methyl-enesand-methanes-.. To-avoi-d: 
this problem, long cross polarization times might be used. However, the pro- 
b!em isComplicated bY other relaxation processes. To fu l ly  polarize the 
l~c in the sample, the rate I/TcH must be much faster than th~ rates I/Tip ~3c 
and I/Tin TM which characterize how fast the spinlocked magnetizationsrelax 
away ~R~ the applied radio-frequency fields. I f  I/TcH is much slo~er than 
i/Tlo ~n or !/Tlo ~3c, no carbon magnetization ~ill.occur due to the cross 
pola~ization"prbcess..If TCH is comparable.to the Tln~S, the coBpeting 
rates w i l ld ic ta te  a mixing ~ime that wi l l  be optimC~for data acquisition, 
Again, in a"heterogeneous system l ike coal,.therew~ll be a range of these 
rates, and thepossibi l i ty exists that one type of ~3C may not be polarized 
as eff iciently. 
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To determine how these problems can affect the CP response of 
fossil fuels, the behavior of two coals was compared to that of a well 
characterized model compound, HMB. In Figure 3, the total intensity in 
arbitrary units per gram of carbon is plotted for the three samples vs. 
mixing time. HMB polarizes quite rapidly and between O.l msec to~l.O 
msec increases exponentially in signal intensity with fu l l  relative 
intensity observed for polarization times in the 1.3 msec range. At 
times longer than 3 msec, however, the proton Tlo processes start to 

I . • 

appreciably destroy the IH magnetization, and ther13C magnetlzatlon is lost ~ ck to the decaying proton reservoir along with some decay caused by the 
°C Tip processes. 

In Figure 4 the value of f is plotted vs. mixing time. For HMB 
the quick rise to a steady stat~ value of about 0.55 shows that, although 

h i t e CH 3 s may polarize faster than the aromatic carbons, the rate I/TqH for 
both types of carbon is much faster than either TlpIH or T z3c Thls 
is borne out by the fact that at long mixing times, even t~Bugh the total 
signal is decreasing, both aromatic and aliphatic carbon decrease at the 
same rate, i .e . ,  fa is constant. As shown in Figure 4, the fa value has 
maximized for HMB when a mixing time of approximately one msec is employed. 

The spectral response for HMB wi l l  be compared with the accompanying 
composite curves for the Hiawatha and New Mexico coals. On the total 
magnetization curve (Figure l ) ,  both coals behaved similarly, although 
the maximum signal response Was observed at sl ightly shorter mixing times. 
At mixing times less than l msec, both coals polarize at rates comparable 
to HMB, indicating similar TCH'S for these coals and HMB. However, the 
fu l l  enhancement for the coals is not realized at the maximum (~l msec) 
response time and the relative spectral intensity for the coals is only about 
70% to 80% of that obtained for HMB and drops off  at a more rapid rate than 
that observed for HMB. This is a reflection of shorter IH Tlp,S for the 
coals. Thus the magnetization starts to decay at shorter times for the coals 
and never reaches the fu l l  value obtained for HMB. However, as shown in 
Figure 4, i t  is again noted that fa rapidly reaches a steady state indicating, 
for the.carbons observed , that the Tl~'S involved in the decay are similar 
Tor Dotn types oT material and as sucB is probably dominated by the proton 
Tln'S. Thus, for mixing times of l msec or greater, the fa values accurately 
re~lect 70-80% of the basic carbon structure for these two coals. 

Figure 5 displays the response to mixing time of the aromatic carbons 
in HMB and the two coals studied. Within experimental error, the response 
behavior is similar to that observed ~n F~gure 3 for a l l  carbons and sugge~s 
no differential discrimination in the detection of aromatic and aliphatic 
carbons. 

The preceding discussion leaves two basic questions to be answered. 
Is the 70% to 80% of the carbon observed basical, ly the same as that not 
observed, or are certain types of carbon-being discriminated against? Why 
can only this amount of carbon be seen? 

*The difference between 0.55 measured fa and the theoretical value of 0.50 is 
due to the manner in which the integration was done in this preliminary data 
and is a systematic baseline definition problem. This weights the results 
toward the mo~e aromatic side as the data taken was nonspinning. This problem 
wi l l  be systemmatically investigatedsoon. 

12 



The last question has beenpart ia l ly  answered by Gerstein and co-workersR 
They have observed relaxation phenomena in the broadline proton spectra of ' 
coals characteristic o fa ,  double exponential, indicating two types of pro- 
tons exhibit ing veryshort (~lO0~s) and a longer (msec) Tip. Undoubtedly 
the protonswith the shbrt Tln'S could account.for neighboring carbons 
not being polarized effect ively and.according to Gerstein, could account 
for 10% tO 30% o f the  ~C notbeing polarized. This observation is con- 
sistent with this laboratory's preliminary.data. •Thus part Of the reduction 
in intensity is because some carbons experience very l i t t l e  spinpolar iza-  
tion. This is in addition to the Observation that protons with large values 
of T I_ do not e f f ic ient ly  polarize the adjacent carbons. Why some Tl~'S 
are sB much shorter is not known, but i t  may be due.tothepresence o~ local- 
ized paramagnetic centers i n t h e  coals. • 

L " •  . , • 

The f i r s t  question hasyet, to,be resolved. Given that t h e l o s t  13C 
magnetization ismost l i ke ly  due to the protons with much shorter T i o ' s ,  
the ident i f icat ion Of th~e protons, i . e . , a l i p h a t i c  vs. arQmatic,wbuld • 
te l l  i f  any one type of m~C.were being preferential ly burned Out bf the 
spectrum. I n  principle, this should be possible to d~by . ind i rec t l y "  
mbnitoring the Tip:relaxation Of the protons via the oC .te whic~ they 
are attached .and thus separate theminto al iphatic or aromatic types, The 
data inFigure 5, boo,ever, indicates that the loss ~n aromatic signal is 
similar in magnitude to that observed when considering al l  carbon,- 
Furthermore, the effect ofparamagnetic species on the CP process is to 
be investigated by doping model hydrocarbons such as HMB with cOntrolled 
amounts o fs tab le  free radiCalsto check the va l id i ty  of the paramagnetic 
induced proton relaxation hypothesis. By doping model.hydrocarbons to 
the same level as determined bE ESR spin counts on whole coals~ the same 
behavior in the model compounds as in the coals should be reproduced. 

While the dataset collected thus far is l imited, i t  doesraise hope 
that the technique may.be.more quantitative than i.tmay f i r s t  appear; A 
similar analysis needs to be Carried out on a numbeK of coals varying . 
widely in rank, petrographic composition ahd aromaticity. For the two - 
coals investigated so far; 70% to 80% of the carbons observed is l i ke ly  to 
be representative of the entire coal, provided the protons with short Tlp'S 
are uniformlydistr ibuted throughout the Coal. In - l igh t  of the proton 
relaxation data in the l i terature on coals and thesedata, the amount Of ' 
.13C not bein~ observed maybe due to the region in the coal characterized 
by short TinlH's andnot due to inef f ic ient  carbon, spin polarizations in 
extehsivepFoton free regions ( i .e~, iarge Condensed:aromatic r ings). In 
ei.tbetcas¢~ the reac~J.yE m~_t%e~ (nongraphitel ike} is probably better 
characterized in a quantitative sense by the CP experiment than had been 
speculated. These tentative conclusions wi l l  hopefully be fbrther Sub- 
stantiated by the experimental work to be undertaken as a future part of 
this contract. " - 

The spectra havebeen taken for al l ,coal-derived' l iquids obtained from 
the 24 producing Utah coal mines. The ~°c NMR spectra exhibit general 
Similar i t ies for a l l  the'coal-derived l iqu ids .  The coals thaihave Io~ 
conversion efficiencies (~<60%) exhibit modest structural variations in the 
aromatic region, but a l l  samples have essentially identical structural 
features in the a l iphat ic  region. • Furthermore, a l l  fa values cover a narrow 
range ( 0 . 5 i  - 0.55) ~•. .. 
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Future Work 

In addition to the future work already outlined, the following studies 
wil l be initiated next quarter: 

I. 

. 

The liquids obtained from coals that have low conversion efficiencies 
wil l be re-examined. In particular, chemical shift reagents wil l 
be used to aid in the analysis of this complex aromatic region. 
The results of this work wil l be compared with similar data 
obtained on a CDL obtained from a coal with high conversion ef f i -  
ciencies, 

The coals, using CP/MAS techniques, from which each CDL was 
obtained wil l be examined. Also, the unreacted char will be 
examined for comparing structural characteristics found in the 
solid, liquid, and solid residue. 

References 

1. K.W. Zilm, D.W. Alderman and D.M. Grant, J. Hag. Resonance, 30, 563 (1978). 

2. B.C. Gerstein, Ames Laboratory, Department of Energy, private communica- 
tion, April 1980. 
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Figure I. CP/MAS spectra of g-methyl-9,1O-dihydroanthracene. 

a) Data taken at 25 MHz with sample rotationrate of 
approximately 5 KHz. 

b) Data taken at 50 MHz with sample rotation of 
approximately 1.5 KHz. The center band is 
located at approximately I15 ppm. 
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CP/MAS spectra of 9,9,10 trimethyl'9,10-dihydroanthracene. 

a) 25 MHzwith Sample rotation rate of approximately 3 KHz. 

b~ 50 MHz with sample rotation rate of approximately 3.5 I~z. 
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Task •3 

• Catalysis ahd,Meclianism•ofCoal Liquefa~ti6h 

Introduction 

Faculty Advisor: D~M. i Bddiiy 
Graduate Student:Jason Hiller" 

THe hydroliquefaction of coal say be characterized by a m~ChaniSm..which " 
involves the initial rupture of Covalent bonds to fo~rm reactive intermediates. ~" 
These intermediates may be sta6ilized by hydrogen tranSferto form lower ~ , 
molecular weight products or they may polymerize to fonninsoiuble charor 
coke. Metal halides such as zinc chloride have been sho~n to be .active in •. 
the bond scission stage of the ~eaction where as many catalysts are active : 
only i n  stabilizing the intermediates, often by regenerating a.hyd~ogen " 
donor. T~ecombination of thermal and catalytic reactions occurring simul- 
taneously results in a complicated reaction mechanis~. The Chemistry of. 
ZnCl2 will be studied With model compounds and coal.by-such •reactions as 
hydrogen transfers,cleavage of specific bondsand interactionwith ~ elec- 
tron systems. " :. , . ~  

A high performance liqui~ chrOmatograph~ HPLC, will be used to analyze 
liqbid products of thereactions under study. Further characterization of 
the products will be by nuclear magnetic resonance, NMR, st~ucturalanalysis 
and vapor pressure os~osetry. :-. 

Project Status • " - .  : 

The hexane soluble portion of coal-hydrogenation liquidswere separated 
on a ~=Bondapack-NH 2 column into a nonpolar fraction and a polar fraction. 
A typical chromatogram for a sample obtained froni Hiawatha coal is shown in 
Figure l. The polar and nonpolar fractions were collected for further analysis, 
The.nonpolar fraction was Separated on a ~-porasil column. The spectra for 
the Hiawatha coal liquid is shown in Figure 2. " . 

F u t u r e  Work 

The nonpolar fraction will be Separate6 by reverse-phase ic-ho-~6~f6p~y- 
using a phenyl column. Differences in liquids prepared from different coals 
will be studied. " 
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Task 4 

Momentum, Heat and Mass Transfer  in Cocurrent Flow 

I n t r oduc t i  on 

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

This project concerns the momentum and heat transfer phenomena for 
gas/solid suspensions moving vert ical ly upward through a tub~. The solid 
is a 200 to 400 micron coal sample being transported by a i r .  

Project Status 
An error analysis of the equationsused in calculat ionof the Fanning 

f r ic t ion factor as applied here to experimental data showedthat most error 
would be introduced by an inaccurate mass flowrate. The air feed rotameter 
was recalibrated after an air cooler was installed in the supply compressor. 
Some discrepancy was observed from the Previously used relationship. The 
new calibration curve is shown in Figure I .  ~ 

Pressure dropruns for air  alone Were,conducted at Reyno!d's numbers 
from 5000 to 30,000.. Fanning f r ic t ion factors were calculated and are 
shownin Figure 2. .The resulting values are sl ight ly higher than the widely 
accepted Ni:kuradse correlation for smooth tubes. The higher Valuescan be 
explained by assuming that the stainless steel tube has sl ightly roughened 
walls. A relative roughness;ofonly 4 X lO -5 is required to exp!ain £he 
variance from smooth tube behavior. ; 

These same pressuredrop results showed that between>tube taps 4 and 5, 
and I I  andf2 Bn excessive pressure drop was present.. Therefore, these sec- 
tions of the tube should not be relied upon in further measurements, but 
since these same sections are at extreme ends of the column no adverse 
effects are observed in the steady-flow sections of the column. " 

Acceleration effects of air  alone can be seen oni} in tap l and at 
higher flowrates in tap 2. There is a three-foot section of tube between 
the a~r inlet and the f i r s t  tap where the air is accelerated, but i f  needed, 
this:section could be tapped. Pressure drop across the entig~ ~SIumn is 
at most 4 psi and density changes arenegligible in the tube. 

Test runs of air/coal particle mixtures were undertaken at soli~d mass 
!oadratios (mass coal/m~ss air) varying from 0 to 15 at ~ dif ferent.air  
mass flowrates. The pressureprofiles were obtainedfor each run and re- 
presentative data plots are displayed in Figures 3 and 4. The aCceleration 
of the coal/air mixture is apparent here as can be seen by the increased. 
pressure drops in the lower numbered taps. Of course, larger pressure drops 
werelrequired to transport greater amounts of coal as can beseen in the 
figures. ..-, 
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Stead~-state pressure dropswere taken at taps 9 and lO and lO and I f .  
These two sets of taps gave repeated agreement (less than 0.05" H20 at 
loading ratios less than IQ) over what amounts to a four-foot steadyrflow 
test section. Figure 5 for the steady-flow test section shows steady- 
state pressure drops for load ratios of 0 to lO for 3 different Reynold's 
numbers. Over this range, at least a linear behavior is observed 
between pressure drop and density of the f lu id/part ic le mixture. 

Future Work 

The pressure drop for higher (12 to 18) loading ratios wil l  be 
duplicated before being reported. The in i t ia l  data show deviations from 
the linear behavior in Figure 5. Also, computer plots wil l  be made of 
al l  the data not reported here in order to compare with the previously 
obtained downflow data. All f luid mechanics data has essentially 
been obtained but the higher load ratios are more d i f f i cu l t  to obtain 
and are less reliable. 

The size distribution of the coal particles was obtained in i t i a l l y .  
Once the high load ratio duplication runs are complete, the size d is t r i -  
bution wi l l  be obtained again and compared with the original distribution. 

The heat transfer section has been prepared and wil l  be installed 
shortly. Computer programs wi l l  be Written to obtain real-time tempera- 
ture data from the heat transfer section. 

26 
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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 presentstate of knowledge concerning the^fundamental chemistry 
of coal liquefaction in the temperature range 375-550uC, the liquefaction 
reactions are init iated by thermal rupture of bonds in the bridges joining 
configurations in the coal, yielding free radicals. The different approaches 
to liquefaction, except for Fischer-Tropsch variations,'represent ways of 
stabilizing the free radicals to produce molecules. The stabilization 
involving abstraction by the free radicals of hydrogen from the hydroaromatic 
structures of the coal isbelieved to be the predominant means of yielding 
liquid size molecules in the early stages of all coal liquefaction processes, 
except Fischer-Tropsch variations. The objective of this research is to 
understand the chemistry of this pyrolytic operation using model compounds 
which contain structures believed to be prominant in bituminous coals. 

Project. Status 

The pyrolysis apparatus has been assembled, l Test runs have been conducted 
to test the gas flow techniques, heat-up and cool-down times, ~ample injection 
mechanics and insulation efficiency. Extensive experience has been gained in 
sample preparation techniques, and a standard order of procedure has been 
developed so as to insure sample integrity, an inert atmosphere inside the 
tube with the sample and accurate measurement of the actual sample weight. 
Problems have been encountered with the plunger mechanism, sample tube sizes, 
sample collection and temperature control .  

Future Work 

More test runs wil l  be made to find methods to improve the plunger 
mechanics, sample collection and temperature control. Once these problems 
have been adequately dealt with, experiments wil l  be conducted at a series of 
temperatures from3~}O o ~o 450oC ~or various times to determine ~he k-inet-ics 
and mechanims of the model compounds pyrolysis. The l i terature search for 
related work wil l  continue, also. 

Reference 

I. W.H. Wiser et a l . ,  DOE Contract No. DE-ACOl-79ET14700, Quarterly Progress 
Report, Salt Lake City, Utah, Jan-Mar 1980. 
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Task 6 

Catalytic Hydrogenation of CD Liquids and• Related 
Polycyclic Aromatic Hydrocarbons 

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

. /  

Introduction 
The main objective o f th is  research project is to develo~a versatile 

process for controllable hydrotreating of highly .aromatic coal i.iquids, 
viz., a process permitting production of naphthenic-aromaticfeedstocks 
containing variable •relative concentrations of hydroaromat!C vs..aromatic 
ring Structures. Such feedstocks, including the extreme case of.a ful ly 
hydrogenated coal liquid, are suitable starting materials for  catalytic~ ~ 
cracking, as applied for preferential production of l ight l.iquid fuels.} ,~ 
The overall objective of this project and of a parallel catalytic Cracking 
study is, therefore, to develop and optimize a hydrotreating-catalytic 
crackingprocess sequence for conversion of coal liquids intoconventional 
fuels. 

The present project includes also a study of metal sulfide-catalyzed 
hydrogenation of model polycyclicarenes present in coal l iqu ids,  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 stereochemistryof hydro- 
genation of structural ly  d is t inc t  aromatic systems in the presence of 
s ul f i  tied catalysts. 

Project Status 

The present report is concerned with some i n i t i a l  results obtained 
in a study of the hydrogenation reactions of triphenylene (~) in the 
presence of a conventional sulfided Ni-W/AI203 catalyst. Hydrogenation ~ 
reactions were carried out in an autoclave system described elsewhere. ~-~ 
The experimental procedure was similar to thatused previously.~-~ Hydro- 
genation products were ident i f ied by a combination of gas chromatography- 
maSS spectrometry, and by comParison with pure reference compounds. 

With triphenylene ( I )  as feedstock, the product ~ composition obtained 
under drastic hydrogenati--on conditions (temperature, 340°C; hydrogen 
pressure, 2600 psi; reactiontime, 3 hr)was as follows: 

Product Component. % by wt 

1,2,3,4-tetrahydrotriphenylene (2) 46,1 
1,2,3,4,5,6,7,8-octahydrotripbenylene (3) 17.2 
1,2,3,4,5,6,7,8,9,10,11,12-dodeca- 28.8 
hydrotripheny!ene (4) 

perhydrotriphenylene (5) 7.9 
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Extension of the reaction time to 6 hr:under Otherwise identical con- 
ditions results in partial conversion of compound 2 into the more deeply 
hydrogenated products 3 and 4. However, there is r-elatively minor additional 
formation of perhydrot~iphenylene (5_). These results indicate that while 
the three peripheral aromatic rings in triphenylene (1) are hydrogenated at 
a fast rate, the residual central aromatic ring in the intermediate compound 
4 is resistant to saturation even under drastic processing conditions. 
Examination of molecular models of 4, indicates that the hexasubstituted 
central ring would be prevented f r~easy  flatwise adsorption on the 
cataly)t surface, due to steric hindrance by the peripheral hydroaromatic 
rings. ~ This, in turn, could explain the resistance to exhaustive hydro- 
genation shown by heavy coal liquids, which contain various components with 
hexasubstituted aromatic rings. 

Future Work 

An autoclave has been modified allowing determination of kinetic rate 
constants for hydrogenation of coal liquids and of model polycyclic com- 
pounds. This autoclave system is presently being used in kinetic studies 
of condensed arenes, as well as of condensed heterocyclic-aromatic com- 
pounds. The stereochemistry of hydrogenation of model compounds is also 
being investigated. The study of the kinet~sof hydrogenation of t r i -  
phenylene wil l  be completed. 

References 

l .  J. Shabtai, A.G. Oblad, W.H. Wiser and S.Sunder, DOE Contract No. E 
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Task 7 " ' 

Deni t rogenat ion and Deoxygenation o f  CD Liquids and 
Related N ~ and O-Compounds 

Facul ty  Adv isor :  J. Shabtai 
: , C. Russell 

GraduateStudent :  Z. pai 

Introduction • 

The main objective of this research project is to developeffective 
catalyst systems and processing conditions for reductive hydro4enitrogena- 
tion (HDN), as well as. for direct (nonreductive) denitrOgenation of coal- . 
derived liquids (CDL) in a widerange of nitrogen contents and structural 
type composition. This is 6fpart icular importance in view of the 
higher concentration of nitrogen-containing compound@ in CDL as compared 
to that of petroleum feedstocks. For a better understanding of denitro- 
genation processes, the project includes systematic denitrogenat~on 
studies, not only of CDL but also of related model N-containing compounds 
found in such liquids, e.g.,, phenanthridine, 1,10-phenanthroline, carba- 
zoles, acridines, etc., as a function of catalyst type and experimental 
variables. A part of ~he study is concerned withdetermination of the 
rate, mechanism and sterochemistry of HDN of structurally distinct N- 
containing aromatic s%stems in the presence, of sulfided catalysts'. 

Project Status • 

The present report discusses some inilti.al results obtained in a study 
of the hydrogenation reaction of 1,10-phenanthroline (~) over a sulf~ded 
Ni-W/AI203 catalyst. Hydrogenati n reactiohs were carried out in an auto- 
clave system descrlbed, elsewhere. ~ Reacti0nproducts were identified by 
a combination of g~s chromatography, massspectrometry and bycomparison 
with pure reference compounds. 

Changesiin product composition from hydrogenation of ! were .f irst 
investigated as a function of reaction temperature in the .range of 200-380°C 
using a constant pressure of 2500 psig. In i t ia l  results obtained are 
given in Table I. 

As seen from Table l ,  the main product from l__observed at 200oc is 
1,2,3,4-tetrahydrophenanthroline (2_). With increase in temperature up to 
300°C, the yield of 2 gradually decreases while tha to f  1,2,3,4,7,8,9,1Q- 
octahydrophenanthroITne (3) gradually increases. Theyield of 3 reaches a 
maximum around 350°C andthen decreases at higher temperature. - in the 
300-380°C range there is.gradual formation Of(a) part ial ly denitrogenated 
bicyclic compounds (4), i .e . ,  products in which one of the two nitrogens 
in the original phenanthroline molecule has 6~en removed; and (b) fu l ly  
denitrogenated monocyclic compounds (5), e..g., alkylsubstituted benzenes 
and cyclohexanes. Work on the identification of products of type (a) is 
presently cgntinuingL 
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The results obtained indicate that exhaustive denitrogenation of l 
over conventional sulfided Ni-W/AI20 R catalysts is a slow process occurring 
to a significant extent only above 3~°C I t  is further indicated that such 
catalysts have high ring hydrogenation acz,vity, ~u~ ,~ne~ ,ow C-N 
(aliphatic) hydrogenolysis activity. 

Future Work 

Kinetic rate constants for the hydrogenation-hydrodenitrogenation of 
l,lO-phenanthroline wil l  be determined in order to clarify the reaction 
mechanism. The study will involve the use of sulfided Co-Mo and Ni-W 
catalysts of augmented C-N hydrogenolysis activity (see Task lO). 

Reference 

I. L. Veluswamy, Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 1977. 
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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 intoconventional fuels. 
Such a sequence has certain_advantages in comparison with a hydrocracking- 
catalytic reforming scheme. I 

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, tet ra l in,  1,2,3,4,5,6,7,8-octa- 
hydroanthracene, and 9,10-dihydrophenanthrene, as a function of catalyst 
type and operating conditions, and (2) systematic catalytic cracking 
studies of hydrotreated 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 naph- 

thenes, e.g., decalin and perhydrophenanthrene, and of model polycyclic 
naphthenoaromatics, e.g., te t ra l in ,  1,2,3,4,5,6,7,8-octahydroanthracene, 
9,10-dihydrophenanthren~ were reported earlier. The results obtained 
in a systematic catalytic cracking study of hydrotreated solvent refined 
coal (SRC I I )  liquids are summarized in this report. 

Catalytic cracking of several SRC-II l iquid products was investigated 
as a function of reaction temperature in the range of 375 to 500oc, using 
the same apparatus and catalyst (Durabead-8) as in the precedingstudies 
of model compounds. The feedstocks used in this part of the study con- 
sisted of (A) a middle-heavy d is t i l la te  fraction of the SRC-II product; 
and (B) four l iquid products obtained by hydrotreatment of the above 
fraction to different depths. The elemental analyses, C-aromaticities, 
and densities of these five feedstocks are summarized in Table I .  

Table 2 and Figures 1 and 2 summarize the,change in product composi- 
tion from cracking of hydrotreated SRC-II liquids asa function or reac- 
tion temperature. As seen from Table 2 and Figure l ,  the yield of CI-C ~ 
gaseous products increases with increasing temperature and with increaslng 
depth of hydrotreatment of the feedstock. Further, i t  is found that coke 
formation decreases with increasing temperature and with an increase in 
the depth of hydrotreatment. Coke formation with the hydrotreated feeds is 
generally much lower, e.g., 4-9% at 425-500°C, than ~hat found with untreated 
SRC-II middle-heavy d is t i l l a te ,  which yields 19-20% of coke at 425-500oc. 
A significant improvement in cracking susceptibility is observed when this 
fraction is hydrotreated even to a small extent prior to catalytic cracking. 
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As seen from Figure I ,  ~or each hydrotreated l iquid studied (I IA, l IB, IIC, 
and l iD), the gasoline yield•passes through a maximum, which is at a 
temperature between 450-475vC for the part icular operating conditions 
(catalyst and LHSV) used. Further, i t  is found that the gasoline yield 
increases markedly with increasing depth of hydrotreatment, Up to 66% 
of the feed can be cracked to gasoline range material (C5-230oC). 

An increase in cracking susceptibil ityseems to depend on two 
factors: heteroatom content and aromaticity. For SRC-IIA and SRC-IIB, 
the C-aromaticityhas been lowered only to a moderate exten~ relative 
to that of untreated SRC-II (see Table I ) .  On the other hand, heteratom 
(0, S, N) contents, expeciaily for SRC-IIB, have been sharply reduced. 
Apparently, at this mild hydrotreatment stage, theimprovement ~n catalyt ic 
cracking isdue to (a) major decrease in catalyst poisoning by heteroatom 
removal; and (b) decrease in the molecular weight and complexity of the 
feed component by removal o f  heteroatom linkages between naphthenoaromatic 
clusters. On the other hand, while the heteroatom contents of SRC-IIC 
and SRC-IID are hot very di f ferent from each other, a considerable d i f -  
ference in gasoline select iv i ty  (~14% at 450oc) is observed between these 
two feedstocks, apparently related to the major difference in C-aromaticity 
(SRC-IIC, 40%~ SRC-IID, 12%;see Table l ) .  Apparently, the improvement 
associated with deep hydrotreatment (as in SRC-IID) results mostly from 
hydrogenation of a major portion of the aromatic clusters or ig inal ly  
present in the SRCrll middle-heavy d i s t i l l a te .  

I t  can Me tentat ively concluded that hydrogen added during the 
early stages of hydrotreatment causes a re lat ively greater improvement 
in the catalyt ic cracking characteristics of coal l iquids as compared to 
the additional improvement resulting from deep hydrotreatment (for hydro- 
gen consumption, see Ref. I ) i  For example, the H 2 consumed to produce SRC-IIA 
was only 30% of that consumed to p~oduce SRC-ilD. SRC-IIA yields a max- 
imam Of 40% gasoline while SRC-IID yields a maximum of 66% gasoline under 
the operating conditions. While the f i r s t  improvement in gasoline selec- 
t i v i t y  of about 37% over SRC-ll,middle~heavydistil late occurs with30% 
of the hydrogen conumed, the fu r ther  increase of about 26% in gasoline 
select iv i ty consumes the remaining 70% of the hydrogen. However, for a 
f inal evaluation of optimal hydrotreatment depths, a detailed Catalyst 
deactivation study With hydrotreated SRC-II feeds would be necessary. 

Catalytic cracking of one of the hydrotreatedSRC l iquids (SRC-IIC; 
C-aromaticity, 40%)~was investigated as a function of LHSV (in the range 
of 3.93 to 0.20 hr - l )  at 475oc, using the Durabead-8 catalyst. The total 
process time in each experiment was kept constant at 30 min. 

The results obtained are summarized in Table 3 and Figure 3. The 
product yields show certain s imi lar i ty  to those found in i~e study of the 
temperature effect (Table 2, Fig. I ,  2 ), v iz . ,  the y ie ld of gases in- 
creases, while the yield of total l iquid products slowly decreases with 
contact time. Further, the yield of gasoline passes through a maximum 
(55 wt %)around LHSV:O.3 hr - l ,  while coke y ie ld gradually increases with 
increase in contact time. Also, While coke y ie ld increases with increasing 
contact time at a given temperature ,e .g. ,  475°C, i t  decreases with an 
increase in temperature at a given contact time (Figure I ) .  
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Catalytic cracking of one of the hydrogenated SRC liquids (SRC-IIC, 
40% C-aromaticity) was also investigated as a functi=on of reaction tempera- 
ture (375-500°C) with a Houdry HZ-I catalyst, for the purpose of a compari- 
son Of performance with the Durabead-8 catalyst. The total process time 
in each experiment was kept constant at 30 min. The product yields are 
summarized in Table 4, while a comparison between the two catalysts is 
given in Figure 4. As seen the Houdry HZ-I catalyst produces more gases 
and coke than the Durabead-8 catalyst. On the other hand, the latter 
gives slightly lower yields of gasoline-range liquid products than the 
HZ-I catalyst. 

Reference 

I .  S. Sunder, Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 1980. 
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Task lO 

Systematic Structural Activity Study ofSupported 
Sulfide Catalysts forCoal Liquids Upgrading 

Introduction 

Faculty Advisors! F.E. MaSsOth 
J. Shabtai 

Post'Doctoral Fellow: G. Muralidhar 

The objectiveof this research is to develop an insight into basic 
properties of supported suIfide catalysts and to determine how these 
relate to coal liquids upgrading. The proposed program involves a funda- 
mental study of the relationship between the surface-structural"~roperties. 
of various supported sulfide.catalysts and their catalytic activities for 
various types of reactionS. Thus, there are two clearly defined and 
closely related areas of investigation, viz., (1) catalyst characterization, 
especially of the sulfided and reaction states and (2) elucidation of the 
mode of interaction between catalyst surfaces and organicsubstrates of.dif- 
ferenttypes. The study of subject (!) will provide basic dat6on sulfided 
catalyststructure and fuBctional~ty, and would-allow the deve!opment of 
catalyst surface models..Subject (2), on the Other hand, involves systematic 
studies of model reactions onsulfide catalysts, and'theutilization of 
data obtained fordevelopment of molecular level surface reactionmodels 
correlBting the geometry (and topography) of catalyst surfaces-.withthe 
ste~ic-conformationBl structure of adsorbed organic reactants.-The overall 
objective of the project i s t o  provide fundamental data needed fo~ design 
of specific,and more effective catalyst s for upgrading of coB!~:liquids ~ 

Atmospheric activity tests using model compoundS, representative-of 
hydrodesulfurization (thiophene), hydrogenation (h~xene):and Cracking (iso- 
octene) have been developed. These.were employed tO assay Changes"in the 
catalytic functions ofvarious suppprted CoMo catalysts, It"was foundthat 
hydr6desulfurization (HDS) and hydrogenation activities were generally un- 
affected bythe type of alumina used or bythe cobaltsalt"used in the 
preparation; whereas., cracking activityvaried considerably,"belnghighest 
for y-Al203 an~ cobalt sulfate addition. Inaseries of catalysts employing 
silica-alumina as the support, the two former, functions decreased with in- 
creasing silica Content, while cracking went through amaximL~:in activity. 

• Projectst~iuS • = .~. •• : . , :• . 

During this )eriod, the effects of adding anacidic and abasic pr~oter 
to the standard CoMo/Al203 catalyst were evaluated. Al)o, a step-wise addi- 
tion ofcobalt was prePared and tested.. 

The general method of catalyst preparation was described in the previous 
report. The standard catalyst consisted of 3% Co and 8% Mo supported ony-Al203. 
The additives were incorporated at 0.5 wt % levels by Bn incipient wetness 
technique,using a solution of sodiumnitrate Or B~on~um fluorid e. Addition 
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was performed in two modes: (I) to the calcined support or (2) to the 
finished calcined catalyst. In the f i rs t  case, the altered support was recal- 
cined prior to addition of cobalt and molybdenum. A special catalyst was 
prepared by step-wise impregnation of the cobalt instead of the normal 
single impregnation. This consisted of three additions of I% Co to the 8% 
Mo/Al203 catalyst, with calcination at 540°C between additions. In all 
cases, the final catalyst was oven-dried and then calcined overnight at 540°C. 
The calcined catalysts were sulfided and tested for hydrodesulfurization, 
hydrogenation and cracking activities using thiophene, hexene-l and isooctene 
as model reactions. Details of the experimental procedure were given 
previously.l 

The results of the activity tests are given in Table l ,  in terms of 
rate constants for the indicated reactions. Significant differences in HDS 
and cracking activities were observed between the various catalysts, whereas 
hydrogenation activities were not greatly different. For the additives, 
the mode of addition, either to the support f i r s t  or to the finished catalyst, 
had l i t t l e  effect on the resultant activities. This is somewhat surprising, 
as the presence of the additive on the support was expected to affect the 
subsequent disposition of the Co and Mo phases in the final calcined catalyst; 
whereas its addition to the calcined catalyst should not affect the Co and 
Mo phases, which are already set in the catalyst. Possibly, the subsequent 
sulfiding minimized any such effects that may have been present in the cal- 
cined catalyst. 

The HDS activities for the catalysts with added fluoride was about the 
same as for the standard CoMo/Al203 catalyst. Addition of f luorideto 
Al203 is known to increase the acidity of the Al203, and this was observed 
in tee increased cracking activities of these catalysts as compared with 
the standard catalyst. That this increased acidity had l i t t l e  effect on 
the HDS activity is contrary to results obtained previously using sil ica- 
alumina as th 9 supports, the latter catalysts showing a marked decrease in 
HDS activity." I t  has been tentatively concluded that the lower HDS activity 
for the silica-alumina supported catalysts must be due to a support effect, 
giving a less effective active phase area, than to an acidity effect. This 
conclusion is further supported by the lower hydrogenation activities also 
observed with the silica-alumina supported catalysts, in contrast to no 
loss in hydrogenation activity for the fluoride~promoted catalyst. 

The addition of sodium resulted in a lowering in both HDS and cracking 
activity. Since sodium wil l  cause a decrease in acidity of the catalyst, the 
lower cracking activity of these catalysts is understandable on the basis 
that cracking is strongly related to the catalyst acidity. This was observed 
in the silica-alumina series run previously. The effect of sodium on HDS 
activity is less clear. As sodium oxide, i t  may adsorb on some sulfur anion 
vacancies in the MoS 2 phase, which are believed to be the active sites for 
HDS, ~ thus reducing ~heir number. At any rate, the hydrogenation activity 
was not affected by sodium. Hydrogenation appears to be the least sensitive 
function to be affected by additives. 

Addition of cobalt by step-wise impregnation gave a remarkable increase in 
HDS activity over that of the standard single step impregnation. 3. This is 
in agreement with some earlier work on this mode of preparation However, 
hydrogenation and cracking functions were much less affected in this catalyst. 
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In developing viable processesfor upgrading .coal liquids, a distinct 
disadvantage is excessive hydrogen consumption, For selective heteroatom 
sulfur removal, a high ratio of HDS to hydrogenation would be advantageous. 
I f  the ~esults of the low pressure-, model compound tests adopted here, 
showing relativecatalytic functions, were to approximately apply to 
realistic processing conditions~ • then catalysts having ~elatively high kT/k H 
ratios should perform best for heteroatom .sulfur removal. Neither the 
addition of a strongacidic component (fluoride) nor basic component (so- 
diL~) improved this ratio over the standard catalyst.-The step-addition of 
Co, however, increased the kTfk H ratio by 60%, and might be considered a 
superior catalyst for this purpose. 

I n  treating COal liquids, another imPortant catalytic function is 
cracking, in order.to break down the larger moelcular weight fractions to 
products in the gasoli.ne range. Again, excessive hydrogenation is undesir- 
able. Therefore, catalysts having high relativecracking to hydrogenation 
functions are desirable. Here, higher acidity is believed to be important. 
The addition of fluoride-showed an improved kc/k H ratio, whereas addition 
of sodium gave a lower kc/k H ratio. The Co-step catalyst also gave a higher 
kc/kH~ratio, which would se~m to indicate that the disposition of the cobalt 
½omehow affects catalyst acidity. 

Future Work 

Work wil l  Continue on the~effect of different supports and additives on 
catalyst properties and activities..Supports to be tested include TiO 2, 
Si02-MgO,ZrO2and a pure A1203. Additional additives planned for evaluation 
are Cl, P, Mg, Ca, Ti and Zr. 

References 

I. W.H~ Wiser, F,E, Massoth.and J. Shabtai,.DOE Contract No. DE-ACOl- 
79ET14700, Quarterly Progress Report, Salt Lake City, Utah, Jan-Mar 1980. 
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Task 12 . 

Diffusion of Polyaromatic ComPounds in Amorphous Catalysts .. 
Supports 

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

: ~ "  .% 

[ . ,  

Introduction " ~ 

This project involves assessing d i f fus ional  resistances-within amorphous- 
type catalysts, Of primaryconcern is the question of  whether the larger ,  
mul t i r ing hydro-aromatics found in coa l -der ived l iqu ids  w i l l  have adequate 
access ib i l i t y  to the active s i t e s w i t h i n  the pores of  typicai.~processing 
catalysts. When molecular dimensions approach pore size diameters, the'"  
e f fec t i venesso f  a part iCular c a t a l y s t i s  reduced owing to significant•mass 
transport resistance. An extreme case occurs when molecular and pore sizes 
are equivalent, and pores below th is  size are physical ly inaccessible.  

The project objective can be achieved through a sys t~a t i c  study of  the 
e f fec t  of molecular size on sorptive d i f fus ion rates re la t ive  to  pore • geometry. 
Conceptually, the d i f fus ion of model aromatic compounds is carried •out using 
a s t i r red batch reactor. The preferent ia l  uptake of the aromatic from.the 
a l iphat ic  solvent is measured using a UV spectrometer~ AdsorptiOn•isotherms 
are determined to supplement•the d i f fus ion studies. : - 

I n i t i a l  work entai led development of a ~suitable reactor,  measurement • 
techniques and methods Of data analysis. Thesedemonstrated.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 thanpredicte~ 
fo r  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 multiaromatic compounds and aluminas 
with s imi lar  results.  The f ract ional  surface d i f fus ion contr ibut ion was 
appreciable and about ~he~ same in a l l  Cases. Because of th i s ;  res t r i c t i ve  
d i f fus ion effects could not be properly evaluated. However, fOKthe largest 
size compound (20~) and smallestaverage pore size alumina (50~)i tes ted, .  " 
a markedly lower d i f f us i v i t ywas  ob ta ined , l i nd i ca t i veo f  a restmictive 
diffusion effect. 

Project Status 

I t  had been shown in thelast  report] that equilibrium adsorption of 
naphthalene in cyclohexane with Catalyst D was nonlinear and a Freundlich 
isotherm was used in f i t t ing  the data. If~the equilibrium adsorption is 
not linear, the curvature of the equilibrium adsorption curve has to be 
taken into account in calculating an effective di f fusivi ty from kinetic runs. 
Therefore, the equilibrium adsorption is needed toproperly evaluate the 
diffusion runs. 

. -  , . • 

Equilibrium adosrptions Of coronene and meso-tetraphenylPrOPhihe are . 
shown in.Figure I. Both curves are f i t ted by Freundlich isotherm, which 
~s represented by the fol lo~ing equation: . . . . .  . : 

Mf : kcf I /n  • • • j •. 
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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 glven solute and 
catalyst. 

Table l shows the values of k and n for naphthalene, coronene, and 
meso-tetraphenylporphine with catalyst ~. The values of k and n for naph- 
thalene are taken from the last report. The catalysts were calcined at 
500°C for each experiment. Table l illustrates that the higher the molecular 
weight of the aromatic compound, the higher are the values of k and n. For 
a higher value of n, the solute will be adsorbed stronger and the curvature 
of equilibrium adsorption curve wil l be more pronounced. 

Future Work 

Kinetic runs for coronene and meso-tetraphenylporphine with catalyst D 
wil l be carried out. 

Reference 

I. W.H. Wiser, F.E. Massoth and A. Chantong, DOE Contract No. DE-ACOl- 
79ET14700, Quarterly Progress Report, Salt Lake City, Utah, Apr-June 1980. 

TABLE l 

Values of k and n for the aromatic compounds with catalyst D. 

Solutes 

Naphthalene 

Coronene 

Meso-tetraphenylporphine 

Molecular Weight k n 

128 15.4 1.26 

300 128.4 I. 50 

614.8 172.2 1.95 
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Task 13 

Catalyst Research and Development 

Synthesis of Light Hydrocarbons from CO and H 2 

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

Introduction 

The hydrogenation of carbon monoxide for the production of low molecular 
weight olefins (C2-C 4) has been investigated over a variety of metallic 
catalysts. In particular, iron-manganese catalysts have exhibited s igni f i -  
cant selectivity for low molecular weight olefins. The data of catalyst 
screening tests indicated that an iron-manganese catalyst composed of 2.2 
parts manganese per lO0 parts iron (atomic ratio) was selective for the 
production of C2-C 4 olefins. Effects of process variables on the pro- 
duct yield and selectivity over a subset of the iron-manganese have been 
completed. Most of the data agreed with that found in the l i terature. 

To obtain a more comprehensive analysis of the catalyst performance, 
the following steps wi l l  be taken: 

( I)  The modification of the fixed-bed reactor system. 

(2) The establishment of the catalyst characterization procedures to 
determine relationships between the catalyst activity and selectivity 
and the nature of the catalyst surface. 

(3) The effects of various catalyst pretreatments and catalyst prepara- 
tion on the yield and the selectivity. 

Project Status 

The new fixed-bed reactor system is being designed. A schematic of the 
system is shown in Figure l .  The synthesis gas f i r s t  passes through the 
activated carbon purif ier for the removal of trace metal carbonyls. The 
input flowrate of the mixture wi l l  be measured by a rotameter. The synthesis 
of hydrocarbons wi l l  be carried out in a vertical fixed-bed reactor to mini- 
mize the possible entrainment of high molecular weight hydrocarbons from 
the reaction in the reactor. The product gas and vapor from the reactor 
wi l l  pass through the liquid product trap and cold trap to condense the 
high boiling point hydrocarbons and water in the product gases. The output 
f]owrate of gaseous products wi l l  be measured by a wet-test meter. The 
compositions of the gases wi l l  be analyzed by a gas chromatograph. In the 
system a metering valve connected below the reactor wi l l  serve to control the 
flowrate of the synthesis gas and to reduce the gas pressure to the atmosphe- 
r ic pressure. 

.Some equipment has been purchased. The procedures for catalyst charac- 
terization and also catalyst testing are being done simultaneously. 
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Future Work • 
The fabrication of the system will be carried out after the equipment 

is acquired. Some iron-manganese catalysts will. be tested by characteriza- 
tion techniques. A literature survey will also be initiated. 

• • • " ,  

z :  

t 

, .  . . . ' .  
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Figure I. A schematic of the fixed-bed reactor system. 
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A-In-line Pressure Regulator 
B-Control Valve 
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D-Rotameter 
E-Fixed-Bed Reactor 

F-Meteri!ng Valve 
G-Liquid Hydrocarbon Trap 
H-Cold ~rap 
I-Wet-Test Meter 
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Task 13 

Catalyst Research and Development 

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

Introduction 

The objectives Of this project are to develop a preparation technique 
for a Raneytype catalyst (particularly RanGy iron-manganese catalyst) and 
te f ind the optimum process variables for the maximum production of low 
molecular weight:olefins and/or BTX via hydrogenation of carbon monoxide. 
A detailed description of the objectives are in a previous report. 

A fixed-bed reactor system was fabricated to conductcatalyst screening 
tests to determine the optimum process variables, and to study the overall 
kinetics of the hydrogenation of carbon monoxide over Raney type catalyst. 
A detailed flow diagram has been already presented.2 

An e lect r ica l ly  heated furnace was designed to produce AI-Fe-Mnalloys 
with various compositions. These alloys wi l l  be used as a start ing 
material in the synthesis of Raney~type catal~sts.  A detailed flow diagram 
of the furnace is found in a previous report. ~ 

Project Status 

The construction work for the furnace has been completed and i t  
is ready to use at tbe~present time. Due to the unavailability of a proper 
power source for the furnace in this lab, the production of Raney alloys 
could not be init iated. In a few weeks the furnace wi l l  be located in a 
ne~ building, in which a proper power source is available. 

Future Work 

As soon as the power source is available~yarious alloy samples with 
different Compositions wi l l  be made. These alloys wi l l  be subjected to 
size reduction and activation with a caustic solution. Various parameters 
in the activation procedure, such as particle size, caustic solution con- 
centration, digestion temperature, and digestion time, wi l l  be studied 
in detail in connection with the catalyst act iv i ty and selectivity tests 
in the fixed-bed reactor. 

References 

I. W.H. Wiser, F.V. Hanson and C.S. Kim, DOE Contract No. DE-ACOl-79ETI4700, 
Quarterly Progress Report, Salt Lake City, Utah, Oct-Dec 1979. 

2. ibid., aan.-Mar 198p. 

3. ib id . ,  April-June 1980. 
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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 ivi ty and selectivity. 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 stabi l i ty and surface charac- 
terist ics, Also, variables in catalyst preparation and pretreatment 
are examined to establish their effects on catalyst properties. Finally, 
in-situ adsorption and activity are studied under modified reaction con- 
ditions with a number of well-characterized catalysts to obtain correlating 
relationships. The catalysts under present investigation are iron-based 
catalysts promoted with manganese oxide. 

• Previous work had shown the reduced catalysts have low surface areas 
(<lO m2/g) and are composed of two principal phases, ~ iron and manganese ( I I )  
oxide. Some used catalysts were also found to contain small amounts of 
possible iron oxide and iron carbide phases. Investigations using the 
scanning electron microscope indicated that the MnO phase is well dispersed 
in the catalysts and X-ray line broadening results indicated that the MnO 
particles or possible layers average in the order of 200 R in breadth. 
Some iron ( I I )  oxide (FeO) is also indicated to be present in the MnO phase 
by X-ray diffraction. 

Preliminary carburization studies gave two general regimes of car- 
burization, an early fast carburization followed by a slower one. The pre- 
sence of MnO promoter was found to slow carburization. 

Project Status 

Temperature programmed desorption/reaction (TPD/TPR) studies were 
continued. All catalysts were reduced initially in hydrogen at 500°C over- 
night and then purged with helium at the same temperature for about a half 
hour and then cooled to room temperature. The catalysts were exposed to 
adsorbate gas at room temperature for a half hour, flushed in He or N) for 
approximately lO min, and then heated in a programmed schedule (8-10°~/min) to 
500 C in flowing He or H 2. The off gases were monitored by a mass spectrometer. 
The flow rates usually varied between )0-40 cc/min, and all experiments were 
performed at atmospheric pressure. The presence of 0.77% argon in the 
helium provided a marker peak in the mass spectra when this carrier gas was 
used. 

The following sequence was employed in the TPD/TPR studies after i n i t i a l  
reduction: Step ( ! )  co was passed over the catalyst for  ½ hour, then i t  was 
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flushed with He and temperature programmed in He tO 500°C (TPD) and afterwards 
cooled. Step (2) At room temperature the reactor gas was changed to H# and 
then the catalyst was temperature programmed in H 2 (TPR) so that H 2 could 
react with any carbonaceous species or surface oxygen l e f t  on the catalyst 
af ter  Step ( I ) .  Step (3) After cooling in H 2 again to room temperature, the 
catalyst was exposed to CO for ½ hour. The catalyst was b r i e f l y  f lushedwith 
H 2 and then temperature progra~ed in Hp. Step (41 The catalyst  Was Cooled 
to 250°C and synthesis gas (H2/C0=2.0) Was used to carburize the catalyst for  
2 hours at th is  temperature. The catalyst was then cooled to room temperature 
in synthesis gas and then CO was passed over the catalyst for  ½ hour. The 
catalyst was flushed with H 2 and temperature Progra~ed in H 2  " L~;~I~:. ~ 

The TPDresults from catalysts T l , 'T6and Tl~3Were repbr%ed prev~oosly. 1 
In th is  report,  datawere obtained on Catalysts Tg, TII  and TI5 (pure~MnO), . 
Table ] presents a qual i ta t ive l i s t i ng  of  the TIpD results obtained f r o m t h e  
mass spectrometer da ta fo r  the catalysts studied'so' far .  Thecomposition ~ of 
the catalysts are also l i s ted.  The composition ranged from p u r e i r o n ( T i )  ~- 
to pureMnO (TIS). " " ~::~ 

In general, CO adsorption occurred to varying degrees with a l l  £hei : ; '  
catalysts containing i ron . -Dur ing  TPD (Step I )  some of the CO desorbed:but 
some rc-mained on the catalyst ,  most l i ke l y  as adsorbed surface C and 0 ' 
species, Small amounts of CO 2 produced i n  the TPD probablY ards~ f r o m  
reaction between CO and adsorbed O. Subsequent TPR (Step 2) formed CH 4 a n d  
HpO by reaction of the surface specieswith H 2. Similar results were ob- 
tained during TPR of adsorbed CO on the catalyst (Step 3) anaon~heCafbur ized 
catalyst (Step 4). However, in the la t te r  case, much larger amounts o f C H 4  
were formed from reaction, of the ironcarbide phase .with.H2. ~ .ipure :Mn0_#id / 
not adsorbC0 nor did i i  undergo carburization. ~. . . . . . .  

Allo~the.cata!ysts:ex~ept Tl5 (pu~e Mn0) produced methanewhen~xposed 
to H 2. .The methane fo'.naed from residualicarbon i(St4p 2) generally.reqUired = 
a higher temperature than that formed with preadsorbed CO (Step 3} . :A ~a ! l  ~ 
amount of Mn0 promoter increased methane evolution but. additional amountsof 
Mn0 seemed tO decrease methane evolution. The presence of varying amounts of 
Mn0 hadi. i t t le effeCton thetemperature of methane production~ except for 
the pure iron catalyst, which fomaedmethane at a lower temperature, . :~f ter  
treatment with synthesis gas (at 250°C for 2 hr), the promoted c~tBlysts pro- 
duced very large methane peaks when temperature programmed in H2 (Step 4). 

The temperature of water evolution inStep 2 seems to ihcreaSew~th . • ~ 
increasingMn0 content in the catalysts~ .Manganese oxideis very~sehsitive 
to -oxygen and could strongly chemisorb oxygen on i t s  surface. :T~e oxygen 
bondingcharacteristics of the catalyst wi l l  be investigated furthef,-Except 
for T6, very l i t t l e  water was apparently fpnaedduring Step 3. Sinceno = 
carbon dioxide was detected, i t  is d i f f i cu l t  to explain the methane forma-: 
tiQn from adsorbed CO without a mechanism for oxygen removal. H0~ever, 
analysis of water evolution characteristics of the catalyst is hampered by 
possible condensation in the lines leading to the mass Spectr0metef and. : -  
occasional apparent presence of oxygen contamination. . .  - 

. .  . .  , 

The evolution of CO generally occurred at low temperatures liSO-lO0°C) 
and th is weakly adsorbed carbon monoxide was observed On a l l  catalysts b~t 

65 



TI5. The latter result agrees with some preliminary adsorption results 
which showed a lack of adsorption of CO on MnO. In addition, some catalysts 
showed a very small high temperature evolution of CO. Any strongly adsorbed 
CO is apparently removed by reaction with H 2 or possibly via disproportiona- 
tion to CO 2. 

Carbon dioxide evolution was usually small but increased somewhat for 
catalysts heavily promoted with MnO. Step l showed the most consistent CO~ 
evolution. In the presence of H 2 (Steps 2, 3, 4), CO 2 evolution was genera)ly 
eliminated. The carbon dioxide production seen in Step l wil l be investigated 
further to establish that no possible contaminate oxygen was present. The 
TPD and TPR experiments, though potentially very revealing, have yielded 
somewhat inconsistent results so far. Part of the problem is due to the 

low surface areas of the catalysts under investigation. The mass spectrometer 
has also been subject to a variety of operational di f f icult ies. However, 
continued experiments done in close succession will be carried out to 
establish reproducibility and help clarify trends. 

The MnO catalyst was generally inactive with respect to the TPD/TPR 
experiments. This behavior supports the idea that MnO modifies the iron- 
based phase of the catalyst but is not active i tsel f  in hydrocarbon formation. 
Whether MnO has an active function in the overall mechanism of the reaction 
has yet to be established. 

Future Work 

Some of the TPD/TPR experiments will be reDeated taking special care 
that possible oxygen impurity in the helium is eliminated. Studies will 
begin on H2, CO and 02 chemisorption on the various catalysts to determine 
metal areas, and BET measurements will be made to compare to metal areas. 

Reference 

I. W.H. Wiser, F.E. Massoth and K.B. Jensen, DOE Contract No. DE-ACOl- 
79ET14700, Quarterly Progress Report, Salt Lake City, Utah, Apr-June 1980. 
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Table I. 

Product 

Summary of TPD/TPR results 

Catalyst a CO/TPD 

for Fe/Mn Catalysts. 

• STEP b 
H2~TPR C0/TPR3 Carburi zed/TPR 

4 

CH 4 

H20 

CO 

TI 
T6 

T9 
TII 
TI3 
TI5 

T1 
T6 
T9 
TII 

TI3 

TI5 

T1 

T6 

T9 

T11 

TI3 

TI5 

n i l  
ni l  
nil 
ni l  
ni l  

n i l  

ni l  
ni l  
ni l  
ni l  

ni l  

ni l  

vs(50-1oo) 

s(5O-lOO) 

{ s(70-120) 
s(420-500) 
s(70-150). 

vs(470-500} 
vs(50LlO0) 

nil 

vs(325-500) ni l  
1(400-500) m(350-500) 
s(400-450) vs(280-330) 
m(400-490) s(250-500) 
s(400-500) s(350-500) 

ni l  ni l  

m m - -  

vl (4oo-5oo) 
v I (375-500) 
vt (340-500) 
vl (400-:500) 

ni l  

m(270-370) nil --- 
m(250-500) vi(250-500) m(300-450) 
m(410-500) vs(400-500) s(450-500) 
s(450-500) nil vs(350-450) 

vs(200-250) 
{ s(450-500) vs(475-500) m(300-450) 

s(450-500) nil ni l  

b q 

nil nil ---  
• r m(50-150) 

nil ~s(350.-450) vs(400-500) 

nil vs(70-120) vs(25-1'50) 

nil  s(75-150) 
T.(8o-15o) 

s(300-450) ~s(400-500) 

• nil nil 

vs(70-120) 
~ s (80-.I 50) 
~s(350-450) 

ni l  

CO 2 T1 
T6 
T9 
TII 
TI3 
TI5 

nil nil : nil 
vs(80-350) nil nil 
vs(170-350) nil nil 
vs(170-350) vs(25-200) nil 
s(150-350). s(50-200). nil 

nil vs(180-220) nil 

ni l  
ni l  
n i l  

vs(350-425) 
ni l  

acompositions; TI-Fe, T6-0.06 Mn/Fe, T9-0.18 Mn/Fe, TII-0.63 Mn/F e, 
T13-2.78 Mn/Fe, Tl5-MnO. 

bValues in () are temp ranges in oc. Relative peak heights,: vs-very small, 
s-small, m-moderate, l- large, vl-very large. 
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V. Conclusions 

Detailed conclusions are included in the reports for each task. Task 1 
is temporarily inactive, awaiting a student. Tasks 9 and I I  have not been 
init iated as yet. No work was done under Task 15. 
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