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ABSTRACT 

In studying the deactivation mechanisms of the Harshaw 0402T cobalt 
and molybdenum oxide catalyst used in the SYNTHOIL coal liquefaction 
reactor, a pulsed mi croreactor with a gas chromatography' detection 
system has been round useful in measuring_ catalyst activity. Five 
types of cata)yzed react_ions important to the SYNTHOIL process were 
represented in the experiment: hydrodesulfurization (thiophene to 
c4 hydrocarbons)' cracking (d·iphenylmethane to benzene and toluene); 
dehydrogenation (tetra lin and Napthalene), hydrodeoxygenation (m-
cresol to toluene), and hydrodenitrogenation (pyrrole toC4 hydrocarbons),_ 
It has been determined that exposure of the catalyst in the SYNTHOIL 
reactor definitely lowers activities in these five reactions, parti­
cularly in catalyst pellets taken from the middl~ and outlet of the 
reactor. Regeneration is effective in restoring used catalyst to 
levels of activity comparable to new oxide and presulfided catalyst. 
It was determined that in situ presulfidation resulted in little dif­
ference in catalyst activity from that of an externally-presulfided 
catalyst and a decrease in some cases. -
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Introduction 

The Pi ttsburglf'Energy :Resecrrch·;·Center • s· (PERC) SYNTHOIL 1 is a proces·s 
in which coal i~ dissolved in a recycle oil:.at elevated temperature and pres­

sure and passed. through a fix~d-bed catalytfc reactor along with a turbUlent 
flow of H2. Sandia Laboratories is conducting research on the process which 
includes studies of catalyst deactivation, the effects of coal mineral mat­
te~ and reactor kinetics. This study contributes to the determination of the 
deactivation mechariism(s) for the Harshaw 0402T cobalt and molybdenum 
oxide catalyst used in the SYNTHOIL reactor. Experimental catalyst samples 
included pellets in the new oxide (Pitt. #1.), presulfided (M-17),2 used 
and regenerated (heating to 500°C for 3 hours in air) conditions. Used and 
regenerated pellets were taken from PERC SYNTHOIL reactor run number FB-44 

; 

and reactor inlet (loop 1), middle (loop 4), and outlet (loop 7) from runs 
FB- 30, FB-31, and FB-35. Operating conditions for these runs are shown in 
Table 1. 

Gas chromatography was used to measure activities of the catalyst in 
~eactions similar to those that occur in the SYNTHOIL reactor. By intro­
ducing pulses in model reactant compounds into the carrier stream flow~ . . 
ing across the catalyst pellet at 450°C, product compou~ds were .monitored 
using the basic chromatography technique. The system also allowedthe pre­
sulfiding of the fresh oxide catalyst pellet~ situ so the above analysis 
could be performed without removing the sample from the oxygen-free atmos­
phere. 

The major objectives of this study were: 1) to identify reactions com­
patible with the chromatography techniques that are representative of the 
SYNTHOIL catalyzed reactions and, 2) to mea~ure the extent to which these 
reactions take place with the new, used, re·generated, and presulfided (air 
exposed and~ situ) catalysts~ 

.! . :~. t ·.~ • • ..., l~ • . ., 
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TABLE 1 

Operating Conditions ·for S YNTHO I L Reactor Experiments 

Run Press u r.e . H
2
. now Rate Coa I Feed Rate Duration 

'• 

FB-30 . 4oJOO psn 125 std. ft. 3th l. 5·1b/h 155 h . '' 

FB-31 4000 125 2. 25 20 

FB-35 2000 500/ 125/500 l. 5 168 

FB-44 4000 1300 8. 75 ~400 
'· .. . 

·-" •. .._ ..... ~-·----------------~--------------------
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Experimental Apparatus 

A Hewlett-Packard Model 7620 gas chromatograph was used with a thermal 
conductivity detector.'' The =columns were ·12' long, 1/8 11 stainless steel packed 

with 100/120 mesh Supelcoport coated with 5% by-weight SP-1200 and 1.75% 
by-weight Bentone-34. The thermal conductivity detector operates with two 
flow systems; the sample side (A-side) and the reference side (B-side). The 
sample-side flow system was extended externally to accommodate the pulsed 
microreactor. In progressive order toward the column, this arrangement 
consisted of a flow controller, stainless steel tubing with an injection 
port,.a quartz sample tube running through a platinum wound furnace, and 
stainless steel .tubing connecting to the existing injection block on the 
sample-side (see Figure 1). All external lines were wrapped with heat tape 
to provide a preheater. Microreactor temperature was monitored and kept 
within 5°C Qf 450°C and oven (column) temperature was 150°C (programming ,, 

was not necessary). Hydrogen was used as the carrier gas necessitating 
exhaust venting. The basic'technique consisted of injecting a model compound 
into the preheater and starting the electronic integrator so as to maintain 
constant retention times and receive the integrated peak areas and recorder 

-- -~-----·-

presentation. As the model compound flows over the sample, conversion products 
are emitted and undergo column separation. Thermal conductivities of these 
gases (A-side) are measured with reference to the hydrogen carrier gas 
(B-side) in .:the detector yielding peaks representing individual compounds. 

The ~situ presulfiding experiment required the addition of a valve 
system to the pulsed microreactor. This apparatus is shown schematically 
in Fig~~e 2. The hydrogen carrier by-passed the sample tube while the 
hydrogen-hydrogen sulfide mixture flowed over the. fresh-oxide catalyst pellet. 
Upon completion of presulfi ding the H2-H2s source was cut off and carrier 
flow was re-establi~hed through the reactor, restoring the analysis mode. 
Presulfidatio·n conditions are included with the data in Table 4 (see below). 
The H s exhaust was scrubbed through a 50% sodium hydroxide solution to 2 . 
remove sulfur· and the entire external system was enclosed in a plastic 

exhaust hood to guard against even small leaks. 
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Figure 1. Scherratic ~epresentation of the pulsed microreactor . 
apparatus showing connecting points to the gas chroma­
tograph. All lines shown wer~ wrapped with heat tape 
for preheating. · 
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Fjgure 2. Schematic representation of the in situ presulfiding apparatus and 
pulsed microreactor showing the valve system allowing carrier 
by-pass. and sulfidation. 
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Results and Discussion 

In the SYNTHOIL process heteroatoms such as sulfur, nitrogen, and oxygen 
are removed from the coal slurry. In addition, the reduction of the average 
~olecular weight (hydrocracking) is important in converting the coal to a 
liquid. Therefore, five major reactions are of particular interest: hydro­
desulfurization, hydrodenitrogenation, hydrodeoxygenation, cracking, and. 
hydroge.nation. Model compounds were selected which represented, to a reason­
able degree, those in the coal. All reactions took place at 450°C. Thiophene 
was used successfully as the model compound in hydrodesulfurization yielding 
C4 hydrocarbons and H2S. This reaction was very easily detected in all of the 
catalyst conditions studied. Hydrodenitrogenation was initially achieved 
with pyridine yielding pentane and ammonia, but detection was significant only 
in the unused catalyst. In search of a similar model compound for nitrogen 
removal, pyrroline, pyrrolidine, and pyrrole were tested. The bonding struc­
ture of pyrrole allowed the reaction to take place sufficiently above detection 
limits of the instrument with all cattalyst conditions. Hyd·rodeoxygenation wa·s 
clearly observed in the conversion of m-cresol to toluene. It was difficult 
to find a mddel compound which allowed sufficient c~a~king with the used 
catalyst. Cumene, biphenyl, and diphenylmethane were tested and the latter. 
was found to meet the sensitivity requirements although experimental resolu­
tion was poor because of product retention(toluene and benzene) on the 
catalyst. Tetralin (tetrahydronaphthalene) reacted with all catalysts to 
produce naphthalene in the dehydrogenation reaction. Chemical structure 
representations of these model compound reactants and products are shown in 
Table 2. 

Model compounds and reaction products transit the gas chromatograph 
column and detector producing peaks identified by their retention times 
and measured by their integrated areas. 3 The relative activity for a 
sample was taken to be the ratio (designated R) of the integrated ~reas 
of the chosen reaction product to that of the model compound. Weight 
percent corrections for different detector responses to different compounds 
were not necessary for relative measurements between catalysts in a given 
reaction. The R value from the externally presulfided M-17 catalyst 
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Table 2 -, 

Reaction 

Studied 

Model Compcu nd~ a~d Products Used to)v'leasu re Catalytic Activity 

Model 

.. Product. 

Benzene + 
C rac!<i ng 

Toluene 

Dehydrogenation Napthalene 

H H H H 

Hydrodesulfu ri zation 
I r I I 

H-C- C- C- C- H 
I I t I 

H H H H 
H tj H 

H-C-C=c-¢-H 
.I . I 

H H H' 

H yd rodeoxyge nation Toluene 

Hydrodenit rogenation 
H H H H 

· I I I I 

H-e- C - C - C-H 
C4Hx, e. g. H H ti H 

H H H 
¢ 

I I 

H- - C = C- C-H 
. .I f 

H . H H 

Compound Reactant 

. H 

. Diphenylmethane c§r~-@ 

.H H · 

Tetra.lin (Tetrahydro- HHHH,_,C@,, 0. 
naphthalene) 

Thiophene 

m-Cresol 

Pyrrole 

H' 'H 

0 
N 
I 
H 



(R presulfided) 3 was used as a standard measure. 'of activity·. R values. for 

the other catalysts (e.g., used) were divided by the R presulfided. values to 

obtain an activity ratio A; i.e., A = R :~~~~fided .. A typical conversion·· 
chromatogram for hydrodesulfurization is shown in Figure 3 along with the . 

method used to derive the activity ratio. Table 3 compiles these activity 

ratio or A values for oxide, used, regenerated (FB-44), and presu.lfided 

(1n situ) catalyst. These values are averages of two or more measurements. 

Tests to evaluate data reproducibility on the same samp.le showed the ratios· 

to seldom vary more than a factor of two and generally agree within 1 to 20% .. 

Measurements on 11 equivalent .. samples show the accuracy of the data to be only 
~-----w--::1--:thfn. a factor of .th.ree: . While some error was -un-doubtedly th·e-·resul t·-o-:-f------' 

10 

technique and carrfer flow deviances, repeated measurements indicated that 

most variance in data (on .. equivalent .. samples) is due to actual catalyst. 

activity differences from sample to sample. It is reas.onable to suggest that 

the proposed deactivation mechanisms could take place in the varying degrees 

suggested; by· the data at slightly di;ffere·nt reactor locations. and pellet orien-

tations in the reactor. Also random breakage of the pellets upon removal fro~ 

the used reactor tubes certainly could affect measurements of deactivation 

(e.g., coking). Acknowledging the above uncertainties, definite trends 

·are shown in Table 3 (average values). Particularly evident is the dec.rease 

(by a factor "' 100) in cracking activity of the catalyst after use in the 

reactor. The decrease in the other catalyst activity functions is not so 

profound as in the cracking activity; dehydrogenation is decreased by factors 

of 10 to 100, hydrodesulfurization by factors of 2 to 20, hydrodeoxYgenation 

by factors of 2 to 50, and hydrodenitrogenation by factors of 2 to 10. 

The ·average activity of FB-30.is generally higher than that of FB-31 

which is higher than that of FB-35. Activity data from FB-30 shows· no 

. consi'stent location dependence (loops 1, 4, and 7), however, the inlets of 

FD-31 and FB-35 are much more active than the middle and outlet .. The FB-44 

catalyst is, in general, comparable in activity to FB-30, FB-31, and FB-35 

as shown in Table 3. Regeneration of this catalyst was accompli.shed- by 

heating to 500°C over a period of"' 3.5h in air. Measurements. of activity 

showed these pellets to be comparable with the M•l7 presulfided catalyst and 

new oxide (Pitt. #1) catalyst. 
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Figure 3. Typical conversion spectra for hydrodesulfurization with FB30-l catalyst. 
The activity ratio, A; is found by dividing the R value of the sample (cal-
culated as shown above) by the R value of the externally presulfided M-17 
catalyst (previously determined). 
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Table '3 N 

Activity Ratio (A) of Cata+yst After Various ~Teatrnents(l) 

Catalyst Cracld..ns Deh;t:drosenation aydrodesu1fttr1zat1on Jtydrodecncygenation HYdrodenitroseaatioa 

FB 30-l .009 .09 .2 .2 .1 
3Q.;.4 .03 .1 .2 .2 .1 

30-7 .02 .1 .l .1 . .1 
Average .02' • ·1 .2 .2 .1 

FB 31-1 .03 .2 .4 .6 ·" 
31-4 .003 .02 .09 .05 .rn 
31-7 .03 .oo6 .o4 .02 .o4 

Average .o~ .oa .1 .2. .2 

R-35-1 .02 .1 .2 .2 .l 

35-4 .oo6 .02 .(J'f .O'Y .09 

35-7 .009 .o4 .09 .09 .1 
Average .01. .05 .1 .1 .l 

FB-44 .02 .1 .1 .()9 .1 

Regenera.t ed (2 ) .5 1.1 1.0 -'• 1.0 
rn-44'. 

Pitt #1(3) .3 1.7 1.6 .4 17 •. 

·Note: 1. "A" is a. ratio ot measur.ed· activity DD existing catalyst to the acUvity on PE3C's preaultided 
cata.lyat (M-17). 

2. Regenerated FB-44 - FB-44 heated in air to 500•c 1D 4.5 h and held £t 500•c -tor 3.5 h. 
3· Pitt /11 - Fresh~ oxide catalyst. · 



New oxide {Pitt. #1} catalysts were sulfided ~situ, using the appara­
tus and procedure previously described with four different conditions of 
temperature, time, and H2S flow .. T~ble 4 shows the~ situ presulfidation 
results in similar or somewhat lower-activities than the M-17 catalyst. 
This shows that presulfiding {in situ or external} lowers activity as com---- ' 

pared to fresh oxide catalyst~ This does not necessarily make presulfiding 
undesirable in the SYNTHOIL process since the literature indicates that 
sulfiding reduces 'coking. 4•5 · 

Summary 

By using the pulsed microreactor in conjunction with a gas chromatograph, 
reactions representative of SYNTHOIL catalyzed reactions were identified and 
measured. The conversions found to be most successful were: thiophene to 
c4 hydrocarbons {hydrodesulfurization}, diphenylmethane to benzene and toluene 
{cracking}, tetralin to napthalene {dehydrogenation}, m-cresol to toluene 
{hydrodeoxygenation}, and pyrrole to c4 hydrocarbons {hydrodenitrogenation). ·. 

Activity ratios were derived from measurements on new, used, regenerated, 
and presulfided {air exposed and .i!l situ) catalysts. It was found that after 
use in the SYNTHOIL reactor catalysts show a definite decrease in activity 
{as compared to the·M-17} for all five reactions. This decrease in activity 
is general1y less at the inlet of the reactor. Regenerated catalysts were 
comparable in activity to the M-17 externally-pr.esulfided catalyst and the 
Pitt. #1 fresh oxide catalyst. 

It was found that .in. situ sulfidation produces some reduction in cat­
alyst activity from that of the M-17 cataJyst. 
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·Table 4 

ACTIVITY RATIO 
PRES U L F I D ED (j n situ). 

M.-:-17 

Cracking 

#1 . 2 
500°C, 4h 
2ff/o H2S 

#2 . 4 
245c'c, 0.16h 
370°C, 3h 

. lffln H2S 

14 

#3 • 7 
340°C, 0. l6h 
370°C, 3 h 
HY/o H

2
S 

#4 . 4 
450°C, 4h 
2a?o H

2
s 

Dehydrogenation H D S H D N H D 0 , · 

• 9 1.1 . 3 . 9 

. 3 . 6 • 2 . • 2 

1.2 1.2 .6· 1.1·. 

1.0 . 9 • 6 . 8 
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