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ABSTRACT 

All the data report.ed in previous quarteriy reports 
have been reevaluated to detennine the quantitative reaction 
network for dibenzothiophene hydrodesulfurization at about 
100 atm and 3oooc. The results are stmll1larized as follows, 
where the m.nnbers next to the arrows represent pseudo first
order rate constant.s in units of m3/kg of catalyst•s: 

This network shows the high selectivity of the catalyst for 
simple hydrodesulfurization (biphenyl + HzS fonnation). When 
methyl groups are present in the 4 and 6 positions of 
dibenzothiophene, the primary hydrogenation reaction is 
approximately as fast as the primary hydrodesulfurization 
reaction. Ni and Mo or Ni and W used instead of Co and Mo. 
in the catalyst, or HzS in the reactant mixture, also favor 

·hydrogenation relative to hydrodesulfurization. 

1 
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The results obtained in the earlier periods of this· rese·arch 

have been evaluated in light of the recent literature to provide a new 

interpretation of the reaction mechanism of catalytic hydrodesulfuriza-

tion on surfaces .of sulfided Co-Mo/Al 2o3. 

It has often been assumed that catalytic hydrodesulfurization 
., 

of thiophene and related compounds proceeds via a one-point "end-on" 

adsorption involving bonding of the sulfur atom with Mo ions ~t an 

anion vacancy on the catalyst surface. This interpretation is inade-

quate, failing to account.for deuterium-exchange results, the reactivities 

of benzothiophene and dibenzothiophene, and the ~mall steric effects 

of methyl substituents affecting the adsorption and reaction of com-· 

pounds in the thiophene, benzothiophen~, and dibenzothiophene families of 

homologs. An alternative mechanism, presented here, involves a multi-

point adsorption of the reactant, with a C=C bqnd inter~cting wiLh the 

.Mo cation ~nn the S atom of the reactant interacting with a S ion on 

the surface. The new mechanism accounts for the observed.deuterium 

exchange and hydrodesulfurization reactions and is consistent with the 

observed steric.effects. 

.) 



I I • OBJECTIVES ANO SCOPE 

The major objectives of this research ar""e as fol lows: 

n to develop high-pressure I Jquld-phase mlcroreactol"'S 
for operation In pulse and steady~state modes to al low 
determination of quantitative reaction klnetlcs and 
catalytic activities In experiments with small ~uantltles 

.of reactants and catalyst. 

JI) To determine reaction networks, reaction kinetics, and 
relatlve reactivities for catalytic hydrodesulfurlzatlon 
of multi-ring aromatic sulfur-contalntng compounds 
found In coal-derived ltqulds. 

Ill) To determine reaction networks, reaction kinetics, and 
relative reactivities for catalytlc hydrodenltrogenatlon 
of multf-rlng aromatic ·nitrogen-containing compounds 
found In coal-derived llqulds. 

Iv) To obtain quantitative data characterizing the chemical 
and phys.lea! properties of aged hydroprocesslng catalysts 
used In coal liquefaction processes and to establish the 
mechanisms of deactivation of these hydroprocesslng 
catalysts. 

v) To develop reaction engineering models for predicting 
the behavior of coal-to~r I processing and of catalytic 
hydroprocesslng of coal-derived liquids and to.suggest 
methods for Improved operation of hydrodesulfurlzatlon 
and hydrodenltrogenatlon processes. 

vi) In summary, to recorrrnend Improvements In processes for 
the catalytic hydroprocesslng of coal-derived llqulds. 

3 
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SCOPE 

A unique high-pressure, liquid-phase microreactor is being 
developed for pulse (transient) and steady-state modes of operation 

4 

for kinetic measurements to achieve objectives ii) through iv). The 
relative reactivities of the important types of multi-ring aromatic 
compounds containing sulfur and nitrogen are being measured under 
industrially important conditions (300-4sooc and 500-4000 psi). The 
reaction networks and kinetics of several of the least-reactive multi-,' 
ring aromatic sulfqr-containing and nitrogen-containing compounds 
conunonly present in coal-derived liquids will be determined. Catalyst 
deactivation is an important aspect of the conunercial scale upgrading 
of coal-derived liquids. Accordingly, the chemical and physical proper
ties of commercially aged coal-processing catalysts are being 
determined to provide an tmderstanding of catalyst deactivation; these 
efforts can lead to improved catalysts or procedures to minimize the 
problem. · To make the results of this and related research most useful 
to OOE, reaction engineering models of coal-to-coal processing in 
trickle-bed and slurry-bed catalytic reactors including deactivation 
will be developed to predict conditions for optimt.nn operation of these 
processes. Based on the integrated result of all of the above work, 
recommendations will be made to OOE for improved catalytic hydro
desulfurization and hydrodenitrogenation processing. 



:?;II. SUMMARY OF PROGRESS 'l'O DATE 

This summary is organized to parallel th'3 ·t.a::-k sta temcnts of the 
contract. A milestone chart is provided a.t the enll cf i:hl:: section, 

M.5. croreactor ·Development 

5 

Three continuous-flow, liquld-phase, high-pressur-e mlcrore:icto'rs 
have been built a.nd operated under t.his cor. tra~t. Tho work in thL :report 
confirms the success of these microreactors; the d:i.t~ from the batch a'Jto
clave runs are effectively identical to dnta from the flow mic:roreactors, 
'Ibis task has been completed, 

Catalytic HydrodesulfUrization 

The hycb.·ode::;ulfurization of dibenzothiophane (DET) has b-=~~n 
examined with a high-pressu,re rnicroreacto:r and in ba ten, st:l.rred-au.toolave 
oxperimen U;. The range of data show 1,:hat the reac Ucn network ls' .c.l ighi:ly 
more complex than the direct reduction of dibenzothio:ph1me ( DBT) to hysiro
carbon products; the netwo:::k is the follo-..rinlZ at :oo 0 <:: ~nd. 100 atm 
where the rate constants for units of m3/kg of catalyst·s: 

· '!he relative rates of hydrod,esuli'urizatior~ cf a variety cf the 
important sulfur-containing compounds '-in coal-der:l. ved liquids hav<:! beP.:1 
determined. The compounds include methyl-substituted di b~nz.othiophenc3, 
which evidently are among the least reactive compct:nds in hyd:codesul fur
iza tion. The re la ti ve rate constants for the var lo us reac t;:i.nts are th-3 
followings DBT, 1; 1-t-MeDBT, 0.16; 4,6-dii'foDBT, 0.1C:· 
3,7-diMeDBT,_ 1.7; and 2,8-diMeDBT, 2.6. These rc~;ults a:re larr:ely 
explained by steric and lnductivr:? effects. G::-nups lor.ilt.•.d 13 to the sull-rn: 
atom restrict its interaction with a surface anion vac:m·~Y ar;d lowr!r. the 
reactivity, Indur.Uve effects explalll the h~5her read.bi ties of the 
compounds having methyl substituen'Ls where th·~y exert no st·~rjr. infJuenr.:<:?. 



The reactivities of the compounds have been determined with Individual 
sulfur-containing compounds and with pairs of these compounds. The 
reactivities of these compounds aro Influenced by competitive adsorption 
determined by the prevlously mentioned sterlc and inductive effects. 

More detailed study of the hydrodesulfurlzatlon of 4,6-dlmethyl
dlbenzothlophene, which Is the least reactive sulfur-containing canpound 
found so far, shows that the reaction network Is slml lar to that of 
dlbenzothlophene but that hydrogenation of the aromatic ring Is more 
pronounced than for dlbenzothlophene. 

Results from batch-autoclave reactor studies on the hydro-
desu I furl zatlon of mufti-ring sulfur-compounds (with sulflded Co-Mo/t-A1 2c3, 
30ooc and 70 ! 2 atm of H2 > show that the reactivity decreases from 1-rlng 
to 3-rlng compounds and then It Increases for the 4-ring compound. Thus 
the three-ring sulfur-compound, dlbenzothlophen·: . ·Its methyl derivatives 
a re the I eas·t react Ive c:Ompounds stud I ed so far . The t T rs t-orde r rate 
constants for the hydrodesulfurlzatlon of these compounds are given below: 

Reactant 

thlophene 
benzothlophene 
dlbenzothlophene 
benzonaphthothlophene 
7 ,8,9, 10-tetrahydrol.JE:ir1Lo

naphthothl ophene 

Pseudo f I rst-order rate 
Constant, cm3/g cat h 

5000 
2900 
200 
600 

280 

Throe different catalysts, namely Co-Mo/~-A1 2o 3 , Nl-Mo/t-A1 2o3 
and Nl-W/Al203 have been tested for the hydrodesulfurlzatlon of dlbenzo
thlophene. The activities of these catalysts have been found to decrease 
In the order: · NI -Mo > N 1-W Z Co-l·lo. 

A new "three-poj nt" adsorption of thiopheni1': compounds has been 
suggested to be important in the surface-Gttalyzed hydrodesulfurization . 
mechanism. The new mechanism accuLlllts for the observed substituent effect'.' 
and the effects of th~ number of rings in the react:mt; it also accmmts 
for results of H-J) exchange studies reported in the literature. r . . 

Catalytic Hydrodenitrogenation 

The hydrodenitrogenation of quinoline has heen studied to yield 
a nearly complete identification of. the reaction net1vork an<l partial 
identjfication of the rate parameters in this network. The network is 
as follo ... s: 



I. 

ro I N 

FAST, -'("""""" 
FAST 

k,:: 2. 60 
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k,-=- o. :;o 

'lhis network shows that usually both the benze~e a.~d pyrirline rings are 
. saturated before the C-N bond in the (now) pipP,ridine r:ing is broken. 

Thus, the hydrodeni trogenation of quinoline ref]_uires a large consu'r.iption 
of hydrogen before the nitrogen atom is rerr:overi from the hydrocarbon 
structure. The lack of' selectivity encountereri in hydrodenitrogenation 
stands in sharp contrast to the high selectivity in.hydrodesul:f'urization. 

The total rate of hydrodeni trogenation sho;rs a .maximum with respect 
to hydrogen partial pressure, Th.is is because the pseudo firs t.-order rate 
constant for the C-N bond scission step is.rerluced by inrreaslng hyd~cgen prer.;sure 
and the rate constants for the hydrc·~enaticn si;eps, which increase with 
hydrogen pressure at lower hyd:r.ngl':'n pressurcG, pass throuGh a maximum and 
decrease with increasing hydrogen pressure at the high hydrogen pressures. 
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Also in hydrodenitrogenation of acridlne, a large amount of 
hydrogenation precedes nitrogen r.emoval, and the carbon-nitrogen bond 
breaking r~~actions are _:relatively slow. In the p-.·,:.··:,1:"?cP cf Co-Mc/y-Al 2o1 
.c&.Lalyst, heterod..l.·oi11&.~ic i·ing hydrogenati'm .:.s favored, ar.d with a -
Ni.:.Mo/y-A12o3 catalyst, aroma.tic ring hydrogenation is fa•rored. For both 
a.cridine and quinoline, little effect of replacing Co· with Ni could be 
detec.ted in the nitrogen removal reaction, al though N1-~lo/y-Al203 is roughly 
twice as active for hydrogenation as Co-Mo/y-Al

2
o
3

• 

The hydrodenitrogena.tion of carbazole has been examined under 
conditions simiiar to those used for acrid1ne. ·Both· carbazole dizappearance 

. and total nitrogen removal can be represented as first-or:ler reactions. 
Tetrahydrocarbazole was the major intermediate compound present in the 
dry column ext:j':act. Both cis-hexahydrocarbazole and octahydroca.rbazole 
were identified as minor products.. Reactivity of carbazole is slightly 
less than that of quinoline and acridine is the le::ist reactive. Hydro
denitrogenation of four-· and five-ring nitrogen-containing compounds are 
currently being studied. 

Preliminary experiments have been carried out to characterize 
hydrodenitrogenation of substituted quinolines. n1e conditions us_ed were 
similar to those used for qu1nol1ne hydrodcnitrogenaUon. 2,6-. 2,7- and 
2,8:..dimethylquinolines were studied and products identified were analogous 
to thos~ observed in the quinoline network. The r~activi ty of 7,hese 
compounds to hydrodenitrogenation is comparable to that a: quinolfoe. 

·'The reaction network for the: hydrodenifrogFmat.ion of ac:!'idlnc ( ir. 
White 011) catalyzed by N1-Mo/y-Al2CJ cataly~t 13. a.:s ffven_ below 1 

1<,:: 0.75 
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The pseudo f lrst-order rate constants are for 3670C and 136 atm. The 
pseudo first-order rate constants for hydrodenltrogenatlon (total nitrogen 
removal) at 367oC and 136 atm catalyzed b.Y NJ-Mo/ -Alt'3 fal-ls In the 
fo I low Ing order: 

Reactant 

DI benz(c_,h] acrl dine 
Qui no II ne 
Carbazole 
Acrldlne 
Benz[c] acrl dine 
Benz[aJ acrldlne 

Pseudo f lrst-order rate 
constant for total nitrogen 
remova I, ml n~l 

3.79 
2.5? 
2.43 
1.62 
1.54 
1.08 

Preliminary studies of competing hydroprocessing react.ions 
catalyzed by Ni-Mo/y-Al203 and involving quinoline, indole and naphthalene 
in Whlte 011 show that marked interactions exist. The naphthalene 
hydrogenation rate is markedly reduced by the pref:ence of quinoline; 
whereas the reactivity of quinoline is virtually unchanged by the presenc~ 
of naphthalene. Similarly the rate of hydrodeni trogena tlon of indole, a . · 
non.basic nitrogen-containing compotmd, is strongly reduced by the presence of 
quinolfne, whereas the rate ofhydrodenit:rogenationof quinoline, a basic 
nitrogen-containing compound, is unaffected by the presence of indole, 
Studies involving combinations of nitrogen- and ~ulfur-contain1ng compounds 
and aromatic hydrocarbons are underway. 

Catalyst Deactivation 

A variety of physical techniques have ·been used t·::> ldentif:r the 
aging pro~ess for catalysts used in synthetic liquid fUel proc0sEes, 
Catalyst samples f'rom three processes have been .ex1mined1 a proprietary 
:fixed-bed· process, "Syntho11, . and H-Con.1R. 'Ihe spent flxed-b~d ccitnlysts 
show the formation of an external crust which appears tei be for!'le:i by 
columnar grain growth combined with the deposition of coal mineral m:i.t-':.er, 
particularly clays and rutile. '!his P-xt.ernal cru3t is absent from th'3 
H-CoalR calalyst. The interior of .the catalyst is altered by i:!everal 
processes1 coking, reactive deposition of mineral matter, passlve 
deposition of mineral matter, and crack enhancement. _These four processes 
are fol.ind in catalysis from all three processes •. Coking fills the micro
pore volume of the catalyst. Reactive deposition of mine~a.l matter pene
trates about 200 µm f'rom the outer surface into the inter:lor of the 
catalyst. .The concentration· profile is approximately exponentially 
decreasing f'rom the exterior surface. Passive cement.ing occurs within 
50 µm of the surface unless the irregular concentration profiles. Finally, 
gra.in·growth can-occur fnside the catalyst near the surface and tends to 
increase these cracks. When the surface cracks become a significant 
portion of the pore volume, passive deposition can penetra+,e further into 
the interior of the-catalyst. 

R '!he activity of aged catalyst from the H-Coal precess has heen 
measured in batch experiment~ with dibenzothiophene and wtth quinoline, 
The activity was reduced 20-fold for hyd.rodesulfurization of dibenzothio~ 
phe11e and. f1 ve-fold for hydrodeni trogenation of quinol:l. ne. Eurnini;r off 
of carbonaceous depoG1 ts :1 ncrea.sed the ac.tivi Ly. of ":-he c>.g'?.d catalyst, only 
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three-fold for dtbenzothtophene hydrodesulfurtzatlon, which Implies that 
Irreversibly deposited Inorganic matter was responsible for most of the 

·.loss of catalytic activity. 

Mlcroreactor Engineering 

The use of moments as a tool In Interpreting pulse data from 
mlcroreactors has been extended to faf.rly complex reaction networks. 
This work Is now complete. The complex data from qulnolfne and acrfdlne 
·react Ions. have b~en reduced to rate parameters by extens I on of. non I I near 
regression analysls. Reaction engineering· concerned with coal hydro~ 
processfng ts now underway. 
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CUMULATIVE EXPEMllTIJRES* 

Suppl les & Occupancy & lnfonnatton Transfers 
Quarter Personnel Travel Expenses Maintenance Equipment Pro~sslng (Overhead) 

First $ 5,807 s 28 s 4,674 s 6' 110 s 610 

Second 20,740 528 10,007 9 ,208 17 ,978 s 10 ,202 

Third 37,396 1,152 19,582 10' 108 30,704 20,035 

Fourth 53,418 1,152 25,735 10,634 34 ,930 $ 97 38, 710 

Fl fth 9l ,593 1,.521 37,.291 13,755 50,614 154 75 ,839 

Sixth 112,666 2,458 42,341 13,.920 54,013 375 93,287 

Seventh 132,669 3, 140 51,.589 14 ,396 54,013 1,.180 113,830 

Eighth 146, 146 3,.814 56,488 14,600 52,295 1,868 123,576 

Ninth 167,884 5 ,.119 54,778 16,.325 54,977 2,.044 117 ,681 

Tenth 192,658 6, 113 70,579 18~010 54,977 2,248 134 ,895 

Eleventh 224,941 6, 113 76,733 19 ,635 54,977 .2,369 161 ,208 

Twelfth 261...1..759 7_, 349 95,041 24,159 57,778 2,454 186,267 
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IV. DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

B. Catalytic Hydrodesulfurization: The DBT Network 

INTRODUCTION 

The increasing importance of hyd:codesuJ.furi~,,ation in petroleum 

processing and the need for alternative fossil.:'..enercy sources for produc;-, 

tion of clean-burning fuels have led "to a surge of i'esearch on the 

chemistry and engineeri.ng of hydrodesulfurlzation. Most of the work has 

focused on catalyst ·characterization by physical me~:hods (Massot.h, 1977), 

on· low-pressure reaction studies of compound:') like thiophene, having 

relatively high rea~·tivi ties, or on process development (Gates ~t al., 1979), 

There is only f'ragmentary information about. the react.ions of relatively 

unreactive; compounds like dibenzot.hiophene under conditions of practical 

interest, especially high pressure, The llterature of hydrodesulf'urization 

' 
of thiophene, benzothiophene, and dlbenzothiophene (compiled by Kilanowski, 

in preparation) fails to provide definitions of the :reaction networks arid 

kinetics, but it is clear that at high pressures, the multiring compounds 

are the less reactive ones, and dibenzothiophene is especially worthy 

of study, being one of the least reactive compounds (Nag~~ al., submitted 

for publication) and one which is found in signlficant quantities in 

petroleum and especially in coal-derived li.quid.s, 

'l'he nydrodesulf1n:·i.zation of dibenzothiophen, · 1·:1::: h''·''·'n investigated 

by Hoog ~1950), Obolentsev and Mashkina (i958, 1959), Landa and Mrnkova (1966), 

Urimoto and Sakikawa (1972), Bartsch and Tanielian (1974), and Rollrnann 

(1977), The results of these authors, representing a variety of temperatures, 

hydrogen partial pressures, and catalyst compositions., fail to establish a 

unique reaction network (Kilanowski et al., to be published). Many authors 

have found biphenyl, cyclohexylbenzene, and bicyclohexyl among the reaction 

products, which indicates that hydrogenation reacticns are importan·t, and 
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some a\lthors (e.g., Obolentsev and Ma.shkina, 1958; 1959) have found that 

biphenyl was the only product besides H
2
s, which indicates that under 

certain conditions (598-698°K and 10-60 atm with a ~mlfided Co0--Moo3/Al20; 

catalyst in the work of Obolentsev and Mashkina), there may be a high 

selectivity for sulfu:r removal without prior or. subsequent hydrogena ti.on. 

The experiments reported here :were performed to provide a. resolu-

tion of the reaction network involving dibenzothiophene and hydrogen. 

'Ihe catalyst was a tYJlical conunercial "cabal t molybd.ate" ( sulfided 

CoO.-Moo
3
/y-Al2o3

) operated under conditions of practica.1 lnterest, _s73c·K 

and 102 atm. Supplementary experiments were done with sul·fided Ni0-Moo
3
/ 

y-Al20J and with sulfided Nio-wo
3

/y-:-Al2o
3 

catalyst and with 4,6-dimethyl

dibenzothiophene and other methyl-substituted cLl.bemwthiophenes as reactants·. 

EXI1EflIMENTAL 

The catalyst was sulfided Co0·-Moo
3
/y-Al

2
o
3 

(HDS 16/\, American 

Cyanamid). The properties of the oxidic form aI·e siunmarizecl in Table 1. 

A few experiments were done with.NiO-Moo
3
/y-Al

2
o
3 

(HDS 9A, Amerlcan 

Cyanamid) and Nio-wo3/y-Al2o
3 

(NT-550; Nalco) hc:.ving the p:r;operties 

sumrnar.1zed in Table 1o 

Dibenzothiophene (95%), cyclohexylhenzene (96%), and bicyclohexyl 

(> 98%) were used as supplied by Aldrich. Biphenyl (> 98%) was used as 

supplied by Eastman. The compounds 1, 2, 3, li-tetra.hydrodi benzothiophene and 

1,2,J,4,10,11 .. hexahydrodibenzothiophene were synthesized according to the· 

methods of Campaigne · ~! al. ( 1969) an1l Mitra et ~l ~ { 19 56) • Mcthyl

substi tuted dibenzothiophenes.were prnpared by the methods cited by 
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Houalla et al. ( 1977). '!he solvent n...;hexadecane wa::; supplied by Humphrey 

Chemical Co. and was redistilled before use •. 

A high_.pressure flow ·microrea.ctor, described in detail by· EUezer 

~al. (1977), was used for steady-st.ate reaction experiments. The 

catalyst bed had a volume of 3o25 X 10-? mJ and a l·~ngth of 4,1 X 10-
2 rn, 

The catalyst (2 • .5 X 10-.5 kg) was mixed with 6.2.5 X 10.,..4 kg of alundum~ an 

inert reactor packing material. 'Il1e catalyst ·parti~le size was usually 

149-178 µin. 

'!he catalyst was presulfided in the reactor for t.wo hours with a 

flowing mixture of 10 vol % H2S in H2 at at.mospherir. pressure and 67J°K o 

'!he reactant solution usually contained about 0,1J rnol % dibenzothiophene 
. . . . 

in Q-hexadecane,· ·Before operation, the solution .(2.6 x 10~4 rn3) was 

::;a.tl!:!::ated w.'...th hyd:!.·og~!! ·~ :..::.- occasfonally with !~yJ.r:::.;..,:-:• ~- H2:=~) in a stirr~d 

autoclave by first purging with hydrogen.for two hours at.atmospheric 

pressure to remove air and then saturating-with hydrogen at room temperature 

Cl?ld 69 atin for three hours. It was estimated from bydroge~ solubility data 

·that under these conditions the mole fraction of hydrogen in the solution 

was 0.036. After saturation, the reactant solution was transferred to the 

feed reservoir, care being ta~en that the pressure never fell below 69 atm, 

'lhe · catalyst in the meantime had been flushed wlt~ helium ai:id pi·esulfided, 

t.nen _the reactor was -cc;>oled to .573°K. and the liquid flow was begun at a 

rate of typically (2-20) X 10-10 ·mfs (the in,_;.erse weight hourly space 

velocity va.,..ied between 18.6 and 223 kg of feed/kg of ca--talyst•h). ·The 

reactor pressure was maintained at 102 atm, ~nsur:tng that all the reactants . 

remained in the liquid phase, and the temperature was held constant 

within ±1°K, 
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The first product samples were· collected after about 3 X 16-5 m3 

of the rea.ctant had passed through the catalyst bed, and samples were 

thereafter taken periodically. After a change in feed flow rate, several 

·hours elapsed before.sampling was begun again. 'Ihe flow rate was finally 

adjusted to the initial value to allow a check for possible catalyst deac

tivation (which was not observed)'. 

'!he reaction of dibenzothiophene with hydrogen was also carried out 

in a batch autoclave reactor; the apparatus and procedure were nearly 

identical to those described by Shih et al. (1977). 'Ihe catalyst was 

brought in contact with reactants oniy after they had been heated up to 

reaction conditions, so that conversion during the heat-up period was 

negligible. Under typical operating conditions, the concentration of 

dibenzothiophene in n.-hexadecane (before H2 saturation) was 0.37 mol~. 

The mass of catal~st was 2.21 X 1o-4 kg and the volume of liquid reactant 

~ 3 . was 3.5 X 10 m • The reaction temperature was 573 ± 1°K .and the 

pressure was 71 atm. The relatively high reactant concentrations and the. 

·large reactant volume used in the batch experiments provided relatively 

large amounts of.reaction products, aiding in·the analysi.s Rnd identifi-

cation· of minor products. 

Reaction products were analyzed with·a Hewlett-Packard 5750 (or 

an Antek 4oo) g~s chromatograph equipped with a flame ionization detector 

and an· electronie integrator. A gas chromatograph was in+.erfaced to a 

mass spectrometer, and each product was identified by its mass spectrum! 

Occasionally, products were concentrated by solvent extraction and dry-

column chromatography prj.or to analy!3is by gas chromatography:..mass . 
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The ·first product samples were collected after about J X 10-5 mJ 

of the reactant had passed through the catalyst bed, and samples were 

thereafter taken periodically. After a change in feed flow rate, several 

hours elapsed before sampling was begun again. 'Ihe flow rate was finally 

adjusted to the initial value to allow a check for possible catalyst deac- • ·~ 

tivation {which was not observed). 

'!he reaction of dibenzothiophene with hydrogen was also carried out 

in a batch autoclave reactor; the apparatus and procedure were nearly 

identical to those described by Shih et al. (1977). 'Ihe catalyst was 

brought in contact wlth reactants only after they had been heated up to 

rea.ction conditions, so that conversion during the heat-up period was 

negligible. Under typical operating conditions, the concentration of 

dibenzothiophene in ~-hexadecane (before H2 saturation) was O.J7 mol % . 
.. l~ 

The mass of catalyst was 2 .21 X 10 kg and the volume of liq1.1td reactant 

-4 3 was 3,5 X 10 m • The reaction temperature was 573 ± 1°K and the 

pressure was 71 atm. The relatively high reactant concentrations and the 

large reactant volume used in the batch experiments provided rel~tively 

large amounts of reaction products, aiding in the analysis and identifi-

cation of minor products~ 

Reaction products were analyzed with a Hewlett-Packard 5750 (or 

an Antek 4-00) gas chromatograph equipped with a flame ionization detector 

and an electronic integrator. A gas chromatograph was interfaced to e 

mass spectrometer, and each product was identified by its mass spectrum. 

Occasionally, products were concentrated by solvent extraction and dry-

column chromatography prior to analysis by gas chromatography-mass 
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spectrometry. The routine analyses were carried out by gas chr-omato[..rraphy; 

response factors were measured for standards of ea.ch compound in ~-hexadecane. 

'The orga.nic reactants and products were separated in J .4--m stainless-steel 

coiumn having a 2.3 X 1.0-3-m ID and packed with J% SP-21.00 DB (methyl 

si.licone fluid--the basic sites were deactivated) on 100--200 mesh Supelcoport 

(Supelco) at 423°K with a helium carrier-gas flow rate of about 5 X 10·-? mJ/z. 

The H
2
s product was not determined quantitatively. 'Ihe same column was 

used in a Perkin-Elmer 3920 B gas chromatograph equipped wi.th a :sulfur-

specific detector to test for any sulf'ur-containing compounds in the 

products or sulfur-containing impurities in the feeds in addition to those 

detected with the flame ionization detector; none was found. An open 

tubular column coated with OV-101 was.occasionally used in the Perkin-Elmer 

instrument to provide an improved separation of cyc1ohexylbenzen.e from 

bicyclohexyl. 

RESULTS 

Preliminary experiments were done +,o ensure the lack of influence 

of mass transfer on reaction rates: changing the catalyst part:tcle si.7.e 

from 125 to 250 ~1m led to no chanee in the rate of rlibcrn.;othiophcno con-

version. Standard testq oonfjrmed the n.pproprlatenP.ss oi' the· assumption 

of_ piston flow in the microreactor. Blank runs with alundum packing and 

no catalyst in the reactor under typical cundj.tions gave conversions less 

than o • .)% compared with about Ba% when 2.5 X 10-5 kg of catalyst. were used. 

'Ihe conversion of diben'7.othlophcnc (Fig. 1) gave predominantly 

bi.phenyl; yields as high as 87 moi % were obse1ved. Tbe other organic 

products included cyclohexylbenzene and, in trace an1ounts, bicyclohexyl. 
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'Ihese results show that the catalyst was highly selectlve for hydrodesul

fUrization but that some hydrogenation a~so occurred. When the. product 

samples were analyzed with the sulfur-specific detector, no sulfur-containing 

compounds besides dibenzothiophene were found in concentrations exceeding 

.50-100 ppm. This result indicates that any sulfur-containing intermediates 

which might have been formed were too.reactlve to be isolated. 

A more detailed:picture of the react;i.on net.work emerged from 

analysis of the batch reactor products; the concentration of.dissolved 

hydrogen was about three times higher than that in the nciw microreactor. 

The batch experiments· provided evidence of low yields of 1;2,J,l~:..tetra

hydrodibenzothiophene and 1,2,3,4,10,11-hexahydrodibenzothiophene. These 

were formed f'rom the beginning and were therefore primary reaction 

products, formed directly :from dibenzothiophene and in parallel with 

biphenylo These batch-reactor results.show that some hydrogenation 

precedes hydrodesUlfUrization in one path of the dibenzothiophene-hydrogen 

reaction network. 

The selectivity for hydrodes11lfurizatio1i vs• hydrogenation was 

different when a Ni-Mo or a Ni-W catalyst was used instead of Co-Mo. 

Typica.l pro.Juct distri.b11~.1on data contrasting th~. n·:·::e cablysts a'.re. 

· sho'Wn i:ri Figo 2. 'Ihe yield of cyclohexylbenzene at a given conversion was 

usually about three times higher with-Ni-Mo cata.lyst·than with co:..Mo 

catalyst. The activity Of Ni-Mo catalyst per unit surface area (of the 

·original ·oxldic fo.rm) was about twice as high as that of +.he Co-Mo catalyst. 

The prodUCt·distribution als~ depended on the concentration of H2s 

ln the react~~t sol:.rUon. Results summarized ln Table 2 show that H
2
s ·. 
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suppressedthe dibenzothiophene hy~odesulfurization (hydrogenolysis) 

reaction relative to the hyd-rogenation reaction forming cyclohexylbenzene. 

At high feed H
2

S concentrations (CH sf cH = 0 ,2), J, 2, J,4-tetr2.hydrodi benzo-
2 2 

thiophene was detected in the flow-reactor product, providing further 

evidence of increased. select:i.vi ty for hydrogena·Hon. 

Other results (not shown) demonstrat,e that increa:::ed hydrogen 

concentration also increased the rate of hydrogenat.ion re1ative to 

hydxogenolysls, but quantitative data ar.e la.eking. 

To confirm which were primary and which were secondary products 

in the dibenzothiophene:...hydrogen reaction network and to determine inde-

;pendently quantitative kinetics of the individual reactions, a set of 

experiment.·~ was carried out with ea.ch of a series of ind.iv; dual .products 

of the dibenzothiophcne conversion used as U1e reactant with hydrogen; the 

compounds used were _£:..phenyl thiophenol, biphenyl, 1,2, 3,l.J.-:-tetrahydro

. dibenzothiophene; and 1,2,3,4,10,11-'hexahydroa.ibenzothiophene. 

Conversion data were generally consistent with pseudo first-order 

reaction of each of the organic reactants, as shown in Fig, J, and the 

data· a.re therefore summarized as pseudo first-order rate constants having 

dimensions of m3 /kg of catalyst• s; the rate eq_i.in.tior! is 

r "" k·C 
- -1 i 

where c1 j s ·the concentration l>f organic reactant i. 

Biphenyl was the major organic Jiroduct of .the d:i.benzothiophene 

<;}onversion, and an obvious possibility is that. £_-phenyl thiophenol was 

( 1) 

a.n· intermediate in the biphenyl formation, al.though th:ts compoilnd was not. 
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detected ln the product. .To check the reactivity of .Q_-phen.ylthiophenol, 

one run was carried out under· typic.al conditions with the now reactor; 

the fe.!3d contained 0 .07 mol % of ~-phenolthioph~nol prio:r to saturation 

with hydrogen 0 Even at the highest t•low rate, it H1.S completely. deeulfur-

ized, giving primarily biphenyl and a minor amount of cyclohex:ylbenzene. 

Since .Q_-phenyJ. thiophenol ;_.is highly reactive· in comparison with cliben zo-

thiophene, it remains an open question whether it is an intermedlate in the 

hydrodesulf'urization of dibenzothiophene. 

Although the rate constant for the hydrodesulf'urization of 

.Q_-phenylthiophenol could not be determined, the res~lts of this experiment 

were useful in providing an estimate of the rate constant for the 
. . 6 

hydrogenation of biphenyl. The value was calculated to be 1.2 X 10- m3/kg 

of catalyst•s (the underlying assumption is that Q.-:i:henylthiophenol .was 

converted instantaneously into biphenyl and H2s).~ 

Two experiments were done with biphenyl as the reactant. Inthe 

first, biphenyl (0.12 mol %) was dissolved in n-hexudecane and the run ·was 

carried out in the usual way. Conversion of as much as 7% of the biphenyl 

was observeiJ, and the product contained not only C:Y'.' i '.1hex:rlr1enzEme but a. 

small amount (up to 1o% of total conversion) of bicyclohex:yl. In all the 

preceding experiments·, H2s was generated during the hydrodesulf'urization 

reaction, and since it hadbeen found (Broderick et al., 1978) that some 

H2S is needed to maintain the activity of the catalyst, another experimert~ 

. was conducted with biphenyl reactant mixed with 3,7--dimethyldibenzothiophene. 

'!he average conversion of the latter was a~out 35% (varyfn·g between 23 and 

49%), generating enough H2s to prevent the catalyst-from slowly deactivating. 



The first-order rate constant for the conversion of biphenYl uncler 'these 

concli.tions was 1.1 X 10-6 m3/kg of catalyst•s, in good agreement with the 

·value estimated from the aforementioned £-phenylthiophenol experiment. 

Both 1,2P 3,4-tetrahyaiodibenzot.hiuphene and 1, 2, 3,1~,10, 11-hexiihy<ir.o

dibenzothiophene we:rc hydrodesulfurizcd under typical condi tton~'. The 

major product with each reactant was cyclohexylbenzene, the yield being 

about 70%; small quantities of bicyclohcxyl were determfoed in the pro dud, 

but there was no detectible biphenyl o Each of ·the r.ulfur-conta:i.ning 

reactants 1-1;.J.::; converted into the other, and the ratio of the co11centra-

_ tions of the two remained virtually constant at 5.6, reganllcss of which 

was used as the feed. We conclude that the followiug· equilibrium was 

achieved rapidly: 

-t~ Hz. 
__ ':I,. 

·~----

In all the experiments, the hydrogen was present in sto.ichiometric 

excess, and its concentration was virtually constant. Therefore, the 

concentrat5on equilibrium constant 

K C1,2,J,4 1 10,11-hexal~_!Odib~thi~hene 
0rr,, 

0 01'2. I 3 I 4-tetrahydrodi benzothiophene 
&.. 

was estimated to be about 1.5 X 1o-3 rn3 /mole at 573''K, 

mnee it was not po::;::;:i.ble to ascertain t,he· individual rate· 
COMV;z.,io" of . 

constants for these compounds into cyclobexylbenzene, ·we lump tbe·two, 
A. 

(2) 

representing the kinetics with the average rate condant of 1.12 X 10·-Li· m3 /kg 

of catalyst•s, 
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'Ihe experiments done with methyl-substituted dibenzothiophenes 

as reactants were only preliminary in the sense that full product 

analyses were not performed; nonetheless, the results are sufficient to 

define a pattern in the reaction networks compound.:; having the methyl 

groups in the 2 and 8 or the 3 and 7 positions, ,. 

and HCtJr;;OCH3 
~ 

2,8-dimethyldibenzothiophene 3,7-dirnethyldibenzothiophene 

were studied under conditions cited earlier; their concentrations in the 

reactant solution we_r~ about o.6 mol %. These compounds were found to have 

nearly the same reactivity as dibenzothiophene (Houalla .£i al,;, 1977) •. The 

product distribution with· each was s:lmilar to that expected from the results 

with dibenzothiophene (Fig. 2): 

... ~-

CH~ 

The substituted biphenyl was the predominant organic product in each case, 

and the ratio of the concentration of that product to the concentration of 

the substituted cyclohexylbenzene was nearly the same for each.as the 

ratio of the concentration of biphenyl to the concentration of cyclo-

hexylbenzene produced from dibenzothiopheneo 
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A different product distribution was observed when the reactants 

were 

and 

4-methyldibenzothiophene 4,6-dimethylclibenzothiophene 

These compounds were less reactive than dibenzothiophene (Houalla et a~., 

1977), and. the· yields of the substituted cyclohexylhcnzene products forrn<~cl 

from them were greater than the yield of cyclohexylhcnzenc formed from 

dibenzothiophene under compara.ble.conditions. 1hese result.s suggest that 

4-methyldibenzothiophene and especially 4,6-dimethyJ.dibenzothi.ophene 

experienced more hydTogenation prior to sulf'ur removal than dibenzothiophene 

and the other methyl-substituted dibenzothiophenes, but this suggest:ion is 

preliminary and in need of testing by a quantitative dete'rrnination of the 

reaction network. 

DISCUSSION 

The dibenzothiophene conversion dat.a show t,ha.t both the dcsulfur-

ized compo~ ind bi phenyl and t.he undesu;l.fur.i 7.P.d. but parti n.lly hytlr:og<mated 

compounds 1,2,3,4-tetrahydrodibenzothiophene and 1,2,3,4,10,11-hexahydro-

dibenzothiophene are primary products of the reaction o.r d.lbenzothiophene 

and hydrogen. These are subsequently converted into the secondary product 

cyclohexylbenzene, which is further hydrogenated. to give the tertiary 

product bicyclohexyl. The mercaptan o-phenylthiophm1ol may be an inter-

mediate in the conversion of dibenzothiophene iuto biphenyl, but the d.ata 

faii to establish whether it is. 
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In the flow microreactor experiments with d.ibenzothiophene feed. 

the only product components which could be analyzed. quantitatively were 

dibenzothiophene, biphenyl, and cyclohexylbenzene; there were only trace 

amounts of bicyclohexyl 0 To obtain a preliminary q uant Ha ti ve evaluation 

of the data from the flow-reactor (F.ig. 1), the simplest reaction network 

consistent with the data of Fig. 1 was postulated, as shown in Fig. 4. 

The individual rate constants k. were E?stimated in the following way: 
-]. 

a) F.ach reaction in the network of Fig, 4 was asstirned to be fil.'st-order 

in the organic reactant. 

b) The data of Fig. 1 were smoothed by fitting to the following simple 

:t'unctions1 

c = A1 exp[!;(sv)-1-_] 
di b·:·:nzothiophene -

~iphenyl = ~3(exp[4,_(sv)-t] -exp[~5(sv)-1J} (5) 

c. =A (sv)-1 + A.....(sv)-2 +A (sv)-3 
cyclohexylbenzene :::6 ='/ . =8 · (6) 

The coefficients !i and ~ were determined.with a nonUnear ieast squares 

program. (We note that the smoothing functions (4) and (5) are the actual 

.solutions of the differential equations for the network of Fig. 4, prov:ided 

that each reaction is indeed first order. The exact solution for cyclo-

. he:xyl benzene could not be fitted, since there were too f~w data.) 

c) Points were taken at equal interv~s of (sv)-1 from the smoothed curves 

predicted by Eqs. (4)-(6) and use.d with equal weighting in the Carlton 2. 

pr~gram (Himinelblau et al,, 1967) to determine best values of the rate 

constants characterizing the formation of each of the products except 

bicycloheXy-1, for which the data were•too imprecise. 
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The following values for the pseudo first-order rate cons+.ants for 

the individual steps in the network of Fig. 4 were obtained: 

~1 = 2.3 X 10-5 m3/kg of catalyst·s 

catalyst 0 s 

catalyst•s 

When combined with the flow-reactor data, the batch-reactor data 

allow an improved interpretation; they show that the undcsulfUrize.d but 

partially hydrogenated compounds 1, 2, 3, 1+-t-::t:r:ahyclrodi benzothiophene and 

1,2,3,lJ.,JOpi1-hexal1ydr.odibenzothiophene are primary products of the 

dibenzothiophene conversion and provide a ro1Jte to the secondary product 

cyclohexjil1t:nzene. Cu.in .-::.Lsion data obtained J.':r.om vut-; i'lm;-:eeactor cxperi-

ments with 1,2,3,4-tetrahydrodibenzothi.ophene and 1,2,J,4,10,11-hexahydro-

dibenzothiophene in the feed establish the pseudo first-order rate constant 

for the conversion of this pair ·Of compounds into cyc1ohexylbenz.ene; the 

value is 1.1 X 10-4 m3/kg of cataly~t·s. 

This value is four orders of ma.g1li tude greater than the value of ~2 
f/1ll-

obtained from the foregoing analysis of~dibe:nzothiophenc conversion data 

of Fig. 7 o It, is clear +.hat the value uf ~2 is a good . representation of 

the slower reaction in the sequence in which dibenzothiophene is first 

hydrogenated and then hydrodeGUlf'urized to eive cyclohexylbem.;ene., 

Combining these rei;111ts, we are led to the sugge::;tion of Fig. 5 

for the reaction network in the dibcnzothiuphenn-hydrogen conversion. The 

pseudo first-order rate constants a.re shown in +.he figure. 



28 

of the 

The results summarized in Fig. 5 incUcate approximate consistency 
t"<!'.:ll.l.lb 

dibenzothiophene conversion data with the of the 
A 

separate experiment$ with biphenyl (and Q_-phenylth.i.ophenol.) in the feed. 

The four-fold difference in rate constant:.,> for the biphenyl hydrogenation 

reaction is interpreted as an indic2.tion ·Of the differences in reaction 

environments in·the separate experiments; the difference in rate 

constants is explained by competitive adsorption o:f the various aromatic 

·compound,$ and H2s. 'I'here are too few data to. allow determination of. full 

rate equations indicative of these kffects. 

The lines in Fig. 1 show the good fit to the dibenzoth5,ophene ,. 

cqnve:rsion data obtained with the rate constants of· Fig • .50 The analysis 

could not have been done wi.thout prior knowledge of. the reaction netriork; 

· we emphasize the need for study of the various intermec!iates as react.ants 
. . . . . . . 

to pe:r:mi t an unequivocal statement .of the :reaction'. network' to determine 

· th.e kinetic·s expres$ion for each reaction, and to determine a precise 

. estimate of the :ra.te con§t~t for each 0 

The summary of results given in Fig. 5 cmphu.si.ze::; the higll selec""". . . . 
. . . 

tivity of the co.:.Mo/Al2o
3 

catalyst, a primary r·3ason for its ·wide applica:... · 
. . 

tion in iriQ.ustrial hydrodesulftirization processes; almost all .the hydrogen, 
.. 

an expensive reactant~ is used in sulfur removal. The Ni~Mo arid Ni-W 

catalysts have co.mparable a.ctivi ty but are less selective o 

The resolutlon of the rea.ction network provides a basis .for 

interpreting the· a:pp~ent inconsistencies in the resu.l ts of earlier 

workers, mentioned in the Introduction.: Direct.conver$ion of dibenzo

thiophene. into biphenyl and hydrog~nation of the aromatic rin~ are both · .. 



primary reactions; under the conditions of this study, the lntter reaction 

is nlow compared with the former, and at low pressures it is evi<lently 

negligibly slow (Kilanowski et al., 1978). But the hydrogenation becomes 

relatively fa.st as H
2
s is .added to the reactant mixture, a::; Ni replaces 

. Co ih the c.:.talyst, or as methyl groups are incorporated in th~ l~ or 4. and 6 

positions (but not in the 3 and 7 or 2 .and 8 positiL,ns) in d:i_benzothlophene. 

Earlier investigators used a variety of catalysts, different pressures, and 

different H2S concentrations, which explains the va:riety of +.heir product 

distributions. 

'lhe influence of H
2
s and of methyl substitution on the reactant 

provide the basis for some suggestions about the su:'.~facc chemistry of the 

catalytic reactions. The effect of H2S in increasing the .rate of hydrogena

tion relative to hydrodesulfU"t'i~ation indicates differj ng cwgrees of 

inhibition of t)1e two reactions by H
2
s, whi.ch adsorhs in competltiOn with 

reactants:..-the result suggests that there may be more than rme kind of 

catalytic site, perhaps single and .double anion vacancies (Gates et al., 1979). 

The effect of.the methyl groups'in the 4 ancl·6 positions (considered 

in vl~w of the· 1ack of an t:d'foct of methyl groups in the positions fart.her 

removed from the. sulfur atom). suggests that they sterically hinder the 

adsorption that leads to hydrodesulf'urization"".'-in which the su:).i\J.r atom . 

. evidently interacts with the surface--but that they do. no·t hinde:r the 

: adsorption that leads to hydrogenation, in which the benzenoid ring(s) 
. . 

evidently interact(s) with the surface. 'Ihis suggestion implies that the 

reactants mayborid to the catalyst not vertically, through tho interaction 



of the sulfur atom with a surface anion vacancy (as has often been 

supposed), but more or less flat; as the '.TT electrons of the aromatic 

rings "i'nteract with the surface. This subject is consJ.dered in- detail 

in the following· section (Kwart et al., to be published). 

<. 
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NOMENCLATURE , PART A 

A. 
-l. 

A. 
=1 

c 

k 

K 

r 

empirical constant, mol/m 3 

3 
empirical constant; kg of catalyst·s/m of-reactant 

solution. 
3 concentration, mol/m 

pseudo first-order reaction rate constant, 

m3 of reactant solution/kg of. catalyst·s 

concentration equilibrium constant, m3/mol 

reaction rate,.moles of organic reactant 

converted/kg of catalyst·s 

· SV space velocity, m3 of reactant sdlution/ 

kg of catalyst·s 
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TABLE 1 

. * 
CATALYS'r PROPEHTIES 

Catalyst 

Supplier 

Composition, wti 

NiO 

coo 

Moo 3 

wo
3 

Na 2o 

Fe 

NiO-Mo0 3/y-Al 2o3 
(HDS-9A) 

American Cyanamid 

3. I 

18. '3 

0.04 

0.05 

1. 49 

10 . 3 
10 x pore volume, m /kg . 

•* 

Co0-Moo
3
/y-l\1 2o 3 

oms~ 1 GI\) 

American Cyanamid 

5 .. 6 

1 J.. 2 

O.OJ 

0.04 

1.. 7 6 

35. 

1

_NiQ-,W0
3
/y-Al 

2
o

3 
. (N'f-550) 

Nalco 

5 .1 

22.0 

2.50 

5 

· The reported values were determine4 by the catalyst suppliers. 



TABLE 2 

EFFECT OF u
2
s ON THE SELECTIVITY 20R 

HYDROGENATION vs. HYDRODESULFURIZA~ION Of' 

DIBENZOTHIOPHENE~ 

36 

CH
25

/cH
2

·in feed 

o.oo 

S~ace velocity 
m of feed/kg of. 
catalyst·s 
~52- x -1-0-~-5-

Yield of 
cyclohexylbenzene, mol % 
of.hy~ro6a.rbon pr9du~.!__ 

7 .4 

.a 

0.00 

0. 015 

0.015 

0.20 

0.20 

2 .. 02 x lo-4 

3.34 x 10-5 

1.92 x 10-4 

3.47 x 10-5 

1. 99 x.10 -4 

1.9 

9. 0 

2.0 

13.3 

3.8 

-5 The ~atalyst was 1.0 x 10 kg of sulfided Co-Mo/y-Al 2o3 diluted 

with 2.8 x l0~ 4 kg of alundum. The feo<l contained 0.15 mol% di-

benzothiophehe in !!_~hexadecane,. ·.which was subsequ·ently .saturated 

with hydrogen at 69 atm. '1'.he temperature was 573 ± 1°K and the 

pressure was 102 atm. 
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Fig~ 1. Product distribution in the reaction-of dibenzothiophene with· hydrogen catalyzed'. 
by sulfided Co-Y10/Al203 at 573°Kand 102 atm. The reactor feed was 0.12 mol % 
dibenzothiophene dissolved in, n-hexadecane, which was saturated with hydrogen at 
room temperature.and 69 atm. The lines correspond to the network of pseudo 
first-orderrea=tions :surrnnarized in ,fig. S. 
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Fig. 2 Effect of catalyst composition on the product distribution in the conversion of 
dibenzothiophene + hydrogen. The reaction conditions are specified in the text. 
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Fig. 3 Pseudo first-order kir_etics of the d~sappearance of each of the reactants shm·m in the 
presence of hydrogen and sulfided Co-Mo/Alz03 catalyst under the conditions described in 
the text. Each reactant was fed separately (with hydrogen) into the fl~w reac~or. 



· Fig. 4 
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Approximate reaction network for conversion of d.ibenzothiophene 
and hydrogen in the presence .of sulfided Co~Mo/y-Al 2 o3 at 573° 
and 102 atm. Each reaction is assllllled to be first-order in the 
organ:lc reactant; the nlllllbers · next to the arrows are the . 
pseudo first-order rate constants in m3/kg of catalyst·s. 



Fig. 5 
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Conversfon of dibenzothiophene and hydrogen in the presence of· 
sulfided Co-Mo/Al203 at 573°K and 102 atm: the reaction network. 
Each reaction is first-order in the organic reactant; the numbers 
next to the arrows are the pseudo first-order rate constants ·in ·. 
m3 /kg o·f catalyst· s. 



B. The Mechanism of Hydrodesulfurization of Thiopenic Compounds 

Introduction 

Catalytic hydrodesulfurization is a subject of intensive research, most of it centered 

on the physical characterization of the industrially applied sulfid~ catalysts. Our ob

jective is to evaluate the literature of hydrodesulfurization of thiopenic compounds, 

focusing on the neglected subject of the nature of the organic surface intermediates 

and mechanisms of the catalytic reactions. The following paragraphs include a review 

of the commonly assumed "one-point" model of the adsorption of thiophenic com

pounds and a proposed alternative, a "multipoint" adsorption, which more successfully 

accounts for the available data. 

The most widely discussed mechanism proposed for the hydrodesulfurization of 

thiophenic compounds (Figure 6) has been deduced from studies of the reaction of 

thiophene itself catalyzed by sulfidic Co-Mo/ Al2 0 3 and related solids ( 1-8). An ini

tial step is assumed to be an end-on adsorption, whereby only the sulfur atom of the 

reactant experiences chemical interactions with the catalytic sites, assumed to be anion 

vacancies at the surface. Since the remainder of the thiophenic ring is assumed to stand 

upright from the sulfur bonded to the surface, the mechanism has been referred to as 

the "one-point" mechanism (8). 

This interpretation was derived largely from kinetics and product distribution data 

of Amberg and coworkers (6,7), who detected butadiene among the products of thio

phene hydrodesulfurization at low pressures(< 1 atm). These authors (7) interpreted 

the formation of butadiene as an indication that hydrogenation of the thiophene ring 

need not precede hydrogenolysis of the sulfur-carbon bond. Kieran and Kemball (9), 

on the other hand, observed butadiene as a product of the hydrodesulfurization of 

tetrahydrothiophene and suggested its formation via the following pathway: 

42 



43 

Mu S~ . , 
·--·----~ + 

Kol h•:ic C.l.l~) observed that the anK)l.mt of butadiene fonned via hydro

dC's11lf11ri z:it ·inn of tctrah~'drot:hi.ophene· exceeded that arising from hydrodesulfuriza 

nf thio!1hcnc :111d s11gr.c·~;tccl that the react-ion of thiophcnc did 

nut o~:cur by .t:.t hydrode::;ulftirization, but instead by a dehydrosulfurization 

. I . 
rout,e, whE:reby H

2
s W<:ls removed by a beta-elimination to produce an initial 

diacetylcne. prorh1ct, as· shown in Figure 7. Infrared evidence has been presented 

p1Jrport.i.ng to :lndtcatc: an n.cetylenic intcrmerUate (11), Deu:terium tracer 

rcxpc:r.l,nr~nts L.y r~i kov::::'.,/ el. ~rl. (1_~) ho.vc al so gi.ven rise t.o re.sul ts of this 

natu:r:c ::i.nd o rc:int.erT.>n'.)tation of the earner resi1lts by Cowley (U) ~v..~~e 3 h 

th~+. t.hP- i~oJ. bor~ r1nr::--rj··, i.nt rnechani sm may not· be the only one occurring· in the 

Ko1k)e rn::·chan i srn wit.1'1.\lt f()rmat1.0!1 of hj.nh-·energy ben~yne intermediates.· 

Kinelic~; cl,.1,l:.i de Lc'rrnlned j:ecently with dibenzothi.cphene a.nd related 

comj:iounds provide nei-1 evidence· of -the reaction mechr.i.nisms, The presence of a 

methyl grpup in v. pcn~ition adjacent to· th~~ sulf\lr atom (as in 4-met.hyldibenzo-

tMophene) couJ ci. rc:3td.ct :'lc~r;~:;i,:: of the l't!actant to ·the active site on the 

catalyd :::;l.trfacc, The· stE::ric hindrance (:aused by this m8l.hyl substitution in 

the une-point tvl:.:.c·rr' i ~'n i.iciu·1 d ·1)1~ 0xpectcd to b~ even more pro·nounced in the 

· , •· ,,.,, J·' ,,·1,·1-1~··, ......... f' ... ·r ··· ·· (F'1···~· '8) '::1:::.: r,.1 •. .,,o-r. .. m .. ; \,!. .· , , .::.i. .• t.,,nJ.n[.'.1cn1, .. ,, .. ,.J.r,... • 'T'he experimentaJ ·results 

r11-,~';.·i r:,!'J w11 n· ~.: !~ 1 f id· .,·1 r-;r .... Mn/ Al 
2
o J c:i.t.riJ::: :·!: a. t a.bout JOO':·r. a?1d 100 atm (J~) show 

. L'1at. /.~, 6-cn r:ir"l.hyJ d"i.l,r~n:~othiP-µh(~ne is abo11t. 10 times l~ss reactive than dibenzo.,. 

thioph•mc~ l.iuL nnly :!.1':01i!. h1i) times J.ess reactive than the 4..:.methyldibenzoJ~hio~ 

:phenc. m~Gll1 i:.s -deter111incd :it suba-r,mor;pheric pressures give quali tatiVF1ly the 



features of the one-point mechanism (as shown in Figure 8) would lead us to the 

expectation, based on the abundant literature illustrating the rate effects associated 

with model cases of steric hindrance (18), that differences of several orders of magni-

tude in rate should distinguish these reactants. 

Similar conclusions can be drawn from the low-pressure conversion data of Givens 

and Venuto (14) for benzothiophene and methyl-substituted benzothiophene. They 

reported, for example, that 3-methylbenzothiophene is slightly less reactive than 2-

methylbenzothiophene, which would be regarded as much more sterically hindered 

on the basis of the one-point mechanism. Similarly, Desikan and Amberg (7) have 
.. 

shown that 2-methyl- and 3-methylthiophene hydrodesulfurization reactions take 

place in the presence of sulfided Co-Mo/ Al2 0 3 with indistinguishable apparent acti-

vation energies. And the adsorption studies of Zdrazil ( 19), who used substituted 

thiophenes and aromatics contacting Co-Mo/Al2 0 3 in a pulse system, confirm that . . 

the bonding with the surface is only slightly affected by the substituent groups and 

is similar for thiophenic compounds and substituted benzenes having nearly the same 

molecular wei9ht. All these substituent effects, taken together, strongly suggest the 

inadequacy of the one-point adsorption model. 

Furthermore, the chemistry of thiophene and its polycyclic aromatic homo-

logs does not support a one-point adsorption mechanism. T~is conclusion can 

be reasoned from bonding characteristics of thiophene expressed by Daudel et al. 

(20) in terms of the following bonding parameters: The bond order refers to the 

"double bond character" of a bond or the sum of -the partial bond orders con- . 

tributed by each· 1T electron. Apparently, the C2 -C3 bond has, by far, the high-

est electron avallability. The· free valence is a -measure of the potential for 

hemolytic (free radical) reactivity at each of the ring atoms, and the total charge at 
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Bond Order 

Q.f 4 

• :acL alrim :L: :1.n c:q:q·, ·r:;: ic1n of t.hc po-1:.cnt.i.c:.ll for reactivity toward an approach-

Thr~ h:mrn hmd inc; ch<J.rr-t.c l:cri~;-t.i cs of thiophene and of its polycyclic 

::-iror1ati.c homolor;:=. nir:n~forr~ i.ndicate !:.hat the tendency of the compouncl +.() hP. 

::vl::.c.irlJr~d at. ::in :minn v:·1.r~:mcy on tho Co-Mo cat.: .. lyst would hot, occur· :preferentially 

at the sulfur· (say, through an avaUab1e Jp orbital .situated- at right angles 

to the plane c•f the th.i.ophcne ring),. but instead at the .c?. and ·CJ posi tion--if 

indeed a one-Ji()int rnechanirnri w~re·demanded. ·The.unshared·, non-bonded pairs on 

s1Jlfur _are .::;o j nvdl vcd with the resonance of the t.hiophene nucleus that 1 t has.· 

l.H.t.le resid1iaJ" clec t:ron avail.<lbiUty fo1' direct coordination by the electrophilic 

cata.lyr::t. 

. . 

Propor;..::li. Mul~Upoin-t. 11 •. "(~hm;.lsm of Hydrodm:;ul:['urization of Thlophene 

rk ~:ur·;i:;i:::'I. U1:i.I. t.hio_phcnic .. molt~cules may be. chemborbcd such. that V.d. 

r::
2
-c

3 
bnnd 1::; !:Cl'1rrlin:d.ml u:L an anion vacancy of :the.catalyst, w~th the adjacent 

sulfur r(~nter then intC:!racting with a ·neighboring sulfide center on the catalyst 



anion vacancy, the result is expected to be a change in the electron distribution of the 

thiophene ring, making the sulfur atom electron deficient, and thus promoting the 

formation of a bonding interaction with either an adjacent or a more remote, electron-

dense sulfur site on the sulfided catalyst. This suggestion is depicted in Figure 8 . 

. This suggestion brings to mind tfie analogous case_ of the enzyme nitrogenase, a 

molybdenum-centered reducing enzyme (21,22) capable of redox activity toward a 

wide variety of 7T-bonded species including molecular nitrogen, acetylenes, and alde-

hydes. The mechanistic picture proposed for the reduction of acetylenes is typical. 

. This substrate (reactant) coordinates to the Mo4 + centers of the enzyme in its fully 

activated state in a 7T-type, (side-on) fashion. After the juxtaposition of the coordi-

nated acetylene, the Mo(IV) _c::enter, and the amine ligands, this enzyme-substrate 

complex is ready for the coupled hydrogen- and electron-transfer process illustrated 

in Figure 8. The two-site theory of the mechanism of reaction invol"'.ing molybdenum

containing redox enzymes, advocated by Hdfdy et al. (23), is considered a three

point Ogston mechanism (24) since the acetelynic and related substrates.exhibit two 

points of chemical bonding on the catalyst surface. 

Working from the structure of Figure 8, we now recognize several alternative 

pathways for pro.duct-forming steps leading from the substrate-catalyst complex. 

The dotted lines are intended to represent only a fractional degree of covalency • 

in the bonding of Figure 8. If the C2 becomes bonded with a full covalency 

to a proton before a 0 similar process occurs at C3 (i.e., if partial hydrogena-

tion of the C2 =C3 double bond occurs), then, as depicted in A, electron 

delocalization from the partial covalency to the proton at C3 can lead to 

46 
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If the P'J.ri.:j .:illy bonded protons in the structure of Figure 4 become 

involved in cova1e~yt. ·bonds· to c2 and CJ by a more-or-less concerted process, 

the· resulting hyctr.othiophene Q no longer has
1 
aromatic properties. Structure C 

is highly GUsccptib1e to thermal 13-elimination (as illustrated by the dotted 

.arrows), probably assisted by electrophilic centers on the catalyst to which 

it is strongly bonded via its sulfur, which has become·nucleophilic upon loss 

of thiophenic aroma:ticity. The riet result.. is . olca,rl:y- the ·same as is realized 

frOm the pathwa.y involving nonsimultaneous transfer ofhydrogeri to thechemi-

sorbed :;uhstrv.tc in A, 

(b) 



It is clear that ~. which is presumably strongly bonded to the catalyst, can experi-

ence chemisorption of its olefinic groups to Mo4 + at anion vacancies created in its 

vicinity by hydrogenation (and desorption of H2 S), and this can again lead to rupture 

of its carbon-sulfur bond. U~timately, the process will lead to liberation of butadiene 
. ' 

or, if the double bond (a) (more remote from the carbon-sulfur bond) is reduced prior 

to reduction of the vinylic sulfide double bond (b), butene will be formed directly 

··' 
without butadiene. 

All thes~ mechanistic possibilities can be invoked to account for the product com

positions and reaction networks observed in hydrodesulfurization. Thus, the predomi-

nance of biphenyl as the product in the hydrodesulfurization of dibenzothiophene (15) 

correlates w~ll with the preference for product formation via the pathway analogous 

to those ~nvolving A, B, C, and D, in which only the ring carbon to which the sulfur 

is attached becom~s'covalently bonded to a pro.ton; electron delocalization similar to 

the step .transforming' A into B occurs ·rapidly to restore the aromatic energy of the 

ring with formation of o-mercaptobiphenyl before a dihydro product can be realized. 

This picture, which assumes that thiophenes are bonded to the catalyst surface 

through coordination involving their 1T electrons, accounts for steric effects of sub-

stitution. arising from planar adsorption ·of the ring. It eliminates the necessity of 

assuming orbital interaction with the surface perpendicularly to the plane of the thio-

phenic 1T orbitals as demanded by the one-point model. Thus, a 4-methyl substituent 

in dibenzothiophene exerts a mild steric influence inhibiting coplanar adsorption of 

the reactive centers becau.se- the hydrogens of a methyl group· (bonded to the C4 

position, which is one of the three centers involved in the coplanar adsorbate), 

rotating about the axis of its bond to the ring, sweeps out a sphere of rev<;:>lution 

above and below the plane of the sigma framework of the ring. The effect of the 
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methyl substi-1.lwri l. j :·; to rUmin:bh s1 ight1y the degree of coordi n:it.ion of 

these reaction Cl~Hter:; w.i.th the cata]yd.,. as depleted in Figure 10. Since 

dibenzothiophene is ::i. pl3.nar structure, however, a second me~hyl group at the 

6-position would not si.~ificantly increase the difficulty of achieving an 

interaction wl th the c:1talyst, since it creates no greater sterlc separation 
r 

of the ring plane from the planar catalyst surface. 

On the nth er ho.nu, methyl groups at the J, 7 and 2, 8 positions, which 

have no proximate rd<lt:ionship to the three adsorbate centers, would have 

little sterlc effect. slnce the .normal 'bending vibrations of the ring would 

readi1y accornmodat.0 9n:y possible intf:rfe:rence with coplanari ty of these centers. 

Inst.c.>.d, we ob:::_;cnve a. ~~Jllall rJ.to enhanr erncnt resulting f'rom hyperconjugative 

+<J which :it. j" 1.·ini·:cd :in tile ~;nbstra·l~·'! (_1.~); lncrc~ased electron density at the 

·centers of ad;:.:cnpL:i on prc~sumab1y :increast)S the catalyt,ic reaction rat~ through 

increased ear;e of'. ccordinai;ion at th;3 an 'ionic vacancies· of the catalyst, 

·A rec•:m I:· pror;o:_;::i.l by Cowley. (1_:;!) li:1s. been made to overcome some or' the 

shcn+,corhincc of ·the 11:ocld of 8nrl-on adGorption of thiophene through the sulfur 

atom·. Cu-wley';, proposal holds tha·t th.iophene is adsorbed flat on the catalyst. 

;-,;u:r.-face in a .r.l-<';omp1GX, . CJ.[; Zc.1razil al::;o concluded (1;2). The .£!-complex is 

I>r•:;il.l1i1Cd to tc Sl.d)~C,qUl.~r1i:.J y 'r.o:worted tu a sigma-complex in which sulfur 

orbital:::; perpr.·nd i cul '..1.:~ t.o l,hn plane of ~J tu :ring become bonded to the Mo)+ center 

of the ai1lon v:: "':<:.·.ncy. Th·~ hydrodesulftu•h:at.lun reaction process is presumed to 

This pJ :lrn::.:r wo• 11 nr.;.-u on of t~he end-on, . one-po int mechanism is based 

la1"r:r=~Jy or1 tl11.~· f:i1111Jn<': th:-i+ i.he deuterocksulfurization product$.Of 2,5-did.eutero~ 



so 

thiophene contain major amounts of n2s. Such results have been interpreted 

by ·Cowley as an ind1cat:iori that the a.-deuterium exchange reaction occurs by a 

paU111:·ty diffc-1«.·nt 11·0111 lh;d. of the normaJ hydr.odesulfurizn.tion. Cowley reasoned 

th: t the inj ·i.;j u ! :1 y fc.i:i11cd Id-complex, in \~hich the ring is bound parallel to 
~ 

-~.L':· :::1;_cfac:c!, i:;.-.·,·:.:iL:,.·;; cqui] ib'1:n.t.ed with a. :::;erics of sigma-complexes, ·in all of 
J 

:-Jii d, 'Lhc·~r1~ .:·,.:: .·: .; ::;:1h.:t.:.J.n L.ii:.J 1Jor.din,"; bid .. w .. ::en an (t-carbon and ;in electron-

dcf:l ci. en I: Mo) ':" ._·,-i:.c:·c. Th-: hydrogen-<leut<~1·ium exchange reaction in thiophene, 
. . 

°ii(:nzotb:i.ophC;n ... , ~-.tid. d.J."i.•<:!11'.';c•Lhlophene has be~n visualized as o·ccurring -in these 

sir::n1n.--eomplcxc::::., i-l'itti :.he hydrode:3ulr'ur1:'.ation reaction taking place in sigma

ccmph:xcs i.n w-hid1 tli•.; ::;u]fur hns liecome coordinated by sigma bonding to Mo3+ 

centers. Hyclr.0:y:.ncJly::;L; of the carbon-sulfur bond with release of butadiene is 

1;r(~~;UHH:.!d to be: l.hc: ccnsi:::qucnce of al tcring the nature of the suJfur through its 

. '}t· /~ j. 2-
(''.(JO};dJn:1t) on liy -t.l'w t-,-, , 1-111.ilc adjacent Mo S sites provide the hydrogen, as 

It is r:i.pparcnt, howf!ver, t.hat t.he multi-point model discussed above 

dir•:c:tly Jirov:i •k·:~:· a.n t~xpJ o.rw Lion for hoth th1~ observed exchange at a (preferred) 

and 0 po::d.-L j'on;.; :u1d the· hyclr:·oc;«molysis reactions, with out· the necessity of 

:J.::;_c.uml..ng the ~i·r,\.cr"Hmt-:t.ein cif two diu·erent sigma complexes for the two respective 

re::i.ctions. b the mul•)po:int. mechanism it. ls the£! orbital on carbon at which 

_the: av3.ilabl.t: (:lc~ctron dnn:.;i ty of the aromatic ( thiophenic) system can be 

coordinated by tlw <:::] er:'Lron--rlefici.ent molybdenum centers of the catalyst, The 

very ;:ict of· liondine; to thc;:;e centers destroys the aromaticity of the ring 

::;ufflciently to lnduce.a dee;ree of electron deficiency on the ring sul:fur, 

there1>y creati.nG the opportlmi ty for its back.:.bond,lng with one of the sulfUr 

atoms localized in the coor.djnation sphere of the molybdenum center, as shown.· 

ln Fi r.;ure 12 •. 

.> 
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lkv-:~J'ilin;: U1c: liyllr•··;Jt;r;11] T'm·j :::n.t.1nn reaction of b.1t11rated sulfides such 

as te-trahydrC:1U1 i ophtrn'), it. i.::; important. i:.o ·roe us on the sigma,..complex !! in 

Figure ..,2. n. e·xpresses th<:: understanding that with a properly sulfided Co-Mo 

c<i:l;~J.1y~; t., a :;i1 •::n<>.-cc>11;pJ ex can be for1ned Hit h, f o:r exa1npl e, tetrahydroth:i.ophene ,, 

ln 1·1hlch a sul:l\l!'-su1 fur bond ::;teen; the ~ubsequenJt events leadirig to formation 

of complex F' :w•.l uli~imate lo~:;:::; of butE:nP- or but.ae1.iene and u 2s. That· is, a 

hJ1~hl y prob::dil.c. ~:()ric::; of L: Leps invol vin~ S-elimination a.ccompa.nied by hydrogen 

tran::;f".;r to t!v: cat.alys-t. i.:: postuJ.aterl (in ·t.iw premise of +.he rc;i.dy formation of 

<i. S-S r:r:i-10.:t cnr:.;r ( :1.s in i;:) in'folving one ·Cf the 'sulfur ligands of a molybdenum 

C('mt.c:r ·which, in ·tLtrr:, i~; aJ ~;o capabJ.c ·of complexing with the resulting carbon

cart;on Ii...,botid in r·ormin1:,· .!'.:· Thls pict.tt.rn is ln accord with the results of 

K0H1oc (_lQ) :iccountlnr, for the previousJy pu:.:~zJ.ing observation that the amount 

of· 11ut:!.<liene rjr(1duccd by dC:-,;111.furi.za.tion of tetrahydro-t.hio:Phene . ex.ceeds· that 

. arising fro1~. d8s11lfuri>~a.Uot1· c.1f th.ioplwn1i; there is no need for invoking an 

.unprec<identerl rkhyclrndesuJfuri~!.ation route (Figure 7). 

We recognize, however (as suggested by Cowley ( 1J)J, that the coordination 

of the sulfur a. tom of t.et..rlihydrothiophcnc at. ·the anion vacancy must· also be 

regarded as a competing posslbility. Therefore, the one-point inecha.niSin for 

+.et:r.a~iyn:rot.h i ophene. (a::; advanced by Cowh~y) cannot be e)(;cl uded as a possible 

course of reaction; both the one-point and the multipoint mechanisms must be 

accepted as consfotcnt with_the experimental results. 
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Fig. 6· The suggested one-:-point mechanism of thiophene hydrodesulfurization 
. on sulfided Co-:-Mo/Alz03 and related catalysts. · · 
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Fig. 7 The Kolboe one-point mechanism for thiophene hydrodesulfurization. 
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Suggested structure of chemisorbed thiophene· inthe three-point· 
mechanism. 1he dashed line indicates a weaker interaction betweP-n 
center than the full ii.Ile. 1he wavy line ind.h:.ates a longer or . 
. morP. remote bonJ between centers • · 
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Fig. 9 A three-point mechanism for the cataiytic action of 
nitrogenase on an acetylenic subst.rate. · 
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Fig. 10 Schematic representation of the steric effects of .a methyl 
substituent in the 4-position of dibenzothiophene on the 
adsorption on the catalyst. 
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bond ~ adsorbed thiophen~. 
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