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Interactions during simultaneous catalytic hydrodesulfurization (HDS) and hydrodeoxygenation 
(HDO) are studied with (benzothiophene, dibenzothiophene)/( m-cresol) conversions over CoMo 
HDS catalysts. The mutual inhibition of cresol on HDS and of the benzothiophenes on HDO is 
shown. The reaction patterns observed are rationalized by competition between oxygenate and 
sulfur heterocycle for the catalyst sites. A Langmuir-Hinshelwood kinetic form provides a useful 
rate equation for simultaneous HDOlHDS operation. The relative reactivity in equimolar feed 
experiments is benzothiophene > dibenzothiophene > m-cresol. The modest reactivity of m- 
cresol, coupled with its inhibitory influence of HDS of benzothiophene and dibenzothiophene, has 
clear implications for HDS in coal liquids processing and HDN in shale oil conversions. In the 
mixed feeds of the present paper (II), as for the pure oxygenate feeds studied previously (I), no 
evidence is obtained that ring saturation of cresol is required prior to HDO. 

INTRODUCTION 

The interactions between hydrodesulfur- 
ization (HDS) and hydrodenitrogenation 
(HDN) reactions in relation to coal-lique- 
faction and hydroprocessing applications 
are only now appreciated (I). Since the cat- 
alytic studies of Satterfield et al. (2) on the 
interactions between HDS of thiophene and 
HDN of pyridine, increasing attention has 
been given to mixture studies involving 
both synthetic (model compounds) and real 
feedstocks (I, 3, 4, 22). While interactions 
during simultaneous HDO/HDS or HDN/ 
HDO may also be important (I), their study 
has not yet enjoyed comparable attention 
(20. 

The interactions between catalytic HDS 
and HDN are now fairly well understood. 
Satterfield et al. (2) investigated the cou- 
pling between HDS of thiophene and 
HDN of pyridine in a flow microreactor at 
200-500°C and 4 to 11 atm pressure on 

1 On leave from Princeton University. Present ad- 
dress: Department of Chemical Engineering, Univer- 
sity of Delaware, Newark, Delaware 19711. 

commercial catalysts consisting of CoMo/ 
AlzO3, NiMo/A1203, NiW/AlzOJ, and NiW/ 
SiOTA1203. Inhibition of the HDS reaction 
by pyridine was observed. Thiophene 
showed a dual influence on HDN reaction, 
inhibiting the HDN reaction at low temper- 
ature, but enhancing it at higher tempera- 
tures. The pattern of inhibition was inter- 
preted in terms of a two-site model 
analogous to that of Desikan and Amberg 
(5). Satterfleld et al. (2) postulated the 
presence of two kinds of sites (type I and 
type II) on the sulfided catalyst capable of 
catalyzing the HDS reaction. In this pic- 
ture, type-1 sites are very active and are 
responsible for the majority of the HDS ac- 
tivity with pure thiophene feedstocks. 
However, these sites are very sensitive to 
basic nitrogen compounds and are easily 
poisoned by pyridine. The type-II sites are 
presumed to have less HDS activity but 
also to be less susceptible to poisoning. 
Thus they are held responsible for the re- 
sidual HDS activity of the catalyst after all 
type-1 sites are blocked. 

Following this study many investigators 
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reported on the HDS of heterocyclic sulfur 
compounds (Z&14), the HDN of heterocy- 
clic N compounds (7-9), and the interac- 
tions between HDS and HDN reactions (I, 
3-4). Major findings from these studies 
include the following: 

(a) In the presence of nitrogen-containing 
compounds, the HDS activities for all reac- 
tions are reduced. 

(b) Denitrogenation is in general more 
difficult than desulfurization since it re- 
quires good hydrogenation and hydrocrack- 
ing activities. 

(c) There are two types of active sites on 
the sulfided catalysts, one of which is com- 
petitively available to reactant (e.g., thio- 
phene) and one of the reaction products 
(e.g., &SF 

(d) For heteropolyaromatic compounds, 
the first step in the reaction is an equilib- 
rium step (I, 6, 7) and under certain reac- 
tion conditions this step is thermodynami- 
cally unfavorable, and hence limits the 
(eventual) subsequent hydrogenolysis step, 
e.g., 

hydrogenolysis step 

@J&Q-J (2) D 

None of these studies specifically ad- 
dressed the influence of oxygen compounds 
on desulfurization and denitrogenation. 

Two studies are of particular interest 
with regard to the present paper: 

(a) Rollmann (3) reported on relative 
rates of simultaneous heteroatom removal 
from synthetic mixed feeds containing N, 
S, and 0 compounds. From data collected 
at 344°C and 48 atm over sulfided Co-MO 

catalysts, he concluded that where nitrogen 
or oxygen was located in a heteroaromatic 
ring, saturation of that ring was necessary 
before C-N or C-O bond scission could oc- 
cur and such saturation was rate determin- 
ing. This was not found to be the case for 
sulfur species. Rollmann’s data indicated 
the following decreasing order of reactivity 
(i.e., reactivity to HDS, HDN, and HDO) 
on Co-M0 and similar catalysts: 

(b) Furimsky (2) examined the relative 
rates of simultaneous S, N, and 0 re- 
moval from a heavy gas oil. He operated a 
bench scale fixed-bed reactor at 400°C 136 
atm, and a liquid hourly space velocity of 2 
hr-l for his relative rates study. He ob- 
served that for related heterocyclic com- 
pounds the relative rates of S, N, and 0 
removal from a heavy gas oil are in qualita- 

tive agreement with the C-S, C-N, and C- 
O bond strengths. Thus the rate of HDS is 
highest, followed by HDN and HDO for 
molecules of analogous structures. 

These two reports (1, 3) are significant 
because they address kinetic factors which 
become important in mixed feed HDO op- 
eration. 

In the present paper, we report our stud- 
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ies on the interactions between the HDO of 
m-cresol (CRE) and the HDS of ben- 
zothiophene (BT) and dibenzothiophene 
(DBT) in mixed feeds containing CRE-BT, 
and CRE-DBT, respectively. The experi- 
mental results of this work are obtained un- 
der essentially differential reactor condi- 
tions to avoid or minimize complicating 
effects due to mass transfer limitations, 
undesirable secondary reactions, or reac- 
tor concentration nonuniformities. A 
Langmuir-Hinshelwood kinetic model is 
developed to interpret the data and to pro- 
vide insight into the mutual influence of m- 
cresol and benzothiophene on HDS and 
HDO, respectively. 

EXPERIMENTAL METHODS 

The experimental packed bed trickle re- 
actor is a smooth-bore, thick-walled, t-in.- 
o.d. 316 stainless-steel tube. Two thermo- 
couple probes are located in the reactive 
zone and on the outer wall of the reactor to 
monitor temperature. The rest of the appa- 
ratus has been fully described previously 
(19, 20). 

The catalysts used for these series of ex- 
periments are those described as catalyst I 
in the previous paper (20). The catalyst ac- 
tivation procedure was the following: 

(i) Reduction in hydrogen overnight at 
150-200°C then at 350°C for 22 hr and then 
at 400°C for 11 hr. 

(ii) Suifzding with Hz/HzS mixture (11 
~01% H$) at 400°C for 3+ hr, followed by 
cooling to ambient in argon. This treatment 
restored the catalyst activity to -87% of its 
activity at the start of the HDS/HDO exper- 
iments. 

High-purity m-cresol (99+%), ben- 
zothiophene (97%), dibenzothiophene 
(95%), ethylbenzene, and n-hexadecane 
(99+%) (Aldrich Chemicals) were used as 
received without further purification. Bi- 
phenyl was obtained from Eastman. Ultra- 
high-purity hydrogen gas (99.9999%), HZ/ 
H2S, helium and air ultra zero were 
obtained from Matheson, and were dried 
before use. 

To provide a basis for comparing the con- 
versions of m-cresol in the mixed cresol- 
benzothiophene (CRE-BT) and mixed cre- 
sol-dibenzothiophene (CRE-DBT) feeds, a 
single reactant feed containing only m-cre- 
sol and n-heptyl mercaptan in hexadecane 
(Expt. Al in Table 1) was run first under the 
same reaction conditions as the mixed 
feeds. Following this a mixture of m-cresol 
and p-cresol (Expt. A3 in Table 2) was run 
to test for first-order behavior in a mixed 
oxygenate (cresol) feed. For mixed S/O 
feeds, the concentration of benzothiophene 
(S) was progressively increased from 
0.0075 it4 to 0.15 M while the absolute con- 
centration of m-cresol (0) remained con- 
stant at 0.15 M. A similar pattern was fol- 
lowed for the cresol/dibenzothiophene runs 
(Expts. CJ, C,). Some benzothiophene-only 
feed runs were done (Expt. Bg and B7 of 
Table 1) to allow comparison of the HDS 
results in the single and mixed feeds. Each 
liquid reactant feed contained 0.0075 M 

TABLE 1 

Operating Conditions and Reactant Feed 
Composition 

Temperature 
Hydrogen pressure 
Hydrogen flow rate 
Liquid reactant flow rate 
Catalyst 

375°C. 400°C 
69 atm 
- 120 cm’lmin (SCCM) 
4.5-12.5 cm’ihr 
0.085 g of COO-MOO& 

AIZOa diluted with 1.301 g 
quartz chips. Catalyst 
was presultided before 
use. 

Expt. No. of moles of components 
No. in feed mixture” 

m-Cresol BT 

Al 
BI 
B2 
B3 
B4 
B5 
B6 
B7 
C3 
CS 

0.15 - 
0.15 0.0075 
0.15 0.025 
0.15 0.075 
0.15 0.025 
0.15 0.15 
- 0.15 
- 0.15 

0.15 - 
0.15 - 

DBT RSH 

- 0.0075 
- 0.0075 
- 0.0075 
- 0.0075 
- 0.0075 
- 0.0075 
- 0.0075 
- 0.0075 

0.025 0.0075 
0.15 0.0075 

n-HXD 

3.356 
3.354 
3.336 
3.2% 
3.336 
3.236 
3.290 
3.290 
3.336 
3.236 

Nore. BT = Benzothiophene, DBT = dibenzothiophene, 
RSH = heptyl mercaptan, n-HXD = n-hexadecane. 

4 Concentration in moles per liter. 
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(-0.2 mole% of total feed) of n-heptyl mer- 
captan added to ensure that the catalyst 
would remain in a sulfided form throughout 
the runs. Complete conversion of the mer- 
captan was observed most of the time. 

A standard operating procedure was em- 
ployed for all the HDO and HDS runs. De- 
oxygenation (HDO) of m-cresol and desul- 
furization (HDS) of benzothiophene 
proceeded by passing the solution of the 
reactant feed over the sultided catalyst at 
the standard conditions of 400°C (or 375”C), 
69 atm of hydrogen pressure, 120 cm3/min 
(STP) hydrogen flow, and the desired liquid 
reactant flow rate. At the beginning of the 
runs immediately following catalyst sulfid- 
ing, a liquid reactant flow rate of 1 cm3/hr 
was maintained for about 2-3 days until 
conversion and product distribution 
reached a nearly steady state. Operating 
conditions were then changed and the run 
continued until a new “steady state” was 
reestablished (6-12 hr). The liquid samples 
were analyzed on a Perkin-Elmer Sigma 1 
GC (24). For each reactant feed, the total 
liquid flow rate was varied to obtain con- 
version vs reciprocal space velocity data. 
Periodically, previous conditions were re- 
peated to examine the magnitude of cata- 
lyst deactivation. 

RESULTS AND DISCUSSION 

HDO of m-Cresol 
The deoxygenation reaction shows ap- 

parent first-order dependence on m-cresol 
concentration both in the m-cresol-only and 
the mixed (m-cresol-p-cresol) feed (Fig. 
1). The experimentally determined pseudo- 
first-order rate constant of the mixed m- 
and p-cresol feed [3.4 x 10e3 liter . hr-r * 
(g . cat))‘] is within 13% of the expected 
value [3.9 x 10e3 liter * hr-* . (g . cat) -*I, 
based on our knowledge (20) of the relative 
reactivity of m-cresol and p-cresol. 

Cresol HDO shows apparent first-order 
dependence on cresol in the presence of 
benzothiophene. The HDO reaction rate 

W/F,, (g .cat.h.mole-‘1 

FIG. 1. Hydrodeoxygenation of cresol. Pseudo-first- 
order behavior of single-component (m-cresol, 0) and 
two-component (m-cresol p-cresol, +) feed. 

(BT) in the feed was increased, and a maxi- 
mum decrease of 67% was observed for the 
feed containing equimolar amounts (0.15 M 
each) of m-cresol and benzothiophene (Fig. 
2). Figure 2 shows the linear plots of - ln(1 
- Xc) versus WIF,,, (where X, = cresol 
conversion and WIFc,o is space time in g . 
catalysts . hr * mole-r) for different levels of 
benzothiophene (BT) in the reactant feed. 
The maximum cresol conversion was 8%. 
The apparent first-order HDO rate con- 
stants, kfIw, calculated as [slope (Fig. 2)/ 
(cresol concentration)] are given in column 
3 of Table 2. 

Similar pure component and mixed feed 
experiments with cresol + dibenzothio- 
phene (DBT) also showed the presence of 
DBT inhibition (Table 3). Again the m-cre- 
sol HDO plots of ln(1 - X,) vs W/F were 
linear in the presence of DBT (Fig. 3). Thus 
the inhibition pattern of the HDO reaction 
is similar for BT and DBT, but the strength 
of DBT inhibition of cresol conversion is 
less than that of BT, as indicated by com- 
parison of Tables 2 and 3. 

Toluene (TOL), methylcyclohexane, and 
methylcyclohexene are the main measur- 

decreased as the level of benzothiophene able products of m-cresol HDO in the pres- 
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.oa - 

W/F,, (g .cat.h.mole-‘1 

FIG. 2. Inhibition of m-cresol hydrodeoxygenation 
by benzothiophene. T = 400°C (except V, 37s"C). 
Feed composition: 0.15 M cresol + benzothiophene at 
0.0 M(O), 0.0075 M(A), 0.025 M (+), 0.075 M(O), 
0.025 M (V, 375”(Z), 0.15 M(X). (See Table 1.) 

ence of BT and DBT. Defining the sum (cy- 
cloalkane + cycloalkene) = [MCH], at 
WC, the product ratio ([MCH]/[TOL]) re- 
mains approximately constant at 23% as the 
m-cresol conversion increases. This con- 
stant behavior at 400°C is as we found for 
the m-cresol-only feeds in our previous pa- 
per (20) on conversion of individual cre- 
~01s. Further, the product ratio [MCH]/ 

TABLE 2 

HDO-HDS of Cresol-Benzothiophene Feeds: Rate 
Constants and Rate Constant Ratios 

Expt. No. BDO HDS kdkiios 
No. moles 10’ kb lo-’ k& 

BT 

Al - 4.5 - - 
A, - 3.5' - - 

BI 0.0075 2.7 26.3 0.10 

B2 0.025 2.4 28.3 0.08 
B3 0.075 2.1 27.1 0.08 

Mixed-feed 

B. 0.025b l.ob 1 16.P O.O@ 
experiments 

B5 0.15 1.5 19.0 0.08 j 
B6 0.15 - 42.3 - 
B7 O.lSb - 24.1b - 

a Liters hr-’ (g cat)-‘. 
b Reaction at 375°C; all others at 400°C. 
c 0.15 M in both m-cresol and p-cresol. 

TABLE 3 

Rate Constants and Rate Constant Ratios for CRE 
and DBT 

Expt. Temp. No. 103 k”nc 103 k’ HDS 
No. (“C) moles (liters . hr-r (liters . hr-* 

of (g cat)-‘) 65 W-9 
DBT 

G 375 - 0.73 - 
c2 400 - 1.15 - 
G 400 0.025 O.% 2.01 
G 375 - 0.59 - 
C5 400 - 1.02 - 
G 400 0.150 0.68 1.80 

Note. After Expts. C,, C2, and CJ catalyst was resul- 
fided with H2/H2S before Expts. Cd, Cs, and C6 were 
done. 

[TOL] does not vary as the level of 
benzothiophene in the mixed CRE-BT 
feeds increases. Thus although BT inhibits 
the cresol HDO reaction rate, it does not 
affect the selectivity to aromatic vs (cyclo- 
alkane and cycloalkene). 

-04 

.03 

z 
1 

C 
f .02 

01 

r 

0 
0 40 80 120 

W/F,,, (g.cat.h.mole-‘1 

FIG. 3. Pseudo-first-order plots of simultaneous 
HDS/HDO of dibenzothiophenelm-cresol at 400°C 
(0.025 M DBT + 0.15 M CRE): Expt. Cs, HDS (V), 
HDO (0); (0.15 M DBT + 0.15 M CRE): Expt. C6, 
HDS (V), HDO (+) (see Table 3 for inhibition influ- 
ences). (0) Cresol only (Expt. A,). 
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FIG. 4. Inhibition of benzothiophene hydrodesulfur- 
ization by m-cresol. T = 400°C; feed: 0.15 M BT (0); 
mixed feeds: (0.15 M CRE) + BT (0.0075 M(A), 0.025 
M(+),0.075 M(O), 0.15 M(x)). T= 37S”C;feed: 0.15 
M BT (B), 0.15 M CRE + 0.025 M BT (A). (See also 
Table 2.) 

HDS of Benzothiophene (BT) 

The HDS of benzothiophene (BT) gave 
ethylbenzene as the only major product, 
both for the benzothiophene-only feed and 
for the CRE-BT mixed feeds. Trace 
amounts of dihydrobenzothiophene and 2- 
phenylethanethiol were also formed, but 
these were less than 5% of total product. 
The conversion of BT was calculated as 
ethylbenzene formed divided by the origi- 
nal BT feed level; benzothiophene conver- 
sions ranged from 12 to 54%. Defining Xa as 
BT conversion, plots of -ln( 1 - Xa) versus 
the reciprocal space velocity (W/F& gave 
straight lines passing through the origin 
(Fig. 5). This linear behavior for integral 
conversions demonstrates that the HDS of 
BT appears to be first order in BT both for 
the BT-only as well as for the CRE-BT 
mixed feeds. The data in Fig. 4 clearly es- 
tablish the dominant inhibition effect of m- 
cresol on the HDS reaction. The distribu- 

tion of the BT HDS products is unaffected 
by the presence of m-cresol. The apparent 
first-order rate constants, &ns, calculated 
for BT HDS from the slopes of Fig. 4 ap- 
pear in column 4 of Table 2. 

The Arrhenius plots for the m-cresol de- 
oxygenation and benzothiophene desulfur- 
ization yield apparent activation energies of 
20 and 19.5 kcal/mole for CRE and BT, re- 
spectively. 

HDS if Dibenzothiophene (DBZ’) 

In both the DBT-only and the mixed 
CRE-DBT feeds the HDS of DBT gave bi- 
phenyl as the only detectable product. Di- 
hydrobenzothiophene (DHBT) and other 
partially hydrogenated derivatives of DBT 
were not observed. From the conversion 
data of DBT hydrodesulfurization, plots of 
-ln(l - X,) versus the reciprocal space ve- 
locity ( W/f’,,BT,~) are linear (Fig. 3). 

Relative Reactivities 

To determine the relative reactivities of 
m-cresol, benzothiophene, and dibenzo- 

0.4 

0.3 

01 

0 

W/Fno (g.cat.h.mole-‘1 

FIG. 5. Relative reactivities in equimolar feed exper- 
iments at WC: (0.15 M DBT + 0.15 M CRE): Expt. 
C6, HDS (A), HDO (V); (0.15 M BT + 0.15 M CRE): 
Expt. Bs, HDS (O), HDO (+). (See also Tables 2 and 
3.) 
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thiophene, feed mixtures containing equi- 
molar (0.15 M each) amounts of cresol and 
benzothiophene (Expt. Bs in Table 2), and 
equimolar (0.15 M each) amounts of cresol 
and dibenzothiophene (Expt. C6 in Table 3) 
were passed over the sulfided catalysts un- 
der our standard reaction conditions 
(400°C 69 atm H2 pressure). Figure 5 sum- 
marizes the results, showing that ben- 
zothiophene is more reactive than dibenzo- 
thiophene, which in turn is more reactive 
than m-cresol. From the pseudo-first-order 
rate constants (Tables 2 and 3) we find that 
in the mixed feed, benzothiophene HDS is 
at least 10 times as rapid as m-cresol HDO. 
In a similar run for the cresol-dibenzo- 
thiophene feed, the HDS of DBT is about 
2-3 times as fast as the m-cresol HDO re- 
action. 

Catalyst Activity 

A gradual loss of catalyst activity was ob- 
served as the experiments progressed. For 
the m-cresol-only feed runs, this loss of ac- 
tivity is largely recoverable by catalyst re- 
reduction and resulfiding using H2/H2S mix- 
ture at 400°C. A greater loss of activity was 
observed for the mixed cresol-ben- 
zothiophene feed runs, especially when the 
concentration of BT in the mixed feed 
reached 0.1075 M. The HDS of the BT-only 
feed runs (Expt. B6) was accompanied by 
an irrecoverable catalyst poisoning. Fol- 
lowing this run, re-reduction and resulfiding 
did not increase catalyst activity to any sig- 
nificant extent. Further loss of catalyst ac- 
tivity was observed during the CRE-DBT 
runs as the data of Tables 2 and 3 show. 
The trend in activity loss can be seen by 
comparing the apparent first-order rate con- 
stants for HDO experiments done at 400°C 
(AI, Cl, and Cd) and 375°C (CZ and C,). We 
notice a continued loss of catalyst activity 
despite resulfiding operations (compare C, 
and Cd, and Cz and Cs in Table 3). Thus the 
catalyst appears to have been permanently 
poisoned by benzothiophene, its reaction 
products, or both. 

Kinetic Analysis 

The summary of the data in Tables 2 and 
3 and Figs. 2-5 shows that the HDO of m- 
cresol and the HDS of benzothiophene in a 
mixed-reactant feed of m-cresol and ben- 
zothiophene conform to pseudo-first-order 
kinetics. Straight lines passing through the 
origin are obtained when - ln( 1 - X), 
where X is the conversion, is plotted 
against the reciprocal space velocity (Wl 
Fi,J- 

However, since our data show inhibition 
of the HDO reaction by BT and DBT, and a 
similar inhibition of the HDS reaction by 
CRE, a more detailed kinetic analysis is re- 
quired . 

Several investigators have attempted 
thorough kinetic analysis of the HDS of sin- 
gle feedstocks of thiophene (16, 27), ben- 
zothiophene (Z??), and dibenzothiophene 
(13), using models obeying Langmuir-Hin- 
shelwood kinetics. Although these studies 
were done at different reaction conditions, 
several general qualitative trends emerge 
from all of them: 

(a) The desulfurization reaction is inhib- 
ited by product hydrogen sulfide, and in 
some cases by other reaction products. 

(b) The surface reaction involving the hy- 
drogenolosis of the C-S bond is the rate- 
determining step. 

(c) Models advocating separate sites on 
the CoMo catalysts for adsorption of hy- 
drogen vs other reactants and products ap- 
pear most frequently. 

Combining our HDO-HDS observations 
with these trends, we consider a Langmuir- 
Hinshelwood kinetic model involving two 
active sites. Here, m-cresol, ben- 
zothiophene, (or DBT) and product water 
and hydrogen sulfide competitively adsorb 
on one site, and hydrogen is noncom- 
petitively adsorbed on the other type of ac- 
tive sites. Thus we have the following equa- 
tions, taking the first-order dependence on 
PH into account.2 

* Subscripts: S = mercaptan, W = water, c = cre- 
sol, B = benzothiophene. 
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(a) HDO of m-cresol in a cresol-only (b) HDO of m-cresol in a mixed CRE-BT 
feed: feed: 

dx, kDOKH&GPH 

Fc &f = (1 + J&C, + KwC, + K&s). 

dx, 
Fc dW = (i + K,C, + Kv,G, + KG + K&B + KH&H~s) 

(2) 

(c) HDS of BT in a BT-only feed: 

d-h boKBKHC& 
FB dW = (1 + KBCB + K,C, + KH~sCH~S) ’ 

(3) 

(d) HDS of BT in a mixed CRE-BT feed: 

d&i hDs&&CBPH 
FB dW = (1 + KBCB + KcCc + K&w + K&s + KH~sCH~S)’ (4) 

Corresponding equations apply equally 
well for the CRE-DBT feeds. 

Equations (l)-(4) may be reduced in 
complexity with some assumptions: 

(i) The term (1 + KH~sCH~S) in the denomi- 
nator is a constant, and can be divided out, 
shifting other K values. Note that this con- 
venience will not change the relative magni- 
tudes of the binding constants (K), nor 
does it alter any rate constant (k). 

(ii) From our results on the cresols (24), 
water inhibition was found not to be signifi- 
cant. Thus we neglect the term K&W (no 
other oxygenates were noted). 

(iii) As the product KHPH is constant 
throughout our study, we incorporate this 
product into the constants kHm and kms. 

(iv) For our typically differential condi- 
tions, the denominator varies considerably 
less rapidly than the numerator, and we 
take the former to be approximately con- 
stant, i.e., determined by feed conditions. 

Applying these assumptions to Eqs. (1) 
through (4) results in the following inte- 
grated rate forms: 

(a) HDO of m-cresol in CRE-only feed: 

WIF, = - [ :Hiof$J ln(I - x,) (5a) 

= - & Ml - Xc). W 

(b) HDO of m-cresol in mixed CRE-BT 
feed: 

WIF,, = 

- 
[ 
* ’ K~c~o + Kicks] ln(l _ xc) 

hDoKcCco 
(6a) 

= [k~:mCcc,l ln(l - X,). (6b) 

(c) HDS of benzothiophene in a BT-only 
feed: 

W@,BO = - [ ;H;s;;B;I 1 ln(l - xB) (7a) 
= - & Id* - XB). m 

(d) HDS of benzothiophene in a mixed 
CRE-BT feed: 
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1 + KB~BO + &Cc, 

~HJJSKBCB~ I 
ln(l - xB) 

(84 

= [khDsicBd Ml - XB). (W 

In these equations the subscript Bo and Co 
indicate feed composition. Note that Eqs. 
(Sb), (6b), (7b), and (8b) are written to con- 
tain an apparent first-order rate constant 
limo or &ns. The additional subscript m 
denotes k’ from a mixed-feed experiment. 
The apparent rate constant values (k&, 
&Do,,,, k&, k&,,,) were summarized in 
Tables 2 and 3. Benzothiophene Concentration (moles/liter) 

The rate equation parameters were eval- 
uated as follows: 

(a) From Eqs. (8a) and (8b) a plot of (l/ 
kh>s,,,) vs CBo (Fig. 6, HDS data) gives a 
line of slope St, 

FIG. 6. Inverse apparent first-order rate constants vs 
benzothiophene feed concentration. T = 4OO”C, 0.15 
M CRE: BT HDS (0), m-CRE HDO (+). 

Thus 

1 
s, =- 

h-m ’ (94 Kc = KB[& - L] !f~ 
kims cc, 

The intercept il for this first plot is = cresol binding constant. (10) 

With kims, k;iDs,, km, Go, SI and 6 
known, Eqs. (9b) and (10) provide two 
equations and the two unknowns, Kc and 
KB. 

1 + &Go 
iI = kHDsKB ’ W-9 

Thus KB = ’ (ikfizW = benzofuran bind- 

ing constant. 
(b) From Eqs. (7a), (7b), and (8a), (8b), 

1 1 &Cc, -- 
- = ki+Ds + kHDsKB ’ kims, 

(c) From Eqs. (6a) and (6b) a plot of (l/ 
kfIDo,,J vs Cao (Fig. 6, HDO data) gives a 
slope &, 

Wa) 

TABLE 4 

Rate Equation Parameters for CRE and BT 

Temperature -1n kHw 
eo (HDQ 

375 6.662 
400 6.079 
E. (kcrd/mole) 20.2 
-1nA 9.0 

a Present results. 
b From Ref. (IS) data. 

-In km 
U-IDS) 

3.125 
3.164 

19.5 
9.5 

Kc (CRE) 
(liters/mole) 

8.42 
6.20 

AIYH,” = kcal/mole 
AH,” = -11 kcal/ 
mole 

KLB (BT) 
(liters/mole) 

16.45 
9.51 

AISBb = k&/mole 

MHBb = -19 kcal/mole 



74 ODEBUNMI AND OLLIS 

and intercept i2, 

Thus 

KE k - Hno = S2Kcv Ulb) 

These Eqs. (9a), (9b), (lo), (lla), and 
(11 b) were used to evaluate kHDO, kHDs, KB, 
KS. The results are summarized in Table 4. 

The magnitude of the equilibrium con- 
stants provides an indication of the true re- 
action orders. For example, at 400°C (Table 
4), the product of binding constant (Kc) 
times cresol feed level (C,,) is 6.2 (liters/ 
mole) x 0.15 (moles/liter) = 0.93, indicating 
that the surface coverage by cresol would 
be about one-half, corresponding to a rate 
of fractional order near one-half. The line- 
arity of the ln(1 - x) vs W/F plots is largely 
a consequence of the typically differential 
conversions (as we noted in paper I, both a 
zero-order and a first-order reaction will ex- 
hibit linear ln(1 - x) vs W/F plots under 
differential conversion conditions, as will 
all fractional orders). The very clear inhibi- 
tion effects noted by benzothiophene and 
dibenzothiophene here provide evidence of 
the need to interpret these “first’‘-order 
plots with Langmuir-Hinshelwood forms. 

The results of Gates et al. ( ZOa) indicate 
that in HDS conversions, the less reactive 
compound is less strongly adsorbed, thus 
less effective as an inhibitor. Thus the more 
reactive 3,7-dimethyl DBT and 2,8-di- 
methyl DBT are more strongly adsorbed 
than DBT, while the less reactive 4,6-di- 
methyl DBT is less strongly adsorbed than 
DBT. 

The relative reactivity which we have ob- 
served for m-cresol and benzothiophene 
and the inhibiting effect that each of these 
has on the conversion of the other support a 
similar correlation between reactivity and 
the relative strength of adsorption of these 
compounds on the catalyst surface. Thus 
the more reactive BT is also more strongly 

adsorbed, and CRE is less reactive and has 
the smaller binding constant (Table 4). 

The rate constants (Tables 2, 3) and Fig. 
5 show the following decreasing order of 
reactivity: 

benzothiophene > 
dibenzothiophene > m-cresol. 

Since we found previously (23) that m-cre- 
sol is somewhat more reactive than p-cre- 
sol, these results do not parallel Rollmann’s 
(3) note that on conventional CoMo cata- 
lysts the order of reactivity is 

p-cresol 2 benzothiophene. 

However, our results do agree with those of 
Whitehurst et al. (4), who found that for 
four different hydrotreating catalyst sys- 
tems the BT HDS reaction is faster than the 
p-cresol HDO reaction. 

The observation in the present study of 
the high-temperature insensitivity of the 
product ratio ([MCH]/[TOL]) to the m-cre- 
sol conversion agrees with our previous pa- 
per (19). Thus the high-temperature path- 
way cited previously, involving parallel 
decomposition of a surface intermediate 
into toluene or methylcyclohexane, ap- 
pears to be appropriate in the presence of 
benzothiophene and dibenzothiophene. 

Ethylbenzene and biphenyl are the only 
major products observed for the HDS of 
BT and DBT, respectively, on our sulfided 
CoMo. This suggests that the HDS of BT 
and DBT proceeds by a simple sulfur extru- 
sion, presumably through partially hydro- 
genated intermediates, to give ethylben- 
zene and biphenyl, respectively. These are 
the products commonly observed under re- 
action conditions less severe than ours 
(lower temperatures and pressures). On the 
aged catalysts used in our studies further 
hydrogenation of ethylbenzene and bi- 
phenyl did not take place. 

CONCLUSIONS 

This study investigated the influence of 
benzothiophene (BT) and dibenzothio- 
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phene (DBT) on the HDO of m-cresol 
(CRE), and the influence of m-cresol on the 
HDS of BT and DBT as the liquid flow 
rates, reactant concentrations, and reaction 
temperatures vary. Single-feed and mixed- 
feed differential results show that for the 
HDO of m-cresol, and the HDS of BT and 
DBT, linear plots of ln(1 - X) vs W/F are 
routinely obtained. 

Hydrodeoxygenation of the single-ring 
alkyl phenol, m-cresol, is inhibited by BT 
and DBT. In a similar fashion m-cresol in- 
hibited the HDS of BT and DBT. The distri- 
bution of products in the HDS of BT and 
DBT, and the HDO of m-cresol, and the 
pattern of inhibition may be represented by 
a single HDS/HDO site. (If our catalyst ini- 
tially contained a second HDWHDO site of 
appreciable hydrogenation activity, as pro- 
posed earlier for CoMo catalysts (2), this 
site has been deactivated in the aged cata- 
lysts used for part of the HDO studies re- 
ported previously (19) and the HDO-HDS 
studies reported in this paper.) 

The formulation and analysis of the ki- 
netic model using a Langmuir-Hinshel- 
wood form yielded the intrinsic rate con- 
stants for the HDO and HDS reactions, the 
equilibrium adsorption coefficients (Kc, 
KB) for m-cresol and benzothiophene, re- 
spectively, and the heat of adsorption of m- 
cresol. 
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