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Simultaneous hydrodenitrogenation (HDN) and hydrodeoxygenation (HDO) is studied with in- 
dole/m-cresol conversions over a sulfided CoMo HDS catalyst. The mutual inhibition of indole (and 
indoline) on HDO and of m-cresol on HDN is established. As with HDWHDO reported in paper II, 
the HDN/HDO reactions appear to proceed on the same site. The relative reactivity of the indole 
and cresol, as well as an HDN intermediate, o-ethyl aniline, is m-cresol B o-ethyl aniline > indole 
(indoline). Under the conditions of our study (P a2 = 69 atm, T = ZSO-350°C) the indole-indoline 
hydrogenation equilibrium is essentially achieved. The pure component conversion kinetics are 
adequately described by a two-site Longmuir-Hinshelwood form, the rate and binding constant 
values indicating correctly the relative reactivity and mutual inhibition magnitudes, thus conftrming 
that simultaneous HDO and HDN proceed on the same surface sites. At the lower HDN tempera- 
tures, the intermediate o-ethyl aniline is converted to ethylbenzene, then ethylcyclohexane, while 
at or above 300°C some ring hydrogenation to o-amino ethylcyclohexane precedes HDN. Hydroge- 
nation, HDO, and HDN activities are completely recovered by 400°C regeneration, in contrast to 
activity loss noted in paper II for simultaneous HDS/HDO. 

INTRODUCTION 

Nitrogen-containing compounds are a 
very significant component of shale oil, 
heavy gas oil, and coal-derived liquids (I- 
3). These compounds are present as pyri- 
dines, quinolines, and indoles, and are well 
known for their inhibiting influence on the 
hydrotreatment of synthetic liquid fuels and 
the upgrading of coal-derived liquids (I). 
Moreover, nitrogen-containing compounds 
are a major cause of deactivation of com- 
mercial hydrotreating catalysts, and are re- 
sponsible for the instability of finished liq- 
uid products (3). Thus they are a focus of 
extensive studies and recent reviews (I, 2). 

The few literature reports on HDO and 
HDN reactions do not specifically address 
the subject of the influence of oxygen-con- 

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

tinuing species on the HDN reaction (2, 4- 
6). In general, inhibition of all other reac- 
tions by nitrogen-containing compounds is 
reported. Some of the studies investigated 
simultaneous S, N, and 0 removal from 
model feed mixtures (4, 5) and others ad- 
dressed real feedstocks (6, 7). Most of the 
literature reports on HDN are on pyridine 
(8-10) and quinoline HDN (11-13), and a 
few deal with indole HDN (4, 5, 13). The 
reaction network for indole HDN is not as 
unambiguously defined as HDN of others, 
although it may be less complicated. 

By comparison with HDS, catalytic 
HDN is a complicated process involving 
hydrogenation, hydrocracking, hydrogen- 
olysis, and alkyl transfer reactions. 
McIlvried (8) investigated the kinetics of 
pyridine HDN by Ni-Co-MO/alumina cata- 
lysts in a bench-scale, fixed-bed flow reac- 
tor at 315°C and pressures of 5 1 to 102 atm. 
His data were fitted to a Langmuir-Hinsel- 
wood kinetic model, in which competitive 
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inhibition of the HDN reaction by the prod- 
ucts was assumed. In a series of experimen- 
tal studies, Sonnemans and co-workers (9) 
investigated the hydrogenation and hydro- 
genolysis of pyridine on reduced but unsul- 
fided Co-MO/alumina catalysts. They ob- 
served alkyl transfer reactions resulting in 
formation of ZV-pentylpiperidine, Analo- 
gous disproportionation reactions have not 
been observed during quinoline HDN reac- 
tion. 

In another report Satterfield et al. (11) 
studied the intermediate reactions in the va- 
por-phase HDN of quinoline on a sulfided 
NiMo/A&O, catalyst in a continuous-flow 
microreactor. The experiments proceeded 
at 230 to 420°C and at pressures of 34 to 68 
atm. Gates et al. (22) also studied the HDN 
of quinoline and coal-derived liquids. These 
studies show that the hydrogenolysis of o- 
propylaniline, an intermediate in quinoline 
HDN, is one of the principal rate-limiting 
steps, whereas in pyridine HDN, n-pentyl- 
amine is rapidly denitrogenated (8, 12). 

Indole HDN appears to proceed via a se- 
ries of consecutive reaction steps, although 
two different reaction paths are reported 
for the denitrogenation of o-ethylaniline (an 
intermediate in indole HDN) to form am- 
monia and hydrocarbon (4, 5, 13). 
Rollmann (4) observed saturation of the ar- 
omatic nucleus of the amine prior to nitro- 
gen removal for reaction at 350 to 400°C. 
Aboul-Gheit and Abdou (13) and White- 
hurst et al. (5) (for reactions at 350-4OO”C), 
on the other hand, reported hydrocracking 
of the aromatic carbon-nitrogen bond lead- 
ing to formation of ammonia before satura- 
tion of the aromatic nucleus. Thus the prod- 
ucts and reaction network for HDN depend 
on the nitrogen-containing compounds and 
the reaction condition. In general the HDN 
reaction is reported to be first order in the 
organic compound (I, 2). 

The experiments reported in the present 
paper investigated the HDO and HDN of 
m-cresol-only and indole-only reactant 
feeds, the influence of m-cresol on the 
HDN of indole, and the influence of indole 

on the HDO of m-cresol in mixed m-cresol- 
indole feeds. Indole was chosen as the ni- 
trogen-containing compound for these ex- 
perimental studies. 

EXPERIMENTAL METHODS 

The experimental procedures for the 
HDO and HDN runs and sample analysis 
follow those described in the previous pa- 
pers (20, 21). Chemical reagents were used 
as received from Aldrich Chemicals Com- 
pany without further purification. The cata- 
lysts used in these experiments are those 
described as freshly sulfided CO-MO cata- 
lysts II in paper I (20). 

The catalyst was activated prior to use in 
these runs by reduction in hydrogen fol- 
lowed by sultiding in H&S gas mixture 
(10 ~01% H& for 4 hr. Catalyst regenera- 
tion was repeated after several weeks of 
continuous use; this treatment of high-tem- 
perature reduction in hydrogen followed by 
resulfiding in Hz/H# mixture completely 
restored catalyst activity. 

Each reactant feed contained 0.15 M m- 
cresol, 0.0075 M n-heptyl mercaptan, and 
varying amounts of indole. Several runs in- 
vestigated the influence of initial feed con- 
centration of the HDO of m-cresol and 
HDN of indole. Conversion and relative 
rate data were also obtained for pure feed- 
stocks of m-cresol, indole, and o-ethylani- 
line to allow comparison of the HDO and 
HDN results in the single- and mixed-feed 
cases. The HDN conversion was defined as 
X(al1 N-free ethyl (benzene + cyclohex- 
ane)) divided by the feed indole level. 

The HDO and HDN experiments were 
done at 250-350°C 69 atm HZ pressure, 120 
cm3 (STP)/min Hz flow and reactant liquid 
flow rates of 4.5 to 12.5 cm3/hr. The trickle- 
bed reactor which has been fully described 
in paper I (20) was used for all the experi- 
mental runs. Reactant feed and product 
samples were analyzed by gas chromatog- 
raphy, and gas chromatography-mass 
spectrometry (GC-MS) was used to estab- 
lish products unambiguously. 
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RESULTS 

HDO of m-Cresol 

In the presence of indole, the HDO of m- 
cresol gives toluene and methylcyclohex- 
anes as major products. The relative distri- 
bution of the m-cresol HDO products does 
not appear to depend on the level of indole 
in the reactant feed. The indole-free runs 
D4 and D12 provide linear ln(1 - X) plots 
vs reciprocal space velocity, W/F (Fig. 1 
and Table 1). The indole-cresol runs Ds, 
Da, Dg, and Die exhibit a definite curvature, 
as well as N inhibition. As the indoline/in- 
dole ratio also changes with flow rate (Ta- 
ble 2a), these results indicate a somewhat 
stronger inhibition by indoline than by in- 
dole. Removal of indole (run Dri) restored 
only half of the original activity (DJ; regen- 
eration fully restored the original HDO ac- 
tivity as seen in (D&. 

At the higher temperatures (27%300°C) 
the m-cresol deoxygenation again de- 
creased as the feed concentration of indole 

W/F,, (g.cat.h.liter-‘) 

FIG. 1. Indole inhibition of m-cresol HDO. T = 
25o”C, m-cresol = 0.15 M, Pa2 = 69 atm. Indole 
concn: 0.0 h4 (D,, V), 0.0075 M D5, A), 0.005 M (Ds. 
+), 0.0025 M (D9, 0), 0.001 M (Dlo, x), 0.0 M (D,,, no 
prior regeneration, V), 0.0 A4 (D,*, after regeneration, 
A). See Table 1. 
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TABLE 2a 

Indole-Indoline Hydrogenation Equilibrium at 250°C 

Reactant 
liquid flow 

rate 
VO 

(cm3/hr) 
DS 

0.001 M IND 

[indoline] 
~ = Ke (PH2) [indole] 

Ds D9 DlO Dgd 

0.0025 M IND 0.005 M IND 0.0075 M IND 0.0075 M IND 

4.5 
6.1 
9.2 

Mean 

1.22 1.43 0.81 1.28 
1.45 1.21 1.99 0.91 1.08 
1.31 1.11 1.58 0.43 0.96 

[indoline] 
- 
[mdole] 

1.19 1.64 

4 Experiment D6 reactant feed contained only indole + mercaptan in n-hexadecane; all the other experiments 
contained 0.15 M m-cresol as well as indole and mercaptan. 

TABLE 2b 

Indole-Indoline Ratio at 275°C 

Reactant 
liquid 

flow rate 
vo 

(cm3/hr) 
E2 E3 

0.025 M IND 0.005 MIND 

[indoline] 
[indole] 

E4 

0.0075 M IND 
ES E6 

0.015 MIND 0.15 M IND 

4.5 
6.2 
9.4 

12.6 
Mean 

1.08 1.36 1.29 1.12 0.85 
1.11 1.40 1.25 1.04 0.81 
1.01 1.26 1.15 0.98 0.75 
1.12 1.30 1.14 0.93 0.73 

[indoline] 
[indole] 1.08 1.33 1.21 1.02 0.79 

Note. Excepting those in brackets, all data refer to mixed-reactant feeds containing 0.15 M m-cresol. 

TABLE 2c 

Indole-Indoline Ratio at 300°C 

Reactant 
liquid flow 

rate 
vo 

(cm3ihr) 
F2 

0.005 MIND 

[indoline] 
[indole] 

F3 F4 

0.0075 M IND 0.015 MIND 
FS 

0.15 M IND 

4.4 
6.2 
9.3 

12.5 
Mean 

0.95 0.80 0.76 0.53 
1.17 0.87 0.77 0.53 
0.98 0.77 0.70 0.51 
0.96 0.75 - 0.50 

[indoline] 
[indole] 0.96 0.80 0.74 0.52 

NOW. Excepting those in brackets, all data refer to mixed-reactant feeds containing 0.15 M m-cresol. 
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in the mixed reactant feed increased (Figs. 
2 and 3). 

The presence of linear ln( 1 - Xuno) plots 
vs WIF,, (Figs. 2 and 3) corresponds nicely 
to essentially constant indoline/indole ra- 
tios independent of space velocity (Tables 
2b and c). 

Comparison of our HDO-HDN data with 
the HDO-HDS data of paper II (22) shows 
that indole has a significantly stronger inhi- 
bition per mole on the HDO reaction than 
do corresponding levels of benzothiophene 
or dibenzothiophene. 

Indole-indoline hydrogenation equilib- 
rium. The CoMo-catalyzed hydrogenation 
of indole gave predominantly indoline as 
the product. Our data at 27%300°C (Tables 
2b to d) show that the ratio of indole to 
indoline appears to be approximately con- 
stant, strongly suggesting an equilibration. 

The indole-indoline ratio shows a strong 
dependence on temperature, shifting in fa- 
vor of indole as the temperature is raised 
(Table 2d), in agreement with the expected 
behavior of an equilibrated reaction: 

OJ = INl+X* e (I, OJ 
H H 

Satterlleld et al. (II) have reported that in 
the HDN of quinoline, the tetrahydroquino- 
line-quinoline equilibrium ratio shifts in fa- 
vor of quinoline as the temperature is 
raised. Sonnemans et al. (9) made a similar 
observation for tetrahydropyridine-pyri- 
dine ratio during pyridine HDN. 

HDN of indolelindoline. As noted earlier 
the hydrogenation of indole is faster than 
the HDN reaction at the temperatures 
(250-350°C) of our study, and especially at 

the lowest temperature. The rate of indole 
HDN is very small at 250°C but it increases 
to significant levels as the temperature is 
raised to 275 and 300°C. The major prod- 
ucts of the indole conversions include o- 
ethylaniline and ethylbenzene. Ethylcyclo- 
hexenes and ethylcyclohexane were 
formed in relatively small quantities at the 
lower temperatures (250-275“(Z), but the 
rate of their production increased at the 
higher temperatures (300-350°C). Also 

TABLE 2d 

Indole-Indoline Hydrogenation Equilibrium 

Reactant [indoline] 
liquid - = a = K. (PH2) 

[indole] 
flow rate 

VO 
(cm3h) 

275°C 300°C 350°C 

IND” CRE/INIY IND CRE/IND IND 
0.15.M 0.15 M 0.15 M 0.15 M 0.15 M 

4.5 0.79 0.85 0.55 
6.1 0.70 0.81 0.54 
9.2 0.73 0.75 0.52 

12.4 0.75 0.73 0.47 
Meanai 0.74 0.79 0.52 

o IND means indole-only feed. 
b CRE/IND means mixed (equimolar) cresol-indole feed. 

0.53 0.26 
0.53 0.26 
0.51 0.26 
0.50 0.23 
0.52 0.25 



CATALYTIC HYDRODEOXYGENATION, III 81 

0 8 16 24 
W/Fca(g.cat.h.liter-‘1 

FIG. 2. Indole inhibition of m-cresol HDO. T = 
275”C, m-cresol = 0.15 M, Paz = 69 atm. Indole 
concn: 0.0 M )E1, V), 0.0036 M (E2, 0), 0.005 M (EJ, 
+), 0.0075 M (Ed, A), 0.015 M (E,, x), 0.15 M (E6, q ), 
0.0 M (E,, no prior regeneration, H). 

some quantities of o-aminoethylcyclohex- 
ane were formed at the higher temperatures 
(300-35OT). 

The results in Tables 3a and b clearly 
show the m-cresol inhibition of indole 
HDN. The inhibiting influence of m-cresol 
results in 20 and 60% reduction of the HDN 
rates at 275 and 3OO”C, respectively, for 

W/Fca (g.cat.h.liter‘‘1 

FIG. 3. Indole inhibition of m-cresol HDO. T = 
3WC, m-cresol = 0.15 M, PHI = 69 atm. Indole 
concn: 0.0 M (F,, V), 0.005 M (F2, O), 0.0075 M (F3, 
+), 0.015 M (F.,, A), 0.15 M (Fs, x). 

mixed feeds containing 0.015 M indole and 
0.15 M m-cresol. This inhibiting influence of 
m-cresol appears to be much weaker for 
reactant feeds containing equimolar (0.15 
M each) cresol-indole at 300°C (Table 3b) 
and is nonexistent at 275°C (Table 3a, last 
two columns). Thus, although m-cresol in- 
hibits the HDN reaction, the inhibition ef- 
fect is not important at higher indole con- 
centrations, whereas the indole/indoline 
inhibition of cresol HDO is dominant under 

TABLE 3a 

Effect of m-Cresol on the HDN of Indole at 275°C 

Reactant 
liquid Percentage conversion XN = 

[Z C products] 
[Cindale(OJ 

flow rate 
vo 

(cm3 hr) 
(36 

Indole 
0.015 M 

F6 
CRE/IND 

0.15 M/O.015 M 

G4 
Indole 
0.15 M 

E6 
CRE/IND 

0.15 M/O.15 M 

4.5 13.6 10.1 2.3 2.3 
6.1 9.8 7.7 1.3 2.0 
9.3 6.4 5.7 0.8 1.5 

12.4 3.80 3.4 0.6 1.2 
104 &DN 6.63 k 0.76 5.31 k 0.44 1.03 + 0.14 1.34 f 0.36 

liter . (hr . . g cat)-’ 
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TABLE 3b 

Effect of m-Cresol on the HDN of Indole at 300°C 

Reactant 
liquid 

flow rate 
vo 

(cm3 hr) 
G 

Indole 
0.015 M 

Percentage conversion X, = 
[Z C products] 

[Ciodolinc(O)l > 

F4 G3 F5 

CRElIND Indole CRElIND 
0.15 M/O.015 M 0.15 M 0.15 M/O.15 M 

4.5 51.3 24.9 5.3 5.3 
6.1 40.8 22.80 4.9 4.2 
9.3 29.0 17.7 4.1 3.0 

12.4 21.2 - 3.2 2.5 
10’ kiim 39.34 f 3.54 15.68 f 2.45 3.78 f 0.45 3.11 + 0.70 

liter . (hr * . g cat)-’ 

these conditions (e.g., compare El vs Eg, 
Fig. 2 and Fi vs Fs, Fig. 3). 

Table 4 compares the conversion and dis- 
tribution of products during the HDN of (a) 
indole-only feed (G3), (b) mixed cresol-in- 
dole feed (Fs), (c) o-ethylaniline (Gs), all at 
3OO”C, and the HDN of indole at 350°C 
(Gs). The presence of m-cresol in the mixed 
feed has no effect on the distribution of in- 
doline and indole but it reduces the ratio of 
the hydrogenation products (ethylcyclo- 
hexanes/ethylbenzene). Also, both this ra- 
tio as well as the HDN rate are higher for o- 
ethylaniline versus indole. As the 
temperature increases to 35O”C, the indole 
HDN rate and the ratio of the hydrogen- 
ated/aromatic products both increase, but 
the ratio of indoline to indole decreases 
drastically. These behaviors are consistent 
with kinetic and thermodynamic limita- 

ward saturation of the HDS active sites by 
dibenzothiophene during the HDS of BT. 
Interestingly, McIlvried (8) and Sonnemans 
et al. (9) reported self-inhibition of the 
HDN of pyridine. 

Relative Rates of HDO and HDN 
Reactions 

The data in Table 5 compare the rate of 
HDO of m-cresol with the rates of indole 
and o-ethylaniline HDN at 275 and 300°C. 
First-order plots from these data (In (1 - X) 

0.3 - 

-; 0.2 - x 
tions, respectively. 

0 c 
Several experiments investigated further ? 

saturation of the HDN rate by indole and 
similar saturation of the HDO rate by m- 
cresol (Figs. 4 and 5). The results, summa- 
rized in Fig. 6, show that the apparent first- 
order rate constants kfIDo, kfIDN decrease as 
the concentration of m-cresol and indole, 
respectively, in the reactant feed increase. W/F,,,, (g.cat.h,liter-‘1 

1 

Thus the HDO and HDN active sites are 
approaching saturation in m-cresol and in- 

FIG. 4. Indole HDN with simultaneous m-cresol 
HDO. T = 275”C, m-cresol = 0.15 M, PHz = 69 atm. 

dole, respectively. In a recent paper, Gates Indole concn: = 0.0025 M (Ez, 0), 0.005 M (Es, +), 
and Broderick (19) report a tendency to- 0.0075 M (E4, V), 0.015 M (E5, q ), 0.15 M (EG. x). 
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0.4 

0.3 

0.1 

0 

W/F,, (g.cat.h.liter-I) 

FIG. 5. Indole HDN with simultaneous m-cresol 
HDO. T = 3OO”C, m-cresol = 0.15 M, Pa2 = 69 atm. 
Indole concn: 0.005 M (F2, 0), 0.0075 M (FS, +), 0.015 
M (Fd, V), 0.15 M (F5, 0). 

vs W/F) give the apparent first-order rate 
constants of the bottom row, Table 5. The 
m-cresol is by far the most reactive of the 
three; the following decreasing order of re- 
activity is indicated: 

m-cresol g o-ethylaniline > 
indole (indoline*). 

(*Indole and indoline form an equilibrium 
mixture for these runs.) 

Catalyst Deactivation 

A gradual loss of HDO activity of the 
CoMo catalyst was observed following 
each series of HDO-HDN runs, as is seen 
by comparing runs at identical conditions, 
e.g., runs D4 and DI1 in Fig. 1 and runs El 
and E7 in Fig. 2. These two sets of experi- 
ments show that about 45 and 20% loss of 
catalyst activity, respectively, was ob- 
served following HDO-HDN runs at 250 
and 275°C respectively. In both cases the 
activity loss was completely regenerated by 
high-temperature (400°C) rereduction in hy- 
drogen and resulfiding in Hz/H# mixture. 
(Compare the regenerated catalyst activi- 
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Reactant Concentration (moles/liter) q&(-l) 

FIG. 6. Inverse of apparent first-order rate constant 
vs feed reactant concentration. mCreso1 HDO: T = FIG. 7. Arrhenius plot for pure component apparent 

250°C (0), T = 275°C (0); indole HDN: T = 275°C (A), first-order rate constants. m-Cresol (0), indole (0). 

T = 300°C (A). 

ties (Dn, Table 1). Thus, to ensure that an 
average constant catalyst activity was 
maintained, the catalyst regeneration treat- 
ment was done after every several weeks of 
continuous use. 

DISCUSSION 

Kinetic Analysis 

As noted earlier, the HDO and HDN re- 
actions exhibit apparent first-order behav- 

ior in the organic reactant for both the sin- 
gle and mixed feedstocks. Logarithmic 
plots of the pseudo-first-order rate con- 
stants (kfID0, k&) against the reciprocal 
temperature (“K-r) yielded the apparent ac- 
tivation energies and frequency factors. 
These plots are shown in Fig. 7. Linear 
least-squares regression analysis gives “ac- 
tivation energies” of 29 and 32 kcal/mole 
for m-cresol HDO and indole HDN, respec- 

TABLE 5 

Relative HDO and HDN Rates 

Reactant 
liquid 

flow rate 
VII 

(cm3/hr) 

275°C 300°C 

m-Cresol Indole mCreso1 Indole o-Etha* 
-Ka XC0 -Ca 
@I) VI) (G3) 

4.5 30.7 2.3 65.1 5.34 9.9 
6.1 25.1 1.3 56.1 4.90 5.9 
9.2 16.4 0.8 41.7 4.10 4.2 

12.4 12.6 0.6 34.4 3.20 3.0 
104 k” 190.0 10.3 565.6 37.8 47.0 

liter . (hr . g . cat)-’ 

0 Conversion X is defined as the ratio of the products to the initial reactant concentration. 
6 o-Etha refers to o-ethylaniline. 
c k’ is pseudo-first-order rate constant in liters hr-i g-i of catalyst. 
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tively, with a correlation coefficient of 
99.9%. The In A values were 22.7 and 22.2 
liters-hr-‘/(g-cat)-‘, respectively. 

For formulation of a kinetic model for the 
HDO-HDN coupling interactions we com- 
bine our observations with information 
available in the literature. The major obser- 
vations from our HDO-HDN data can be 
summarized as follows: 

(i) Indole inhibits the HDO of m-cresol. 
(ii) m-Cresol inhibits the HDN of in- 

dole. 
(iii) The pseudo-first-order rate con- 

stants for HDO and HDN (&no, &nN) de- 
creased as the reactant (m-cresol, indole) 
concentration increased. 

(iv) m-Cresol is more reactive to deoxy- 
genation on the CO-MO catalysts than in- 
dole is to denitrogenation. 

(v) The indole-indoline hydrogenation 
equilibrium appears to be approximately at- 
tained at all conditions. The subsequent hy- 
drogenolysis reactions leading to the forma- 
tion of o-ethylaniline and ethylbenzene 
under our reaction conditions (250-300°C 
69 atm hydrogen pressure) limit the rate of 
HDN. 

McIlvried (8) investigated the HDN of 
pyridine and piperidine on sulfided CO-Ni- 
MO catalysts supported on alumina at 3 16°C 
temperature and pressures of 51 to 102 atm. 
In a series of experiments Sonnemans et al. 
(9) studied the hydrogenation and hydro- 
genolysis of pyridine on unsulfided MO alu- 
mina and CO-MO alumina catalysts at 250- 
375°C. Both authors developed rate 
expressions for the hydrogenation and 
HDN reactions that assume strong adsorp- 
tion of reactants and products. McIlvried 
(8) assumed that both reactants and prod- 
ucts are equally strongly adsorbed. The ad- 
sorption and other studies of Sonnemans 
and co-workers (9) indicate different bind- 
ing sites for the organic nitrogen com- 
pounds and hydrogen. In a recent report 
Satterfield and co-workers (25, 16) con- 
cluded that there are large variations among 
the relative adsorptivities of the various N- 
containing species present during the HDN 

of quinoline on sulfided NiMo/A1203 cata- 
lysts. We noted earlier that indoline may 
bind somewhat more strongly than indole. 

For simplicity, a Langmuir-Hinshel- 
wood kinetic model is proposed for the 
HDO-HDN data similar to that used for 
analysis of the HDO-HDS data of paper II. 
This model assumes two nonidentical sites 
for the HDN reaction, with competitive ad- 
sorption of the reactants (m-cresol and in- 
dole) and their conversion products on one 
of these sites. Hydrogen is noncom- 
petitively adsorbed on the other sites. In 
this picture indole and its conversion prod- 
ucts (o-ethylaniline, NH3) are assumed to 
have the same binding constant KN. This 
approach is conceptually identical to that 
used in paper II for simultaneous HDO/ 
HDS. 

Thus rate equations are again written for 
four different cases, including: 

(a) HDO of m-cresol in cresol-only feed. 
(b) HDO of m-cresol in mixed cresol-in- 

dole feed. 
(c) HDN of indole in indole-only feed. 
(d) HDN of indole in mixed cresol-indole 

feed. 
For case (d), for example, the HDN rate is 
given by 

d& kHDNKNCNO(1 - XN) 

FNodW= 1 + KcCc + K& + KNCN' 

where K&S represents the inhibition term 
for H# formed from desulfurization of 
trace mercaptan present in all reactant 
feeds. 

In making the final calculations, we as- 
sumed that the inhibition term for H2S 
(K&S) is negligible, at least for the HDN 
reaction, under the conditions of our exper- 
iments. Satterfield and Cochetto (10) ob- 
served enhancement of the HDN of pyri- 
dine by thiophene and H$. Goudriaan et 
al. (24) studied the effects of presulfiding 
Co-Mo/aIumina catalyst and of the pres- 
ence of hydrogen sulfide on the hydrodeni- 
trogenation of pyridine at 80 atm pressure 
and temperatures of 250-400°C. They con- 
cluded that hydrogen sulfide has a twofold 



86 ODEBUNMI AND OLLIS 

beneficial effect on pyridine HDN; it en- 
hances both hydrogenation and hydro- 
cracking activity of the catalyst. In another 
report, Satterfield and Gtiltekin (26) have 
shown that for quinoline HDN, HzS has a 
slight inhibiting effect on the intermediate 
hydrogenation steps but a marked acceler- 
ating effect on the overall HDN rate. 

Neglecting small CN and Cc variations, 
the apparent first-order rate constant kjln~ 
derived from the slope of -ln(l - X) vs Wl 
F plots is given by 

Ilk& = 
1 + &Cc0 + K&NO + K&s 

k-md‘b 

From appropriate plots (e.g., l/kfInN vs 
CNO) from this equation and the other three 
equations representing the remaining three 
cases (see Odebunmi (22)), the true rate 
Constant for the HDN reaction (kHDN) and 
the equilibrium adsorption coefficients (KN, 
K,) can be calculated. The plots are shown 
in Fig. 6 for the cresol-only and indole-only 
feeds and in Fig. 8 for the mixed cresol- 
indole feeds. 

01 I , I I I 
0 ,003 ,006 .009 ,012 ,015 

lndole Concentration (moles/liter) 

FIG. 8. Indole inhibition: influence on apparent first- 
order rate constants in mixed-feed experiments. m- 
Cresol = 0.15 M. T = 25O“C, HDO (0); T = 275°C 
(HDO (V), HDN (+)), T = 300°C (HDO (A), HDW 
(X)). 

The parameter results are summarized in 
Table 6; they show that indole and its con- 
version products (indoline) are more 
strongly bound than m-cresol and its con- 
version products (water). 

The apparent activation energies mea- 
sured for m-cresol HDO and indole HDN 
are 29 and 32 kcal/mole, respectively (Table 
6), versus 26 (for p-cresol) and 28 (for in- 
dole) kcal/mole as determined by Rollmann 
(4). Aboul-Gheit and Abdou (23) reported 
an activation energy of indole HDN as 18 
kcal/mole . 

In our experiments we found that the cat- 
alyst activity loss following a series of 
HDO-HDN runs at the low temperatures 
(250-275°C) was completely regenerated by 
high-temperature reduction and sulfiding. 
(Compare D4, Dii, and Di2 in Table 1, and 
Ei, El, and Es in Fig. 3.) No such deactiva- 
tion was observed at the higher tempera- 
tures (300°C and above). By contrast the 
activity loss following HDO-HDS runs (pa- 
per II (21)) was not completely restored by 
reduction and resulfiding. 

Interactions of HDOIHDN and 
HDOIHDS Reactions, and Relative 
Reactivities 

The mutual inhibition of the HDO-HDN 
reactions by m-cresol, indole, and their 
conversion products is a very significant 
result. The relative magnitudes of the bind- 
ing constants show why indole has a greater 
effect on the m-cresol HDO than m-cresol 
has on the indole HDN reactions. In paper 
II (22) we reported a similar mutual inhibi- 
tion of the HDO-HDS reactions by m-cre- 
sol, benzothiophene (BT), dibenzothio- 
phene (DBT), and their conversion 
products. Furthermore, we found that BT 
and DBT have greater inhibiting influence 
on m-cresol HDO than m-cresol has on 
their HDS. However, in mixed-reactant 
feeds containing disproportionately higher 
oxygen-containing compounds, the inhibi- 
tion of the other reactions by 0 compounds 
may become important. Thus in the cata- 
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lytic upgrading of coal-derived liquids, 
closer attention should be paid to the influ- 
ence of oxygen-containing species on cata- 
lyst performance and on the overall pro- 
cess. 

The results of our experiments show that 
for the N, 0, S compounds involved in our 
studies, the hydrodesulfurization (HDS) re- 
action is faster than the hydrodeoxygena- 
tion (HDO) reaction, and this in turn is 
faster than the hydrodenitrogenation 
(HDN) reaction. The relative carbon-car- 
bon, carbon-nitrogen, carbon-sulfur, and 
carbon-oxygen bond strengths (Table 7) 
partially explain the differences in difficulty 
of HDS, HDN, and HDO reactions (6). The 
bond strength of the carbon-heteroatom 
(C-X, X = N, S, 0) bond increases in the 
order sulfur, nitrogen, and oxygen. In 
agreement with expectation from C-X 
bond strength order, Satterfield and Co- 
chetto (IO) found the catalytic pyridine 
HDN to be more difficult than thiophene 
HDS. In a more recent report Furimsky (6) 
noted that the relative rates of simultaneous 
S, N, and 0 removal from a heavy gas oil 
are in the decreasing order C-S > C-N > 
C-O, based on heterocyclic compounds. 
However, from studies with model feed 

mixtures (of N, S, and 0 compounds), 
Rollmann (4) proposed a different order of 
reactivity that does not follow the order of 
the C-X bond strength: p-alkyphenols are 
argued to be more reactive to HDO than 
benzothiophenes are to HDS, and these in 
turn are more reactive than indoles to 
HDN. 

Reaction network for indole HDN. The 
distribution of indole HDN products sug- 
gests a sequence involving hydrogenation 
of the nitrogen-containing ring as the first 
step. This is followed by hydrocracking of 
the C-N bond to form o-ethylaniline. The 
eventual hydrocracking of the second C-N 
bond produces ammonia (NH3) and ethyl- 
benzene, with the latter undergoing partial 
hydrogenation to ethylcyclohexene and 
ethylcyclohexane. At the higher tempera- 
tures of our study (300-350°C) another re- 
action involving hydrogenation of the aro- 
matic ring of the o-ethylaniline competes 
with the second C-N hydrogenolysis rate. 
The aromatic ring hydrogenation gives o- 
amino ethylcyclohexane which then loses 
ammonia to form ethylcyclohexane. There- 
fore we will use the following reaction net- 
work, which has support, for the hydro- 
denitrogenation of indole: 

Under our reaction conditions (250- 
350°C 69 atm Hz pressure) the second step 
of this network is the rate-determining step 
for overall hydrodenitrogenation, in agree- 
ment with literature reports (4, 13). More- 
over, indole and indoline appear to be in 
thermodynamic equilibrium, with the equi- 
librium shifting in favor of indole as the 
temperature increases. Following the het- 

erocyclic ring opening, the consecutive 
steps (3) and (4) were observed by White- 
hurst et al. (5) and Aboul-Gheit and Abdou 
(23). They did not observe steps (5) and (6). 
Rollmann (Z4), on the other hand, reported 
over 90% selectivity to alkylcyclohexane 
(via steps (5) and (6)) at 344°C on CoMo 
catalysts. This selectivity decreased to 74% 
at 399°C. As mentioned earlier, steps (5) 
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TABLE 6 

True Rate Constants and Equilibrium Adsorption Coefficients for m-Cresol and Indole 

Temperature 
(“0 

m-Cresol 

10’ km 
(moles(hr f g . cat)-‘) 

KC 
(liters/mole) 

Indole 

104 km 
(moles(hr . g . cat)-‘) 

KN 

(liters/mole) 

250 13.4 21.1 1.1 2172.5 
275 62.6 5.6 2.5 79.6 
300 254.9 1.7 5.3 3.7 
350 3006.4 - 20.2 - 

E.” or AH 35.0 30.2 20.0 76.0 
In Ab or ASIR 27.0 26.0 10.0 65.4 

@ E, and AH are in kcal/mole. AH refers to Kc and KN. 
b ASIR refers to Kc and KN. For Kc and KN we used: 

AG=AH-TS=--RTlnK;hK=G= (.gg). 

and (6) in our studies did not become signifi- 
cant until higher temperatures (300°C and 
above). 

CONCLUSIONS 

Indole (indoline) inhibits the HDO of m- 
cresol. To a lesser degree, m-cresol simi- 
larly inhibits the HDN of indole. The 
HDO-HDN conversion data are fitted by a 

TABLE 7 

Bond Energies between 
Carbon and Heteroatoms in 

Polyatomic Molecules 
(17, 18) 

Bond Energy 
(kcal/mole) 

C-H 99 
c-c 83 
c=c 148 
c=c 194 
N-H 93 
C-N 70 
C=N 147 
C=N 210 
c-s 65 
c=s 128 
S-H 83 
c-o 82 
c=o 169 
O-H 110 

relatively simple Langmuir-Hinshelwood 
kinetic model, similar to that used to de- 
scribe the HDO-HDS data (paper II). The 
simple kinetic expressions assume equal 
competition for the oxygen binding sites by 
indole and indoline, its hydrogenation prod- 
ucts. 

The analysis of the data yields the true 
rate constants kuno, kuDN for hydrodeoxy- 
genation and hydrodenitrogenation reac- 
tions, respectively, as well as the binding 
constants Kc, KN for m-cresol and indole, 
respectively. The magnitude of the binding 
constants and the heats of adsorption for m- 
cresol and indole deduced from pure com- 
ponent HDO and HDS experiments explain 
the greater inhibiting influence of HDO by 
indole versus the inhibition of the HDN re- 
action by m-cresol, provided both conver- 
sions occur on the same site. The moderate 
inhibition of the HDN reaction by m-cresol 
may become yet more significant in a real 
feedstock (e.g., coal-derived liquids) which 
contains (i) significantly more oxygen-con- 
taining cresol species than nitrogen-con- 
taining compounds, or (ii) more stable oxy- 
genates than cresols (e.g., benzofurans). 

The HDO-HDN data show that m-cresol 
&oxygenation (HDO) is faster than o-ethyl- 
aniline denitrogenation (HDN), and this is 
in turn faster than indole denitrogenation 
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(HDN) under the same experimental condi- 8. McIlvried, H. G., Ind. Eng. Chem. Process Des. 
tions . Deu. 10(l), 125 (1971). 

As far as we are aware, this is the first 9. Sonnemans, J., et al., J. C&al. 31,220 (1973); 34, 

study in which the mutual interaction of 215 (1974); 34, 239 (1974). 

catalytic HDO and HDN reactions is spe- 
10. Satterfield, C. N., and Cochetto, J. F., AZChE J. 

21(6), 1100, 1107 (1975). 
cifically addressed. II. Satterfield, C. N., et al., Znd. Enn. Chem. Process 

Des. Dev. 17(2). 141 (1978). 
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