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The kinetics of concurrent indole hydrogenolysis and naphthalene hydrogenation in the presence 
of varying concentrations of H2S were studied in a fixed-bed reactor at 350°C and 35 atm total 
pressure over a sulfided CoMo/AI203 catalyst. Major reaction products from indole hydrogenolysis 
consisted of o-ethylaniline, ethylcyclohexane, and ethylbenzene, with small amounts of dihydroin- 
dole formed in equilibrium with indole. Data were analyzed with Langmuir-Hinshelwood rate 
equations. It was found that the rate of the first C-N bond-breaking step leading to o-ethylaniline 
depended on the square root of the H2S partial pressure and was inhibited by indole and dihydroin- 
dole. Ring hydrogenation reactions were similarly inhibited, but were little affected by H2S. The 
kinetic analyses support the concept that different catalyst sites are involved in the C-N hydrogen- 
olysis and ring hydrogenation reactions. © 1990 Academic Press, Inc. 

INTRODUCTION 

A number of kinetic studies have been 
reported on the hydrodenitrogenation 
(HDN) of quinoline (1-5) and indole (6-8) 
over sulfided CoMo/A1203 or NiMo/A1203 
catalysts. These studies have shown that 
the reaction proceeds sequentially in the 
order: (1) rapid hydrogenation of the 
N-containing ring; (2) hydrogenolytic 
cleavage of the/3 C - N  bond forming an aro- 
matic amine; and (3) cleavage of the a C - N  
bond (with or without attendant hydrogena- 
tion of the residual carbocyclic aromatic 
ring) to give hydrocarbons and ammonia. 
The predominant hydrocarbon product is 
an alkylcyclohexane, accompanied by 
smaller amounts of alkylbenzene. It should 
be appreciated that if in the above reaction 
sequence a ring hydrogenation (HYD) step 
is rate-limiting, then the overall HDN 
(based on hydrocarbon products) may rep- 
resent HYD rather than C - N  bond break- 
ing. It is obvious in such a case that the 
HDN rate does not necessarily relate to C-  
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N bond hydrogenolysis (CNH). In the 
present study, the individual C - N  bond hy- 
drogenolysis and ring hydrogenation steps 
involved in the reaction sequence for the 
hydrogenolysis of indole are separately an- 
alyzed to obtain rate expressions for each. 

It is well-known that N-containing com- 
pounds adsorb strongly on sulfided molyb- 
dena catalysts. Consequently, the rate of 
hydrogenolysis is inhibited by reactant, 
N-containing intermediates, and ammonia. 
Since each step in the overall reaction se- 
quence requires analysis of a complex 
Langmuir-Hinshelwood rate expression, a 
complete description of the kinetics of the 
entire process becomes difficult. An exam- 
ple of the ~omplexity of the analysis is 
given by Satterfield and Yang (9), where 10 
individual steps with inhibition terms were 
considered in treating the HDN kinetics of 
quinoline; even in this case, several as- 
sumptions were needed relative to average 
adsorption strengths of the various N-com- 
ponents present. For this reason, a pseudo 
first-order treatment is often applied to data 
obtained at the same feed composition with 
different reaction times. In such a case, the 
relative contributions of the individual 
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steps can be approximately assessed. For 
low conversions, further analysis may be 
done to relate the pseudo first-order rate 
constants to the partial pressures of the var- 
ious species present in order to extract the 
kinetic parameters and inhibition terms by 
varying the feed composition (4, 6). In the 
present study, indole was used as a model 
for the HDN reaction, since the reaction 
network of this compound is less complex, 
viz., has fewer intermediates than that of 
quinoline. 

Studies in which the HzS concentration 
was varied showed that it had a mild or 
moderate inhibition on ring hydrogenation, 
but a strong accelerating effect on C-N 
bond hydrogenolysis (1, 2, 10, 11). The 
present paper is specifically concerned with 
a kinetic treatment which quantitatively re- 
lates the promotional effect of HzS on the 
rate of the C-N bond-breaking reaction, the 
main objective being to develop an appro- 
priate equation for the H2S promotional 
effect. 

Much controversy attends the question 
as to whether only one type of active site or 
different sites are involved in the different 
reactions which occur on this catalyst (12). 
This is pertinent to the present study in that 
both C-N bond hydrogenolysis and ring hy- 
drogenation steps are involved in the HDN 
of indole, and the particular site require- 
ments should be incorporated in the kinetic 
analysis. Therefore, a secondary objective 
of this study was to develop kinetic expres- 
sions for the individual reaction steps. To 
further elucidate the ring hydrogenation re- 
action per se, naphthalene was added to the 
indole feed. 

EXPERIMENTAL 

Catalyst and Experimental Procedure 

The catalyst used was Ketjenfine 124- 
1.5E, which consisted of 3.5% CoO and 
12 .0% M o O 3  supported on alumina (180 
m2/g).  The 1.6-mm extrudates were 
crushed and sieved to 20- to 40-mesh parti- 
cles and calcined at 500°C for 16 h. 

TABLE 1 

Reaction Conditions for Runs with 
Variable CS2 Feed 

Catalyst (g) 0.50 
Temperature (°C) 350 
Pressure (atm) 35 
Feed rate ~ (ml/h) 5.0-16.7 
H2 rate (cm 3 (STP)/min) 140 
Indole pressure (atm) 0.05-0.14 
Naphthalene pressure (atm) 0.05-0.13 
H2S pressure (atm) 0.10-1.08 
H2 pressure (atm) 32.1-26.8 

Feed: 2 wt% indole, 2 wt% naphthalene, 
1.0, 2.0, or 4.0 ml CS2, balance N-heptane. 

Kinetic runs were carried out in a fixed- 
bed reactor (7) at 350°C under vapor-phase 
conditions. A 0.5-g sample of catalyst, 
mixed with 5 cm 3 of glass beads, was pre- 
sulfided in situ with a 10% H2S-90% H2 
mixture under atmospheric pressure and 
400°C for 2 h. The liquid feed consisted of 
2.0 wt% of indole, 2.0 wt% of naphthalene, 
and either 1.0, 2.0, or 4.0 ml of carbon di- 
sulfide, dissolved in n-heptane. A constant 
hydrogen flow of 140 cm 3 (STP)/min was 
maintained throughout the runs. After ag- 
ing the catalyst for 2 days under reaction 
conditions, liquid samples were taken at 
various liquid flow rates between 5 and 16 
ml/h. Product samples were analyzed by 
gas chromatography on a 0.32 x 366-cm 
stainless-steel column packed with 6% OV- 
17 on 100-120 mesh Chromosorb, by use of 
an FID detector and a temperature pro- 
gramming of 10°C/rain. The identity of indi- 
vidual products was determined by com- 
parison with pure reference samples. 

Two series of runs were carried out. In 
one, the same catalyst was used in several 
runs in which the carbon disulfide concen- 
tration was varied. The ranges of reaction 
conditions used in this series are given in 
Table 1. In the second series, another cata- 
lyst charge was used and the hydrogen 
pressure was varied. The major organic 
products of the hydrogenation-HDN reac- 



258 MASSOTH, BALUSAMI, AND SHABTAI 

H H 
IND HIN 

OEA 

CNH , ~ N H  
2 

L_ _2 
E8 

ECH 

FIG. 1. Reaction network for HDN of indole. 

tion were o-ethylaniline (OEA)fl ethylcy- 
clohexane (ECH), and ethylbenzene (EB). 
Smaller amounts of dihydroindole (HIN), 
aromatic amines (<3%), and higher molec- 
ular weight polymers (<5%) were also 
formed. Effectiveness factors calculated 
according to Satterfield (13) showed that 
they were essentially unity under the reac- 
tion conditions employed. 

2 List of symbols used: b, ratio of promoted to un- 
promoted rate constants, arm-m; D, inhibition term; 
DEC, decalin; ECH, ethylcyclohexane; EB, ethylben- 
zene; f~,, equilibrium function, Eq. (21); fn, hydrogen 
function, Eq. (23); f~, promotion function, Eq. (9); f~, 
promotion function, Eq. (14); F m, molar flow rate, 
mol/h; FH, hydrogen flow rate, cm3(STP)/min; FL, liq- 
uid feed rate, ml/h; Fr, total flow rate, cm3(STP)/min; 
g, parameter function, Eq. (17) or (24); HIN, 2,3-dihy- 
droindole; IN, indole; k, rate constant, liter/h-g; k' ,  
promoted rate constant, liter/h-g-atmm; k °, rate con- 
stant, liter/h-g-atm; K, adsorption constant, atm-X; 
K~q, IN-HIN equilibrium constant, atm-1; m, expo- 
nent on Ps; n, exponent on D; NAP, naphthalene; 
OEA, o-ethylaniline; p, partial pressure, atm; pO, inlet 
partial pressure of indole, atm; P, total pressure, arm; 
r, reaction rate, liter/h-g; S, ECH/EB selectivity; 
TET, tetralin; VL, liquid feed molar volume, ml/mol; 
Wc, catalyst weight, g; x, CNH conversion, Eq. (1); 
x' ,  HDN conversion, Eq. (2); X, mole fraction; 
y, NAP conversion, Eq. (6). Subscripts used: A, 
IN + HIN (also refers to pathways in Fig. 6); AM, 
NH3; B, OEA; C, ECH; D, EB; H, H2; s, HzS. A, B, C 
and D also refer to pathways in Fig. 6. Greek symbols 
used: ~-, space time, h-g/liter. 

Data Treatment 

The reaction network for the HDN of in- 
dole (IN) given in Fig. I has been previ- 
ously studied. The conversion of IND to 
dihydroindole (HIN) is fast, being essen- 
tially at equilibrium under the reaction con- 
ditions employed (6-8). The main interme- 
diate, o-ethylaniline (OEA), reacts further 
by two paths (8, 14), viz., direct hydro- 
genolytic denitrogenation leading to ethyl- 
benzene (EB), or, preferably, ring hydroge- 
nation, followed by fast denitrogenation 
leading to ethylcyclohexane (ECH). The in- 
termediate, ethylcyclohexylamine, is very 
reactive and was not observed in the prod- 
ucts. The rate-limiting step for formation of 
ECH is a ring hydrogenation (HYD) rather 
than a C-N breaking step. The hydrogena- 
tion of EB to ECH was negligible under the 
reaction conditions used. 

Since the hydrogenation of indole to di- 
hydroindole is at equilibrium under our re- 
action conditions, it is convenient to con- 
sider both as reactants for the purpose of 
determining the conversion of the first C-N 
bond hydrogenolysis (CNH) step. Thus, 
the CNH conversion, x, is given by 

XOE A + XEC H + XEB 
x = EXi (1) 
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where X is the mole fraction of hydrocar- 
bon reactant or products as determined by 
GC analysis. The HDN conversion, x ' ,  
which includes only hydrocarbon products, 
is given by 

x' = XECH + XEB (2) 
EXi 

The hydrogenation selectivity, S, is de- 
fined by 

S ~- XEcH/XEB. (3) 

The mode of operation adopted in the 
runs involved varying the liquid feed rate 
while holding the H2 flOW rate constant. 
Hence, the total gas space velocity varied 
only slightly ( -15%) over the liquid feed 
rate range studied (since a high ratio of H2 
to liquid feed was employed), whereas the 
indole partial pressure varied almost pro- 
portionally with the liquid feed rate. The 
space time, z, is given by 

z = Wc/FT, (4) 

where Wc is the catalyst weight (g), and FT 
is the total gas flow (cm 3 STP/min). The 
space time is uniquely determined by the 
liquid feed flow rate, FL (ml/h), by the rela- 
tion 

22,400 
FT = FH + - ~  FL/VL, (5) 

where Fn is the hydrogen flow rate (con- 
stant at 140 cm3/min) and VL is the molar 
volume of liquid feed (taken equivalent to 
heptane). 

Since naphthalene (NAP) was a coreac- 
tant with indole, the above equations also 
apply to the hydrogenation of the former. 
The reaction products of naphthalene hy- 
drogenation were decalin (DEC) and tetra- 
lin (TET). The naphthalene hydrogenation 
conversion, y, is defined in terms of the 
overall hydrogenation of the first and sec- 
ond rings in NAP and is given by 

XDEC -t- XTET 
Y - Y~Xj ' (6) 

where ~]Xj is the sum of XDEC + XTET + 
XNAP. 

RESULTS 

A. Course o f  the Reaction 

Variations in reactant (IN + HIN) con- 
version (x) with liquid feed rate, at three 
different CSz concentrations, are given in 
Fig. 2. Since the H2 flow rate was kept con- 
stant, the total gas flow rate only changed 
nominally (about 15%), whereas the con- 
centration of reactant changed appreciably 
over the range of liquid flow rates. Thus, if 
the rate of disappearance of reactant was 
first-order, only a small loss in conversion 
would be expected as the liquid flow rate 
increased. The large drop in conversion in- 
dicates appreciable inhibition of the reac- 
tion due to adsorbed reactant and/or prod- 
ucts. A similar effect is noted in the HDN 
conversion (x'), e.g., conversion to hydro- 
carbon products. 

The observed effect of increasing HzS 
(CSz) in the feed was to increase the con- 
version of reactant, i.e., to accelerate the/~ 
C-N  bond hydrogenolysis step, leading to 
OEA. Overall formation of hydrocarbon 
products (HDN conversion) was also in- 
creased with higher H2S concentrations 
(Fig. 2), but to a somewhat lesser extent. 

Figure 3 shows the course of the reaction 
with respect to the OEA intermediate and 
the hydrocarbon products ECH and EB. 
The maxima in the OEA curves signify that 
OEA is a true intermediate in the reaction 
pathway, whereas the increasing ECH and 
EB concentrations with increasing conver- 
sion are consistent with these being second- 
ary products of the reaction of OEA (Fig. 
1). For each run at a different CS2 feed 
level, the hydrogenation selectivity 
ECH/EB ratio was approximately con- 
stant, indicating that hydrogenation of EB 
to ECH was negligible, in agreement with 
previous results (7). Increase in the level of 
CS2 in the feed resulted in higher yields of 
OEA, lower yields of ECH, and only 
slightly lower yields of EB (viz., selectivity 
decreased with increase in CSz), at the 
same conversion (Fig. 3). However, at the 
same space time, both overall conversions 
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FIG. 2. CHN (×) and HDN (x ') conversions vs liquid feed rate. Symbols: (O) 4.0, (n) 2.0, (~) 1.0 ml 
CS2 in 100 ml of liquid feed; open for CNH and solid for HDN. 
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FIG. 3. Product selectivities vs CNH conversion (x). Symbols: (O) OEA, (O) ECH, (O) EB; (O) 4.0, 
(e)  2.0, (O) 1.0 ml CS2 in feed. 
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FIG. 4. CHN conversion (×)  vs hydrogen partial pressure. Symbols: ((3) 8.0, ([]) 12.0, (©) 14.0 ml/h 
liquid feed rate. 

(CNH) and hydrocarbon yields (HDN) in- 
creased with increasing H2S (Fig. 2). 

Figure 4 shows the effect of total pres- 
sure on CNH conversion at three liquid 
feed rates. The H2 pressure is approxi- 
mately proportional to the total pressure. 
The results indicate a substantial increase 
in CNH rate with increasing H2 pressure. 

In Figure 5 is shown the naphthalene hy- 
drogenation conversion during the indole 
runs as a function of the liquid feed rate. 
This reaction also shows evidence of reac- 
tant/product inhibition. The somewhat 
higher conversions at higher CS2 feed levels 
would seem to indicate a slight promotion 
of the hydrogenation by H2S. But as shown 
later, this is a manifestation of the compan- 
ion indole conversion rather than a true 
promotional effect. 

B. Kinetics o f  CNH 

1. Preliminary analysis. The kinetics of 
the reactions involved in the indole net- 
work and in concurrent naphthalene hydro- 
genation were analyzed according to the re- 
action scheme of Fig. 6. We assume that 

the first C-N hydrogenolysis step leading 
to OEA occurs by the energetically easier 
reaction of HIN, rather than IN. However, 
since the concentration of HIN was low (in 
the order of 10% of the total indole concen- 
tration), with consequent greater potential 
error in analysis, and since HIN was in equi- 
librium with IN, analysis was made on the 
basis of the sum of IN + HIN in order to 
improve accuracy. 

Preliminary kinetic analysis of the CS2 
series of runs was made assuming constant 
hydrogen partial pressure (about 18% varia- 
tion in hydrogen pressure occurred over the 
feed range used). Since the CNH reaction 
showed reactant/product inhibition, we 
adopted a Langmuir-Hinshelwood rate ex- 
pression of the form 

k A X A  - 
--rA -- ~ J'~, (7) 

where rA is the CNH rate, kA is an apparent 
rate constant, XA is the mole fraction, f~ is a 
function of the hydrogen sulfide partial 
pressure, DA is an inhibition term of order 
n, and subscript A stands for IN + HIN 
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FIG. 5. Naphthalene conversion (y) vs liquid feed rate. Symbols as in Fig. 2. 

(Fig. 6). The function f~ accounts for the 
promotional effect of H2S on the CNH re- 
action. In order to develop a relationship 
forf~ in terms of ps, consideration must be 
given to the fact that HDN can occur in the 
absence of HzS (15, 16). Therefore, we as- 
sume reaction can proceed by two paths, 
one unpromoted and the other promoted by 
H2S. We presume the promoted path would 
be proportional to some power, m, of the 
H2S partial pressure. For the overall rate, 
assuming the same sites are involved, one 
can formulate 

kAXA + k'AXA m 

r A -- D----~- a --~A P s 

kAXA 
= D-----~A (1 + b A p m ) ,  ba  = k ' A / k a ,  

(8) 

where kk is the apparent rate constant for 
the promoted reaction. Comparison of Eqs. 
(7) and (8) gives 

f~ = 1 + bAp m (9) 

DA = 1 + Y~KiPi, (10) 

where Ki is the adsorption constant for each 
adsorbed specie. As hydrocarbons are rela- 

tively weakly adsorbed compared to N- 
containing compounds, only the latter are 
considered in the analysis. In terms of con- 
version of x and x', DA becomes 

DA = 1 + KApO(1 -- X) + KBp°A(X -- X') 

+ KAMPOAX '. (11) 

Here, p0A is the indole feed partial pressure, 
KA is a combined adsorption constant for 
IN and HIN (see later), KAM is the absorp- 
tion constant for NH3, and p ° x '  is the am- 
monia partial pressure (equivalent to PECH 
+ PEB). 

,•EB kB (D) 

IN _ ~ HIN -~ OEA 

k A ~ k¢ ECH 
CA) (C) 

NAP TE T D~C 

FIG. 6. Reaction scheme for kinetic analysis. 
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The rate of  C N H  can now be written 

dx kA(l - x)f~ 

dr  (1 + KAp°(1 - x)  + K B p ° ( x  -- x ' )  

+ KAMpOx'] n 

(12) 

Solution of Eq. (12) requires a relationship 
between x '  and x. This can be obtained 
from an analysis of  the second C - N  bond 
breaking hydrogenolysis  reaction of OEA 
to EB. Thus,  referring to Fig. 6, 

dXD kDXB 
dz = Df~ "f~'  (13) 

where the H2S promotional  factor f~ is 
given by 

f £  = I + bDp~ (14) 

Since XD = X'/(1 + S ) ,  Eq. (13) becomes 

1 dx '  kD(X -- x ' )  
- -  = . f ~ .  ( 1 5 )  1 + S  dr D~ 

Assuming the same sites are involved for 
both C - N  bond breaking steps (DA = DD), 
division of  Eq. (15) by Eq. (12) gives 

dx '  kDf~ {x  - x '  
dx - kAA  (1 + S) ~ 1 _-]--Z~/.] (16) 

Solution of  this equation gives 

x '  = 1 - x + ~ [ 1  - x -  (1 - x ) g ]  

(17) 

k D f ' ( 1  + S) .  
g = k A ~  

Finally, incorporat ion of  Eq. (17) into Eq. 
(12) gives an expression in terms of the two 
variables x and r,  

dx kA(1 -- X)fs 

dr  [1 + KAp°(1 - x) + KBp°a[X -- x(g)] 

+ KAMpOx(g)]  

(18) 

where x ( g )  = x '  in Eq. (17). 
Equation (18) could not be evaluated for 

best estimates of  the parameters  by a nu- 
merical integration technique because each 

TABLE 2 

Parameter Values from Eq. (19) 

n 1 1 2 2 
m 1 ½ 1 ½ 

kA (liter/h-g) 59.6 44.3 44.6 32.9 
bA (atm -m) 0.64 1.12 0.65 1.17 
KA (atm ~) 40.8 40.5 9.71 9.70 
Rel. error (%) 3.66 2.81 3.71 2.64 

change in liquid flow gives a different pO 
value, i.e., pO and p~ are not independent of 
r. Therefore,  it was necessary to integrate 
Eq. (18) for each individual liquid flow rate 
in which pO and p~ are constant.  Because of  
the complexity of  the integrated forms ob- 
tained, especially for n = 2, simplified cases 
were first evaluated in which certain of the 
K terms were set equal to zero. By this 
analysis, it was found that KA was signifi- 
cant and that KB and KAM were negligible. 
Thus, Eq. (18) reduces to 

dx kA(l -- x) 
= [1 + KAp°(1 -- X)] ';f~" (19) 

Nonlinear least-squares analyses per- 
formed on integrated forms of  Eq. (19) for 
n = 1 or 2 gave the results listed in Table 2. 
The objective function, Rel. error,  is de- 
fined by 

Rel. error  = 100~/D~E F 

i=l \ Fi / ' 

where I1,. is the experimental  value, Fi is the 
fitted equation value, DF is the degrees of  
freedom, and N is the number of  data 
points. As can be seen, the cases with m = 
½ give the lowest standard deviations, while 
cases with n = I or n = 2 are not signifi- 
cantly different. For  simplicity, the rate 
form of  Eq. (19) with m = ½ and n = 1 was 
chosen for further  analysis to include the 
effect of  changing hydrogen pressure. Be- 
fore this can be done,  the effect of hydro- 
gen pressure on the rate must be evaluated. 
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FIG. 7. HIN/IN equilibrium ratio vs temperature. 

2. Effect of hydrogen pressure. In order 
to evaluate the hydrogen pressure effect on 
the CNH rate, account must be taken of the 
IN-HIN equilibrium, which is dependent 
on hydrogen pressure, viz., 

XHIN 
X l  N - KeqPrt, (20) 

where Keq is the equilibrium constant, and 
PH is the hydrogen partial pressure. In or- 
der to confirm that equilibrium is achieved, 
separate runs were made with another 
CoMo/AlzO3 catalyst at 35 atm total pres- 
sure and several temperatures between 275 
and 350°C. A plot of the data, given in Fig. 
7, shows good conformance to a van't Hoff 
plot, with a heat of reaction of 9.2 - 0.5 
kcal/mole. 

According to the kinetic reaction scheme 
of Fig. 6, the CNH rate depends on the 
HIN concentration and the rate constant 
kB. It is shown in Appendix A that the rela- 

tionship between kA and kB is given by 

KeqPH 
kA = kBfeq, feq -- 1 + KeqPH" (21) 

From measurements Of XHIN/X1N under var- 
ious conditions, a value OfKeq = 4.0 × 10 3 

atm at 350°C was obtained. The variation of 
KA with pressure must also be considered. 
It is shown (Appendix B) that 

KA = KIN + KHINKeqPH (22) 
1 + KeqPH 

Finally, the variation of kB with PH is to be 
evaluated, viz., 

kB = kOBfH, (23) 

where /~B is the pressure independent rate 
constant and fH is a function of PH to be 
determined. Incorporation of Eqs. (21)- 
(23) into the rate Eq. (19) for n = 1 gives a 
similar equation where kA = k°fHfeq and KA 
is given by Eq. (22). A satisfactory correla- 
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T A B L E  3 

Parameter Values from E q s .  (19), 
(21), (22), and (23) 

For n = 1 and  m = ½ (Keq = 4.0 × 10 3 a tm  i) 

k ° ( l i t e r /h -g -a tm)  6.14 ± 1.07 

KIN ( a t m )  8.0 -+ 6.9 
K/-IIN (a tm -I) 50.8 ± 37.6 

Rel.  e r ro r  (%) 19.0 

tion of  this equation was obtained when 
fH = PH, i .e. ,  the rate is first-order in hydro- 
gen partial pressure. Parameters obtained 
from this fit are given in Table 3 and the 
goodness  of fit to the data is shown by the 
lines in Fig. 4. 

Since the objective of  the above correla- 
tion was to determine the hydrogen pres- 
sure effect on the C N H  rate constant,  kB, 
for the CS2 run series, it can be concluded 
that first-order in PH is suitable for correla- 
tion purposes.  The inclusion of PH in the 
rate is necessary for more precise correla- 
tion since a variation of  about 18% in pH 
occurred over the range of  liquid feeds em- 
ployed (Table 1). From the values of  KIN 
and KHI N of Table 3, the variation in KA 

over the range of  hydrogen pressures was 
about 9%. However ,  since KA appears in 
the inhibition term, D, its variation has con- 
siderably less effect on the rate. Conse- 
quently,  it was considered a constant in 
subsequent analyses.  

T A B L E  4 

Parameter Values from E q s .  (19), (21), and  (22)" 

n 1 1 b," 2 2 

m 1 ½ 1 ½ 

k ° ( l i t e r /h -g-a tm)  11.0 7.64 -+ 0.57 9.93 6.91 
ba  (a tm -m) 0.77 1.44 ± 0.20 0.77 1.46 

KA (arm ~) 16.5 16.5 + 1.7 5.57 5.57 
Rel .  e r ro r  (%) 3.87 2.82 4.19 3.12 

o f s  = 1 + bAp~, f e q  = KeqPH/(I + KeqPvi), Keq = 
4.0 × 10 -3 a t m  -I.  

b E q u a t i o n  I of Table 5. 
c _+ are 95% confidence intervals. 

3. Kinetics of C-N hydrogenolysis 
(CNH). Using the integrated forms of E q .  

(19) with ka = kOfeqPH, best parameter esti- 
mates were recalculated for cases with n = 
1 or 2 and m = 1 or ½. The results are given 
in Table 4. Again cases with m = ½ gave 
lowest  error, and cases with n = l or 2 were 
about equivalent. The case of  n = 1 and 
m = ½ was chosen as suitable to represent 
the C N H  kinetics. The resultant equation is 
given by Eq. I in Table 5. Fit of the data to 
this equation is shown by the solid lines in 
the x vs FL plots of  Fig. 2, where a good fit 
is obtained. 

4. Kinetics of hydrodenitrogenation 
(HDN). Equation (II) of  Table 5 gives a 
rate expression for the H D N  reaction. Here 
we assume the same sites are involved for 
CNH of  OEA as for CNH of HIN (and con- 
sequently the same adsorption constant) 

T A B L E  5 

Best Equations Used in Kinetic Analysis 

1st CNH: IND --+ O E A  

dx = k°pHfeqfs , (1 - x) (1) 
dr DA 

2nd CNH: O E A  ~ ,  E B  

dx' k°pHf~(1 + S) 
• ( x - x ' )  (II) - -  = 

dr D A 

dx' k°f~(l + S)  (x - x ' )  
= ~ £ , Z  (1 - x)  (III) 

H Y D :  O E A  ~ E C H  

dx' k° pH( l + S) 
d---7 = DcS • (x - x') (IV) 

k° DA 
s - (v) 

I~Df ~ Dc 

H Y D :  N A P - - +  T E T  + D E C  

dy k° pH 
~rr = DH ' ( 1  - - y )  (VI) 

dy k°DA (1 - y )  
(VII)  - -  = 

dx .~ofeqfsOH (1 -- X) 

Note. DA = 1 + KApOA(1 -- X); DC = 1 + K'Ap°(1 -- 
X) + K~p~;DH = 1 + K'~p°(1 - x ) ; f s  = 1 + bA~PPs;f~ 

KeqPH 
= 1 + bD~PPs;feq -- 1 + KcqpH" 
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TABLE 6 

Parameter Values for Eqs. (16) 
and (17) 

k ° (liter/h-g-atm) 0.170 ± 0.019 
bD (atm 1/2) 0.342 ± 0.161 
Rel. error (%) 5.09 

and that the former reaction is also first- 
order in PH. Dividing Eq. (II) by Eq. (I) of 
Table 5 gives Eq. (III), which is similar to 
Eq. (16) and its integrated form Eq. (17), 
with 

k° f~ 
g - ~fcqfs" (24) 

This equation was solved by nonlinear anal- 
ysis to give best values of the parameter k ° 
and bo from the x, x' ,  and S data, using 
values of k ° and bA from Table 4 for n = 1 
and m = 1. The results, listed in Table 6, 
show that the rate constant for CNH of 
OEA to EB (k °) is about 50 times smaller 
than that for CNH of HIN (k ° of Table 4). 
Also, the significant value of bo indicates 
that the CNH of OEA is promoted by H2S, 
in a way similar to the CNH of HIN, but to 
a lesser extent. The goodness of fit to the 
data using these parameters and experi- 
mental S values is shown by the solid lines 
in Fig. 2. On the whole, a good representa- 
tion of the data is obtained. 

5. Kinetics of hydrogenation (HYD) of 
OEA. Two cases need to be considered, 
viz., (a) the same sites are involved in CNH 
and ring hydrogenation (HYD), or (b) dif- 
ferent sites are operative for the two types 
of reaction. We assume the HYD reaction 
is first-order in hydrogen partial pressure. 
The reaction of o-proplyaniline has been re- 
ported to be first-order in hydrogen (3). 

In case (a), from the kinetic scheme of 
Fig. 6, Eqs. (II) and (IV) of Table 5 apply to 
the conversion of OEA to EB and ECH, 
respectively. Dividing Eq. (IV) by Eq. (II) 
with DA = De gives 

S o o , = kc/kDf~, (25) 

which shows the hydrogenation selectivity 
to be only a function of the HzS partial pres- 
sure. Analysis of Eq. (25) gave the value for 
k ° in Table 7. This rate constant is about 
five times larger than k °, in line with the 
high ECH/EB ratios observed. 

Equation (25) provides a relationship for 
predicting S from the appropriate parame- 
ters. This equation for S was incorporated 
into Eq. (17) with Eq. (24) for g to predict 
values o fx '  and Xi from x and the appropri- 
ate parameters. The data fits are shown by 
the dotted lines in Fig. 3. It is clear that the 
assumption of identical sites for CNH and 
ring hydrogenation gives a rather poor fit to 
the data. 

In case (b), viz., if different sites are in- 
volved in the CNH and hydrogenation reac- 
tion paths of OEA, then Eq. (V) of Table 5 
applies. Here De represents the inhibition 
term with respect to adsorption on the 
HYD sites where it assumed that only IN 
and HIN are strongly adsorbed, but the ad- 
sorption constant, K~,, could be different 
from that on the CNH sites. It was also 
found that a much better fit was obtained by 
including an adsorption term, K~, for H2S 
adsorption. Best parameters to the data fit 
of Eqs. (17) and (IV) are listed in Table 7. 
Data correlation with these values gave the 
solid lines in Fig. 3. It thus appears that a 
model involving different CNH and HYD 
sites is superior to one in which both reac- 
tions utilize the same sites (dotted lines of 
Fig. 3). 

6. Kinetics of naphthalene hydrogena- 
tion (HYD). In view of the above, the naph- 

TABLE 7 

Parameter Values for Hydrogenation 
of OEA to ECH 

DA = Dc DA :/: Dc 

k ° (liter/h-g-atm) 0.82 - .17 0.86 - 0.10 
Rel. error (%) 5.80 - -  
K~, (atm -~) 11.6 ± 1.4 
Ks (atm -~) 0.59 ± 0.11 
Rel. error (%) 3.16 
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TABLE 8 

Parameter Values for Hydrogenation of NAP 

DA = DH DA :~ DH 

k ° (liter/h-g-atm) 0.435 ± 0.024 0.448 ± 0.019 
K'A (atm 1) - -  19.4 ± 1.6 
Rel. error (%) 5.04 4.08 

thalene HYD was assumed to occur  on sep- 
arate sites from that of CNH,  with 
inhibition in IN and HIN.  The requisite rate 
equation is given by Eq. (VI) in Table 5. 
Here  the reaction is assumed to be first- 
order  in hydrogen pressure and DH is 
given by 

DH = 1 + K'~pOA(1 - -X)  + K'~'ps, (26) 

where K~ represents  combined adsorption 
of  IN and HIN,  and K" is the adsorption 
constant  for H2S. Dividing Eq. (VI) by Eq. 
(I) yields Eq. (VII) of Table 5. Integration 
and solution of this equation by nonlinear 
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analysis gave the parameters  listed in Table 
8. K" was found to be negligible in this case. 
A fit of  the data is shown by the solid lines 
in Fig. 5. Because of  the scatter of the data 
in Fig. 5, a bet ter  representat ion of  the data 
fit is given in Fig. 8, in which the flow rates 
are eliminated as a variable in the plot. 
Again the solid lines represent  the fit. If the 
same sites are assumed for CN H  and HYD 
of  naphthalene, i.e., DA = DH, the dotted 
lines were obtained. This case results in a 
slightly poorer  fit to the data. 

DISCUSSION 

The primary purpose of  this study was to 
develop the kinetics of the first C - N  bond 
breaking reaction (CNH), in particular to 
incorporate the promotional effect of hy- 
drogen sulfide on the rate. The analysis 
shows that the H2S promotion depends on 
the square root of the H2S partial pressure, 
implying dissociative adsorption of H2S. 
This has very significant implications con- 

0 . 4  

0 . 2  

( 

0 1 I I I 

0 .4  0 . 6  0 .8  

FIG. 8. Naphthalene conversion (y) vs CNH conversion (x). (--) Correlation for DA ± Dr; (---) 
correlation for DA = Dy. Symbols as in Fig. 2. 
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cerning the role of H2S in the mechanism of 
the HDN reaction occurring at the sulfided 
catalyst surface, as will be discussed in de- 
tail in the subsequent paper of this series. It 
was also found that the second C - N  bond 
breaking reaction leading from OEA to EB 
(Fig. 1) is likewise promoted by HzS, but to 
a lesser extent, with the result that the 
overall HDN rate is considerably less pro- 
moted than the rate of the first CNH step. 
Furthermore, the kinetic analysis shows 
that the CNH steps are strongly inhibited 
by the N-containing reactants, and only 
weakly, if at all by the products. 

The secondary objective of the study was 
to kinetically model the hydrogenation re- 
actions of the intermediate OEA and the 
concurrent hydrogenation of naphthalene 
to establish whether the same sites are uti- 
lized for CNH and HYD reactions. The 
results, not as clearcut possibly because of 
larger errors in the data, suggest that sepa- 
rate sites are involved. Overall, the HYD 
reactions appear to be strongly inhibited by 
N-containing compounds, particularly HIN 
and IN. 

Indole is rapidly converted to dihydroin- 
dole, the reaction being at equilibrium un- 
der the reaction conditions employed. This 
is evident from the good fit of the tempera- 
ture series (Fig. 7) and the fact that a mix- 
ture of IN + HIN gave essentially the same 
XmN/X~N ratio (7). The equilibrium data are 
also in good agreement with results of Ode- 
bunmi and Ollis (6). It is noted in this con- 
nection that in the HDN of quinoline, the 
hydrogenation to 1,2,3,4-tetrahydroquin- 
oline was also found to be essentially in 
equilibrium (2, 3). 

We consider that the primary C - N  hy- 
drogenolysis step resulting in OEA occurs 
from HIN rather than from IN, on the basis 
of the reported bond dissociation energies, 
i.e., 84 kcal/mol for the (aliphatic)C-N 
bond vs 105 kcal/mol for the (aromatic)C- 
N or/3 (vinylic) C - N  bond (17). Further, 
the rate constant found for CNH of the o~- 
bond in OEA (k°D) is about 50 times lower 
than for CNH of the/3-bond in HIN (k°), in 
accordance with the above. 

Although kinetic analysis could not dis- 
tinguish whether the inhibition term DA 
should be to the first or second power (Ta- 
ble 4), the first power was adopted for sim- 
plicity and the fact that a first-order term 
has been used by others for quinoline 
HDN. Our analysis showed only HIN and 
IN adsorptions to be important, with OEA 
and NH3 being relatively weakly adsorbed. 
An analogous situation was observed for 
the HDN of quinoline by Giola and Lee (5), 
who found quinoline and 1,2,3,4-tetra- 
hydroquinoline to be the major adsorption 
inhibitors. On the other hand, Miller and 
Hinemann (MH4) assumed all N-com- 
pounds, except NH3, were strongly ad- 
sorbed for quinoline HDN, while Satter- 
field and Yang (9) modeled their quinoline 
kinetics with adsorption constants for all N- 
compounds including NH3. 

No comparative adsorption constants for 
indole HDN have been reported. However, 
Satterfield and Cocchetto (3) report for 
quinoline HDN a ratio of KsA/KAA ~ 6, 
where SA and AA represent secondary 
amines and aromatic amines, respectively. 
We may equate HIN to SA and IN to AA, 
from which we obtain KHIN/KIN = 6.3 (Ta- 
ble 3), in good agreement with Satterfield 
and Cocchetto's value of KsA/KAA = 6. 

It is evident that OEA undergoes denitro- 
genation by two parallel pathways, as indi- 
cated in Fig. 1. The fact that the selectivity 
of ECH/EB is essentially invariant with 
conversion for a given feed, and that EB 
undergoes only about 5% conversion to 
ECH when run separately (an even lower 
conversion would be expected in the pres- 
ence of indole) indicates that the main 
HDN pathway involves ring hydrogenation 
of OEA (to an aliphatic amine) prior to 
C - N  hydrogenolysis, yielding ECH. The 
increase in ECH/EB selectivity with in- 
crease of CSz in the feed is additional evi- 
dence for separate pathways; i.e., each 
path is differently affected by HzS. Further- 
more, the equilibrium selectivity of ECH/ 
EB is about 65 under the reaction condi- 
tions employed. Since considerably more 
EB was observed, it is obviously derived 
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from OEA by a competing but slower path- 
way, i.e., direct (aromatic)C-N hydrogen- 
olysis. 

It has been suggested, on the basis of 
similarities in CHN and HYD activities for 
a number of different catalysts, that the 
same sites are active for both reactions (7, 
18) .  However, Giola and Lee (5) have 
claimed these reactions take place on dif- 
ferent sites. One may argue for the latter 
viewpoint on the basis that the CNH reac- 
tion is accelerated by H2S, whereas the 
HYD reaction is not. On the other hand, 
both reactions are strongly inhibited by N- 
compounds. One may envision the same 
adsorption sites for N-compounds and aro- 
matics, which have adjacent SH groups, 
the latter promoting the CNH reaction but 
having no effect on the HYD reaction. Mo- 
reau e t  al .  ( 1 9 )  have presented evidence for 
two different types of sites, viz., an elec- 
tron-withdrawing site for hydrogenation 
and an electron-donating site for heteratom 
hydrogenolysis. 

Our kinetic data are not entirely unequiv- 
ocal on this question, although most of the 
data are better explained by assuming two 
different types of sites for CNH and HYD. 
The data for HYD of OEA is clearly better 
assuming different sites, i.e., DA ~ Dc 
(solid lines in Fig. 3), than assuming the 
same sites, i.e., DA = Dc (dotted lines in 
Fig. 3), and the range of K~ values falls 
outside the range of K A values. However, 
the naphthalene HYD analysis yields a K~ 
value in the range of the KA value for CNH 
analysis (Tables 4 and 8), i.e., DA ~ DH, 
and the fit to the HYD data is about as good 
for this case as for DAv ~ DH (Fig. 8). Also, 
the fact that an H2S adsorption term was 
needed to obtain good data correlation for 
HYD of OEA, but not for HYD of NAP, 
points to differences in adsorption charac- 
teristics for these two reactions. 

CONCLUSIONS 

The salient findings from this study with 
respect to the reaction conditions employed 
are: 

1. Indole and dihydroindole are in equi- 
librium. 

2. The first C-N bond hydrogenolysis 
reaction is first-order in H2 partial 
pressure and inhibited by indole and 
dihydroindole. On the basis of a 
model consisting of a reaction center 
which is promoted by H2S, the rate of 
the promoted reaction is proportional 
to the square root of the HzS partial 
pressure. 

3. The second C-N bond hydrogenolysis 
reaction of o-ethylaniline to yield eth- 
ylbenzene is also promoted by HzS, 
but to a smaller extent. 

4. Ring hydrogenation reactions appear 
to take place on different sites from 
those for C-N hydrogenolysis reac- 
tions. 

APPENDIX A: RELATIONSHIP BETWEEN 
kA AND kB 

From Fig. 6, at constant hydrogen partial 
pressure, 

NXIN 
d r  - rl - r_ j  (A1) 

dXHIN kBXHIN 
d r  = DA ' f~ -- rl + r 1 (A2) 

XA = XIN + XHIN (A3) 

dXA dX1N dXHIN kBXHIN 
d - - 7  = - - T = D - - - - 7 "  

(A4) 

From equilibrium between IN and HIN, 

XHIN 
X1N -- KeqPH. (A5) 

Combining Eqs. (A3) and (A5), 

X A Keq P H 
XIND -- (A6) 

1 + geqPH 

dXA _ kBKeqPHXA 
d r  (1 + KeqPH)DA 

• f~.  ( A 7 )  

Comparison of Eq. (A7) with Eqs. (25) with 
XA = 1 - -xg ives  
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k A -  kBKeqPH (A8) 
1 + KeqPH' 

w h i c h  is c o n s t a n t  a t  c o n s t a n t  h y d r o g e n  
p r e s s u r e  and  t e m p e r a t u r e .  

APPENDIX B: RELATION BETWEEN 
KA, KIN, AND KHlN 

T h e  inh ib i t ion  t e r m  in Eq .  (A7) is g iven  b y  

DA = 1 + KINPIN + KHINPHIN. (B1) 

F r o m  Eq.  (A5),  

PHIN = KeqPHPlN. (B2) 

But, PA = PIN + PHIN, f rom which  

PA and  PHIN 
PIN -- 1 + KeqPn 

_ KeqPnPa  (B3) 
1 + KeqPH 

DA = 1 + { KIN 
+ K n l y  KeqPn~ 

f J p°(1 - x) .  

(B4) 

C o m p a r i s o n  wi th  Eq .  (26) g ives  

KA = KIN + KHINK~qpH (B5) 
1 + K~qpH 

H e n c e ,  KA is d e p e n d e n t  u p o n  h y d r o g e n  
p r e s s u r e .  
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