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The gas-phase hydrodenitrogenation (HDN) of quinoline 1,2,3,4-tetrahydroquinoline, 2-propyl-
aniline, and propylbenzene with a 50% nickel oxide/aluminate on SiO,-Al,O; catalyst has been
studied at 250°C under 1 atm of hydrogen gas. Under these mild conditions, alkylaromatics are the
predominant HDN products. In the reaction network of this catalytic process, quinoline is hydro-
genated to 1,2,3,4-tetrahydroquinoline, which subsequently undergoes C-N bond hydrogenolysis
to form 2-propylaniline and then propylbenzene. Significant alkyl side-chain hydrogenolysis occurs
in parallel to these reactions, producing a mixture of alkylanilines and alkylbenzenes. Small
amounts of alkylcyclohexanes are produced by hydrogenation of the alkylbenzenes. This network
differs significantly from that of commercial HDN processes in which quinoline is hydrogenated
fully to decahydroquinoline prior to C—H bond cleavage. Pseudo-first-order rate constants have
been estimated for quinoline hydrogenation, alkylaniline formation, alkylaniline HDN, and al-
kylbenzene hydrogenation and compared to analogous data for commercial HDN. This comparison
indicates that the activity of the nickel oxide/aluminate on SiO,—Al,0; catalyst is within an order of
magnitude of the activity of commercial HDN catalysts. The nickel oxide catalyst is irreversibly
poisoned by sulfur and slowly deactivates during HDN due to coke formation; the coked catalyst

can be regenerated by oxidation in air and subsequent reduction in hydrogen.

Press, Inc.

I. INTRODUCTION

The  hydrodenitrogenation  process
(HDN) removes the nitrogen atom from
polynuclear heteroaromatic nitrogen com-
pounds as ammonia. The process is con-
ducted over a variety of heterogeneous cat-
alysts under strongly reducing conditions;
350-500°C and 150 bar are not unusual (/-
9). These extreme conditions favor the
complete reduction of both heteroaromatic
and aromatic rings prior to nitrogen re-
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moval, and this accounts for the excessive
use of hydrogen in HDN. For this reason,
there is great interest in developing alter-
nate catalysts that promote HDN under
milder conditions.

Unfortunately, selective HDN is thermo-
dynamically unfavorable, since carbon-ni-
trogen multiple bond cleavage is less favor-
able than carbon-carbon multiple bond
cleavage. However, the converse is true for
single carbon-nitrogen bonds: hydrogeno-
lysis of alkylcarbon—nitrogen bonds is 5
kcal/mol more exothermic than that of
aliphatic carbon—carbon bonds. For this
reason, a selective HDN catalyst is one that
promotes regioselective hydrogenation of
the nitrogen-containing heteroaromatic ring
followed by facile carbon-nitrogen bond
hydrogenolysis.

Previous studies in our laboratory with
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homogeneous and polymer-supported tran-
sition metal catalysts demonstrated re-
gioselective reduction of polynuclear het-
eroaromatic nitrogen compounds at low
temperatures and hydrogen partial pres-
sures (10-15). Unfortunately, these cata-
lysts were inactive for cleaving alkylcar-
bon-nitrogen bonds. However, recently,
we reported on a highly loaded nickel ox-
ide/aluminate on silica—alumina catalyst
that promoted the HDN reaction of 1,2,3,4-
tetrahydroquinoline to anilines, alkylben-
zenes, methane, and ammonia at 250°C and
1 atm of hydrogen (/6). In this paper, we
present a more complete kinetic study of
gas-phase hydrodenitrogenation of quino-
line, 1,2,3,4-tetrahydroquinoline, and se-
lected intermediates with this catalyst un-
der mild conditions. We propose a reaction
network for this system and compare it to
that of commercial HDN catalysts operat-
ing at higher temperatures and higher hy-
drogen pressures. Finally, we report on
poisoning studies with H,S and ammonia,
as well as XPS and TEM studies of new,
used, and sulfided samples of the catalyst.

II. EXPERIMENTAL
1. Materials
Quinoline (96%, Aldrich), 1,2,3,4-tetra-
hydroquinoline (98%, Aldrich), and 5,6,7,8-

tetrahydroginoline (96%, Aldrich), 2-pro-
pylaniline (97%, Lancaster Synthesis), and

propylbenzene (97%, Alfa) were used as
delivered. GC analysis indicated that these
substrates met or exceeded purity specifi-
cations. Hydrogen (99.99%, Linde) and an-
hydrous ammonia (99.99%, Matheson)
were filtered through a 2-um filter prior to
use.

The Ni/SiO,—-Al,0; catalyst (50% Ni,
26% Si0,, United Catalyst C46-7-03) was
delivered as 75 X #-in. peliets and used with-
out modifications. The catalyst had a re-
ported surface area of 250-350 m¥g and a
nickel dispersion of 22%. As is discussed
below, the supported nickel was not fully
reduced, but rather existed on the support
as an oxide and/or an aluminate; for sim-
plicity, we refer to it as 50% Ni/SiO,—
ALOs.

2. Instrumentation

Reactions were carried out isobarically
and isothermally in a continuous flow tubu-
lar reactor fabricated from 5- to 12-cm
lengths of 0.64-cm-diameter Type 316 stain-
less-steel tubing. A fresh charge of 0.25 to
1.80 g of catalyst was used in each experi-
mental run; the catalyst was held in place in
the reactor with glass wool. Prior to each
experiment, the catalyst was reduced over-
night at 250°C in 10 sccm of flowing hydro-
gen.

The reactor was inserted into a modified
Xytel CBX/5A catalyst activity unit, shown
schematically in Fig. 1. Hydrogen or hydro-
gen/ammonia mixtures were presaturated
with liquid substrates in a saturator fabri-
cated from a 45-ml cup of a Paar 1991 ACK
kinetic apparatus. Gas was sparged into the
saturator through a Type 316 stainless-steel
HPL.C solvent frit. The substrate-saturated
gas could be diluted further with additional
hydrogen; all gas flow rates were controlled
with mass flow controllers (Brooks Model
5810 mass flow sensor with Model 5835A
control valve). Gases flowed to and from
the reactor through heated Type 316 stain-
less-steel lines.

Reactant and product stream composi-
tions were analyzed by on-line gas chroma-
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tography (Perkin—Elmer Model 2000) using
a 20 m X 0.25 mm DB-1 fused silica capil-
lary column, increasing the column temper-
ature from 45 to 250°C at 6°C/min. Samples
were taken with a heated gas-sampling
valve (Valco Model C10T) equipped with
an 0.1-ml sample loop. The FID detector
response to each component was measured
independently. Products were identified ac-
cording to their retention times, and their
identification was corroborated by GC-MS
analysis (Hewlett—Packard Series 5970 GC/
EIMS).

An IBM PC-XT was used to monitor and
control gas flow rates, gas handling system
and reactor temperatures, and the gas chro-
matograph. Analog signals from the GC
were digitized, integrated, and stored with
a Nelson analytical Series 760 interface and
Series 3000 chromatography data system.

All X-ray photoelectron spectra were
measured with a Physical Electronics
Model 55 X-ray photoelectron spectrome-
ter equipped with a MgKa anode source
(1253.6 eV). The adventitious carbon 1S
line at 285.0 eV was used for charge refer-
encing. The energy scale of the spectrome-
ter was calibrated using the Au 4F;, = 83.3
eV, Cu 2p3p = 932.4 eV, and Cu 3py; =
74.9 eV photoelectron lines. The analyzer
pass energy was 25 eV for high-resolution
studies, while 100 eV was used for routine
survey scans. All catalyst samples were
studied as fine powders mounted on poly-
mer film-based adhesive tape with a metal-
lic backing.

A Joel 100 series transmission electron
microscope was used in the TEM studies.
Samples were prepared by ultramicrotomy.
X-ray diffraction patterns were measured
with a Siemens X-ray diffractometer.

III. RESULTS
1. Reaction Network

The primary goal of this work was to de-
termine the HDN reaction network of
quinoline and the regioselective reduction
product, 1,2,3,4-tetrahydroquinoline. To
accomplish this, we determined quantita-
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Fi1G. 2. HDN model compounds.

tively the product distributions of the gas-
phase reactions of quinoline and 1,2,3,4-tet-
rahydroquinoline and their major products
at 250°C under 1 atm of hydrogen. The re-
actants (substrates) are listed in Fig. 2; they
include quinoline, 1, its partially reduced
products 1,2,3 4-tetrahydroquinoline, 2,
and 5,6,7,8-tetrahydroquinoline, 3, as well
as 2-propylaniline, 4, and propylbenzene,
5. In all experiments, the substrate concen-
tration was 2 mol%. Product distributions
were measured as a function of the space
time, 7, defined as the weight of catalyst in
the reactor divided by the substrate molar
flow rate.

Well over 70 compounds were produced
in the reactions of quinoline and its partialiy
reduced isomers. The major products were
alkylanilines, alkylbenzens, alkylcyclohex-
anes, and methane, with smaller amounts
of indoles, indene, indane, and 2-methyl-
quinoline. Carbon atom balances were
computed in each experiment by assuming
that all unidentified species contained eight
carbon atoms each; carbon balance clo-
sures were better than 10% in all experi-
meunts.

On exposure to all substrates, catalyst
activity decreased monotonically and be-
came negligible after 24 hr on stream. Be-
cause of the low hydrogen pressures in this
study, we believe that deactivation is
caused by coke formation. This hypothesis
is supported by the observation that cata-
fyst activity could be regained by oxidizing
the catalyst in air and subsequently reduc-
ing it in hydrogen. Catalyst deactivation
complicated the interpretation of experi-



GAS-PHASE HDN OF HETEROAROMATIC NITROGEN COMPOUNDS

77

TABLE 1

Product Distributions in the HDN Reaction of 1,2,3,4-Tetrahydroquinoline, 2-Propylaniline,
and Propylbenzene

Product Substrate yield (%)
1,2,3,4-Tetrahydroquinoline?  2-Propylaniline’ Propylbenzene¢
Methane? 2.8 2.9 2.4
Cyclohexane 0.6 1.2 2.5
Methylcyclohexane 0.0 0.6 6.9
Ethylcyclohexane 0.0 0.1 5.1
Propylcyclohexane 0.0 2.1 21.8
Benzene 4.4 10.7 3.1
Toluene 2.3 3.1 19.6
Ethylbenzene 0.4 1.0 6.1
Propylbenzene 0.6 17.7 0.0
Aniline 14.0 4.8 —
2-Methylaniline 23.5 5.1 —_
2-Ethylaniline 16.0 2.1 —
2-Propylaniline 0.0 0.0 —
Quinoline 5.4 0.0 —
1,2,3,4-Tetrahydroquinoline 0.0 0.0 —_
5,6,7,8-Tetrahydroquinoline 6.4 0.0 —
2-Methylindole 0.1 0.0 —
Indole 2.8 0.0 —
Indene 2.8 0.0 0.0
Indane 0.3 0.3 0.0
2-Methylquinoline 2.2 0.0 —
Other 15.4 14.8 15.4

a7 = 2182 g hr/mol.
b7 = 669 g hr/mol.
¢ 7 = 820 g hr/mol.

4 Methane produced by complete hydrogenolysis of substrate.

mental results, as it was necessary to mea-
sure product distributions and reaction
rates at constant levels of catalyst activity.
We found that the catalyst activity corre-
lated well with an exposure parameter, ¢,
defined as the amount of substrate that
passed through the reactor per gram of cat-
alyst (/7). In the discussion that follows,
product distributions were measured as a
function of space time at ¢ = 0.0013 mol
substrate/g catalyst unless otherwise speci-
fied.

i. Quinoline and 1,2,3,4-tetrahydroquino-
line. A typical product distribution from the

HDN of 2 is listed in Table 1. The predomi-
nant products include 1, 3, alkylanilines,
and alkylbenzenes. Only a very small
amount of cyclohexane was observed, and
no decahydroquinoline was detected. The
variation of this product distribution with
space time is shown in Fig. 3a. For clarity,
we have grouped structurally similar com-
pounds in this and subsequent figures. In
general, species in each group differ only
by the length of their aliphatic side chain.
An exception to this is the combining of
compounds 1 and 3; as is discussed below,
these compounds interconvert rapidly, and
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3 does not undergo further reduction. Also,
indane and indene have been grouped with
the alkylbenzenes.

The yield of 1 and 3 increases sharply at
short space times and subsequently de-
creases. Since neither decahydroquinoline
nor alkylpyridines was observed, this be-
havior indicates that 2 is rapidly dehydroge-
nated to 1, and that reduction of 1 to both 2
and 3 is rapid and reversible. The alkylani-
line concentration increases significantly at
intermediate space times, presumably by
hydrogenolysis of the alkyl C~N bond of 2.
The aniline yield becomes reasonably con-
stant at large space times, probably reflect-
ing slow reduction to subsequent products.
The predominant HDN products are the
alkylbenzenes, which appear in small
amounts at longer space times.

HDN of 1 produces essentially the same
product distribution as that of 2. Compari-
son of Fig. 3a with 3b, which shows the
variation of the product distribution in the
HDN of 1 with 7, indicates that compounds
1 and 2 react with hydrogen in a nearly
identical fashion. HDN of 3 is also quite
similar, as shown by Fig. 3c. The strong
simifarity between the product yields of 1
and the tetrahydroquinoline isomers is
further evidence of rapid and reversible hy-
drogenation of 1 to the two tetrahydro-
quinoline isomers. The absence of decahy-
droquinoline and alkylpyridines indicates
that 3 undergoes no further reaction and
also suggests that complete hydrogenation
of 1 is not required for C-N bond hydro-
genolysis in this system.

ii. 2-Propylaniline and propylbenzene.
The fate of the first C—N bond cleavage
products, the alkylanilines, was determined
by examining the product distribution in the
HDN of 4. As shown in Fig. 4a, 4 is con-
verted at short and moderate space times to
alkylanilines with negligible production of
alkylcyclohexanes. At longer space times,
the yield of the cyclohexanes begins to in-
crease at the expense of the alkylbenzenes.
This is shown more clearly in Fig. 4b,
which shows that alkylcyclohexanes are
the primary product of the hydrogenation
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Fic. 3. HDN product distribution profiles: (a)
1,2,3,4-tetrahydroquinoline, (b) quinoline, (c) 5,6,7.8-
tetrahydroquinoline. (@) 1,2,3 4-Tetrahydroquinoline,
(O) quinoline + 5,6,7,8-tetrahydroquinoline, (A) al-
kylanilines, (A) alkylbenzenes, ({) alkylcyclohex-
anes, (M) methane.

of § under the same conditions. This sug-
gests that HDN of the alkylanilines pre-
cedes hydrogenation of the aromatic ring.
Table 1 indicates that side-chain hydrogen-
olysis is significant in the reaction of both
substrates. For example, HDN of 4 at r =
669 g hr/mol produces alkylanilines com-
prised of 40% aniline, 43% 2-methylaniline,
and 17% 2-ethylaniline. Indane is also ob-
served, perhaps produced via a free radical
intermediate of 4 following final C-N bond
cleavage.

2. Catalyst Poisoning

The experimental results that we have
presented have shown that the nickel/sil-
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ica—alumina catalyst promotes two general
reactions: hydrogenation and hydrogenoly-
sis. A metal is typically required to promote
hydrogenation, while hydrogenolysis is of-
ten accomplished with acidic catalysts,
such as silica—alumina. However, it has
been shown previously that acidic sites
alone are not able to perform HDN chemis-
try. In one example, a zeolite was shown to
be inactive to C—N bond cleavage HDN of
2 (18). Katzer and co-workers (/9) showed
that both acidic and metal sites are required
to cleave C-N bonds. In this two-site
mechanism, the acidic site acts as an elec-
trophile and promotes bond-breaking activ-
ity. The metal site acts as an electron-do-
nating site and coordinates the transfer of
hydrogen associated with bond dissocia-
tion. This mechanism is similar to a Hoff-
man E-2 type elimination (20, 21).

To test whether this model accurately de-
scribes this catalyst, a series of selective
poisoning studies was conducted. In the
first, the catalyst was presulfided to elimi-
nate the activity of the metal (22); this

should affect both hydrogenation and hy-
drogenolysis. In the second, ammonia was
added to the feed mixture in an effort to
neutralize the acidic sites; this should affect
hydrogenolysis alone, if the acidic sites are
required for C-N bond scission.

The 50% nickel/silica—alumina catalyst
was presulfided with 15% H,S (balance hy-
drogen) for 8 hr at 300°C. The poisoned cat-
alyst showed no activity for HDN of 2 at
250°C and 1 atm of hydrogen. Since hydro-
gen sulfide poisons both nickel and nickel
oxide (23), this result implies that nickel
sites are required for HDN, in agreement
with Katzer’s model (19).

Two experiments involving addition of
ammonia to the reactor feed were per-
formed. In the first experiment, 30 mol%
NH; was added to a mixture of 2 mol% 2 in
hydrogen. There was no consistent change
in the product distribution or reaction ki-
netics, suggesting that the acidic sites on
the catalyst support make little contribution
to the reaction network. Alternately, these
sites could be immediately neutralized by 2
and other bases produced during HDN. In
the second experiment, 2 mol% of NH; was
added to a mixture of 2 mol% 5 in hydro-
gen. This concentration of ammonia was
chosen to approximate the basicity of the
reactants during HDN of 1. At low conver-
sion (small space time), the ammonia had
no effect on the reaction kinetics or product
distribution. At longer space times, how-
ever, a notable increase in the amount of
hydrogenated products was observed. This
observation is in contrast to the results of
Satterfield and co-workers (24) who ob-
served an eightfold decrease in the hydro-
genation rate of 5 over a commercial HDN
catalyst. Our result is unexpected and a sat-
isfactory explanation has not been deter-
mined.

3. Catalyst Characterization

The morphology and composition of the
catalyst were characterized by X-ray pho-
toelectron spectroscopy (XPS), transmis-
sion electron microscopy (TEM), and X-
ray diffraction (XRD). New and used
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samples of both the untreated and presul-
fided catalyst were examined using XPS.
Only the untreated catalyst was studied
with TEM and XRD.

XPS spectra of both the new and used
catalyst showed the expected silicon and
nickel photoemission lines, along with
those of aluminum. The nickel 2p;» binding
energy for both the used and the new cata-
lyst were essentially identical at 856.5 and
856.6 eV, respectively. In contrast, the
“‘shake-up’ satellite positions (25) were
different (862.7 and 861.7 eV, respectively),
indicating some difference between the sur-
faces.

The nickel 2ps» binding energies were a
full 2.5 eV higher than the 854.0 ¢V binding
energy observed for the high-purity NiO
(99.99%) standard used in this study and
the values reported by other workers (26—
28). In addition, the line shapes of the Ni
2p3» lines were different from those re-
ported for NiO. Rather, the binding energy
data were more consistent with a ternary
nickel oxide or a higher valent nickel sys-
tem. Indeed, binding energy and satellite
data for the catalyst samples were very
close to those reported for NiAl,O, and
Ni,Os (29). These XPS studies clearly show
that nickel is present in a 2+ or higher oxi-
dation state on the surface of the supported
nickel crystallites. They also suggest that
nickel may react with the alumina in the
support to form an aluminate.

An XPS study of new and used samples
of the presulfided catalyst was also con-
ducted. Again, we observed the expected
silicon, nickel, and sulfur photoemission
lines, along with those of aluminum. The
nickel 2p binding energy showed a shift of
0.9 eV between the used and new samples
(857.4 and 856.5 eV, respectively). The ex-
planation of this shift is not apparent, but it
may be due to sample charging. Clearly, the
nickel 2p binding energies indicate a nickel
2+ or higher valence. The sulfur Zpspp
lines of the new and used presulfided cata-
lyst samples were observed at 163.0 and
162.8 eV, respectively; these are consistent

with a metal sulfide species (30). There is
also evidence for sulfates and elemental
sulfur on the surface. These are presumably
due to oxidation of the catalyst sample dur-
ing transfer from the pretreatment appa-
ratus to the XPS spectrometer.

Transmission electron micrographs of
new and used catalyst samples are shown in
Figs. 5a and Sb, respectively. These micro-
graphs show a homogeneous distribution of
metal particles on the order of 80 to 100 A
in size. The used sample had slightly larger
particies, indicating that some sintering oc-
curred during reaction. The electron dif-
fraction patterns for both the new and used
catalysts were identical and showed that
the metal crystallites were a mixture of
nickel phases.

The XRD pattern of the unused catalyst
contained strong but broad Ni-metal peaks.
The pattern also contained broad peaks of a
second phase consistent with nickel alumi-
nate. The nickel metal crystallite size was
approximately 50 A. Comparison to the
TEM and XPS measurements suggests that
the individual supported metal particles
consisted of a nickel metal core covered by
several atomic layers of nickel oxide and/or
aluminate. The nickel peaks in the XRD
pattern of the used catalyst were stronger
and sharper. This implies that some of the
surface Ni 2+ was converted to nickel
metal with a concomitant increase in aver-
age crystallite size during reaction.

1V. DISCUSSION
1. HDN Reaction Network

The kinetic measurements indicate that
HDN of 1, 2 and 3 occurs via the reaction
pathway shown in Fig. 6. As shown, sub-
strate 2 is rapidly dehydrogenated to 1. This
is rapidly and reversibly hydrogenated to 3,
which undergoes no other reactions. Thus,
substrate 3 is not converted to decahydro-
quinoline in the reaction network, and all of
this substrate ultimately reacts through the
same pathway as that of substrate 2. The
primary HDN network involves C-N bond
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FiG. 5. Transmission electron micrographs of catalyst: (a) new sample, (b) used sample.
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scission of substrate 2 to form 4 and subse-
quent loss of ammonia to form 5. We specu-
late that 4 is also the precursor to ring-clo-
sure products indene and indane via a
free-radical mechanism. Hydrogenolysis of
the propyl side chain of compounds 4 and §
occurs in parallel to the HDN reaction and
produces the other alkylanilines and al-
kylbenzenes. Finally, propylcyclohexane is
produced following the final C-N bond
scission; this is ultimately converted to
methane by hydrogenolysis.

It is important to note that decahydro-
quinoline was not detected in the HDN of 2
and 3; this is in contrast to liquid-phase
HDN at higher temperature and pressures,
in which decahydroquinoline is a primary
precursor to C-N bond scission in sub-
strate 1 (/-6). Equally significant is the ob-
servation of ammonia removal from 4 prior
to hydrogenation of the aromatic ring. This,
also, is in contrast to HDN under more se-
vere conditions (I-7), in which alkylcyclo-
hexylamines are formed prior to ammonia
loss. These results also indicate that the
presence of the anilines may have a pro-
found effect on the selectivity of the highly
loaded nickel/silica—alumina catalyst by re-
ducing the hydrogenation rate of the al-
kylbenzenes. This is illustrated in the reac-
tions of 4 and § at long space times: 4

yielded only 5% cyclohexyl derivatives,
while 5 yielded 36% alkylcyclohexanes.

2. HDN Kinetics

While the 50% nickel/silica—alumina cat-
alyst is more selective for alkylbenzenes
than existing HDN catalysts, its activity for
HDN must be comparable for it to be po-
tentially useful. In an effort to determine its
activity, we determined pseudo-first-order
rate constants for the major HDN reactions
of 1. These rate constants allow an order-
of-magnitude comparison of the activity of
this catalyst to commercial HDN catalysts.

A simplified reaction network was cho-
sen to model the HDN network of 2; this is
shown in Table 2. The actual network was
simplified by ignoring dealkylation reac-
tions and combining components 1 and 3
into a single pseudocomponent. Since our
primary goal was to estimate C-N bond
cleavage rate constants, we did not believe
that important information would be lost by
determining group reaction rates. All reac-
tions were assumed to be first-order in hy-
drocarbon and zero-order in hydrogen.

Rate constants for the six reactions were
determined by the method of Himmelblau
et al. (31) with a weighting factor of unity.
The kinetic model was fit to the reaction
data of 2; the best-fit rate constants are
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TABLE 2

Pseudo-First-Order Rate Con-
stants of Quinoline HDN over
50% Ni/Si0,~-Al,0; at 250°C and 1
atm Hydrogen

Simplified reaction network

k 1 kg k4 ki kﬁ

A2B->C—-D—->E—F
2

A=1+3

B=2

C = 2-alkylanilines

D = alkylbenzenes

E = alkylcyclohexanes

F = methane

Pseudo-first-order rate constants

k= 2.0 x 103 mol/hr g

k= 1.0 x 1072
ky = 4.5 x 1073
k4 =2 x 10~
ks = 2 X 104
k=1 102

listed in Table 2, and calculated product
distribution is shown in Fig. 7. The model
underestimates the reactivity of 2 after r =
250 g hr/mol, and the maximum in the yield
of compounds 1 and 3 occurs at too short a
space time. The calculated alkylaniline
yield is overestimated at short space times.
Fair agreement is seen for alkylbenzene, al-
kylcyclohexane, and methane production.
The yield profiles were quite sensitive to
rate constants k; through k; and less sensi-
tive to the remaining constants. While the
agreement between model and data is by no
means quantitative, the model should be
satisfactory for an order-of-magnitude esti-
mate of catalytic activity.

Cocchetto and Satterfied (3) report
pseudo-first-order rate constants for nitro-
gen removal from alkylanilines and decahy-
droquinoline during HDN of 1 over a com-
mercial HDN catalyst at 330°C and 7.0 mPa
of hydrogen; the rate constants were 2 X
1073 g hr/mol and 2 x 10~* g hr/mol, respec-

tively. The comparable rate constant in this
study is the alkylaniline denitrogenation
rate constant, k, = 2 X 10~* g hr/mol. Since
decahydroquinoline is the predominant
HDN intermediate over the commercial
catalyst, this suggests that the activity of
the 50% Ni/silica—alumina catalyst is of the
same order of magnitude as that of the com-
mercial catalyst. It is noteworthy that this
study was performed at a temperature 80°C
lower than that of commercial HDN pro-
cesses, suggesting that the highly loaded
nickel catalyst may actually be more active
on a weight basis than the commercial cata-
lyst. We cannot, however, exclude the pos-
sibility that a commercial catalyst operating
under the same mild conditions might show
similar selectivity and activity.

3. Possible Bonding Modes of Quinoline
to Nickel

We speculate that differences in the
modes of bonding of 1 and 2 to the sup-
ported Ni?* jons may contribute to the ob-
servations discussed above. The availabil-
ity of nonbonding electrons on the nitrogen
atom may be a significant parameter in the
bonding of mono- and polynuclear het-
eroaromatic nitrogen compounds to sup-
ported metal centers. For example, a recent
study using pyridine in H-D exchange re-
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clohexanes, (M) methane.
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actions on a nickel (100) surface strongly
suggested a-pyridyl or bridging a-pyridyl
complexes as intermediates (32). We envi-
sion a similar bonding mode (u,—m?) for
substrate 1, shown in Fig. 8, that also has
precedent in model compound studies with
a Ru trinuclear cluster, Rus3(CO), (33).
Also, with Ru;(CO)y;, substrate 2 under-
went a dehydrogenation reaction to form 1
and 3.,4-dihydroquinoline; both bonded
o-n? to the ruthenium triangle. In ad-
dition, recent studies from our laboratory
also provided unequivocal evidence that
2 bonds to a mononuclear rhodium center,
(pentamethylcyclopentadienyl)rhodium
cation (CpxRh?*) via the 7 system of the
benzene ring (n%), while 1 bonds through
the nitrogen nonbonding electrons (n', N)
(15).

It is conceivable then that the n° and the
-2 bonding modes for 2 to the supported
Ni%* ions may provide important intermedi-
ates for the cleavage of the C-N bond to
give 4 as well as dehydrogenation to give 1;
these bonding modes are shown in Fig. 8.
The n!, N bonding mode of 1 could be re-
sponsible for the regioselective hydrogena-
tion of the nitrogen ring to provide 2 as was
recently shown for the Cp*Rh(»n', N-quino-
line)>* complex in selective hydrogenation
experiments (/5). Thus, hydrogenation—de-
hydrogenation and carbon-nitrogen cleav-
age reactions are possibly controlled by the
various bonding modes of the substrates to
the supported Ni2* ions.

Finally, the fact that 3 is the only signifi-
cant aromatic ring hydrogenated product
detected in our HDN network may be at-
tributed to an »° bonding mode of substrate
1 via an intramolecular rearrangement of
the 1!, N bonding mode (N to ), followed
by hydrogenation—dehydrogenation (1553).
We have recently discovered this type of
intramolecular N to 7 rearrangement with a
(cyclopentadienyDruthenium(y!, N-quino-
line)* complex (34). Thus, we feel that
these various bonding modes of 1 and 2
with homogeneous examples may have
some relevance to heterogeneous catalysis.

by _nz - Quinolinedinickel Complex

@)

N\ 2"
wnn NiananrNine

T]l- N-Quinolinenickel Complex

Q)

AArNimrNinnn

- Quinolinenickel Complex

Q0

lemN.N

6. 1,2,3,4-Tetrahydroquinolinenickel Complex

)

JWN]J\I\-'NI\/V‘

@

2
Hz - M. 1,2,3,4-Tetrahydroquinolinedinickel Complex

H N-H
NS N NiRAS
Fic. 8. Possible bonding modes of quinoline and

1,2,3,4-tetrahydroquinoline to Ni?* supported on sil-
ica—alumina.

V. CONCLUSIONS

The activity and selectivity of a 50%
nickel oxide/aluminate on silica—alumina
catalyst for hydrodenitrogenation of com-
pounds 1 and 2 has been investigated. At
250°C and under 1 atm of hydrogen, the car-
bon-nitrogen bonds in 1,2,3,4-tetrahydro-
guinoline and the formed alkylanilines are
cleaved without hydrogenation of the aro-
matic ring. This is in contrast to commer-
cial HDN processes in which alkylcyclo-
hexanes are produced subsequent to
nitrogen removal as ammonia. The catalyst
is active for side-chain hydrogenolysis, but
relatively inactive for complete hydrogen-
olysis of the aromatic rings. Despite an
80°C difference in operating temperature,



GAS-PHASE HDN OF HETEROAROMATIC NITROGEN COMPOUNDS

the activity of this catalyst is within an or-
der of magnitude of that of a commercial
HDN catalyst, which operate at higher tem-
peratures and pressures.

Catalyst deactivation, presumably by
coking, is observed. Complete reactivation
of the catalyst is possible by oxidation in air
and subsequent reduction in hydrogen. The
catalyst is quickly and irreversible poi-
soned by sulfur. Ammonia appears to in-
crease the hydrogenation activity of the
catalyst, suggesting that acidic sites have a
limited role in the activity of the catalyst.
Characterization of the catalyst by XPS,
XRD, and TEM indicates that a Ni** or
higher valent species, possibly NiAlO,,
may be the active catalyst for HDN. Fi-
nally, the C~N cleavage and selective hy-
drogenation reactions are thought to occur
by specific bonding modes of the substrates
to the Ni** binding sites.

ACKNOWLEDGMENTS

This study was supported by the Assistant Secretary
of Fossil Energy, Office of Technical Coordination,
U.S. Department of Energy through the Pittsburgh
Energy Technology Center, Pittsburgh, Pennsylvania,
under Contract DE-ACO3-76SF00098. We give special
thanks to Dr. I. Y. Chan and Dr. R. C. Medrud of
Chevron Research Co. for providing the TEM, XRD,
and electron diffraction measurements. We also thank
Dr. D. L. Perry of Lawrence Berkeley Laboratory for
measurement and interpretation of XPS spectra and
Karl Russ of United Catalysts, Inc., for a generous
sample of the catalyst used in this study.

REFERENCES

1. Sonemans, J., Van den Berg, G. H., and Mars, P.,
J. Catal. 31, 220 (1973).

2. Satterfield, C. N., Modell, M., and Wilkers, J. A.,
Ind. Eng. Chem. Proc. Des. Dev. 20, 62 (1981).

3. Cocchetto, J. F., and Satterfield, C. N., Ind. Eng.
Chem. Proc. Des. Dev. 20, 49 (1981),

4. Satterfield, C. N., and Yang, S. H., Ind. Eng.
Chem. Proc. Des. Dev. 23, 11 (1984).

5. Stern, E. W., J. Catal. 57, 390 (1979).

6. Bhinde, M. V., Shih, S., Sawadski, R., Katzer,
J. R., and Kwart, H., ““Chemistry and Uses of
Molybdenum,”” 3rd Int. Conf., 184 (1979).

7. Laine, R. M., Catal. Rev. Sci. Eng. 25, 459 (1983).

8. Moreau, C., Durand, R., Zimimita, N., and
Geneste, P., J. Catal. 112, 411 (1988).

9. Schulz, H., Schon, M., and Rahman, N. M., in
““Studies in Surface Science and Catalysis>’ (L.

10.

11.

12,
13.

4.

15.

16.

17.

18.

19.

20.

21

22,

23.

24,

25.

26.

27.

28.

29.

30.

3.

32.

33.

3.

85

Cerveny, Ed.) Vol. 27, Chap. 6, p. 201. Elsevier,
Amsterdam, 1986.

Fish, R. H., Thormodsen, A. D., and Cremer,
G. A., J. Amer. Chem. Soc. 104, 5234 (1982).
Fish, R. H., Tan, J. L., and Thormodsen, A. D.,
J. Org. Chem. 49, 4500 (1984).

Fish, R. H., Ann. N.Y. Acad. Sci. 415, 292 (1983).
Fish, R. H., Thormodsen, A. D., and Heinemann,
H., J. Mol. Catal. 31, 191 (1985).

Fish, R. H., Tan, J. L., and Thormodsen, A. D.,
Organometallics 4, 1743 (1985).

Fish, R. H., Kim, H.-S., Babin, J. E., and Adams,
R. D., Organometallics 7, 2250 (1988).

Fish, R. H., Thormodsen, A. D., Moore, R. S.,
Perry, D. L., and Heinemann, H., J. Catal. 102,
270 (1986).

Moore, R. S., M.S. thesis, University of Califor-
nia at Berkeley, 1988.

Thormodsen, A. D., Ph.D. thesis, University of
California at Berkeley, 1985.

Katzer, J. R., Stiles, A. B., and Kwart, H., “De-
velopment of Unique Catalysts for Hydrodenitro-
genation of Coal-Derived Liquids,”” DOE/ET/
03297-1, 1980.

Nelson, N., and Levy, R. B., J. Catal. 58, 489
(1979).

Olalde, A., and Perot, G., Appl. Catal. 13, 373
(1985).

Satterfield, C. N., and Gultikin, S., Ind. Eng.
Chem. Proc. Des. Dev. 20, 62 (1981).

Butt, J. B., Joyal, C. W. M., and Megris, C. E., in
“Catalyst Deactivation” (E. E. Petersen and A.
T. Bell, Eds.), Dekker, New York, 1987.
Gultikin, S., Ali, S. A., and Satterfield, C. N., Ind.
Eng. Chem. Proc. Des. Dev. 23, 181 (1984).
Veron, G. A., Stuckey, G., and Carlson, T. A.,
Inorg. Chem. 15, 278 (1976).

Matienzo, L. J., Yin, L. O., Grim, S. O., and
Swatz, W. E., Inorg. Chem. 12, 2762 (1973).
Dufresne, P., Payen, E., Grimblot, J., and Bon-
nelle, J. P., J. Phys. Chem. 85, 2344 (1981).
Narayanan, S., and Uma, K., J. Chem. Soc. Fara-
day Trans. 1 81, 2733 (1985).

Ng, K. T., and Hercules, D. M., J. Phys. Chem.
80, 2095 (1976).

Lindberg, B. J., Hamrin, K., Johansson, G.,
Gelius, U., Fahlman, A., Nordling, C., and
Siegbahn, K., Phys. Scr. 1, 286 (1970).
Himmelblau, D. M., Jones, C. R., and Bischoff,
K. B., Ind. Eng. Chem. Fund. 6, 539 (1967).
Wexler, R. M., Tsai, M., Friend, C. M., and
Muetterties, E. L., J. Amer. Chem. Soc. 104, 2034
(1982).

Fish, R. H., Kim, T.-J., Stewart, J. L., Bushwel-
ler, J. H., Rosen, R. K., and Dupon, J. W., Or-
ganometallics 5, 2193 (1986).

Fish, R. H., Kim, H.-S., and Fong, R. H., Or-
ganometallics 8, 1375 (1989).



