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Transition metal sulfide (TMS) catalysts were prepared by impregnation of an activated carbon
support with aqueous solutions of first-, second-, and third-row (group V-VIII) transition metal
salts, drying and in situ sulfidation. The catalysts were tested in the hydrodenitrogenation of
quinoline (653 K, 5.5 MPa) in microautoclaves and microflow reactors. The first-row transition
metal sulfides had low quinoline conversions to hydrocarbons, and their periodic trend formed a
U-shaped curve with a minimum at Mn/C and Fe/C and maxima at V/C and Ni/C. The quinoline
conversions to hydrocarbons of the second- and third-row TMS formed volcano curves with maxima
at Rh/C and Ir/C and with Mo/C and W/C having the lowest conversions. The transition metal
sulfide catalysts with a low quinoline hydrogenation (first-row transition metal sulfides, Mo/C and
W/C) also had a low quinoline conversion to hydrocarbons. The transition meta] sulfides with the
highest quinoline conversions to hydrocarbons (Rh/C, Pd/C, Os/C, Ir/C and Pt/C) had a very high
quinoline hydrogenation and a high selectivity for propylcyclohexane. Ru/C and especially Re/C
had a good quinoline conversion to hydrocarbons, but also an exceptionally high selectivity for

propylbenzene. © 1991 Academic Press, Inc.

INTRODUCTION

The hydrodenitrogenation (HDN) of
quinoline (Q) to hydrocarbons is a complex
reaction, as indicated in Fig. 1, and it is
difficult to unravel the separate steps from
a study of the HDN of quinoline alone.
Therefore we have also studied the HDN of
decahydroquinoline (DHQ) as the key inter-
mediate in the main reaction route of
Q-HDN, the HDN of cyclohexylamine (as a
substitute for propylcyclohexylamine), and
the HDN of o-propylaniline (OPA) as the
key intermediate in the second route and we
published the results in preceding publica-
tions (I, 2). In the present paper we give
a full report of our study of the HDN of
quinoline itself using catalysts of carbon-

! Present address: AKZO Chemicals B.V. Research
Centre, P.O. Box 15, 1000 AA Amsterdam, The
Netherlands.

2 Present address: Technisch Chemisches Labora-
torium ETH, 8092 Ziirich, Switzerland.

supported transition metal sulfides (TMS)
from the first-, second-, and third-row
(group V-VIII) of the Periodic Table. A pre-
liminary account of this work was already
published (3). Experiments in autoclaves
and microflow reactors have been carried
out. The autoclaves were used for catalyst
screening and they yielded qualitative re-
sults. The microflow reactors also enabled
us to measure at constant conversion, which
makes a comparison of the selectivities of
the different catalysts more meaningful.

EXPERIMENTAL

Catalyst preparation and testing in mi-
croautoclaves were done as described in the
preceding paper (2). The reaction mixture
contained 4.8 mol% of quinoline and 0.5
mol% of (CH,),S, in hexadecane (all Janssen
Chimica, >99%). All reaction products and
intermediates belonging to the main reaction
pathways of Q—-HDN (Fig. 1) could be iden-
tified, albeit only traces of PCHA were
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FiG. 1. HDN reaction network of quinoline. Q, quinoline; THQ1, 1,2,3,4-tetrahydroquinoline; THQ5,
5,6,7,8-tetrahydroquinoline; DHQ, decahydroquinoline; OPA, o-propylaniline; PCHA, propylcyclo-
hexylamine; PCHE, propylcyclohexene; PBZ, propylbenzene; PCH, propylcyclohexane.

found. Under the given experimental condi-
tions, less than 3 mol% Q was converted
to byproducts (cracking and isomerization
reactions) which were not taken into ac-
count in the further evaluation of the experi-
mental results, i.e., Ny, + N, + N, = 100,
in which N, is the percentage of quinoline
converted to compound(s) x.

The microflow experiments were carried
out in the gas phase in a high-pressure plug
flow reactor. Catalyst, 0.5 g, was diluted
with SiC to a total weight of 10 g and sulfided
in situ (10% H,S in H,, 150 std cm® min ).
The temperature was increased at 6 K min~!
to 643 K and held for 4 h; the pressure was
1.5 MPa. After the sulfidation the pressure
was increased to 3 MPa and 12 ul min~'
of a liquid feed, consisting of 23.8 mol%
quinoline, 3.8 mol% dimethyldisulfide, and
72.4 mol% decane, was premixed with 950
std cm® min~' H,, preheated, and led
through the reactor. The products were ana-
lyzed every hour with an on-line capillary
GC with FID and NPD detectors. When a
constant activity was reached after about 18
h on stream the reaction temperature was
increased to 663 K and held for 3 h, de-
creased to 623 K and held for 3 h, and then
brought to 643 K and held for 3 h. Thereafter
the space velocity was varied in order to

determine the catalyst selectivity over a
broad range of HDN conversions. For cata-
lysts with a too high or too low conversion
the experiments were repeated with differ-
ent amounts of catalyst (0.1-1.5 g). Besides
the main products (Fig. 1) considerable
amounts of byproducts from cracking and
isomerization reactions were observed.
These byproducts were N-free aromatic or
alicyclic C; and Cg hydrocarbons, methyl-
propylcyclopentane (C,), and methylindoles
(Cy—N). In the tables representing the exper-
imental results only the sum of all N-free
and N-containing byproducts is listed. The
reproducibility of the microflow measure-
ments was better than 10%.

RESULTS AND DISCUSSION

Autoclave Experiments

The detailed results of the Q—HDN exper-
iments are listed in Table 1. The Q-conver-
sions to hydrocarbons of the first-row TMS
were rather low with Mn/C and Fe/C having
the lowest conversions, comparable to that
of the pure carbon support. The Q-conver-
sions to hydrocarbons of the second- and
third-row TMS were higher than those of
the first-row TMS and formed volcano
curves with maxima at Rh/C and Ir/C, re-
spectively. These Q-HDN results are in
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TABLE !
HDN of Quinoline in Microautoclaves at 5.5 MPa, 653 K, and 7 = 0.085 h - mol Me/mol Q
Catalyst® Product distribution®
th Rpch Npbz fpche Nn Mghg Nings Mgt ny Nopa
C 2 59 15 26 95 2 5 69 24 3
V(4.8)/C 9 61 14 25 80 6 17 68 9 11
Cr(4.9)/C 5 58 17 25 87 3 10 73 14 8
Mn(5.2)/C 4 58 15 27 90 2 10 68 20 6
Fe(5.3)/C 2 51 19 30 95 2 6 55 37 3
Co(5.6)/C 8 60 15 25 86 3 13 52 32 6
Ni(5.6)/C 7 60 15 25 88 3 14 45 38 5
Mo(8.8)/C 14 57 17 26 72 3 14 46 37 14
Ru(9.2)/C 27 68 14 18 66 11 31 42 16 8
Rh(9.3)/C 33 87 7 6 53 7 29 51 13 14
Pd(9.6)/C 29 88 6 6 62 9 25 46 20 10
W(15.5)/C 9 56 15 29 82 3 15 52 30 9
Re(15.7)/C 37 71 12 17 59 16 30 28 26 4
0s(16.0)/C 58 92 5 3 35 4 11 37 48 7
Ir(16.1)/C 71 96 3 1 26 4 7 35 54 3
Pt(16.3)/C 43 94 3 3 43 13 24 50 13 14
Note, nyy, + gy, + Rpepe = 100

ndhq + nlth + I’lq + nlhq[ = 100
Ny + N, + Ny, + Ny, = 100
Nie = conversion.

“ The wt% of the metals are given within parentheses.

b N, is the Q conversion to compounds x [%)], n, is the selectivity for compound x [%] (N, /Ny, for hydrocarbons

and N,/N, for double-ring N-compounds).

agreement with results obtained in the HDN
of pyridine by carbon-supported TMS.
Thus, Ledoux and Djellouli observed a max-
imum at Ru among the second-row TMS/C
catalysts (4), while Vit and ZdraZil mea-
sured the maximum at Rh (5). The latter
authors also found Ir/C to have a higher
activity than Pt/C, as well as a higher activ-
ity than the second-row TMS/C catalysts,
in agreement with our present (Table 1) and
former (3) results.

In past years several studies of the behav-
ior of various TMS-HDS catalysts were
published. In the high-pressure HDS of di-
benzothiophene over bulk TMS a double
maximum curve was observed for the first-
row TMS and volcano curves for the sec-

ond- and third-row TMS with maxima at Ru
and Os, respectively (6). Similar trends have
been found in the low-pressure HDS of thio-
phene for carbon-supported TMS (7, 8). The
position of the maxima in these thiophene
HDS experiments (7, 8) was the same as in
our Q-HDN experiments, but, in contrast
to HDS, the Q-conversions to hydrocarbons
of the third-row TMS (with the exception
of W) were much higher than those of the
second-row TMS. The correlation between
the quinoline and thiophene conversions to
hydrocarbons suggests that the catalytic
performance of the TMS catalysts in both
reactions might be determined by the same
type of active sites. However, there is a
clear difference between the three rows of
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TMS, which might originate in differences
between the two test reactions. Under the
reaction conditions applied (0.1 MPa) the
HDS of thiophene over NiMo/Al,O; cata-
lysts proceeds via the hydrogenolysis of the
two C-S bonds of thiophene and the forma-
tion of H,S and butadiene, which in turn is
converted to butenes and subsequently to
butane (9). At high H, pressure the hydroge-
nation to tetrahydrothiophene becomes
more important (9-71). The possibility that
some highly active TMS catalysts catalyze
this reaction pathway even at low pressure
cannot be excluded, however. In contrast
to HDS, the hydrogenation of the N-con-
taining ring and in most cases also the hydro-
genation of the benzene ring of quinoline are
necessary steps in the two reaction path-
ways of Q—-HDN via DHQ and OPA (cf.
Fig. 1) (11-17). The differences in the hy-
drogenation activities between various TMS
will be more pronounced in the Q—HDN,
which requires 8-14 H atoms to convert Q
to hydrocarbons, than in the thiophene HDS
which strictly needs only 4 H atoms, but
may use up to 8 atoms. The differences be-
tween the activities for these two reactions
might be due to the different activities of the
TMS to activate hydrogen which depends
on the actual surface electronic structure of
the transition metal ion.

Recently Lacroix et al. published the ac-
tivities of several unsupported transition
metal sulfides for the hydrogenation of bi-
phenyl at 260°C and 2.2 MPa (I8). They
observed a maximum at Rh,S, for the sec-
ond-row TMS and low activities for the first-
row TMS. Of the third-row TMS only Hf,
W, and Re were studied. Their activities
were comparable to those of the corre-
sponding second-row TMS. This biphenyl
hydrogenation study indicates that there
might also be a reasonable-to-good compari-
son between the trends of the HDN and
hydrogenation activities, which is not sur-
prising given the necessity to hydrogenate
the heterocyclic ring before N-removal can
occur.

Before discussing the selectivities of the
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various TMS catalysts it is useful to point
out that the compounds present in the reac-
tion product mixture can be divided into
several categories with respect to their ad-
sorption properties (I4-17). Because of
their nonpolar character, the adsorption of
the solvent and the hydrocarbon products
of the Q—HDN can be neglected compared
to the double-ring N-compounds. The aro-
matic amines (THQ1, THQS, Q, OPA) have
a low basicity due to the interaction of the
nitrogen lone-pair electrons with 7 electrons
of the aromatic ring, while the secondary
alicyclic amine (DHQ) has a much higher
basicity. Its adsorption coefficient was
therefore assumed to be twice as large as
that of the aromatic amines in the liquid
phase (14). By studying the inhibition of the
HDS of thiophene by these nitrogen com-
pounds La Vopa and Satterfield (19) could
actually measure their adsorption con-
stants. They found the order DHQ ~ THQS
> Q > THQI > ethylaniline (comparable to
OPA).

The product distribution within the group
of hydrocarbons is dependent on the Q con-
version to hydrocarbons (N, (Figs. 2, 3)
and thus on the position of the TMS in the
Periodic System (Fig. 4). All TMS catalysts
with low Q-conversions to hydrocarbons
(first-row TMS, Mo/C, and W/C) and the
pure carbon support had relatively high se-
lectivities for unsaturated hydrocarbons
(Mpp, + Npcne = 40-50%). Also the n./
Ao and npep /ny,, ratios were rather high
for these catalysts and much larger than the
thermodynamic equilibrium values deter-
mined for gas phase reactions (20). This
demonstrates that a large part of the conver-
sion proceeds via the PCHE intermediate.
The formation of PCH and PBZ from PCHE
was probably limited by the low adsorption
of PCHE in the presence of high concentra-
tions of stronger adsorbing double-ring N-
compounds. The high selectivity for PCHE
was thus not necessarily due to low intrinsic
activities of these catalysts to form PCH
and PBZ from PCHE. The n,/n,,, ratios of
these low-activity catalysts (Figs. 3, 4) were
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Fi1G. 2. Plots of the propylcyclohexane (A), propyl-
benzene (B), and propylcyclohexene (C) selectivities
versus the HDN conversion of quinoline to hydrocar-
bons Ny, over carbon-supported transition metal sulfide
catalysts.

much lower than the equilibrium value of 26
(20), indicating that PBZ was formed rela-
tively faster from PCHE than PCH or that
in addition PBZ was formed directly from
the OPA intermediate. Another possibility
is that PBZ and PCH are initially formed
through disproportionation: 3 PCHE — 2
PCH + PBZ.

In contrast to the first-row TMS, the
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FIG. 3. np/ny, selectivity as a function of the con-
version of quinoline to hydrocarbons.

highly active second- and third-row TMS
catalysts (Rh/C, Pd/C, Os/C, Ir/C, Pt/C)
had a low selectivity for PBZ and PCHE.
These TMS catalysts had high n,.,/n,cp T2-
tios and some of them also high ny,/n,he
ratios, meaning that the formation of PCH
and PBZ from PCHE was rather fast, or
that PCH and PBZ were formed directly
(without intermediate desorption) from
PCHA and OPA. Accordingly, the n,.,/n,,,
ratios (Figs. 3, 4) were close to the equilib-
rium ratio of 26 (20). Ru/C and Re/C be-
haved differently than the other TMS cata-
lysts. Their selectivities for PBZ and PCHE
were higher than expected on the basis of
their reasonably high Q-conversions (Fig.
2B, 2C). Both catalysts also had a rather low
selectivity for OPA (Fig. 5). The low N,
and high selectivity for PBZ are in agree-
ment with the OPA-HDN study of these
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FIG. 4. ny/ng, selectivity as a function of the posi-
tion of the transition metals in the Periodic System.
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F1G. 5. Conversion of quinoline to o-propylaniline
(N, in percentage) as a function of the quinoline con-
version to hydrocarbons, N, in percentage.

catalysts (2), which indicated that Ru/C and
Re/C are highly active in the HDN of OPA
and especially that Re/C has a high selectiv-
ity to PBZ. In the Q—-HDN these catalysts
had a relatively high selectivity for PCHE
which means that the conversion of PCHA
to hydrocarbons over Ru/C and Re/C-cata-
lysts proceeds to a large extent via the
PCHE intermediate and not via direct hy-
drogenolysis. Apparently, the further con-
version of PCHE to PCH and PBZ was not
very fast even though both catalysts had a
relatively high N, .. Nevertheless the con-
centrations of stronger adsorbing N-com-
pounds (N, + N,,,) in the reaction product
mixture were still appreciable (60-70%).
This suggests that the consecutive reactions
of PCHE and PBZ only become important
at very high Q-conversion to hydrocarbons
when N, + N, is really low. The high
selectivities for PBZ and PCHE found for
the Re/C and Ru/C catalysts might also be
partly due to their N-product distribution.
The Q-conversion to hydrocarbons (N,,.) of
Re/C was comparable to that of Rh/C and
Pt/C, and the N, of Ru/C to that of Pd/C.
Nevertheless, the distributions of the dou-
ble-ring N-compounds were different (Fig.
6); the main difference being higher PHQ
and THQS selectivities. DHQ, as the com-
pound with the highest adsorption coeffi-
cient from all the compounds in the reaction
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product mixture (except for the very reac-
tive PCHA), might lower the PCHE adsorp-
tion considerably. On the other hand the
differences in Ny, were not that large. The
selectivity for PCHE in the DHQ-HDN it-
self (1, 2) was not high at all for Ru/C and
Re/C. Re/C had a high PCHE selectivity in
OPA-HDN (2) and the high N_../N;. of
Re/C in Q—HDN thus might come from the
OPA reaction pathway. The high PCHE se-
lectivity of the Ru/C catalyst in the
Q-HDN, however, had no parallel in the
DHQ- and OPA-HDN reactions (/, 2).
For the first-row TMS, N, changed es-
sentially in the same way as the N, (Table
1). V/C and Cr/C had a rather high conver-
sion to OPA. With the exception of Fe/C,
which had the same N, as the carbon sup-
port, all the first-row TMS were able to cata-
lyze the formation of OPA via the opening
of the N-containing ring of THQI. Just like
V/C and Cr/C in the first row of the TMS,
Mo/C and W/C had relatively high N, (Fig.
5), equal to their Q-conversion to hydrocar-
bons (N;,.). Also two of the very active TMS,
Rh/C, and Pt/C, had high N, but in their
case the N, was about twice as high as
Nopa- A high concentration of OPA at a low
(V/C, Cr/C, Mo/C, W/C) or high (Rh/C,
Pt/C) N, demonstrates that the catalyst has
a good activity for opening of the N-contain-
ing ring, but is not necessarily proof for the
(non)ability of the catalyst to convert OPA
to hydrocarbons. In our previous publica-
tion (2) we showed that when OPA was used
as a reactant its denitrogenation was very
fast and at 653 K almost as fast as that of
DHQ. A high OPA concentration in the
Q-HDN is therefore most probably due to
the relatively weak adsorption of OPA on
the catalyst surface. La Vopa and Satterfield
indeed observed a much lower adsorption
constant for ethylaniline and aniline than for
DHQ, Q, THQS5, and THQI1 (/9). In accor-
dance herewith Perot et al. observed that
the HDN of anilines is inhibited by Q and
THQ1 (21, 22). On the other hand, the low
N,p. found for some of the highly active
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FiG. 6. Conversion of quinoline to decahydroquinoline (A), 5,6,7,8-tetrahydroquinoline (B), 1,2,3,4-
tetrahydroquinoline (C), and the residual amount of quinoline (D) as a function of the quinoline

conversion to hydrocarbons.

TMS is most probably not due to the low
rate of formation of OPA but to its fast con-
version to hydrocarbons (Fig. 5) (2).

Also the product distribution of the dou-
ble-ring N-compounds is determined by the
HDN activity which in turn depends on the
position of the TMS in the Periodic System
(Table 1, Fig. 6). Of the four hydrogenation
equilibria (Fig. 1) only the reactions in-
volved in the equilibrium between Q and
THQI are really fast and the ny/ny,, ratio
might to some extent depend on the cooling
rate of the reaction product mixture. The
autoclaves were therefore cooled as fast as
possible (in 20 min) from 653 K to room
temperature. However, due to the insuffi-
ciency of the cooling procedure in some
cases (C, V/C, Cr/C, Mn/C, Ru/C, Rh/C,
Pd/C, and Pt/C) the ny,,/n, ratio was higher
than the equilibrium value of 2 at 653 K (20).

Even with a correction for this effect (by
recalculating N, and Ny, from the mea-
sured sum of N, and Ny, and the theoreti-
cal ny,q,/ng ratio at 653 K), all TMS catalysts
had a too low r4,q and a too low ngy,q/nyg
ratio compared with the equilibrium values
(20) (ngng = Ngny/N,,, in which N, is the sum
of Q, THQI1, THQS, and DHQ). This is most
probably due to the relatively slow forma-
tion of DHQ from THQI. This reaction
might even be the rate-determining step of
the Q—HDN for some of these catalysts. If
one analyzes the results in terms of a THQI
— DHQ — hydrocarbons consecutive reac-
tion scheme one can read from time-inde-
pendent plots of the relative concentrations
of THQI1 + Q, DHQ, and hydrocarbons (cf.
Table 1) against the conversion of THQ1 +
Q (as given in many textbooks, e.g., Ref.
(23)) that for all catalysts the rate constant
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for conversion of DHQ is larger than that
for its formation. But at present we cannot
judge if for all these catalysts the formation
reaction constant is indeed considerably
smaller, as needed for a real rate-determin-
ing step. Furthermore, it seems that both
rate constants change in the same direction
when going from one catalyst to the other.
Thus the first-row TMS, Mo/C, and W/C
have low activities for the reaction to and
from DHQ and their Q-conversions to hy-
drocarbons are low. Os/C and Ir/C appar-
ently had much higher activities for both
reactions. Ru/C, Pd/C, Re/C, and Pt/C
were intermediate; they had relatively high
Q-conversions to hydrocarbons and also rel-
atively high Ng,.

In the same way as the Ny;,o/Ny,; and ngy,
(ngng = Nang/Ny), the Rupgs (ipgs = Nings/N,,)
of all the catalysts were smaller than the
equilibrium ratio, while the ry,gs/n 4, ratios
were about equal to the equilibrium ratio.
This points to a relatively slow hydrogena-
tion of the benzene ring of Q to THQS, to
relatively fast reactions between THQS and
DHQ and a relatively fast decomposition of
DHQ to hydrocarbons. Thus it seems as if
for most of our catalysts the hydrogenation
of the benzene ring (of Q to THQS and of
THQ1 to DHQ) is relatively slow and the
conversion of DHQ to hydrocarbons is rela-
tively fast. But, again, it is difficult to say
whether these benzene ring hydrogenation
steps are so much slower that they could be
called rate limiting.

In accordance with our conclusion that
the hydrogenation reactions are slower than
the N-removal reactions in the Q—HDN net-
work, for all TMS/C catalysts the conver-
sion to hydrocarbons was much higher in
the HDN of DHQ (2) than in the HDN of Q.
In the DHQ-HDN the initial hydrogenation
of Q is not required and the TMS catalysts
for which one of the hydrogenation steps is
rate limiting should have a higher conver-
sion in the DHQ-HDN than in the Q-HDN.

In the literature it has been reported that
for Ni-Mo/AlO; catalysts the ring-opening
reactions of THQ1 and DHQ are rate limit-
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ing (/1-13). However, this is certainly not
true for our TMS/C catalysts. If the ring
opening of THQ1 to OPA were rate limiting,
then the subsequent reactions of OPA to
PCHA and PCHA to hydrocarbons would
have been fast and the concentration of OPA
should have been very low. Similarly, if the
ring opening of DHQ were rate limiting the
concentration of DHQ should have been
much larger. The fact that the ring-opening
reactions and not the hydrogenation of the
benzene ring in Q and THQ1 are rate limiting
for Ni-Mo/Al,O; must be due to the high
hydrogenation activity of the ‘*“Ni-Mo-S”’
phase. Apparently, the N-removal has not
been able to keep up with this high hydroge-
nation activity.

The results of the present study demon-
strate the importance of the TMS in the hy-
drotreating reactions. With the exception of
Fe/C and Mn/C, all the TMS including those
with very low Q-conversion to hydrocar-
bons were able to catalyze all the reaction
steps of the Q-HDN mechanism without
the assistance of the polar groups (24) of
the ALO;-support. The trends for the HDN
activities of the TMS catalysts in the
Q-HDN and in the reactions that form part
of its reaction network were very much
alike. When the initial hydrogenation
steps were taken away as in the DHQ-HDN
the general trend remained essentially
unchanged (2). When the ring opening
was eliminated too (CHA-HDN and
OPA-HDN) the HDN activity increased
strongly but again the periodic trends did not
really change (2). Although the ring-opening

-reaction is considered to be the rate-limiting

step of the Q—-HDN reaction over Ni-Mo/
Al,O; catalysts (/11-13), our experiments
have shown that for the TMS/C catalysts,
not the ring opening but the formation of
DHQ by the hydrogenation of Q is the slow-
est step. The CHA-HDN experiments (2)
have shown that the trends for the HDN
activities remain unchanged even if both
slow steps (hydrogenation and ring opening)
were removed, the cleavage of the C-N
bond in CHA definitely being a fast reaction.
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TABLE 2

HDN of Quinoline in a Flow Reactor at 643 K, 3
MPa, and W/F = 0.1 h - mol Me/mol Q

Catalyst Ny Ny N, Nyn  Noge
v/C 2 2 94 1 1
Cr/C 2 1 96 1 0
Mn/C 2 1 96 2 0
Fe/C 1 1 94 3 0
Co/C 2 1 94 3 1
Ni/C 2 1 92 4 1
Mo/C 2 2 94 1 1
Ru/C 12 4 78 5 0
Rh/C 79 2 11 6 2
Pd/C 7 1 89 2 1
w/C 5 4 87 3 1
Re/C 11 3 82 3 1
Os/C 88 6 2 1 2
Ir/C 95 1 0 1 2
Pt/C 94 0 3 2 2

This means that all reactions follow the
same periodic trends.

Flow Reactor Experiments

Since the catalyst selectivities depend on
the activities a comparison of the selectivi-
ties of the TMS catalysts can only be prop-
erly made at the same conversion to hydro-
carbons. However, the large variation in
catalyst activity made it impossible to obtain
data of the TMS catalysts at the same con-
version level from the Q—-HDN experiments
in the autoclaves. Therefore experiments in
a micro-plug-flow reactor were carried out.
By varying the gas and liquid space velocity
and the amount of catalyst, data could be
obtained at the same conversion level for
most catalysts. The results of flow experi-
ments under our standard conditions (643
K, 3 MPa, 0.5 g catalyst (0.1 at Me - nm~?)
diluted with 9.5 g SiC and W/F = 0.1 h -
mol Me/mol Q) are presented in Table 2.
The first-row TMS had very low HDN con-
versions which formed a flat U-shaped
curve with a minimum at Fe/C when plotted
against the periodic position of the TMS
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(Fig. 7). Also in agreement with the Q—-HDN
autoclave results, the HDN conversions of
the second-row TMS followed a volcano
curve with maximum at the Rh/C catalyst.
The differences between the Rh/C and the
other second-row TMS catalysts were much
more prominent in the flow experiments
than in the autoclave experiments. The
HDN conversions to hydrocarbons of the
third-row TMS followed a volcano curve
with maximum at Ir/C, just like in the auto-
clave experiments, although the Os/C and
Pt/C catalysts had very high HDN conver-
sions too (Fig. 7). Apparently the conver-
sions for these three catalysts were too high
to clearly distinguish differences in activity.
The W/C and Re/C catalysts had low con-
versions and the difference between their
HDN conversions and those of the high ac-
tivity third-row TMS/C catalysts was much
larger than in the autoclave experiments,
just as for the second-row TMS.

The differences between the trends in the
gas phase flow reactions and the liquid phase
batch reactions must be primarily due to
differences in the adsorption coefficients, to
the H,S/H, ratios, and/or to the time
clapsed before performing the measure-
ments. The relative adsorption coefficients
of the reactants and intermediate products
are completely different in the liquid and gas
phase. For instance, the adsorption coeffi-
cient of DHQ is twice as large as those of
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FiG. 7. Periodic trends of the conversions of quin-
oline to hydrocarbons (Ny in percentage) over carbon-
supported transition metal sulfides as measured in a
microfiow reactor.
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TABLE 3

HDN of Quinoline in a Flow Reactor at 643 K, 3 MPa, and Variable Space Velocity

Catalyst we Rpch Npbz Rpche LT Hthgs ng Nihgl Nupa be
F
10% HDN conversion
Vv/C 2.5 67 16 17 7 32 14 48 7 3
Cr/C 2.6 66 17 17 8 43 12 37 5 4
Mn/C 25 63 23 14 4 32 47 18 3 4
Fe/C 7 64 24 12 5 35 43 18 4 17
Co/C 12.5 76 14 10 11 42 20 27 4 14
Ni/C 12.5 80 12 8 14 46 8 32 4 14
Mo/C 0.3 66 15 20 10 34 18 38 8 7
Ru/C 0.4 78 11 11 19 38 15 28 4 5
Pd/C 0.8 88 7 5 14 55 9 22 2 4
w/C 1 68 12 20 8 40 17 35 11 10
Re/C 0.5 72 14 14 19 48 9 24 3 4
50% HDN conversion
w/C 7.1 83 10 7 20 48 11 21 15 23
Re/C 2.1 87 10 3 26 49 8 17 4 15
Os/C 0.3 93 5 3 20 43 19 18 18 4

21073 W/F in h - g cat/mol Q.

Q, THQI1, and THQS in the liquid phase,
but six times larger in the gas phase (12, 14,
17). The H,S/H, ratio during the autoclave
experiments was 2.5 X 10~%and 1.5 x 10~*
during the flow experiments. This difference
might have led to slightly altered catalyst
surfaces and thus to altered activities and
selectivities. It is known that an increase in
the H,S/H, ratio may lead to an increase in
NH; removal, but a decrease in hydrogena-
tion (I4, 16). In the autoclave experiments
the catalyst activities are measured directly
after sulfidation of the catalysts, while in the
flow experiments the catalysts were aged
during 27 h.

The results of the flow experiments at
constant (10 and 50%) HDN-conversions of
Q to hydrocarbons are presented in Table 3.
At low conversion (10%) the periodic trend
of the OPA selectivity of the first-row TMS
decreased more or less continuously. Their
PCH selectivity followed a shallow U-
shaped curve with minimum at Mn/C and

Fe/C, while the PBZ selectivity followed
the opposite trend and the PCHE selectivity
decreased continuously from group V to
group VIII. As aresult, Ni/C had the highest
PCH and lowest PBZ and PCHE selectivity
of the first-row TMS catalysts, that is the
highest hydrogenation activity. Also the N-
product distribution of the first-row TMS/
C catalysts was dependent on the periodic
position of the transition metals. The THQI,
DHQ, and THQS selectivities followed a U-
shaped curve with a minimum at Mn/C and
Fe/C and a maximum at Ni/C. The Ni/C
catalyst had therefore the highest selectivity
for N-compounds with a saturated benzene
ring (DHQ and THQS5) as well as a saturated
heterocyclic ring (THQ1). The reverse was
true for the Mn/C and Fe/C catalysts,
Since the Rh/C catalyst had a very high
activity (Table 2) it proved impossible to
decrease its conversion to 50% with our
present reactor set-up. On the one hand, no
reproducible results could be obtained when
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lowering the amount of catalyst in the cata-
lyst-SiC mixture below 0.1 g, and on the
other hand the maximum space velocity was
limited by the fact that the ratio of liquid
feed to H, had to be kept constant and that
the maximum H, flow was limited by the
mass flow controller range. Therefore only
Mo/C, Ru/C, and Pd/C were compared at
the 10% conversion level (Table 3). The
trends for these three second-row TMS
were different from those of the first-row
TMS. The OPA selectivity and the produc-
tion of N-containing byproducts decreased
continuously from Mo/C to Pd/C (Table 3).
The Mo/C catalyst had the highest cracking
and isomerization activity of all second-row
TMS. The selectivity for saturated hydro-
carbons (PCH) increased and that for unsat-
urated hydrocarbons (PBZ, PCHE) de-
creased from Mo/C to Pd/C. Just like in
the autoclave experiments, Ru/C had the
highest selectivity for DHQ. The THQS se-
lectivity increased and the THQ1 selectivity
and the residual amount of Q decreased
from Mo/C to Pd/C.

The differences between the perfor-
mances of the third-row TMS catalysts were
so large that we were unable to compare
the selectivities of all five TMS at the same
conversion. At 10% conversion only W/C
and Re/C and at 50% conversion only W/C,
Re/C, and Os/C could be measured. Os/C,
Ir/C, and Pt/C could be measured at 90%
conversion, but a comparison of selectivi-
ties at this high conversion level is not mean-
ingful. As with the second-row Mo/C cata-
lyst, W/C had the highest selectivity for
byproducts of the third-row TMS. In agree-
ment with the autoclave experiments the
W/C and Os/C catalysts had very high OPA
selectivities and the Re/C catalyst had a
very low OPA and high DHQ selectivity.
The selectivity for PCH increased and those
for PBZ and PCHE decreased from W/C to
Os/C.

The results obtained with the second- and
third-row TMS/C catalysts can be summa-
rized as follows. At low conversions the
yields of Q and THQI1 decrease and those
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of THQS5, DHQ, and OPA increase with
conversion, while at high conversion the
yields of all N-containing reactants and
intermediates decrease. The yields of all
three hydrocarbon products increase with
conversion, but the selectivity to PCH in-
creases and those to PCHE and PBZ de-
crease with conversion. When plotted as a
function of conversion the various yields
and selectivities of all catalysts adhere
more or less to the same curves (Fig.
6). This means that the ratios of all rate
constants do not change greatly when going
from one TMS/C catalyst to the other.
What happens if one goes from one catalyst
to the other is that all rate constants change
in the same direction. This explains why
the periodic trends observed for the overall
Q-HDN reaction were equal to those ob-
served for the HDN of intermediates, such
as DHQ, CHA, and OPA. As the flow
results show, there are differences between
the various catalysts. These differences
seem to be mainly related to the (de)hydro-
genating properties of the catalysts, which
increase from left to right in the second
and third row. Thus, the PCHE and OPA
selectivities decrease, while those of PCH
and THQS increase from Mo to Pd.
Although our studies have provided a
wealth of information about the abilities of
the various TMS to hydrodenitrogenate N-
containing molecules, further work is
needed to evaluate the real prospects of the
most promising candidates. To that end we
will complement the present qualitative con-
clusions with quantitative kinetic studies
over a limited number of the TMS catalysts.
Furthermore we will explore the possibili-
ties to improve the HDN properties by put-
ting active TMS catalysts on supports which
can assist in the N-removal part of the HDN
network through NH; elimination.

CONCLUSIONS

Transition metal sulfides proper can cata-
lyze all the reaction steps of the quinoline
HDN reaction; namely the hydrogenation of
the benzene ring and of the heterocyclic
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ring, the ring opening, as well as the nitrogen
removal. The first-row TMS have low Q-
conversions to hydrocarbons which, when
plotted versus the periodic position of the
TMS, form a U-shaped curve with a mini-
mum at Mn/C and Fe/C, and with V/C,
Co/C, and Ni/C having the highest conver-
sions. The Q-conversions to hydrocarbons
of the second- and third-row TMS form vol-
cano curves with maxima at Rh/C and Ir/C,
respectively. Mo/C and W/C had the lowest
conversions in these rows. The Q-conver-
sion to hydrocarbons increased from the
first row to the second row and to the third-
row TMS. The first-row TMS and also
Mo/C and W/C had a rather low Q-conver-
sion to hydrocarbons as the formation of
DHQ as well as its conversion to hydrocar-
bons were slow. The TMS with the highest
Q-conversion to hydrocarbons (Rh/C, Os/
C, and Ir/C) had much higher activities for
both reactions. For Ru/C, Pd/C, Re/C, and
Pt/C the ratio of the rates for DHQ conver-
sion to hydrocarbons and the formation of
DHQ was smaller than for the other cata-
lysts. Re/C and Ru/C have a selectivity to
PBZ higher than that of the other TMS with
high Q-conversion to hydrocarbons.
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