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Ruthenium sulphide catalysed hydrodenitrogenation (HDN) of quinoline and hydrodesulphuriza- 
tion (HDS) of benzothiophene were studied using a batch autoclave (cold filled with 3448 kPa of 
hydrogen), at 350/4OO“C and 300/3SO”C, respectively. Ruthenium from various precursors-[Ru 
Cl,xH,O], [RuJ(CO),J, [Ru(NH,)#+-was supported on Y-zeolite and y-AlzO,, and then sul- 
phided. The catalysts were highly active for HDN but not for HDS by comparison with a conven- 
tional Ni-MO/A&03 formulation. The results were attained with metal loadings (-5%) much lower 
than those used in conventional hydroprocessing calalysts. Physical combination of the most active 
catalyst, ruthenium sulphide supported on Y-zeolite, with sulphided nickel molybdate on alumina 
resulted in a catalyst system with greatly enhanced activity for HDN. 0 1986 Academic PWW. 1”~. 

INTRODUCTION 

Sulphide catalysts were first employed 
more than 50 years ago in German coal- 
liquefaction processes. Since then, cata- 
lysts based on transition metal sulphides 
have been developed into relatively sophis- 
ticated systems for the hydroprocessing of 
petroleum fractions. The catalysts usually 
employed are Co- and Ni-promoted MO or 
W supported on alumina or silica-alumina 
and are used to remove sulphur and nitro- 
gen and to hydrocrack petroleum feedstock 
(I); these are not, however, particularly ef- 
fective at high nitrogen levels (I, 2). The 
anticipated run-down of petroleum feed- 
stocks will require the hydroprocessing of 
heavier fractions of crude oil as well as an 
increase in the use of alternative fuel 
sources such as coal-derived liquids and 
shale-oil. These feedstocks contain larger 
amounts of sulphur, oxygen, nitrogen, and 
metals, so there will be a need for new cata- 
lysts with higher activity, selectivity, and 
resistance to deactivation than the cur- 
rently used systems. 

1 Author to whom correspondence should be ad- 
dressed. Present address: Coal Research Association 
of New Zealand, P.O. Box 3041, Wellington, New 
Zealand. 

Traditionally, the support used for hy- 
droprocessing catalysts is an amorphous 
metal oxide such as alumina or silica-alu- 
mina on which the catalytically active 
metals are placed by impregnation with a 
solution of a metal salt or, more recently, 
via low-valent organometallic precursors, 
to afford highly dispersed metal particles 
(3-5). Despite the extensive use of zeolites 
in catalysis, there has been little work car- 
ried out on their application to hydrotreat- 
ing processes. The sparse patent literature 
(6) and reports (7, 8) on the subject are con- 
cerned mainly with HDS. Zeolites have 
many desirable features, which include 
high surface area, shape selective capabil- 
ity, and the ability to produce high disper- 
sion of metals; these should be as applica- 
ble to hydrodenitrogenation as they are to 
other areas of catalysis (9). 

Ruthenium and its compounds have wide 
ranging application in both heterogeneous 
and homogeneous catalysis (10). Long- 
standing catalytic uses of ruthenium metal 
on refractory oxide supports include meth- 
anation (If, 12), Fischer-Tropsch synthe- 
sis of hydrocarbons (5, 13, Z4), and steam 
reformation of methane (15). Ruthenium 
dispersed in the cages of zeolites has also 
been applied to these processes (16-19) as 
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well as to hydrogenation (20), the water gas 
shift reaction (21, 22) and hydroformylation 
of ethylene (23). Surprisingly, the potential 
of supported ruthenium as a hydroprocess- 
ing catalyst has attracted little attention. A 
recent study (24) of the HDS activity of 
unsupported transition metal sulphides 
yielded periodic maxima (or volcano plots), 
with ruthenium displaying greater activity 
than the sulphides of either of the classical 
hydroprocessing metals, molybdenum and 
tungsten, and carbon-supported ruthenium 
has also been investigated (24a). 

In this paper we present the results of a 
study of the hydrodenitrogenation (HDN) 
activity (for quinoline) and the hydrode- 
sulphurization (HDS) activity (for ben- 
zothiophene) of a number of ruthenium- 
based catalysts. Quinoline and benzothio- 
phene are models for the organic sulphur 
and nitrogen material present in raw oils 
(25). Two supports, amorphous y-A1203 
and crystalline Y-zeolite, were impreg- 
nated with various precursor materials- 
[RuCMWl, [Ru~W~ZI, and [Ru 
(NH&13+-and the resulting catalysts were 
sulphided (H2/H2S or H2/CS2) for the HDN/ 
HDS investigation. The activities of the 
prepared catalysts were compared with that 
of a commercial MolNi-based catalyst un- 
der the same experimental conditions. A 
preliminary account of some of this work 
has been published (26). 

EXPERIMENTAL 

Materials. Synthetic Na-Y-zeolite (SK- 
40) was from Union Carbide, Linde Divi- 
sion. r-Al,O, purchased from Merck, had a 
surface area (BET method) of 124 m2 g-‘. 
[RuC& . xHzO] was purchased from John- 
son Matthey Ltd. and [Ru~(CO),Z] and 
[Ru(NH&,13+ were prepared by literature 
methods (27, 28). The commercial catalyst, 
BASF M8-21 (Moo3 - 15 wt%, NiO - 3 
wt% on A120j), was donated by BASF 
(Australia). The quinoline and ben- 
zothiophene were purchased from Aldrich 
and used as received. 

Catalyst preparation. Na-Y was stirred 
overnight twice with 1 M NH&l, washed 
chloride free, then oven dried at 80-100°C 
to give NHd-Y. 

The NH4-Y and y-A1203-supported cata- 
lysts were prepared by stirring aqueous 
solutions (0.5 litre of 0.002 M) of [Ru 
(NH3)6]3+ and [RuCh * xH20] with the sup- 
port (2 g) overnight. The resulting solids 
were then air-dried (80°C). The [Ru, 
(CO)r&based catalysts were prepared by 
impregnating the support (2 g) with a solu- 
tion of the carbonyl (0.211 g) in benzene, 
then stirring overnight under an atmo- 
sphere of nitrogen. The solvent was evapo- 
rated in a stream of nitrogen. Catalyst sam- 
ples were sulphided before use by heating a 
heptane slurry at 350°C for 3 h in the pres- 
ence of sulphur (introduced as a HZ/HIS 
mixture, or HI/C&). The ternary metal cat- 
alyst system was prepared by physically 
mixing equal weights of sulphided nickel 
molybdate with RuNY prepared as above. 

HF digested samples of the catalysts 
were analysed for ruthenium by atomic ab- 
sorption spectroscopy (Table l), using a 
GBC-901 instrument. 

X-ray diffraction (XRD) patterns of the 
sulphided samples were obtained using a 
Siemens D500 diffractometer with nickel- 
filtered CuKac radiation. 

Transmission electron microscopy 
(TEM) was carried out with a JEOL 100 CX 
instrument. 

TABLE I 

Composition of Catalysts 

Catalyst support Designation Metal 
precursor (wt%) 

[Ru(NHsk?+ Y-zeolite RuNY 3.33 
[R~3KOh21 Y-zeolite Ru(CO)Y 2.30 
[RuC& xHZO] Y-zeolite RuClY 5.17 
[Ru(NH&,l’+ Y-AlzOz RuNy 3.99 
[RU3(C0)121 y-A1203 WCO)y 4.86 
[RuCI~ . xH~O] y-Al203 RuCly 4.29 
Mo03, NiO AhO3 BASF M8-21 -10; -3 
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The X-ray photoelectron spectra for the 
sulphided catalysts were measured with a 
V.G. ESCALAB-5 spectrometer using 
AlKa X rays (1486.6 eV> and an anode run 
at 150 W. The binding energies were refer- 
enced to the Al 2p line of the zeolite at 74.3 
eV. 

Gas chromatographic analyses were car- 
ried out on a Varian Model 3700 gas chro- 
matograph (flame ionization detector) 
equipped with a 25 m X 0.2 mm id. vitre- 
ous silica capillary column wall-coated with 
SE-54, programmed from 40°C (1 min) to 
280°C (hold) at lo” min-I. Detector re- 
sponse factors were determined by inject- 
ing known quantities of compounds of 
interest. Compound identities were 
confirmed by gas chromatography/mass 
spectroscopy analyses carried out on a 
Hewlett-Packard Model 5995A machine 
equipped with a 50 m x 0.2 mm i.d. vitre- 
ous silica WCOT SE-30 column. 

Catalyst testing. Quinoline HDN experi- 
ments were carried out in a 70-cm3 auto- 
clave (Parr Model 4742), operated in the 
batch mode. The autoclave was loaded with 
the reactants in a glass liner (quinoline (1 g); 
catalyst (0.100 g); CS2 (0.030 g)) in a slurry 
with n-heptane (15 ml) as carrier. Carbon 
disulphide was added to maintain the cata- 
lyst in the sulphided state. The autoclave 
was flushed with nitrogen, cold-filled to 
3448 kPa hydrogen pressure, then heated, 
with stirring, to the required temperature 
(350 or 400°C). At these temperatures the 
pressures were approximately 6600 and 
10,300 kPa, respectively. After reaction the 
autoclave was cooled and flushed with ni- 
trogen, and the contents were analysed. 
Total time from switch-on to switch-off was 
5 h. Under these conditions only moderate 
nitrogen removal occurred so changes in 
product distribution could be monitored 
readily. A similar procedure was followed 
for the benzothiophene HDS experiments, 
although lower temperatures (300 and 
350°C) were used and different operating 
pressures (8300 and 9600 kPa) were 
reached. 

RESULTS AND DISCUSSION 

Catalyst Characterization 

The ruthenium loadings obtained from 
the various precursors ranged from 2.30 to 
5.17 wt% and are given in Table 1. Color of 
the sulphided catalysts varied from dark 
brown to black. 

An XRD examination of the catalysts be- 
fore and after use showed that the crystal- 
linity of the zeolites was maintained under 
the reaction conditions given above. XRD 
of the catalysts in the sulphided state re- 
vealed crystalline ruthenium sulfide in only 
one case, RuNy, which exhibited the RuS2 
(laurite) Ill(w), 200(s), and 311(s) diffrac- 
tion peaks. Examination of the broadening 
of the 200 and 3 11 peaks indicated a mean 
crystallite size of 60 A (using the simple 
Scherrer equation with K = 1). Although 
care must be taken when using XRD infor- 
mation to predict crystallite size limits, 
(29), this suggests that the size of any crys- 
tallites in the other catalysts must fall well 
below this value. TEM imaging and se- 
lected area diffraction of specimens of 
RuNy revealed clusters of crystallites of ru- 
thenium sulphide and confirmed the XRD 
findings for this catalyst. The ruthenium 
sulfide was not on the support but formed a 
separate phase. On none of the other cata- 
lysts could distinct particles of ruthenium 
sulphide be detected in the TEM with either 
imaging or diffraction. From our experi- 
ence with metallic clusters examined with 
this microscope, an upper limit of 10 A was 
set for the size of any ruthenium sulphide 
present. 

Thus both XRD and TEM methods indi- 
cated that, with the exception of RuNy, in 
all catalysts the ruthenium sulphide was 
dispersed as aggregates composed of only a 
few molecules at most. 

Information on the location of the ruthe- 
nium was obtained by X-ray photoelectron 
spectroscopy of the zeolite-supported cata- 
lysts. The technique was used to measure 
the Ru to Si ratio; a comparison of this with 
the theoretical value indicates whether the 
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FIG. 1. Reaction networks for HDN of quinoline and 
HDS of benzothiophene. 

ruthenium has remained in the zeolite or 
migrated to the surface (30). The measured 
ratio was considerably larger than the cal- 
culated amount, suggesting significant mi- 
gration to the external surface of the zeo- 
lite. However, it follows from the TEM 
results that this migration is not accompa- 
nied by the formation of crystallites of sig- 
nificant size. 

Catalyst Activity 

The commonly accepted reaction net- 
works for the HDN of quinoline (31) and 
the HDS of benzothiophene (32) are shown 
in Fig. 1. The products observed in the 
present study were in agreement with these 
schemes. The reaction products and con- 
versions found for the various catalysts 

A Hydrocarbons 

FIG. 2. Change of product composition with reaction 
temperature for the HDN of quinoline over RuNY. 

tested in this work are presented in Tables 2 
and 3. The variation of product composi- 
tion with reaction temperature for quinoline 
HDN over RuNY is shown in Fig. 2. The 
appearance of small amounts of propane, 
butane, and pentane in tests carried out at 
400°C indicate that some cracking of reac- 
tion products occurs at this temperature. 

Hydrodenitrogenation Studies 

(a) BASF M8-22. This reference catalyst 
behaves as expected (31). The overall con- 
version of quinoline was high at both test 
temperatures. At 350°C the major product 
was 1,2,3,4-tetrahydroquinoline and little 
C-N bond scission had occurred. Hydroge- 

TABLE 2 

Products of HDN of Quinoline over Ruthenium Catalysts 

Catalyst BASF RuNY Ru(CO)Y RuClY RuNy Ru(CO)r RuCly RuNY + 

MS-21 BASF 
Ma-2 I 

350°C 400°C 350°C 400°C 3so”c 400°C 350°C 400°C 350°C 400°C 350°C 4tM”C 350°C 400°C 4cvc 

% Conversion 86 

% q 6.5 25 19 42 2 26 I 21 I I9 5 I9 4 I9 25 

% wH, 13 43 - 9 - 19 - 24 - 16 4 5 - 2, 22 

y+, a 76 19 El 32 98 44 99 36 99 55 90 65 96 52 19 

H 
% HCs Cj-Cx OS 8 - II - 6 - IO - 7 - 9 - 5 8 
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TABLE 3 

Products of HDS of Benzothiophene over Ruthenium Catalysts 

257 

Catalyst BASF RuNY Ru(CO)Y RuClY RuNy KUlCO)Y RuCly 

300°C 350°C 300°C 350°C 300°C 3XI”C 300°C 350°C 300°C 350°C 300°C 350°C 300°C 350°C 

nation of the heterocyclic ring is considered 
to be the first step in most HDN reactions 
(2, 31). At 400°C there was an increase in 
the amounts of non-nitrogen-containing hy- 
drocarbons while propylaniline was also 
produced in significant quantities (Table 2). 
The presence of propylaniline reflects the 
high stability of anilines with respect to ni- 
trogen removal in comparison to saturated 
amines. 

(6) Zeolite-supported catalysts. Transi- 
tion metals are generally introduced into 
zeolites by cation exchange or by adsorp- 
tion of low-valent organometallic com- 
plexes. The readily available ruthenium 
sources are [RuC13 * xHzO], [Ru(NH&J3+, 
and [Ru~(CO),~]. Ruthenium ion exchange 
into zeolites is considered to be more suit- 
ably carried out using [Ru(NH3W3+ than 
[RuClj . xHzO] and there have been exten- 
sive studies of this system (33). In the 
present work all the ruthenium compounds 
have been introduced into the NH: form of 
Y-zeolite. Under test conditions the resid- 
ual NH: ions decompose to give the proton 
form of Y-zeolite. Table 2 shows that at 
350°C the zeolite-based catalysts are more 
active than the commercial catalyst for hy- 
drogenation but not for HDN. Quinoline 
conversions are high but the products are 
mainly hydrogenated quinolines; no C-N 
bond scission has occurred. At 400°C there 
are increased amounts of the product of hy- 
drogenation of the nonheterocyclic ring of 
quinoline, and products of C-N bond 
breaking, i.e., propylaniline and non-nitro- 
gen-containing compounds, are produced 
in quantities similar to those obtained with 

the commercial catalyst. RuNY , in particu- 
lar, compared very favourably with the 
commercial catalyst in its conversion of 
quinoline and its C-N bond-breaking ability 
(Fig. 2), but the other zeolite catalysts were 
also highly active. Under more forcing con- 
ditions (4SO”C, 13,800 kPa) the most active 
catalyst, RuNY, gave non-nitrogen-con- 
taining material in excess of 70%, com- 
pared with 60% for the commercial cata- 
lyst. The product mixture obtained is more 
complex, with considerable cracking and 
isomerization taking place at this tempera- 
ture and pressure. 

(c) y-Alumina-supported catalysts. The 
traditional carrier for hydroprocessing cata- 
lysts is an amorphous solid such as alumina 
or silica-alumina. Catalytically active 
metals are usually placed on these acidic 
supports by impregnation with a solution of 
metal salt. Impregnation via low-valent or- 
ganometallic precursors also provides ac- 
tive catalysts (3, 4). In this study we have 
used both methods to disperse ruthenium 
on y-alumina. Of the catalysts, only RuNy 
did not show good Ru dispersion. The XRD 
of RuNy showed some bulk ruthenium sul- 
phide, and this was confirmed by the obser- 
vation of crystalline clumps in the transmis- 
sion electron micrographs. These catalysts 
gave products similar to those for the zeo- 
lite-based catalysts with the superior hy- 
drogenation ability of the ruthenium cata- 
lysts again being evident. At 350°C 
quinoline conversion was high, but the 
product was almost exclusively 1,2,3,4-te- 
trahydroquinoline. At 400°C some C-N 
bond cleavage occurred, but the alumina- 
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based catalysts proved less active than the 
zeolite catalysts and the commercial cata- 
lyst. 

(d) Ternary-metal catalyst. Physical 
combination of RuNY with sulphided 
nickel molybdate on alumina gave a cata- 
lyst with greatly enhanced activity for 
HDN (Table 2). The maximum activity was 
obtained with a 1 : 1 mixture and was 
greater than that of either of the component 
catalysts. Overall quinoline conversion was 
increased and there was a significant in- 
crease in the amount of non-nitrogen-con- 
taining material produced. The high activity 
of the catalyst system was also displayed in 
hydroprocessing tests carried out on shale 
oil when nitrogen removal and hydrocrack- 
ing levels were obtained which were supe- 
rior to those from a range of commercial 
catalysts (34). 

Examination by XRD and TEM of the 
used ternary metal catalyst did not reveal 
any changes to which the promotion in ac- 
tivity could be attributed. Delmon and co- 
workers have carried out extensive studies 
on the preparation of promoted CO-MO 
HDS catalysts by mechanical mixing of the 
two phases (35). Their remote control the- 
ory attributes the enhanced activity to the 
close contact of MO& with Co&, and a 
similar mechanism may apply in the ruthe- 
nium-based catalyst. An alternative model 
for the promotion of HDS activity of sup- 
ported and unsupported Co(Ni)-Mo cata- 
lysts has been developed by Topsoe et al. 
(36). They have identified the presence of 
the Co(Ni) promoter atoms in a Co(Ni)- 
MO-S phase in these catalysts and correl- 
ated the catalytic activity with the amount 
of Co(Ni) present in the phase. The forma- 
tion under reaction conditions of such an 
active phase in our catalyst (involving Ru- 
Mo-Ni-S) cannot be discounted as our 
characterisation methods would not detect 
it. A further possibility is that a conven- 
tional bifunctional mechanism is operating 
in our system, with the superior hydrogen- 
ating ability of ruthenium (Table 2) increas- 
ing the availability of 1,2,3$tetrahydro- 

quinoline for HDN. The origin of the 
promotion effects in the ruthenium-based 
catalyst is being studied (37). 

Hydrodesulphurization Studies 

(a) BASF M8-21. With this catalyst 
nearly 100% conversion of benzothiophene 
was achieved at 350°C; the major product 
(96%) was ethylbenzene, so essentially 
most of the organic sulphur had been ex- 
truded. At 300°C HDS activity was not as 
high and some dihydrobenzothiophene was 
formed. Although styrene has been ob- 
served as a product of the HDS of ben- 
zothiophene (32) we found no evidence for 
its presence. 

(b) Ruthenium catalysts. The ruthenium 
catalysts are much less active for the HDS 
reaction than for HDN. The catalysts 
showed far lower HDS conversions than 
the commercial catalyst at both 300 and 
35O”C, and the zeolite-supported species 
were only marginally more active than the 
alumina-supported (Table 3). Not only 
were the conversions much lower over the 
ruthenium catalysts, but a large percentage 
of the products consisted of dihydroben- 
zothiophene. Thus the extent of hydrogen- 
olysis was also considerably less than that 
effected by the commercial catalyst. 

Competitive HDS and HDN Reactions 

It is generally accepted (I, 38) that nitro- 
gen removal is more difficult than sulphur 
extrusion and any catalyst that is active for 
nitrogen removal is normally highly active 
for desulphurization. Therefore the large 
difference observed in this work in the ac- 
tivity of the ruthenium catalysts for HDN 
as compared to HDS implies a preference 
of these catalysts for denitrogenation over 
desulphurization. To test this hypothesis a 
one-to-one mixture (0.500 g of each) of 
the nitrogen and sulphur heterocyclic com- 
pounds was subjected to the standard test 
(at both temperatures) over RuNY. The 
results are presented in Table 4. At 35’0°C 
there is a high conversion of quinoline both 
in the mixture and in isolation, although the 
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TABLE 4 

Competitive Reaction of Quinoline plus 
Benzothiophene over RuNY” 

350°C 400°C 

% Conversion quinoline 99 (88) 94 (91) 

% Conversion benzothiophene 39 (83) 17 (100) 

% HCs C,-C5 - t-1 17 (30) 

%Q-- 
40 (43) 82 (81) 

%&I 
60 (57) 18 c-1 

%(f$ 1 (4 10 (2) 

“Q-l 
- (4 6 (4) 

% 
m 

4 (19) 31 (42) 

%tiH 
- (--) 13 (9) 

"a2 
95 (81) 30 (32) 

H 

a Figures in parentheses are results of reaction of 
individual components over RuNY. 

conversion consists mainly of hydrogena- 
tion and not hydrogenolysis. There is a 
marked decrease in the conversion of ben- 
zothiophene in the mixture in comparison 
with the single component result, and this 
decrease is accompanied by a decrease in 
the relative amount of sulphur extrusion. 
At 400°C the percentage conversion of 
quinoline is again similar in both cases, al- 
though C-N bond scission appears to be 
enhanced in the mixture. There is a large 
decrease in the benzothiophene conversion 
in the mixture compared with the 100% sul- 
phur removal observed in the single compo- 
nent test. The decrease in overall conver- 
sion is accompanied by a decrease in 
sulphur removal, as is observed in the 
350°C run. 

These results appear to confirm the hy- 
pothesis that the ruthenium catalysts ex- 
hibit a preference for nitrogen removal over 
sulphur, and so are more selective for nitro- 
gen hydrogenolysis than the classical hy- 
droprocessing catalysts. However, it is well 
established (39, 40) that there are mutual 
interactions between the catalytic HDS and 

HDN (over MO-based catalysts) of mix- 
tures containing both sulphur and nitrogen. 
These interactions result in a reduction of 
HDS activity in the presence of basic nitro- 
gen compounds. The possibility that this in- 
hibition has occurred over the ruthenium 
catalyst cannot be discounted so the appar- 
ent preference for nitrogen removal exhib- 
ited in the mixed feedstock tests is not 
clear-cut. 

CONCLUSIONS 

Sulphided ruthenium supported on Y-ze- 
olite or y-alumina is an active catalyst for 
hydrodenitrogenation of quinoline. This ac- 
tivity is achieved with metal loadings much 
lower than those used commonly in com- 
mercial hydrodenitrogenation catalysts. 
The most active catalyst was obtained by 
ion exchange of [Ru(NH&J3+ into NH4Y 
zeolite followed by sulphidation; the alu- 
mina-supported catalysts were less effec- 
tive for C-N bond breaking. Alumina sup- 
port-metal sulphide interaction has been 
implicated in a decrease in catalytic activity 
observed when this support is compared to 
carbon (24~) and a strong correlation has 
been drawn between electronic structure 
and catalytic activity of metal sulphides 
(24, 41). In this work the nature of the ac- 
tive ruthenium-sulphur species has not 
been established but electronic changes 
may have occurred, as preliminary studies 
have indicated that polynuclear species 
may be present in the zeolite (42). Unex- 
pectedly, the high activity of these catalysts 
for HDN was not reflected in a correspond- 
ingly high activity for hydrodesulphurisa- 
tion. In both single- and mixed-feedstock 
experiments the ruthenium catalysts dis- 
played a preference for HDN over HDS. A 
1 : 1 combination of sulphided ruthenium on 
Y-zeolite with sulphided nickel molybdate 
on alumina was extremely active for HDN 
of quinoline-more so than either of the 
component catalysts. The reasons for this 
promotion effect have not yet been estab- 
lished. The HDN of quinoline serves as a 
model for the HDN of high nitrogen refin- 
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ery feedstock; work on the upgrading of 
shale oil, which will be reported elsewhere, 
confirmed the efficacy of the sulphided ter- 
nary metal system for catalytic hydro- 
processing. 
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