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Catalytic Functionalities of Supported Tungsten Sulfide Catalysts 

INTRODUCTION 

Sulfided CO-MO and Ni-W catalysts are 
well established in hydrotreating of petro- 
leum fractions (I). Such catalysts are at- 
tracting increased attention in heavy resi- 
due processing as well as coal liquefaction 
and upgrading of coal-derived liquids (2). 
Various reactions catalyzed by these cata- 
lysts are hydrogenolysis, hydrogenation, 
and hydrocracking. The above three func- 
tionalities not only are required for an ef- 
fective hydrotreating catalyst but also 
should be appropriately balanced. For ex- 
ample, indiscriminate and excessive hydro- 
genation consumes costly hydrogen. To be 
able to prepare effective well-balanced sul- 
fided catalyst it is necessary to gain knowl- 
edge on the origin of different functions of 
the catalyst and their dependence on nature 
of the support composition, etc., variables. 
Such studies on molybdenum sulfide cata- 
lysts are reported in the literature (3) while 
corresponding studies on tungsten catalysts 
are not available. To bridge the gap, we 
have attempted to evaluate catalytic func- 
tionalities of various catalysts derived from 
a series of Si02-A1203 supports with vary- 
ing silica/alumina ratios. A series of such 
catalysts was prepared and their catalytic 
functionalities were differentiated and as- 
sessed by simple model test reaction like 
thiophene hydrogenolysis and hydrogena- 
tion of cyclohexene. Low-temperature oxy- 
gen chemisorption is widely used to mea- 
sure active sites on supported molybdenum 
catalysts (4). Its use has been extended to 
Ni-W catalysts recently (4-7). In this in- 
vestigation, an attempt is made to correlate 
above-said catalytic functionalities with 
]OW-temperatUre oxygen chemisorption. 

EXPERIMENTAL 

The catalysts were prepared by incipient 
wetting of the respective commercial sup- 
ports with a solution of appropriate concen- 
tration of ammonium metatungstate. The 
impregnated samples were dried in air at 
120°C for 16 h and then calcined in air at 
540°C for 16 h. The nickel-promoted cata- 
lysts were prepared from oven-dried 19% 
W on various supports by impregnation 
with the nickel nitrate solution of appropri- 
ate concentration in an identical manner. 

Oxygen chemisorption was measured us- 
ing a conventional static high-vacuum sys- 
tem with a provision to sulfide the catalyst 
in situ by flowing C&/Hz mixture, following 
the procedure of Parekh and Weller (8). 
The same system was also used to measure 
BET surface areas. Details of the cxpcri- 
mental setup and chemisorption procedure 
are given elsewhere (9). X-ray diffracto- 
grams were recorded on a Philips P.W. 
1051 diffractometer by using nickel-filtered 
CuK, radiation. 

Thiophene hydrodesulfurization (HDS) 
and cyclohexene hydrogenation (HYD) ac- 
tivities were evaluated on a catalyst sul- 
fided at 400°C in a flow of C&/Hz mixture. 
in a fixed bed reactor operating at atmo- 
spheric pressure and interfaced with a six- 
way sampling value for product analysis. 
Details of the reactor and activity calcula- 
tion were given elsewhere (9). 

RESULTS AND DISCLJSSION 

The catalysts were characterized by X- 
ray diffraction, surface area measurement, 
and low-temperature oxygen chemisorp- 
tion. The results of these investigations are 
presented in Table I. It can be seen that all 
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TABLE 1 

Characterization Data on Si02-A1202-Supported Tungsten Catalysts 

Catalyst support 
composition 

A1203 

25% Si02-AllO3 
75% Si02-A1203 
Si02 

W” support Ni/Wb support 

Surface area XRD O2 Chem. XRD O2 Chem. 
Cm2 g-9 bmol g-9 (wol g-9 

182 - 36.58 - 39.71 
402 - 26.14 - 35.46 
406 ws2 14.81 ws2 21.05 
478 ws2 12.00 ws2 16.06 

a Unpromoted catalysts have 19% W on each support. 
b Promoted catalysts have 3% Ni + 19% W on each support. 

the supports are of high surface area and 
the surface area is sufficiently high to ac- 
commodate a monolayer of tungsten sulfide 
on these catalysts. X-ray diffractograms 
showed no characteristic lines due to tung- 
sten sulfide up to 25% Si02 in the support. 
However, 75% Si02-containing catalyst 
and SiO2 catalyst showed characteristic 
tungsten sulfide peaks. These results indi- 
cate that tungsten is well dispersed on 
A1203 and on catalyst containing a lower 
percentage of SiOZ. This observation is in 
agreement with Chan et al. (10). Oxygen 
chemisorption data on both promoted and 
unpromoted tungsten sulfide on various 
Si02-A1203 is also presented in Table 1. It 
can be seen that in the case of both pro- 
moted and unpromoted catalyst oxygen 
chemisorption decreases linearly with silica 
contents. Oxygen adsorbs on anion vacan- 

cies which are active sites for hydrogena- 
tion and hydrogenolysis; the decrease of 
oxygen chemisorption indicates that active 
sites are decreasing with increasing silica 
content in the support. 

Catalytic activities for thiophene hydro- 
desulfurization and cyclohexene hydroge- 
nation on various promoted and unpro- 
moted SiOz-A&03-supported catalysts are 
presented in Table 2. The hydrodesulfuriza- 
tion-to-hydrogenation ratios (HDSHYD) 
are also presented in Table 2. Variation of 
catalytic functionalities of promoted tung- 
sten sulfide catalyst with silica content in 
the support is plotted in Fig. 1. It can be 
seen that hydrogenation decreases linearly 
with silica content and hydrodesulfuriza- 
tion decreases at first sharply at low silica 
content and more slowly at higher SiOZ 
content in the support. It is significant to 

TABLE 2 

Effect of Support on Catalytic Functionalities of W Catalysts 

Catalyst/support Unpromoted” Promotedb 
composition 

‘“DS x 103 rHyD x 10’ HDSIHYD i-HDS x 103 YHDX x 10) HDSIHYD 
(mol h-’ g-’ cat.) (mol h-l g’ cat.) (mol h-’ g’ cat.) (mol h-l g-l cat.) 

AMA 8.84 47.02 0.18 
25% SiO*-A120, 4.80 44.89 0.11 
75% SiO*-A1203 3.05 29.89 0.10 
SiOl 1.05 20.05 0.05 
- 

” Unpromoted catalysts have 19% W on each support. 
h Promoted catalysts have 3% Ni + 1% W on each support. 

44.99 86.23 0.52 
15.87 79.46 0.20 
8.56 55.39 0.15 
2.5 45.0 0.06 
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FIG. 1. Variation of catalytic functionalities of pro- 
moted tungsten sulfide catalysts with silica content. 

note that the two functionalities behave dif- 
ferently with SiOZ content in the support. 
Similar behavior indicates that the two re- 
actions originate from two different types 
of sites on Si02-A1203-supported Ni-W 
sulfide catalysts. This is in agreement with 
that reported on supported molybdenum 
sulfide catalysts (II). While the activities 
varied with the support it is important that 
HDS/HYD ratios showed considerable 
variation. This gives further support to the 
idea that different catalytic functionalities 
are associated with different catalytic sites 
presented in the catalyst, otherwise the 
activities should show parallel trends and 
invariant HDS/HYD ratio. 

In order to separate the effect of silica 
content in the catalyst on catalytic activity 
from nickel promotional effect all the SiOZ- 
A1203 supports are tested with only tung- 
sten present. Because of low activity of the 
catalysts the reactions were run at 400°C. 
The results of such investigation are pre- 
sented in Fig. 2. It can be seen that both 
functionalities behave differently. The 
trends are generally similar to those ob- 
served for Ni-W counterparts. HDS/HYD 
ratio also showed considerable variation. 
All these indications point out that hydro- 
desulfurization and hydrogenation also 
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FIG. 2. Variation of catalytic functionalities of un- 
promoted tungsten sulfide catalysts with silica con- 
tent. 

originate from different sets of sites on the 
catalyst containing tungsten. Figure 3 
shows a correlation of oxygen chemisorp- 
tion with catalytic hydrogenation on both 
promoted and unpromoted tungsten sulfide 
catalysts. It is evident that in cases of both 
promoted and unpromoted catalysts the hy- 
drogenation activity varies linearly with 
oxygen chemisorption. Such a linear rela- 
tionship of oxygen chemisorption with hy- 
drogenation functionalities was reported 
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FIG. 3. Oxygen chemisorption as a function of cata- 
lytic hydrogenation rate on both promoted and unpro- 
moted tungsten sulfide catalysts. 
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FIG. 4. Oxygen chemisorption as a function of hy- 
drodesulfurization rate on both promoted and unpro- 
moted tungsten sulfide catalysts. 

for molybdenum sulfide catalysts (12). Fig- 
ure 4 displays a correlation between oxygen 
chemisorption and hydrodesulfurization ac- 
tivity on both promoted and unpromoted 
catalysts. It can be seen that a nonlinear 
correlation is obtained for both promoted 
and unpromoted catalyst. It can be noted 
that both hydrogenation and hydrodesul- 
furization correlate with oxygen chemi- 
sorption but in two different ways. This ob- 
servation indicates that two catalytic func- 
tionalities originate from two different sets 
of sites on both of which oxygen che- 
misorbs. The fact that both functionalities 
correlate with oxygen uptake indicates that 
oxygen chemisorption is nonspecific to any 
one of the sites, probably measuring gen- 
eral state of dispersion. 

Interaction between tungsten and sup- 
port plays a major role in determining the 
dispersion of the tungsten sulfide phase 
which is directly reflected on the activity of 
the sulfided catalyst (IO). The fact that X- 
ray results showed three-dimensional crys- 
tallites beyond 75% silica content indicates 
that tungsten sulfide dispersion is poor in 
these catalysts. However, A1203-supported 
catalyst and catalyst containing low silica 
indicated good dispersion. Therefore, X- 
ray results indicate that tungsten is well 

dispersed on A1203 and the dispersion grad- 
ually decreases as the silica content in- 
creases. It was shown in Figs. 1 and 2 that 
hydrodesulfurization and hydrogenation 
activities also decrease with the increase in 
silica content. Therefore, the decrease in 
activity can be attributed to a decrease in 
the dispersion of the sulfided phase. Then 
the question arises, How does the disper- 
sion decrease? It is known that molybde- 
num and tungsten have similar chemistries. 
Molybdenum reacts with surface hydroxyl 
groups to form oxomolybdenum species. 
Similar types of species are also formed 
with supported tungsten catalysts (13, 10). 
Yamagata et al. (14) suggested that strongly 
adsorbed molybdenum depends on the OH 
content replaceable by F ions on the sup- 
port. Massoth et al. (15) proposed that the 
MO cluster size depends on the OH groups 
which in turn are related to SiOZ content in 
the support. Considering the similarity in 
the chemistries of molydbenum and tung- 
sten it is reasonable to assume that a similar 
situation also exists for supported tungsten. 
As SiOz is added to A1203 the OH group 
concentration decreases (14, 15) resulting 
in less bonding to the surface. As the silica 
content continues to increase, sufficient 
bonding sites remain and three-dimensional 
growth of WS? occurs. Therefore, the de- 
crease in activity with silica content is due 
to growth of three-dimensional crystallites 
of WS2 which in turn is due to lack of suffi- 
cient binding sites to bind tungsten sulfide 
to the support surface. 
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