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The binary oxide TiOIZrOz, whose chemical and physical properties were found to be strongly 
dependent on metal oxide ratio, precipitation methodology, and calcination temperature, was 
investigated as a support material for a Coo-Moo1 hydrodesdfurization (HDS) catalyst. Thio- 
phene HDS studies at 1 atm and 300°C revealed that the TiO=Zr02-supported catalyst had an initial 
activity, on a weight basis, over twice that of a CoO-MoOX/Al~Oj catalyst, but suffered rapid 
deactivation. Nitric oxide chemisorptionitemperature-programmed desorption (TPD) results sug- 
gest that the high initial activity of the TiOrZrO1-supported catalyst may be due to a weaker 
MO-support interaction, yielding a greater number of more reactive coordinatively unsaturated MO 
sites. Thermal gravimetric analysis and differential scanning calorimetry results suggest that 
deactivation of the TiOrZrOz-supported catalyst is at least in part due to coke formation. D 1987 

Academic Press. Inc. 

INTRODUCTION 

Over the years a considerable amount of 
research has been devoted to studying the 
surface properties of the most effective 
hydrodesulfurization catalyst, COO-MoOJ 
A1203. This has included attempts to define 
the active catalyst species, the role of COO, 
and the hydrodesulfurization reaction 
mechanism of model compounds. Another 
less-examined area is the role of the 
support. 

The traditional view of a catalyst support 
has been that of an inert carrier for the 
catalytically active metal. Thereby, the 
support provided a surface for metal disper- 
sion and enhanced thermal stability permit- 
ting continuous use at elevated tempera- 
tures. More recently, the physical and 
chemical properties of the support have 
been recognized as major contributors to 
resultant catalytic activity (1). While the 
physical properties of the support have 
been related to metal dispersion (2), the 
chemical properties have been related to 

both metal dispersion and electronic ef- 
fects. 

Yamazata et al. (3) have reported that 
molybdenum-support interaction is depen- 
dent on the number of anionic hydroxyl 
groups on the surface of the support. Mu- 
ralidar et al. (4) have also reported that the 
cpncentration of anionic hydroxyl groups 
on the surface of a support affects molybde- 
num dispersion. Lercher and Noller (5) 
have shown by infrared studies a direct 
correlation between Bransted acid strength 
of the hydroxyl bond on metal oxides and 
the Sanderson intermediate electronegativ- 
ity of the metal oxide. 

Recently, we reported (6) a correlation 
between nitric oxide chemisorption/TPD 
results and the calculated electronegativity 
of the support for a series of metal-oxide- 
supported Moo3 catalysts. The results sug- 
gested that supports with calculated elec- 
tronegativity values greater than A1203 
yield more reactive sites, possibly due to a 
weaker MO-support interaction. 

As a consequence of these results we 
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investigated the use of binary oxides as 
supports for hydrodesulfurization cata- 
lysts. Our principle objective was to iden- 
tify a support material that would promote 
HDS activity by enhancing the metal- 
support interaction while maintaining a 
high metal dispersion. This paper presents 
results for a series of TiOTZrO;?-supported 
catalysts which suggest that variations in 
MO-support interaction can affect catalyst 
activity for HDS. 

EXPERIMENTAL 

Sample Preparation 

Samples of TiOrZr02 were prepared by 
calcination of the hydroxides at 300 to 
700°C for 3 h. The coprecipitated hydrox- 
ides were prepared in three ways: homoge- 
neous precipitation using urea (7), direct 
addition of ammonium hydroxide, and hy- 
drolysis of the metal alcoxides (8). 

For the homogeneous precipitation pro- 
cedure (HPP), an aqueous solution of TiC4, 
ZrOC12, and urea was heated to 95°C with 
constant stirring. Precipitation was com- 
plete after 2 to 3 h, at which time the pH of 
the solution was approximately 7. The pre- 
cipitate was then filtered off, washed with 
deionized water to remove chloride ions, 
and dried overnight at 120°C (Table 1, Sup- 
ports A-D). 

The second method of precipitation in- 
volved the direct addition of concentrated 
ammonium hydroxide at a rate of approxi- 

mately 5 cc/min to an aqueous solution 
(0.18 M) of TiCI, and ZrOClz. When the pH 
reached 8.5 the precipitate was filtered off, 
washed with deionized water, and dried 
overnight at 120°C (Table 1, Support E). 

The third method of precipitation, hydro- 
lysis of the metal alcoxides, namely, tita- 
nium(IV) butoxide and zirconium n- 
propoxide, was performed at room temper- 
ature in n-propanol (Table 1, Supports F 
and G). Hydroxides were precipitated from 
10 wt% solutions using both a stoichiomet- 
ric amount of water (Support G) and five 
times the stoichiometric amount (Support 
F) added dropwise at a rate of approxi- 
mately 5 cc/min. The samples were then 
washed with n-propanol and dried at 120°C 
for 2 h. 

The COO-Moo3 catalysts were prepared 
by impregnation of the TiOTZrOZ supports 
(40 x 80 mesh) using the incipient wetness 
technique. Supports were first impregnated 
with an aqueous solution of ammonium 
heptamolybdate, dried at 12O”C, impreg- 
nated with an aqueous solution of cobalt 
nitrate, dried at 12O”C, and calcined in 
flowing air at 350°C for one hour. Final 
composition, based on the concentration of 
the impregnation solutions, was 5 wt% Co0 
and 16 wt% Mo03. 

Nitric Oxide ChemisorptionlTPD 

NO chemisorption/TPD studies were 
performed in a flow apparatus equipped 

TABLE 1 

Description of TiOrZrOz Support Materials 

support Calcination Surface NH3 chemisorption Ti : Zr ratio 
temperature area 

F-3 (m*k) @moles/g) (~moles/m*) Bulk XPS 

A 500 125 621 4.96 4:l - 
B 500 280 1014 3.62 1:l - 
C 500 90 722 8.02 1:4 - 
D 350 367 1256 3.42 1:l 0.52 : 1 
E 350 246 1207 4.91 1:l 0.44 : 1 
F 350 287 736 2.56 1:l 0.83 : 1 
G 350 254 1349 5.31 1:l 0.90 : 1 
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with a thermal conductivity detector and 
quadrupole mass spectrometer as previ- 
ously described (6). All catalyst samples 
(250 mg) were presulfided in situ at 400°C 
for 1 h with 10 ~01% H2S in H2 prior to NO 
chemisorption. 

After saturation of the catalyst with NO 
the sample was heated in a helium stream 
(50 cc/min) to 400°C at a rate of 2OUmin. 
The composition of the effluent gas was 
measured at I-min intervals using the on- 
line quadrupole mass spectrometer. The 
ratio of NzO/NO was determined from the 
sum of the intensities of the N20 and NO 
peaks. 

Ammonia Chemisorption 

Ammonia chemisorption measurements 
were made using the same apparatus de- 
scribed for NO chemisorption studies. 
Samples (250 mg) were first heated under a 
helium flow (50 cc/min) to 400°C for 1 hr. 
They were then cooled to 30°C and flushed 
with a 20 ~01% NH3 in helium stream for 30 
min. Ammonia chemisorption values were 
obtained by measuring the amount of NH3 
desorbed on temperature programming 
from 30 to 400°C at a rate of 25”C/min using 
a thermal conductivity detector. 

Hydrodesulfurization Activity 

Catalyst samples were tested for initial 
thiophene hydrodesulfurization activity 
using a pulse-mode reactor at 300°C and 1 
atm. The catalyst (0.05 cc) was presulfided 
at 400°C in 10 ~01% HzS in Hz prior to 
testing. A 200~~1 sample of 11 ~01% thio- 
phene in H2 was injected into a Hz stream 
(40 cc/min). Thiophene conversion was 
measured on-line using a gas chromato- 
graph equipped with a flame ionization de- 
tector and a 3 ft x 4 in. column packed with 
OV-17Khromosorb Q. 

Steady-state activity measurements were 
made with presulfided catalysts at 300°C 
and 1 atm in a fixed bed (0.5 cc), tubular 
reactor (9). As before, thiophene conver- 

sion was measured on-line using a gas chro- 
matograph. 

Hydrodesulfurization activity test results 
are reported as relative weight activity 
(RWA) and relative volume activity (RVA), 
with American Cyanamid’s commercial 
TRILOBE (Trademark of American Cyan- 
amid) HDS-20 catalyst (5 wt% Coo-16 
wt% Mo03/A1203) assigned RWA and RVA 
values of 100. These values are based on 
calculated rate constants assuming a 
psuedo-first-order reaction in thiophene. 

Thermal Analysis 

Thermal gravimetric analyses (TGA) 
were performed with a Perkin-Elmer 
TGS-2. Differential scanning calorimetry 
(DSC) experiments were performed with a 
Perkin-Elmer high-temperature DTA/DSC. 
For the TGA experiments, 7-mg samples 
were scanned from 45 to 1000°C at a rate of 
25”C/min in an air flow of 40 cc/min. DSC 
experiments were performed under the 
same conditions using 28-mg samples. 

RESULTS AND DISCUSSION 

Wang et al. (10) have previously reported 
that the composition of TiOrZrOz affects 
the resultant surface area and acidity. For 
samples calcined at 550°C they reported a 
maximum surface area of 240 m*/g at a 
Ti02 : Zr02 molar ratio of 1: 1. As pre- 
sented in Table 1 (Supports A-C) we ob- 
serve a similar maxima of 280 m*/g at a 
TiOz : Zr02 molar ratio of 1 : 1 for samples 
prepared by HPP and calcined at 500°C. 
For this same molar ratio we also observed 
the highest NH3 chemisorption value, 1010 
pmoles/g, suggesting the highest acidity 
(Z1), in agreement with previous results 
(IO). 

In defining the effects of other prepara- 
tion variables on surface area we examined 
the effect of calcination temperature. As 
illustrated in Fig. 1, we found that the 
calcination temperature has a strong effect 
on surface area. For two series of samples 
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FIG. 1. Effect of calcination temperature on TiOT 
ZrOz N2 BET surface area. (A) TiOz : Zr02 molar ratio 
of 1 : 1; (a) TiOZ : ZrOz molar ratio of 4 : 1. 

prepared by HPP and with TiOz : Zr02 mo- 
lar ratios of 4 : 1 and 1: 1, maximum surface 
areas were obtained at a calcination tem- 
perature of 350°C. The values were 208 and 
367 m*/g, respectively. XRD analyses re- 
vealed that for samples with a Ti02 : Zr02 
molar ratio of 1 : 1, those calcined between 
300 and 500°C were amorphous while those 
calcined at 600 and 700°C had intense crys- 
talline patterns analogous to ZrTiO+ 

The effect of precipitation methodology 
on surface area was also investigated. For a 
series of samples calcined at 350°C surface 
areas ranged from 246 to 367 m2/g (Table 1, 
Supports D-G). The highest value was for 
Support D prepared by HPP. This is proba- 
bly because the hydrosol is formed with a 
minimum of local hydroxide ion concentra- 
tion gradients, which would occur upon 
direct addition of ammonium hydroxide 
(Support E) or water in the case of the 
alcogels (Supports F-G). This reduction in 
concentration gradients permits the growth 
of smaller crystals yielding a calcined mate- 
rial with a higher surface area. 

Precipitation methodology was also 
found to affect acidity, as defined by NH3 
chemisorption. As presented in Table 1, 
NH3 chemisorption values per unit surface 
area ranged from 2.56 to 5.31 pmoles/m*. A 
similar variation was also observed for Sup- 

ports A-C with different Ti02 : Zr02 molar 
ratios suggesting that variations in the pre- 
cipitation methodology could be affecting 
the surface chemistry of the samples. XPS 
analysis confirmed this by revealing that 
the Ti: Zr surface atom ratios (Z2) were 
different from the bulk molar ratio of 1 : 1 as 
presented in Table 1, even though product 
recoveries were approximately 95%. 

Catalyst Activity 

As a consequence of these results a se- 
ries of TiOTZrOz-supported COO-Moo3 
catalysts were prepared and evaluated by 
NO chemisorption/TPD. The resuits are 
presented in Table 2. In comparison to an 
A120j-supported COO-Moo3 catalyst a 
number of TiOrZrO2-supported catalysts 
exhibited higher NO chemisorption values 
and N20/N0 TPD ratios. 

Previously, we reported (6) that the reac- 
tivity of the MO sites for the disproportion- 
ation of chemisorbed NO to N20, defined 
as the Rd value and equal to the ratio of 
the N20/N0 TPD ratio to the level of 
NO chemisorbed, is related to the electro- 
negativity of the support which affects 
the molybdenum-support interaction. The 
higher the support electronegativity, the 
weaker the metal-support interaction, the 
higher the Rd value, and, hence, the more 
reactive the MO site. The NO chemisorp- 
tion/TPD results for the COO-Moo3 cata- 

TABLE 2 

NO Chemisorption/TPD Results for 
Coo-Mo03/TiOrZr02 Catalysts 

Catalyst Support NO chemisorptioniTPD results 

NO uptake NzOINO Rr410-‘1 
ratio 

(pmoleslg) (~moles/m*) 

A A 336 2.69 0.49 1.76 
B B 421 1.50 - 

C C 168 1.87 0.45 2.66 
D D 752 2.05 0.81 1.08 
E E 252 1.02 0.60 2.38 
F F 381 1.33 0.57 1.50 
G G 64 0.25 0.08 1.25 

HDS-20 &03 365 1.41 0.24 0.66 
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lysts made with TiOzZr02 reveal higher Rd 
values in comparison to that obtained for an 
A1203-supported catalyst. This would sug- 
gest that the MO sites are more reactive for 
NO disproportionation and that the Mo- 
support interaction is weaker than that for 
the A1203-supported catalyst. Furthermore, 
for Catalyst D the NO uptake on both a 
weight and surface area basis was signifi- 
cantly higher than that for the AlzOj- 
supported catalyst suggesting a higher con- 
centration of coordinatively unsaturated 
MO sites (13). 

Jung er al. (9) reported a correlation 
between NO chemisorption and HDS activ- 
ity for a series of Mo03/A1203 catalysts of 
varying metal loading. Since NO che- 
misorption characterizes the initial state of 
the catalyst, both initial and steady-state 
activity measurements were made using 
pulse and continuous-flow reactors. The 
initial HDS RWA value of Catalyst D was 
274, over twice that of the A1203-supported 
catalyst (RWA = 100). Since the density of 
the TiOTZrOz support was 80% higher 
than that of the Al2O3 support the RVA 
value was also higher, 492 versus 100, 
respectively. However, the steady-state ac- 
tivity of Catalyst D was significantly lower 
with RWA and RVA values of 20 and 36, 
respectively. 

Catalyst Deactivation 

To define the cause of this rapid decrease 
in activity, TGA and DSC analyses using 
air were performed on catalysts prepared 
with both TiOTZrOz (Catalyst D) and 
A&O3 (HDS-20). The results are presented 
in Figs. 2 and 3. Figure 2 shows the TGA 
results of used and fresh samples of Cata- 
lyst D and HDS-20. These results reveal 
weight loses for the used samples of Cata- 
lyst D and HDS-20 at approximately 100, 
300, 465, and 644°C. The only weight loss 
for the fresh sample of Catalyst D occurs at 
100°C. DSC analyses (Fig. 3) reveal that the 
weight losses at 300, 465, and 644°C are a 
consequence of exothermic reactions. 

The fact that both the fresh and used 
samples exhibit weight losses at 100°C sug- 
gests that these weight losses are due to 
absorbed water on the fresh catalyst and 
absorbed hydrocarbons on the used cata- 
lysts. Since only the used samples of Cata- 
lyst D and HDS-20 exhibit weight losses at 
300°C and these samples were sulfided, it is 
believed these weight losses are due to the 
oxidation of the metal sulfides to metal 
oxides. The weight losses at 465 and 644°C 
for the used samples are attributed to two 
different forms of coke (I#), an observation 
which has been previously reported for 
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FIG. 2. Thermal gravimetric analyses of fresh and used catalysts. (A) Used Mo03-CoO/Ti01Zr02; 
(B) fresh MoO&oO/TiOIZrOZ; (C) used Mo03-CoO/A1203. 
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FIG. 3. Differential scanning calorimetry analyses of fresh and used catalysts. (A) Used MoOrCoO/ 
TiOrZr02; (B) fresh Mo03-CoOITiOrZr02; (C) used Mo03-CoO/A1203. 

catalysts used in synthesis gas reactions 
(15, 16). The exotherm at 654°C on the DSC 
curve for a fresh sample of Catalyst D, for 
which there is no associative weight loss, is 
attributed to a phase change of the Ti02- 
ZrOz support from amorphorous to crystal- 
line as earlier XRD results revealed. 

Assuming that the weight losses at 465 
and 644°C are due to coke deposition, the 
levels of carbon on Catalyst D and HDS-20 
are 12 and 6 wt%, respectively. The higher 
level of carbon on Catalyst D suggests that 
its rapid rate of deactivation may be due to 
a more rapid rate of coke formation. 

Deactivation Mechanism 

Kraus and Zdrazil(17) have reported that 
the principle thiophene HDS reaction 
mechanism over sulfided CO-MO catalysts 
is as follows: 

pJ 
2 c=c-c=c 

H2 
+ HzS + C4H10 

They also report the oligomerization of 
butadiene with the formation of Cs and 
higher hydrocarbons. 

As presented in Table 1, the NH3 che- 
misorption value for the TiOrZr02 used to 
prepare Catalyst D was 1256 pmoleslg. 

This value is 57% higher than that for the 
A1203 support used to prepare HDS-20 and 
suggests that Catlyst D is more acidic (II). 
In addition, Mikovsky and Silvestri (18) 
have reported that a Coo-MoO$T’i02- 
ZrOz catalyst consumed 27% less hydrogen 
than an A&03-supported catalyst to achieve 
the same level of sulfur removal from a 
residuum oil. If the above reaction scheme 
is valid for Catalyst D, and a higher concen- 
tration of butadiene were to be formed, as 
Mikovsky and Silvestri results suggest, it is 
possible that butadiene could interact with 
the more acidic functionalities of TiOr 
ZrOz via a carbonium ion mechanism lead- 
ing to olefin polymerization and more rapid 
coke formation. 

Catalyst deactivation by coke formation 
can occur in two ways; surface coverage of 
active sites or pore plugging (19). Mercury 
pore size distribution (PSD) measurements 
revealed that the TiOTZr02 materials 
made by HPP were microporous suggesting 
that the mode of deactivation may be pore 
plugging. As a consequence, a series of 
TiOTZr02 (1: 1) samples were prepared 
with different porosities as presented in 
Table 3. The thiophene HDS activity of 
COO-Moo3 catalyst prepared with these 
supports is presented in Table 4. 

Using the data presented in Tables 3 and 
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TABLE 3 

Physical Properties of TiOz-ZrOz Support Materials 

support BET surface Mercury PSD results 
area (mYg) 

surface area Pore volume Pore mode 

(m%) (cc/g) radius (A) 

D 367 33 0.122 20 

H 312 193 0.308 22 

I 177 136 0.299 33 

J 128 125 0.274 30 

4, a direct relationship between support 
porosity and catalyst stability has been 
found. As illustrated in Fig. 4, the percent- 
age difference in steady-state versus initial 
HDS activity (x axis) decreases as the ratio 
of the surface area derived from mercury 
PSD (pore radii > 20 A) versus the BET 
surface area (y axis) increases. These re- 
sults show that as the porosity of the sup- 
port increases, yielding fewer pores <20 A, 
the rate of catalyst deactivation, measured 
by the difference in initial versus steady- 
state activity, decreases. This by itself 
would suggest that catalyst deactivation is 
due to pore plugging. However, since the 
Hg PSD and N2 BET surface areas of 
Catalyst J are comparable, but the steady- 
state activity is 43% less than the initial 
activity, it also appears that surface cover- 
age of active sites may also be occurring. 

CONCLUSION 

The results presented strongly suggest 
that the preparation methodology for TiOr 
ZrOz not only affects its physical properties 

TABLE 4 

Thiophene Hydrodesulfurization Activity Test 
Results for COO-Mo03/TiOrZr02 Catalysts 

Catalyst support HDS activity test 
results, RWAIRVA 

D 
H 
I 
.I 

Initial Steady state 

D 2741492 20136 
H 1521286 32155 
I 741130 22138 
J 63/107 36161 

WA cant 
1. --,% 

WA pulse 

FIG. 4. Effect of Ti02-ZrOr porosity on catalyst 
stability. (0) Catalyst D; (+) Catalyst H; (m) Catalyst 
I; (A) Catalyst J. 

such as surface area and porosity, but also 
its surface chemistry. In the case of TiOr 
ZrOz-supported catalyst, such changes in 
surface chemistry can alter the strength of 
the MO-support interaction which can af- 
fect the concentration and reactivity of 
coordinatively unsaturated MO sites active 
for HDS. 
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