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ABSTRACT

Layered semicrystalline silico-alumino-titanate (Si-t&Ti) mixed oxides were synthesized by a modified
sol-gel method with hydrothermal synthesis temperatures less than 200”C and autogenic pressure. The solid
products are semicrystalline materials with a surface area of 136-367 m2/g and a monomodal pore size
distribution with an average pore diameter of 3.6-4.7 nrn. The catalytic activity for pyrene hydrogenation in
a batch reactor at 300”C and 500 psig was determined for sulfided Ni-Mo supported on the Si-Al-Ti mixed
oxide. The activity was a fiction of the support composition the heat treatment before and after loading
the active metals, the addition of organic templates, and difl?erentmethods of metal loading. The most active
sulfided Ni-Mo/Si-Al-Ti catalyst has an activity in the same range as the commercial catalyst, Shell 324, but
the metal loading is 37% less than the commercial catalyst.

INTRODUCTION

Many different methods have been reported for synthesizing mixed oxide supports like Si-Ti (l-1 1), Si-Al
(12-16), A1-Ti(17-19), Ti-Zr (20, 21), Si-Ce (22), Zr-Si (23), Ti-Zr-V (24), and La-Al (25). These methods
include sol-gel precipitatio~ coprecipitatio~ intercalation, and impregnation. Difllerent methods of
preparation give dtierent results in the physical structure, surface properties, and catalytic activity. Mixed
oxides have been used as catalysts supports for many catalytic reactions, such as hydrotreating (l-3, 6,13,
16-21, 24-26), oxidation (7), reforming (11, 23, 24), and epoxidation (26), due to their high surface areas,
surface acidities, and strong metal-support interactions.

Coal liquefaction processes have been successfully operated by using hydrocarbon solvents or recycled
coal derived liquids, e.g., the Exxon donor-solvent process, the solvent refined Coal II process, the
integrated two-stage liquefaction process, and the Chevron coal liquefaction process (27). The solvents act
as hydrogen transfer agents in processing the coal liquids to higher valued products. Polycyclic aromatic
hydrocarbons such as anthracene, fluoranthene, phenanthrene, and pyrene are significantly represented in
the coal liquid. Pyrene reacts with hydrogen to form hydropyrene, which fi.uther reacts with coal to produce
coal derived liquids. Studies at Sandia National Laboratories showed that the catalytic activity of pyrene
hydrogenation correlated with ultimate activity for direct coal liquefaction (28, 29). Therefore, pyrene was
chosen as a model compound to determine the hydrogenation activity of sulfided Ni-Mo/Si-Al-Ti catalysts.

Hydrous titanium oxides (28) have been used as supports for Nl, Mo, and Pd catalysts for hydrotreating
reactions (28-30), hydroprocessing of heavy oil and coal liquids (31, 32), and direct coal liquefaction (33,
34). Initial interest in hydrous metal oxides prepared by a reaction between an alcohol-soluble base and a
metal alkoxide was synthesis of electroactive ceramic materials. The metals in the alkoxides used in the
preparation were Ti, Zr, and Nb. High ion exchange capacities (up to 5 meq/g) and high surface areas are
some of the interesting characteristics of these amphoteric materials. Hydrous niobium oxide (HNO),
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hydrous zirconium oxide (HZO), and hydrous titanium oxide @TO) were all evaluated as catalyst supports
for coal liquefaction (34). Active HTO catalysts were synthesized by ion exchanging the sodium ion in the
amorphous Na-HTO for active metal ions like Ni, Mo, or Pd. Batch microreactor experiments (28, 29)
indicated high activity toward coal liquefaction for sulfided Ni-Mo supported on the HTO.

At elevated temperatures, HTO supports experience a phase transformation from amorphous to
microcrystalline anatase titania. By using the same chemical system for preparing HTO materials, Anthony
and Dosch (35) invented five new crystalline titanates (CT) that would not undergo this transformation.
These new crystalline titanates were classified according to their method of synthesis, surface area and pore
size distributions, and XRD patterns. The new CT materials had a layered structure with high surface area
and ion exchange capacity.

Four of the new CT materials were loaded with Pd by ion exchange. They all showed higher
hydrogenation activity than those of Pd/anatase and P~TO catalysts. The one labeled Pd/T2CT had the
highest activity for the hydrogenation of hexene and pyrene (35). The hydrothermal synthesis of T2CT
(Type 2 crystalline titanate as defined by Anthony and Dosch (35)) was successfidly scaled from 3 to 100 g
per batch (36). Upon scale-up, the surface area decreased from 207 to 160-170 m2/g, while other
characteristics remained unchanged. They also reported the composition of T2CT to be Nao.iITAlO.OljTi.
Sulfided NiMo/T2CT had a catalytic activity comparable to that of commercial catalysts with similar metal
loading. However, after calcining T2CT at 500”C the surface area significantly decreased, and crystalline
N~.gsTi02 was identified.

Despite the promising catalytic activity of T2CT supported catalysts, the material is thermally unstable at
temperatures above 500”C. Introducing thermally stable compounds between the layers of T2CT should
significantly improve the stability. The intercalation of T2CT with n-alkylamines and tetraethylorthosi.1.icate
(TEOS) was used to improve the stability of T2CT (3). Thermally stable T2CT was produced by fist
swelling the acidified T2CT with an alkylamine (n-butylamine, n-octylamine, and n-dodecylamine) and
subsequently intercalating with TEOS. The interlayer distance was directly proportional to the alkylamine
chain length. The catalytic activity was inversely proportional to the silica content, whereas the alkylamine
chain length had no effect on the catalytic activity of the sulfided NMo/Si-T2CT. High surface areas were
attained after calcination at 450”C for 4 h. In additio~ the catalyst had higher activity than that of the
commercial catalysts (Shell 324 and AMOCAT lC) for pyrene hydrogenation. However, the layers of
T2CT became. extremely disordered afler calcination under the above-mentioned conditions.

The work presented in this paper shows that novel Si-Al-Ti materials can be synthesized using a modified
sol-gel method with a hydrothermal synthesis temperature of 150-170°C and autogenous pressure. The
materials have high surface areas and ion-exchange capacities of 3.24 to 4.2 meq/g after calcination at
500”C. The ion-exchange capacity was a fimction of the Si/Ti mole ratio and the calcination temperature.
As the Si/Ti or the calcination temperature increases, the ion-exchange capacity decreases. The as-prepared
materials were semicrystalline; however, after removing the sodium cation by treating the material with an
acid and then calcining, the material structure changes to mixed phases of anatase titania and amorphous
solid. In this paper, the synthesis and characterization of Si-Al-Ti materials and the catalytic activity of the
Ni-Mo/Si-Al-Ti for pyrene hydrogenation are presented. The effects of the thermal treatment of the support
and the catalyst pretreatment on the catalytic activity were evaluated. Difllerent methods of Mo loading such
as incipient wetness with and without pH control and ion-exchange were investigated. The use of an organic
template in the synthesis of the support and different synthesis compositions were investigated.

EXPERIMENTAL PROCEDURE
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SupportSjnthesis

Si-Al-Ti mixed oxides were synthesized by first mixing tetraethylorthosilicate with titanium (IV)
isopropoxide (tetraisopropoxide titanate). The solution was then added to an aqueous solution of sodium
hydroxide, aluminum nitrate nanohydrate, and a solution of 25% tetramethyl monium hydroxide
(TMAOH) in methanol, causing heat to evolve. Stirring and slow addition of TEOS and TII?T solution were
required to prevent boil-over of the solution. White precipitate formed instantly. After this step, the slurry
was loaded into a reactor and heated at a temperature of 150-170°C for 12 h at autogenic pressure. The
mole ratio of the feed for a standard Si-Al-Ti sample preparation was
NaOH:TMAOHAl:water: TEOS:TIPT = 0.5:0.5:0.05:50:0.25:1. Nevertheless, synthesis compositions, such
as A1/Ti, Si/Ti, and TMAOH/Ti mole ratios, varied; i.e., not all of the charge went into the solid product.
After the hydrothermal synthesis, the reactor was cooled rapidly by tap water. The solid product was
washed and filtered three times with water and another three times with acetone to remove the excess
sodkun and organic compounds.

Support Treatmentand Characterization

In the synthesis procedure, sodium hydroxide is one of the main compounds; however, sodium is very
poisonous to pyrene hydrogenation. Therefore, the material cannot be used as a catalyst support before
treating it with an acid to ion-exchange the sodium with hydrogen. The Si-Al-Ti can be ion-exchanged
either before or after calcination. Therefore, the materials were divided into three groups: the first group
was acidtied only, the second group was acidified and then calcined at 500°C for 4 h with a heating rate of
20°C/mh3 and the third group was calcined first and then acidified.

Several methods were used to characterize these novel materials. BET data were obtained by using a
Micomeretics Digisorb 2600 and ASAP 2010. Powder X-ray MTraction data were collected by using a
Scintag XDS 2000 X-ray difliactometer. A Varian AA-30 spectrometer was used to determine elemental
composition.

Metal Loading

Difl?erent methods of Mo loading such as incipient wetness with or without controlled pH and ion-
exchange were used. Without adding acid, the pH of a mixture of acidified Si-Al-Ti and an aqueous solution
of ammonium molybdate (VI) tetrahydrate was between 5 and 6. An acid was added to control the pH to
around 3. The idea of adding the acid was to increase the amount of molybdenum anion adsorbed on the
support whose surface charge is positive due to the acidic environment. Different acids such as nitric acid
and sulfiu-icacid were used. After Mo loading, the catalyst was dried in an oven at 100°C before it was
impregnated with an aqueous solution of nickel nitrate nanohydrate at a weight ratio of Ni to Mo of 0.3.

CatalystPretreatment dActivity Testfor Hydrogenation of Pyrene

The as-prepared Ni-Mo/Si-Al-Ti catalysts were in a powdered form. The catalyst was pressed under
pressure to form a pellet without adding any binder. The pellet was then ground to -10/+20 mesh size.

high
The

catalysts were divided into two groups. One group was first calcined at 500”C for 1 h in air and then
sulfided with 10°/0H2S in H2 at 420°C for 2 h in a flow reactor. The second group was stided under the
same conditions as the first group without precalcination. After suliiding, the catalyst was ground to -200
mesh size. Typically 100 mg pyrene, 1000 mg hexadecane, and 10 mg catalyst were loaded into stainless
steel microreactors equipped with a thermocouple and a pressure transducer. The reactors were pressurized
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by hydrogen and then heated in a
conditions were 300”C and 600
experimental setup and product
hydrogenation reaction rate was

fluidized sand bath. The heat-up
psig of hydrogen (cold charge)

period took about 1 min. The reaction
with a reaction time of 10 min. The

analysis are given in detail by Dosch and McLaughlin (36). The
modeled by pseudo-first-order kinetics due to the excess hydrogen

concentration and the fact that dihydropyrene is a main reaction product at the experimental conditions (36).
AUthe catalyst pretreatment, activity studies for pyrene hydrogenation, and the determination of actual Ni
and Mo compositions were performed at Sandia National Laboratories.

RESULTS AND DISCUSSION

Support S’thesis

Table 1 shows the synthesis condition and the final product composition of the Si-Al-Ti materials. In all
synthesis procedures the molar ratio of NaOHTMAOH:H20:TIPT mole ratio was 0.5:0.5:50:1, except for
NT60 in which TMAOH was replaced with NaOH. The synthesis mole ratio of NT60 is 1.0:0.0:50:1. NT58
is a replicate ofNT51, and the reproducibility of the synthesis is illustrated. The synthesis conditions of
NT52 and 53 are the same as those of NT57 and 59, respectively, except for the reactor siie, which was
increased from 75 to 600 ml. The data in Table 1 indicate that the addition of Si to the feed increases the
amount of Al in the product. Figure 1 shows the X-ray dfiaction (XRD) pattern of the as-prepared Si-Al-
T1 samples NT54-56. With a constant Si/Ti synthesis mole ratio of 0.25, the A1/Ti mole ratio was varied
ftom 0.0 to 0.2. The XRD pattern changed fi-om semicrystalline to an amorphous structure as the A1/Ti
mole ratio increased. Similar results are shown in Fig. 2 for the XRD pattern of Si-Al-Ti samples NT57-59.
With a constant A1/Timole ratio of 0.05 the Si/Ti mole ratio was varied from 0.15 to 0.5. As the Si/Ti mole
ratio increases, the ~ spacing increases and the material becomes less crystalline. There is no remarkable
dflerence in the XRD patterns of the samples prepared with difTerent size reactors and those of the sample
prepared with or without TMAOH.

Table 1 indicates that as the Si/Ti mole ratio in the synthesis increases (NT5 1-53 or 57-59), Si/Ti and
A1/Ti mole ratios recovered in the final solid product increase. Similarly, as the A1/Ti mole ratio in the
synthesis increases (NT54-56), A1/Ti and Si/Ti mole ratios in the solid product increase. These results
suggest that both silicon and aluminum addh.ion to’the”synthesis form either mixtures of silico-aluminate and
titanate compounds or new amorphous Si-Ti-Al metal oxides.

Support Treaz)nent

The as-prepared (sodium form) samples have thermally stable structures. After calcination at 500”C for 4
h with a heating rate of 2°C/mir4 the materials still show a semicrystalline structure. Figure 3 shows the
XRD pattern of the sodium form Si-Al-Ti materials with Si/Ti = 0.25 and A1/Ti= 0.05 after calcination at
dii%erenttemperatures. The XRD pattern did not change after calcination. The same results were found with
all the sodkun form samples with A1/Timole ratio of 0.05 and Si/Ti mole ratio of 0-0.5.

The structure of the acid-treated, i.e., hydrogen fo~ samples changed from semicrystalline to a mixed
phase of amorphous and anatase titania materials after calcination at 500”C for 4 h. Figure 4 shows the
XRD patterns of the acidified NT54-56 after calcination at 500”C. As the ml mole ratio in the synthesis
increased, the Si-Al-Ti material structure became more amorphous. A similar result can be observed in Fig.
5 for the XRD pattern of the acidtied Si-Al-Ti materials after calcination at 500”C for 4 h.
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Table 2 indicates that the sutiace areas, pore volumes, and average pore diameters of the supports area
Ii.mctionof support compositio~ support pretreatment, and synthesis conditions. As the A1/Tior the Si/Ti
mole ratios are increased in supports #1-3 and #4-6, respectively, the surface areas and total pore volumes
increase, but the average pore diameters do not change. Figures 6 and 7 show the differential pore volume
distribution for Si-Al-Ti supports with difllerent silica and alumina contents. All of the samples have a very
narrow monomodal pore size distribution with an average pore diameter of about 4 nm. Figure 8 illustrates
the differential pore volume distribution plot for Si-Al-Ti samples prepared with and without the organic
template, TMAOH. The pore volume dhibution of Si-Al-Ti samples prepared without TMAOH was
broader and the average pore diameter increased about 1 nm.

Moreover, the sutiace area and the total pore volume of the samples prepared without TMAOH (supports
#16 and 17) are greater than those of samples prepared with TMAOH (supports #4 and #14), even though
the same Si/Ti and A1/Timole ratios were used in the synthesis. The sutiace areas of the acidified supports
are greater than those of either the acidified and then “calcined supports or the calcined and then acidtied
supports. All samples have a monomodal pore size distribution except for support #17, calcined and then
acidified NT60, which has a birnodal pore size distribution. The difference in sutiace are% pore volume, and
average pore diameter of samples prepared under the same conditions with the same composition but
different reactor size (NT52, 53 and NT57, 59) was negligible.

Pyrene Hy&ogenation Activi~ Test

Table 3 shows the dii3erent methods of Mo loading and the atomic absorption (W) analysis of the actual
catalyst composition of Ni and Mo, the physical properties, and catalytic activities for pyrene hydrogenation
for Ni-Mo/Si-Al-Ti catalysts and a commercial catalyst (Shell 324). The weight percentage of Ni and Mo in
the catalyst was based on the catalyst weight after calcination at 500”C. To reduce the work load of
checking the actual Ni and Mo content in each catalyst, only some are tested for Ni composition. Ni was
loaded onto the catalyst by incipient wetness at 30 wt’%0of the Mo loaded on the catalyst.

For catalysts #l-3 synthesized with constant Si/Ti mole ratio of 0.25 and A1/Timole ratios fi-omOto 0.2,
catalyst #2 (NT55) with Si/Ti of 0.25 and A1/Tiof 0.1, has the maximum pyrene hydrogenation activity for
both calcined and then suliided and sulfided only catalysts. However, for this set the activity per mass of
catalyst is less-than the Shell 324 probably because of the lower Mo content.

For catalysts #4-6 (NT51) synthesized with constant A1/Timole ratio of 0.05 and Si/Ti mole ratio from
0.15 to 0.5, catalyst #6 with A1/Ti= 0.05 and Si/Ti of 0.25 has the maximum pyrene hydrogenation activity
for both cakined and then sulfided and sulfided only catalysts. By utilizing the activities for the calcined and
then sulfided catalyst, the following activity criteria can be inferred: Mo loading without using acid > Mo
loading with sulfhric acid > Mo loading with nitric acid. The use of the acid did not improve the catalyst
activity.

For the sulilided only catalyst, the order of the catalyst activity was the opposite. The catalytic activities
were very poor for both calcined and then sulfided and sulfided only catalysts. The result suggests that there
is a maximum activity for the Mo content as a high Mo loading yields an inactive catalyst. This is probably
due to the poor distribution of Mo on the surface of the SUppOrtat high Mo loading. Calcined and then
sulfided catalyst #12, aciditiedNT51 with 7.96°AMo loading by ion-exchange, has higher catalytic activity
than those of catalysts #4, 7, 10, 11, which were also prepared fi-om NT51 with different treatments.
However, sulfided only catalyst #12 has the lowest activity. As a result, for calcined and then sulfided



catalyst, the Mo loading by ion-exchange gives the best activity however, for sulfided only catalysts, the
Mo loading by impregnation with nitric acid gives the most active catalysts.

DiiXerent support pretreatments gave different results in pyrene hydrogenation catalyst activity as
indicated by the k values in Table 3. For Ni-Mo/Si-Al-Ti catalysts synthesized at Si/Ti mole ratios of 0.15
and 0.25, the acidified only catalysts (catalysts #18 and 19) have the highest activity compared to the
acidified and then calcined catalysts (catalysts #4 and 5) or the calcined and then acidtied catalysts
(catalysts #13 and 14). These results imply that the higher surface area and higher ion-exchange capacity of
the acidified support is more important for preparing active catalysts than the support’s thermal stability.
However, for catalysts synthesized with Si/Ti mole ratio of 0.5 (catalysts #6, 15, 20), there is no remarkable
difference in the activity when difllerent pretreatment methods are used.

The most active Ni-Mo/Si-Al-Ti catalyst, catalyst #16, was synthesized with Si/Ti and A1/Timole ratios
of 0.25 and 0.05, respectively, but without using the organic template TMAOH. Compared with catalyst #4,
which was synthesized under the same condition but with the addition of TMAO~ catalyst #16 activity was
80’%.higher for both of the calcined and then sulfided catalyst and the sulfided only catalyst. The higher
activity may be due to the larger surface area, total pore volume, and average pore diameter of the support
synthesized without using TMAOH (Table 2). The activity of catalyst #16 is similar to that of the
commercial catalyst Shell 324, on a catalyst weight basis. However, compared to Shell 324, catalyst #16
had a smaller amount of Mo loading; therefore, the rate constant per gram Mo loading of the Ni-Mo/Si-Al-
Ti catalyst was much higher than that of the Shell catalyst.

The most active catalyst on the basis of Mo were numbers 2 (NT55), 6 (NT59), 10 (NT5 1), 11 (NT5 1),
12 (NT5 1), 16 (NT60), and 17 (NT60). The common characteristics of these materials were they were all
calcined and sulfided or it made no difference, and #2-11 were acidified and calcined prior to Mo-Ni loading
and #12 was acidified only. Catalyst NT60 appeared to be more active for the acidfied and calcined, i.e.,
#16, than #17, which was calcined and then acidtied.

The characteristics and methods of treatment of the most active catalysts are summarized in Table 4.

CONCLUSIONS

1. Novel, h@h surface area, and high ion-exchange capacity Si-Al-Ti materials were synthesized by a
modified sol-gel method with hydrothermal synthesis at 150-170”C and autogenous pressure.

2. Thernxd pretreatment of the Si-Al-Ti support prior to acidification did not improve the catalyst activity.
With the exception of the NT60 support prepared without TMAOfi calcining prior to acidification resulted
in significantly decreasing the catalyst activity.

3. For calcined and then sulfided catalyst, MO loading by ion-exchange gives the most active catalyst,
while, for sultlded only catalyst, Mo loading by impregnation with the use of nitric acid to control the pH
gives the most active catalyst.

4. There is an optimum Mo composition on the Si-Al-Ti support. Loadings higher than the optimum
produce inactive catalysts, which is probably due to the lack of dispersion.

5. The catalytic activity is a fimction of the support composition. Active catalysts can be synthesized with
A1/Tiand Si/Ti mole ratios of 0.05-0.1 and 0.25-0.5, respectively.
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6. At present, the most active Ni-Mo/Si-Al/Ti catalyst was synthesized with Si/Ti mole ratio of 0.25 and
A.1/Timole ratio of 0.05, without using the organic template, TMAOH. The catalyst activity on a per mass
basis was equal to the activity of Shell 324, but based on the amount of metals on the support the activity
was si~cantly greater than the activity of Shell 324 catalyst.

7. The most active catalyst, #16 (NT60), was prepared by synthesis at 170”C, acidified and calcine~ and
impregnated with Mo by controlling the pH at 3 to 4 with nitric acid, i.e., ion pair adsorption or ion
exchange with the proto~ impregnation with Ni(NOs)z and calcining and sulfkling. Of particular note are
the most active catalysts had A1/Tiratios of 0.03 or greater, and Si/Ti ratios of 0.15 to 0.37.
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Figure 1. XRD patterns of the as-prepared Si-Al-Ti samples. NT54-56, with constant Si/Ti mole ratio of
0.25 and A1/Timole ratios at O,0.1, and 0.2. respectively.
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Figure 2. XIUl patterns of the as-prepared Si-Al-Ti samples. NT57-59, with constant A1/Timole ratio of
0.05 and Si/Ti mole ratios of 0.15,0.25 and 0.5. respectively.
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Figure 3. XRD patterns of the sodium form Si-Al-Ti samples with Si/Ti = 0.25 and A1/Ti= 0.5 after
calcination at diierent temperatures.
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Figure 4. XRD patterns of the acidified Si-Al-Ti samples with NT54-56, Si/Ti = 0.25 and A1/Ti= 0-0.2
after calcination at 500”C for 4 h.
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Figure 5. XRD patterns of the acidified Si-Al-Ti samples, A1/Ti= 0.5, Si/Ti = 0.15-0.5, after calcination at
500”C for 4 h.
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Figure 7
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TABLE 1

Synthesis Conditions and the Final Product Composition of the Si-Al-Ti Supports

S-AI-T1 synthesis R&or SiiTi AWi Sirn AL/-n
temperature (°C) volume (ml) ayrltkis synthesis measured meaaured

NT51 170 600 0.25 0.05 0.186 0.033
NT52 170 75 0.15 0.05 0.120 0.027
NT53 170 75 0.50 0.05 0.370 0.039
NT54 150 75 0.25 0.0 0.072 0.002
NT55 150 75 0.25 0.1 0.161 0.040
NT56 150 75 0.25 0.2 0.213 0.095
NT57 170 600 0.15 0.05 0.115 0.027
NT58 170 600 0.25 0.05 0.166 0.039
NT59 170 600 0.50 0.05 0.365 0.046
NT60 170 600 0.25 0.05 0.159 0.041

‘!

TABLE 2

Surface Are% Pore Volume, and Average Pore Diameter of the Si-Al-Ti Supports Resulting from DifEerent
Pretreatment

support#

.
L

3
4>7,10,11
5
6
8
9

t2
13
14
15
16
17
18
19
20

Support description
Acidifiedand then ealcined’NT54
Acidifiedand then calcined NT55
Acidified and then calcined NT56
Acidified and then calcinedNT51
Acidilled end then dined NT57
Acidified and then caleined NT59
Aciditied and then caleinedNT52
Acidified and then calcined NT53
AcidifiedNT51
Caleined and then acidified NT57
Cakined and then acid~led NT58
CaIcined and theo acidi.iledNT59
Aeidifled and then calcined NT60
Calcined and then acidifiedNT60
Aciditied NT57
Aciditied NT58
Aciditied NT59

S/m

0.25
0.25
0.25
0.25
0.15
0.5
0.15
0.5
0.25
0.15
0.25
0.5
0.25
0.25
0.15
0.25
0.5

AIA’i
synthesis

0.0
0.1
0.2
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

Suri%e area
(m’/g)

136
232
367
174
156
193
161
192
n.m
155
157
211
201
176
241
250
287

Total pore
volume (cm3/g)

0.16
0.27
0.36
0.20
0.18
0.31
0.20
U.in.
mm
0.23
0.30
0.43
0.43
0.74
0.23
0.38
0.38

Averagepore
diameter(A)

37.5
38.7
38.6
38.6
38.4
37.2
38.4

nm.
nm.

37.2
36.4
37.2
47.0

186.0,36.2
41.0
31.7
39.2

Note. n.m., not measured
aThe support was aciditied using sulkic acid and calcined at 500”C for 4 h.
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TABLE 3

The Physical Properties of the NiMo/Si-Al-Ti Catalysts and a Commercial Catalyst (Shell 324)
and Their Catalytic Activities for Pyrene Hydrogenation

Catalyst# Mo Loa&n# Mo NI SilTi AllTi Surface area Pretreat- %yd.total hyd.Mo
(wt%) (wt’%o) synthesis synthesis (m’/g) merit! (g of catalysts) -’ (g of Mo S)-’

Shell 324 —

1

2

3

4

5

6

7

8

9

10

11

12

13

, 14

15

16

17

18

19

20

knpr. HIQ

Impr. HN03

Impr. HN03

In3pr. HN03

Impr. HN03

Jmpr. ElN03

Ion Ex.

Ion Ex.

Ion Ex.

Impr. HZS04

Impr.

Ion Ex.

Impr. HN03

Iinpr.HN03

Jmpr. HN03

Impr. HN03

Impr. HN03

In3pr. HN03

hnpr. mo3

Impr. HN03

13.2 2.7

7.21 2.60

8.52 n.m.

9.01 2.50

7.51 n.m.

7.00 2.56

8.49 2.36

24.65 6.23

23.78 n.m.

17.37 n.m.

6.57 n.m.

7.21 n.m.

7.96 1.65

7.47 n.m.

7.80 n.m.

7.77 n.m.

8.23 2.39

8.7S 2.48

n.m. n.m.

n.m. n.m.

9.03 2.56

.

0.25

0.25

0.25

0.25

0.15

0.5

0.25

0.15

0.5

0.25

0.25

0.25

0.15

0.25

0.5

0.25

0.25

0.15

0.25

0.5

—

0.0

0.1

‘?
0.2

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

152

136

232

367

174

156

193

174

161

192

174

174

n.m.

155

157

211

201

176

241

250

287

s

Canal S
s
Canal S
s
Canal S
s
Csnd S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Csnd S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Canal S
s
Canal S

0.18

0.073
0.078
0.15
0.12
0.10
0.11
0.11
0.12
0.09
0.12
0.15
0.15
0.04
0.10
0.05
0.09
0.12
0.09
0.11
0.08
0.12
0.06
0.13
0.02
0.08
0.03
0.11
0.03
0.16
0.10
0.19
0.19
0.13
0.18
0.14
0.05
0.15
0.09
0.15

1.33

1.01
1.09
1.8

1.36
1.14
1.27
1.43
1.57
1.33
1.53
1.75
1.74
0.16
0.40
0.22
0.39
0.70
0.51
1.68
1.28
1.62
0.89
1.65
0.25
1.13
0.47
1.4

0.36
2.0
1.3
2.3
2.3
1.5
2.0
—
—
—
—

1.7
s 0.12 1.3

Note: Tables 3‘s catalyst# and Table 2’s support# are similar identifiers. n.m., not measured.
a There are four dflerent impregnation methods: Impr. HNO~, impregnation with HNos; Impr. HZS04,
impregnation with H2SC)4;Impr., impregnation with no acid; Ion Ex., impregnation with ion exchange.
bThere are two procedures used to activate the catalysts: S, the catalysts were sulfided at 420”C onl~ C
and S, the catalysts were calcined at 500”C and sulflded at 420”C.
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TABLE 4
The Most Active Catalysts Evaluated in This Investigation

Methods Surbe Pore Avg, pore Activity
of volume diameter Mo ~1) (lq I/(g-s) and

Catn) Si/Ti AliTi Treatment (3;) (ml/g) (~) (Wt%)
#2 (NT55)

(l/(gMO-s)))
0.161 0.04 A&c Irnprg. c&s 232 0.27 39 8.5 (NM) 0.15 (1.75)

#6 @T59) 0.365 0.046 A&c Imprg. c&s 193 0.31 37 8.5 (2.4)
#lo(NT51)

0.15 (1.75)
0.186 0.033 A&c Irnprg.suifinic c&s 174 0.2 39 6.6 (NM) 0.11 (1.7)

acid
#ll(NT51) 0.186 0.033 A&c Irnprg. c&s 174 0.2 39 7.2 (NM)
#12 (NT51)

0.12 (1.6)
0.186 0.033 A Ion ex. C&s NM NM NM 8 (1.7) 0.13 (1.6)

#16 (NT60) 0.159 0.041 A&c Irnprg. C&s 201 0.43 47
#17 (NT60)

8.2 (2.4) 0.19 (2.3)
0.159 0.041 C&A Imprg. ~s 176 0.74 186,36 8.8 (2.5) 0.18 (2.0)

Shell 324 N/A N/A N/A knprg. c&s 152 NM NM 13.2 (2.7) 0.18 (1.3)

Note. ~ not measured; irnprg., impregnation with pH control using nitric acid. Ion exchange is anion
exchange with pH control with nitric acid.
A&C, acidified and calcined; C&S, calcined and then sultided; S, sulfided only.


