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Abstract

The goal of this work is to identify more promising supports from synthetic clay materials to advance hydrotreating catalyst development. Silica
sol can be used as the silicon-containing starting material when creating nanoporous layered silicate catalysts with a certain portion of unreacted sol
particles incorporated into the final matrix. The resulting structure then has mesoporosity and a unique morphology. Hectorite-based clays have
been prepared using different silica sols in order to ascertain the importance of sol characteristics on the final matrix. Several techniques have been
applied to characterize the materials, including XRD, TGA, N, porosimetry, and TEM. For hydrodesulfurization (HDS), the conversion of
dibenzothiophene (DBT) to biphenyl was examined at 400 °C using CoMoS-loaded mesostructured clay supports. No hydrogenation or
hydrocracking was observed with any of the clay supports. The most active clay was derived from Ludox silica sol AS-30 with an activity
of 65% DBT conversion and 100% selectivity to biphenyl (BP). For comparison, a reference commercial catalyst displayed 94% BP selectivity. For
deep HDS, the conversion of 4,6-dimethyldibenzothiophene was tested at 325 and 350 °C. At 325 °C, conversions are 92% of commercial catalysts
for a CoMoS-loaded mesostructured clay derived from Ludox AM-30 silica sol. A commercially available synthetic hectorite called laponite has
very low activity, indicating that the unique morphology of the mesostructured clays is important. Hydrogenolysis vs. hydrogenation pathways are

compared for the deep HDS reaction. HR-TEM of the most active deep HDS catalyst revealed a multilayered MoS, morphology.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In two recent reviews, Bej et al. [la] and Song [1b]
summarize the current status of efficient deep hydrodesulfur-
ization (HDS) catalyst design. The reactivity of 4,6-dimethyl-
dibenzothiophene (DMDBT) can be enhanced either by
increasing the rate of direct desulfurization or by transforma-
tion to a more activated molecule through hydrogenation,
isomerization, demethylation, and C—C bond scission. Towards
the development of better catalysts using these concepts,
different additives have been added to the traditional alumina
support; in addition, other supports such as zeolites, zirconia, or
titania, either by themselves or as mixtures with alumina, have

* Corresponding author. Tel.: +1 630 252 7968; fax: +1 630 252 9288.
E-mail address: kcarrado@anl.gov (K.A. Carrado).

0920-5861/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2006.06.033

been examined. It is then pointed out that non-alumina-based
oxide-supported catalysts comprise a ‘“‘new horizon” in HDS
catalysis research. There are several publications regarding
thiophene HDS over non-alumina-based catalysts [2]. How-
ever, since very few studies have been reported involving the
HDS of DMDBT using such materials, the review predicts that
there are “immense opportunities” for advances in this area.
For example, Landau et al. [3] report that the activity of a silica-
supported NiMo catalyst for the HDS of DMDBT is higher than
that of both CoMo- and NiMo-Al,Oj5 catalysts. It is in this
spirit that the present project was undertaken. The overall
interest lies in identifying more promising supports, specifi-
cally from the synthetic clay materials, to advance hydrotreat-
ing catalyst development.

Also included in this category of strictly ‘“‘non-alumina-
based” (deep) HDS catalyst supports are zeolites and
mesoporous materials. Because of their higher surface areas,
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acidic properties, and well-defined pore structures, these
systems have attracted much interest as supports for CoMo-
and NiMo-based HDS catalysts [4]. For example, Bataille et al.
[5] studied the HDS of DMDBT over dealuminated HY-zeolite-
supported Co and CoMo catalysts, and both catalysts exhibited
higher rates compared to Mo— and CoMo-Al,O5 catalysts.
Mesoporous materials such as MCM-41 possess the potential
for higher diffusion rates for DMDBT. Although some research
has been conducted using Mo- or CoMo-loaded MCM-41 for
the HDS of DBT [6], only a few studies have been carried out
for the HDS of DMDBT [44a,b]. Also falling into this category is
the mesoporous titania studied by Dzwigaj et al. [2g]. It is stated
by Bej et al. [1a] that further studies are required to understand
and explore the full potential of these novel materials for deep
HDS. In addition, the importance of new design approaches to
ultra-clean diesel fuels by deep HDS has been pointed out
recently [1b,7].

Because of their characteristic porous structure, surface
reactivity, and ion exchange capacity, clays comprise another
class of useful catalysts and catalyst supports [8]. They are
essentially the two-dimensional, layered analogs of three-
dimensional zeolites. Scattered reports exist in the literature
concerning the HDS activity of clays, primarily pillared clays,
with relatively few concentrating on CoMoS or NiMoS
versions [9]. A study employing a synthetic high porosity
saponite (a magnesium silicate clay) support with Pd—Rh
promoted cobalt has been reported [10].

Over the years, our group has developed and patented a
general technique for the hydrothermal synthesis of magne-
sium silicate hectorite clays in the presence of inorganic,
organic, organometallic and polymeric intercalants [11]. This
process involves the hydrothermal crystallization of a gel
containing silica sol, magnesium hydroxide sol, lithium
fluoride, and an alkylammonium cation or polymer if an
organo-hectorite is desired. Because a certain portion of
unreacted sol particles is incorporated into the final matrix,
the resulting structure has mesoporosity and a unique
morphology [12]. Previous reports concerning the feasibility
of these materials as supports for HDS have been published
[13]. Here we report on the preparation using different silica
sols in order to examine the importance of sol particle size,
pH, and surface chemistry on the final matrix. The test
catalytic reactions are based on hydrodesulfurization reac-
tivity, including deep HDS.

Table 1
Synthetic clays based on silica sol source

2. Experimental
2.1. Materials

The mesostructured clays were prepared according to
published methods [11]. A 2 wt.% gel of silica sol, magnesium
hydroxide sol, lithium fluoride, and optional organic is subject
to aqueous reflux for 2 days. Reagents were purchased from
Aldrich. The organic of choice for these crystallization studies
is tetraethylammonium chloride (TEA). Precursor clay gels are
of the composition:

0.32TEA, 1.0LiF, 5.3Mg(OH),, 8Si0,, nH,0

to correlate with the ideal hectorite composition [14] of
EX0A66[Li0'66Mg5.34Si8020(OH,F)4], where Ex = eXChangeable
cation (Li, TEA). Note that Li(I) is also an isomorphous
substitution for Mg(II) at about 1:9.6. Powder samples are
isolated after centrifuging, washing, and drying. The silica sols
include Ludox HS-30, SM-30, AM-30, AS-30, and TM-40.
This represents a variety of sol particle sizes, pH values, and
counter-ions as shown in Table 1. The sol particle sizes as
provided by the supplier are compared to those measured using
TEM in the final clay product; there are differences between
these values as seen in Table 1. Both TEA- and lithium(I) (Li)-
containing versions of the clays were made and denoted by the
terms TEA-15hs or Li-24tm, for example. The numbers corre-
spond to the size, in nm, of the silica sol as observed by TEM in
the final product. Calcination was performed by heating the
clay to 400 °C in a N, atmosphere and then to 500 °C in air prior
to metal loading for HDS. Laponite RD was obtained from
Southern Clay Products, Gonzales, TX.

2.2. Characterization

XRD patterns of powders were recorded on a Rigaku
Miniflex+ with Cu Ka radiation, a 0.05° 20 step size, and 0.5°
26 scan rate. TEM images were acquired using a FEI TECNAI
F30ST operating at 300 kV with a CCD camera. One drop of
clay slurry in methanol (sonicated for 1h) was placed onto
3 mm holey carbon Cu grids; excess solution was removed and
the grid dried at 100 °C for 10 min. N, porosimetry was
obtained on a Micromeritics ASAP2010 after degassing at
110 °C for at least 3 h and employing the multipoint BET and
BJH methods.

Clay support Ludox sol Precursor Precursor silica Average silica
(template-silica sol size) silica sol pH* sol diameter® (nm) diameter in clayb (nm)
TEA-11sm SM-30 10.2 7 11

TEA-15hs HS-30 9.8 12 15

TEA-15am AM-30 8.9 12 15

TEA-15as AS-30 9.2 22 15

TEA-24tm TM-40 9.0 22 24

Li-24tm TM-40 9.0 22 24

* As reported by the supplier.
° Determined via TEM analysis of the clay product.
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2.3. HDS catalysis

For catalyst preparation, 4 g clay support was impregnated
with (NH4)¢M07,0,4-4H,0 (Aldrich) solution to give 6% Mo,
dried at 110 °C for 1 h, and calcined at 400 °C for 4 h. The
cooled catalyst was then impregnated with Co(NO3),-6H,O
(Baker) solution to give 2% Co, dried at 110 °C for 1h,
calcined at 400 °C for 4 h. The catalysts were then pelletized
in a Carver press, crushed and sieved retaining 10-20 mesh
portion, heated under N, at 280 °C for 1 h and then sulfided
with 8% H,S in H, at 350 °C for 2 h and re-sieved to 10—
20 mesh. One gram sulfided and sieved catalyst was mixed
with 2.0 g SiC (20 mesh; Electro Abrasives) and loaded into
the trickle-bed reactor, a thick-walled 0.375 in. i.d. 316 SS
tube that is mounted vertically in a three zone furnace. The
catalyst is located in the center of the tube between plugs of
quartz wool and on top of a deadman used to minimize the
volume between the reactor and the liquid receiver. The liquid
test feed consisted of 0.25 wt.% sulfur as dibenzothiophene
(DBT) in hexadecane (1.4 wt.% DBT). The reaction was
carried out at 400 °C under 286 psig H, (400 psig H, plus N;
N, was added to provide control over and flexibility of space
velocity) with WHSV = 15-18. After a sloped fore-cut of 3 or
4 h to reach steady-state, 2 or 3 one hour samples were
collected, analyzed, and the results averaged. The reprodu-
cibility of the conversion measurements was +4% of the
reported values; mass balances were 100 £ 2%. The reaction
products were diluted with mixed hexanes (0.3-0.7 g in
10.0 ml), separated using a DB5-MS column, and analyzed
using an HP 5890A GC-MS. The reaction products are
biphenyl and unconverted DBT.

2.4. Deep HDS catalysis

A two-step wet impregnation method was used to load the
catalyst. First, 9 wt.% Mo is added in water from ammonium
heptamolybdate tetrahydrate. After drying and calcination,
24wt.% Co is added in water as cobalt(Il) nitrate
hexahydrate. The catalysts are dried at 110 °C overnight,
calcined in air at 500 °C for 5 h, then pre-sulfided at 350 °C
over a 4-h ramp and held for 2 h in 5% H,S-H, using a flow
apparatus. The catalysts were stored in decalin after
presulfidation. HDS of 1.23 wt.% 4,6-dimethyldibenzothio-
phene (DMDBT) in decalin solvent was performed at 325
and 350 °C for 30 min under an initial hydrogen pressure of
300 psi (20.4 atm). Performance was compared to a Criterion
344 CoMoS—-alumina catalyst (Cr344, 9.0 wt.% Mo, 2.35%
Co) [15]. A microbatch reactor of 25 ml volume was
employed using 4.0 g of feed and 0.10 g of catalyst. The
reactor was placed in a preheated (325 or 350 °C) fluidized
sand bath and agitated at 200 strokes/min. Following the
reaction, the reactor was removed from the sand bath and
immediately quenched in a cold-water bath. Products were
analyzed by GC-MS (Shimadzu GC17A/QP-500) for
identification and also by gas chromatography (GC SRI
8610C) equipped with an FID detector for quantitative
analysis.
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Fig. 1. XRD patterns of synthetic TEA-hectorite catalyst precursors.

3. Results and discussion
3.1. Synthetic clays

The XRD patterns shown in Fig. 1 are for as-prepared clay
supports prior to calcination and metal loading. This figure
contains the TEA-clays and the dg ¢ 1)-spacing is 1.4-1.5 nm.
This value is lower, 1.2—-1.3 nm, for the Li-clays due to the
smaller size of this exchangeable cation. After calcination, the
patterns look the same except that the d-spacing collapses to
1.0 nm. The XRD patterns were used as a qualitative measure
of crystallinity of the support. Generally, the more intense and
resolved the (00 1) basal reflection, the peak at 20° 20 (the
(110, 102) reflection) and the peak at 25° 20 (the (00 4)
reflection), the more crystalline the clay. Going by this measure,
the most crystalline samples are derived from the 15 nm sols
(AM30, AS30, and HS30). The same holds true for the Li-
versions (figure not shown). The most intense basal spacing
occurs for the AM30 sample.

The BET surface areas of samples after calcination ranged
from 194 to 278 m*/g and pore volumes were generally 0.24—
0.26 cm*/g for Li-clays and 0.41-0.49 cm*/g for those derived
from TEA-clays. The isotherms were all Type IV with
hysteresis loops. The vast majority of samples displayed H2
loops with the remainder having H3 loops. For those with H2
loops, which indicate mesostructuring, the average pore
diameter size was typically 4.8-5.5 nm.

TEM of all of the clays prior to calcination was also
performed. Two examples are shown in Fig. 2. Here, individual
clay flakes and layers are visible as curved features
approximately 100-200 nm long and some stacked layers
on-edge can be observed. The background is dominated by
spherical features, which are the unreacted silica particles.
Although this latter phase appears to be dominant in TEM
images due to contrast, it is in fact present at only about the
10 wt.% level [13a]. Also of importance to this study are the
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Fig. 2. TEM images with electron diffraction patterns of (a) Li-24tm and (b)
TEA-11sm hectorites prior to calcination and catalyst loading.

differences apparent in the electron diffraction patterns. Note
that Fig. 2a shows sharp, intense rings for Li-24tm indicating a
high degree of crystallinity. Conversely, Fig. 2b shows only
very weak and diffuse rings for TEA-11sm. These deductions
were also apparent from the XRD patterns. Table 1 lists some of
the clays used in terms of the precursor silica sol parameters.
TEM was used to determine the particle size of the silica phase
present in the clay as compared to the size in the sols provided
by the supplier.

3.2. HDS of DBT

Table 2 summarizes HDS catalysis results in terms of %DBT
conversion. The selectivity to biphenyl was 100% in all cases;
no trace of the hydrogenation product cyclohexylbenzene was
observed, nor was there any indication of hydrocracking. The
reference, in contrast, which was a Crosfield 465 CoMoS—
alumina catalyst, displayed a biphenyl yield of 80.8%, a
cyclohexylbenzene yield of 5.0%, and a biphenyl selectivity of

Table 2
HDS at 400 °C with CoMoS catalysts

Catalyst support %DBT conversion

Crosfield 465 85.8
Li-15as 64.8
TEA-15hs 58.3
Li-24tm 58.2
Li-15hs 56.1
TEA-15as 49.6
TEA-24tm 45.7
TEA-15am 443
TEA-11sm 40.1

The biphenyl selectivity was 100% in all cases except Crosfield 456 (CoMoS—
alumina commercial catalyst), where it was 94.2%.

94.2%. All catalysts maintained activity during the duration of
the test. While %DBT conversions were considerably lower
than that of the reference commercial catalyst, our interest was
in parameters that may cause differences between the clays
themselves. No correlation could be found for materials prior to
CoMoS loading from N, porosimetry data. Interestingly, most
of the catalysts displaying the highest DBT conversions were
derived from the Li-clays (56.1-64.8%); TEA-15hs was also in
this range at 58.3%. The remainder of the TEA-clays exhibited
lower conversions of 40.1-49.6%. The activity results for the
clays are especially encouraging considering the metal
loadings. In particular, the mesostructured clays are loaded
with 6 wt.% Mo and 2 wt.% Co which is in contrast to the
nearly doubled loadings on the commercial Crosfield 465
catalyst as provided by the supplier (12.3 wt.% Mo, 3.8 wt.%
Co) [16]. The loadings of Co and Mo were set by previous
catalyst/support work in which the interest was improving the
effectiveness of the metals. The objective of this work was not
to supersede commercial catalyst performance per se. Rather,
the interest lies in identifying more promising support
alternatives, specifically synthetic clays, to advance hydro-
treating catalyst development.

3.3. Deep HDS of 4,6-DMDBT

Tables 3 and 4 contain conversion and product selectivity
data for this reaction over many of the same catalysts. The

Table 3

Deep HDS with CoMoS-clay catalysts

Catalyst %DMDBT HYD/DDS %DMDBT HYD/DDS

support conversion at 325 °C* conversion at 350 °C*
at 325 °C at 350 °C

Criterion 344 11.4 2.2 n.d. n.d.

TEA-15am 10.5 44 16.1 22

TEA-15as 9.5 3.6 14.2 1.9

TEA-24tm 5.9 2.8 10.4 1.9

Li-24tm 6.0 35 10.1 1.5

TEA-15hs 7.1 3.6 10.0 2.3

TEA-11sm 6.9 3.5 9.5 2.0

Laponite 3.0 2.3 2.9 1.5

Criterion 344 CoMoS—-alumina commercial catalyst. n.d.: not determined.
# Ratio of hydrogenation products (HYD) over direct desulfurization products
(DDS) (see Table 4).
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Table 4 Table 5
Product selectivity (%) from deep HDS at 325 °C N, porosimetry of various DBT HDS catalysts
Catalyst DMBP HDMDBT MCHT HYD/DDS Stage Surface Pore volume Hysteresis
support (DDS) (HYD w/S) (HYD w/o S) area (m*/g) (cm’/g) loop type
TEA-15am 18.7 58.4 22.9 44 TEA-15hs
TEA-15as 21.7 60.1 18.1 3.6 Calcined 225 0.38 H2
TEA-15hs 21.9 63.0 15.1 3.6 After CoMoS 143 0.27 H2
TEA-11sm 22.6 56.4 21.0 35 After HDS 99 0.22 H2
Li-24tm 224 52.7 24.9 35 .
TEA-24tm 26.6 53.3 20.1 2.8 Li-13as
. Calcined 200 0.24 H2
Laponite 31.6 37.8 30.6 2.3
Cr344 (ALO;) 310 19.1 49.9 22 After CoMoS 125 0.15 H2
- After HDS 65 0.10 H2
DMBP: dimethyl biphenyl; HDMDBT: tetrahydrodimethyl dibenzothiophene; TEA-11sm
MCHT: methylcyclohexyltoluene. Cr344: Criterion 344 CoMoS—alumina com- Calcined 278 0.46 H2
mercial catalyst. After CoMoS 115 0.25 H3
After HDS 78 0.22 H3

conversion of DMDBT was kept intentionally low for accurate
kinetic studies. At 325 °C, the conversion of DMDBT over the
Cr344 commercial catalyst was only 11.4% under these
conditions. The reactivity of the most active catalyst, TEA-
15am, was quite similar at 10.5%. As expected, the conversion
increases with temperature; for example, the conversion is
16.1% for TEA-15am at 350 °C. The most active catalysts in
this case are, generally, derived from the TEA-series and the
15 nm sols. Also note that laponite performs quite poorly at 3%
conversion. This clay is also a synthetic hectorite and it is
available commercially. However, compared to our synthetic
clays, laponite is of smaller particle size and contains no
mesostructuring due to the lack of incorporated silica.

There have been recent reports comparing the activity of
catalysts in terms of hydrogenation (HYD) versus direct
desulfurization (DDS) pathways that are operative during deep
HDS [3,15,17]. After hydrogenation of DMDBT, elimination of
the sulfur atom is facilitated due to molecular puckering. This
puckering decreases the steric hindrance due to the methyl
groups and increases the electron density of the sulfur atom
[15,17]. It has become useful to compare the HYD/DDS ratio
for this purpose. At 325 °C the HYD/DDS ratio for the
commercial Cr344 catalyst is 2.2. Note that it is significantly
higher, at 4.4, for the TEA-15am catalyst. The ratio is in fact
higher for all of the clay catalysts. As shown in Table 3,
increasing the temperature of HDS from 325 to 350 °C
increased the conversion of 4,6-DMDBT with all clay-
supported catalysts except laponite. In all of these cases, the
HYD/DDS ratio decreased with increasing temperature,
indicating that the hydrogenation (HYD) pathway is suppressed
and the direct C-S bond hydrogenolysis (DDS) pathway is
enhanced at higher temperature.

It is known that NiMoS-catalysts have higher activity for
deep HDS than CoMoS-catalysts because the former usually
has a higher hydrogenation activity [1]. In fact, a reference
Cr424 NiMoS commercial catalyst showed 24.5% DMDBT
conversion (and HYD/DDS ratio of 5.0) under the same
conditions at 325 °C where the Cr344 CoMoS catalyst showed
11.4% conversion (HYD/DDS =4.4). Since all of the clay
supports show higher HYD activity than Cr344, it would be
expected that use of NiMoS would increase activity even
further. The TEA-15am support, moreover, displays activities

(%DMDBT conversions) that are very similar to the HDS
activity of the commercial CoMoS-catalyst. If this material
were to be modified further by different preparation methods or
pretreatments, it shows potential as a promising deep HDS
catalyst. Future studies will focus on testing these supports as
NiMoS-catalysts.

3.4. Catalyst stability

XRD, N, porosimetry, and TEM characterization of some
of the materials was done after CoMoS loading and after
DBT HDS catalysis. For these purposes, only the most
reactive (TEA-15hs, Li-15as) and least reactive (TEA-11sm)
catalysts were examined. Table 5 provides the N, porosimetry
data for these particular samples. As would be expected, the
surface areas and pore volumes decrease quite markedly upon
CoMoS loading of the supports, and further still after HDS
reaction. The one parameter that changes for the least active
catalyst (TEA-11sm) that does not change for the active
catalysts is the hysteresis loop type. In Fig. 3, it is apparent
that this loop changes from H2 to H3 upon CoMoS loading.
This indicates that the mesostructuring of this material is lost
upon metal loading, and may be related to the low degree of
crystallinity of this support (from XRD and TEM data). The
isotherms of all the TEA-clay supports are very similar to that
of Fig. 3a. Isotherms for the Li-clay supports differ slightly,
especially in the desorption branch, but they are all similar to
each other. An example for calcined Li-15hs is shown in
Fig. 3c.

The high resolution TEM image shown in Fig. 4 is for the
CoMoS-Li-15as active catalyst. Note the curved, multi-
layered structure that nearly envelops one of the silica
particles and the lattice fringes in the upper left portion of the
image. Both are assumed to arise from the CoMoS-species
since neither has been observed in the precursor clay
supports. In a similar system, Li et al. [18] examined a
series of mixed ZrO,-Al,O; supports with different
amorphous ZrO, contents, all confirmed at about 5 nm in
size and well dispersed in the alumina. Sulfided CoMo
catalysts supported on these mixed supports showed a higher
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Fig. 3. N, isotherms for calcined TEA-11sm (a) before and (b) after CoMoS-
loading; solid circles = adsorption, open circles = desorption; (c) calcined Li-
15hs.

DBT HDS activity than those supported on alumina and a
commercial HDS catalyst. Further, it was found by HR-TEM
that the ZrO, had a clear effect on the sulfide component’s
morphology; a multilayered structure of CoMoS was formed
on the ZrO,—Al,03 supports while a mono-layered structure
was formed on Al,O5. It was assumed that the multilayered
CoMoS on the mixed supports provided more active sites,
and that assumption is reinforced by the present results.
Reports of MoS,-based layers on sulfided CoMoS catalysts
using support materials such as AI-MCM-41 also have been
reported recently [19]. The stacking degree of MoS,-based
layers on the synthetic clays appears to be higher than was
indicated for this mesoporous silica. The presence of a
multilayered MoS morphology, therefore, has been demon-
strated as important in the literature. We conclude that the
unique morphology of the synthetic clay supports lends them
amenable to formation of this more active phase.

Fig. 4. HR-TEM image of CoMoS-Li-AS30.

4. Conclusions

The work described here comprises an exploratory study to
examine mesostructured synthetic clays as supports for
hydrotreating catalysts. It is significant that different nanopor-
ous silica supports with similar chemical composition (e.g.
mesoporous silica versus silicalite) but different pore structure
have been shown to lead to significantly different activity and
selectivity features for deep HDS of 4,6-DMDBT. Synthetic
clays offer another, unique, porous structure of similar, silica-
based composition. Among the clay supports, precursor silica
sols that yield silica particle sizes of 15 nm appear to be
optimum for both HDS and deep HDS reactions. Both smaller
and larger silica sol sizes were employed, but both showed a
negative effect on final catalytic results. The 15 nm sols foster
the most crystalline materials (from XRD and TEM data) and
the optimum mesostructuring (in terms of textural porosity and
morphology) of the clay catalyst precursor. This may also have
an impact on the optimum CoMoS-species size and/or shape,
which warrants more extensive HR-TEM imaging of metal
loaded catalysts in the future.

Variation between the activity of a particular catalyst for
HDS versus deep HDS is not directly comparable due to
differences in conditions such as calcination, CoMoS-loading,
and reaction temperatures. It is notable, however, that the
synthetic clays display extremely low hydrogenation in HDS.
Since hydrogenation decreases with increasing temperature for
deep HDS, a comparison at 400 °C would be warranted in this
regard. The Li-clays are overall more active for DBT HDS than
the TEA-versions, while the reverse is true for deep DMDBT
HDS. The Li-clays appear from XRD and TEM/ED to be more
crystalline than the TEA versions. Since the HDS was carried
out at 400 °C and the deep HDS carried out at just 325-350 °C,
the higher degree of crystallinity may be manifesting itself in
reaction temperature stability. Another factor to consider is that
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the Li-versions have lower pore volumes at 0.24-0.26 cm>/g
than the TEA-clay supports at 0.41-0.49 cm®/g. Deep HDS
studies with the mesostructured clays that are loaded with
NiMoS are in progress and will be reported in the future.
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