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Abstract

Six Pt-supported catalysts based on mordenite, pillared clay, delaminated clay and AI-MCM41 were tested for hydrogenation and mild
hydrocracking activities in processing a middle distillate derived from Canadian oil sands. Experiments were performed in a fixed-bed
microreactor between 260 and 38D, at a total pressure of 10.3 MPa and a LHSV of 1.8 The results showed that, except for the untreated
mordenite based catalyst, the other catalysts all had suitable pore structures to accommodate molecules as large as three-ring cycloparaffins an
to convert them into smaller molecules. Dealumination made mordenite a better mild hydrocracking catalyst due to the creation of mesopores
and macropores, and the reduction of surface acidity. At@2@illared clay based catalysts had the highest hydrogenation activity followed
by AI-MCM41, delaminated clay and mordenite based catalysts. Delaminated clay based catalyst, despite producing the highest diesel yield
at the same conversion of 343* fraction, required the highest reaction temperatures. Thus, Pt/pillared clay and Pt/AI-MCM41 were the
best overall catalysts, producing high aromatic conversion, high diesel yield and relatively low reaction temperature to reach 30% conversion
of 343°Ct fraction.

Crown Copyright © 2004 Published by Elsevier B.V. All rights reserved.
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1. Introduction the large molecules contained in these distilld#s Our
objective is then to develop catalysts that could maximize
Middle distillates derived from Canadian oil sands contain aromatic conversion, diesel yield while minimize naphtha
high concentrations of aromatics, often exhibit poor diesel yield and the reaction temperature required for converting
ignition quality. To produce a high quality diesel blend stock, 343°C* fraction. To meet these criteria, four types of cata-
a process that not only can convert the aromatics in the dis-lyst materials based on mordenite, pillared clay, delaminated
tillate to naphthenic compounds by hydrogenation, but also clay and AI-MCM41 have been developed at The National
can selectively open the rings of the naphthenic compoundsCentre for Upgrading Technology (NCUT). The hydro-
by mild hydrocracking is requirefl]. Mild hydrocracking genation and mild hydrocracking activities of the developed
has advantages over conventional gas oil hydrocracking incatalysts were tested using a hydrotreated light gas oil from
minimizing the production of undesirable light hydrocarbon an ebullated bed hydrocracker (Syncrude Canada Ltd., Fort
gases and reducing hydrogen consumption. It was reportedMcMurray, AB, Canada), and some of the results for each
that in a mild hydrocracking process, with a conversion of catalyst were published recen{ly7]. This paper summa-
343°CT fraction around 30%, an acceptable level of naphtha rizes and compares the performance of six Pt-supported
formation might be less than 20 wt.f43]. Aromatic hydro- catalysts based on the developed catalyst materials.
genation and ring opening of naphthenic compounds require
bifunctional catalysts, with a noble metal hydrogenation
function and an acidic cracking function. The catalysts also
have to provide mesopores and macropores to accommodate

2. Experimental

Six Pt-loaded catalysts were developed in this work.
Three catalysts were based on mordenite support: (1) orig-
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mordenite (Mor(SA)). The steam treatment was operated atactions were conducted at 10.3MPa, 1.6 L HSV, from
606°C for 4h with a HO/N2 volume ratio of 95/5. After 240 to 380°C and with a hydrogen gas rate of 600 NL/L
the steam treatment, the mordenite was subjected to thefeed. High total liquid yield (>99%) was obtained for all
same acid extraction conditions as was used for the sec-the experiments, this allowed the use of the following sim-
ond catalyst. Two catalysts were made from clay supports, plified equations to measure the catalyst hydrogenation

one from pillared montmorillonite (PILC) and other from  activity (Eq. (1), the mild hydrocracking activityHq. (2)
delaminated synthetic hectorite (DILC). Detailed catalyst and conversion of ring compound&d. (3):

preparation procedures for mordenite and clay based cata-

lysts can be found in referencigg and[6], respectively. The  aromatics conversio®bo)

last catalyst was an AI-MCM41 type mesoporous material aromatics in the feed aromatics in the product
prepared according to a patented procedure using aluminum — aromatics in the feed (1)
sulfate hydrate and sodium silicate solution (27% Si&s
alumina and silica sources, and cetyltrimethylammonium _ . . T
bromide (CTABr) as templatg8]. In a typical preparation, mild hydr:) cigck|ng activity /O)O L

a solution made of 5.2g aluminum sulfate, 208g water _ 343°CT inthe feed— 343°C™ in the product
and 35.89 cetyltrimethylammonium bromide, was added 343°Ct inthe feed

to a second solution containing 56.6 g sodium silicate, 80 g

water with 2.4 g sulfuric acid. The mixture was stirred for conversion of ring compound$b)

(2)

30 min and placed in a sealed glass bottle at room temper- ring compounds in the feed
ature overnight. The solid product obtained was washed —ring compounds in the product
with deionized water, dried and calcined at 5@under = 3

ring compounds in the feed
Ny/air for 5 h to remove the template. The product was then g pouinds|

reacted at 70C with ammonium nitrate solution for 4h. The total ring compounds consists of monocycloparaffins,

The ion-exchanged product was washed and centrifuged todicycloparaffins, tricycloparaffins and aromatics.

remove all traces of ammonium ion before being heated at The chemical compositions included four saturated

120°C for 1 h and 505C for 4 h, under air. hydrocarbon groups (paraffins, monocycloparaffins, dicy-
Platinum was loaded into the catalyst supports through cloparaffins and tricycloparaffins) and three aromatic groups

an ion-exchange procedure using Pt@U€l, aqueous (monoaromatics, diaromatics and triaromatics) were effec-

solution with a target Pt content of 1wt.%. Catalyst ex- tively identified by the GC-MS methof®,10]. The boiling

trudates (0.8mm) were made by mixing the Pt-loaded range as well as the yields of naphtha (IBP—17, diesel

catalyst precursors with pseudo-bdehmite. The percent(177-343C) and 343C* fractions of the feed and total

of pseudo-béehmite was 80wt.% for catalysts based onliquid products were estimated by ASTM D2887 simulated

mordenite and AI-MCM41, and 30% for clay based cat- distillation method. The cetane number of the total liquid

alysts. The extrudates were named Pt/Mor, Pt/Mor(A), products was derived by the ignition quality tester ("y

Pt/Mor(S+A) for the original mordenite, acid treated mor- [11]. Detailed descriptions of the characterization methods,

denite, steam and acid treated mordenite based catalystsgatalyst testing procedures as well as analytical methods

respectively; Pt/PILC for pillared montmorillonite based can be found elsewhe{g-7].

catalyst; Pt/DILC for delaminated synthetic hectorite based

catalyst and Pt/MM for AI-MCM41 based catalyst. The

extrudates were calcined at 400 for 4h before use. A 3. Results

Micromeritics ASAP 2010 unit was used to determine the

pore volume, specific surface area and pore size distribu-3.1. Catalyst characterizations

tions of the catalyst supports bys,Ndsorption/desorption

isotherm. The amount of acid sites of the catalyst supports Two dealuminated mordenite supports were obtained by

were determined using ammonia temperature programmedacid treatment and the combination of steam and acid treat-

desorption (NH-TPD). Inductively coupled plasma mass ment. Fig. 1 presents the effect of dealumination on the

spectrometry (ICP-MS) was used to measure the Si, Al and pore size distribution determined by the BJH tiesorption

Pt contents of the Pt-loaded catalyst precursors. method. The results show that more mesopores were ob-
The hydrogenation and mild hydrocracking activities tained over dealuminated mordenite. Acid extraction created

were tested in a tubular microreactor operated in the con- mesopores with diameters in the range of 20-80 A. Steam

tinuous up-flow mode (38 cm x 0.635cm). The feedstock treatment followed by acid extraction produced mesopores

was obtained by hydrotreatment of the 283 fraction with diameters between 55 and 115 A. The presence of these

of a light gas oil from an ebullated bed hydrocracker over mesopores can facilitate the diffusion of larger molecules,

a commercial NiMo/alumina catalyst to reduce sulfur and encountered in oil sands derived distillates, to the active

nitrogen contents to protect the noble metal catalysts. Thesites of the catalyst. The pore volume, specific surface area,

catalyst was reduced in situ in hydrogen flow at 4G0Re- average pore size and the total ammonia adsorbed by the
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Fig. 1. Effects of dealumination on pore size distributions of mordenite.
Table 1
Characterization of catalyst supports and Pt-loaded precursors
Catalyst ID Seer (M2/g) Pore volume Meso + macropores Average pore NH3 (mmol/g) Si/Al? ratio Pt (wt.%)
(cmP/g) (vol.%) size (A)
Mor 480 0.276 30.0 230 1.98 10.7 0.82
Mor(A) 466 0.295 40.6 254 0.55 34.2 0.96
Mor(S+A) 458 0.298 39.1 26.0 0.10 1635 0.39
PILC 112 0.110 73.7 39.2 0.37 19 144
DILC 316 0.206 79.3 26.0 0.61 18 1.03
Al-MCM41 1001 0.950 100.0 45.0 0.13 16.2 0.97

aAfter loaded with Pt.

catalyst supports as well as the Si/Al ratio and the plat-
inum content of the Pt-catalyst precursors are summarized
in Table 1. The results indicate that aluminum content in
mordenite was significantly decreased by acid treatment
and the combination of steam and acid treatment. These
treatments also reduced the acidity of the mordenite. The
acidity of the catalyst supports was in the order: mordenite
> delaminated clay > acid treated mordenite > pillared
clay > AI-MCM41 > steam and acid treated mordenite.
Dealumination aso reduced the available cation sites for
platinum ion exchange, resulting in a much lower platinum
content (0.39wt.%) in steam and acid treated mordenite
Pt/Mor(SA) than the target value (1wt.%). Mordenite sup-
ports have the least amount of mesopores and macropores,
while Al-MCM41 has the highest specific surface area, total
pore volume, and the percentage of meso and macropores.

3.2. Hydrogenation and mild hydrocracking activities

The hydrogenation activity was expressed by the aro-
matics conversion, which was plotted versus the reaction
temperaturein Fig. 2. There exists asignificant gap between
mordenite based catalysts and other catalysts. Mordenite

based catalysts (Pt/Mor, Pt/Mor(A) and Pt/Mor(SA)) exhibit
the lowest aromatics conversions among all the catalysts
tested. For mordenite based catalysts, aromatics conversion
increases sharply with reaction temperature from 240 to
300°C, then approached a plateau beyond 360°C likely due
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Fig. 2. Aromatics conversion as function of temperature (pressure:
10.3MPa, LHSV: 1.0h~1, hydrogen flow: 600NL/L feed).
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Fig. 3. Conversion of 343°C* fraction as function of temperature (pres-
sure: 10.3MPa, LHSV: 1.0h~1, hydrogen flow: 600NL/L feed).

to the hydrogenation/dehydrogenation equilibrium. Pillared
clay based catalyst (Pt/PILC) had the same type of aromatic
conversion—temperature curve as mordenite based catalysts
with a much higher aromatics hydrogenation activity. De-
lamined clay (P/DILC) and AI-MCM41 (Pt/MM) based cat-
alysts had similar aromatics conversion, and a plateau was
observed for P/DILC beyond 380°C. It is expected that the
same plateau would occur for Pt/MM. The highest aromatics
conversion was obtained over the PYMM catalyst (93.3% at
360°C). Themild hydrocracking activity of the catalystswas
expressed by the conversion of 343°C™* fraction, and was
plotted against reaction temperature in Fig. 3. The results
show that, among al the catalysts, the untreated mordenite
based catalyst (Pt/Mor) had the highest hydrocracking activ-
ity and it required the lowest temperature to reach the same
conversion of 343°C fraction. Excessive deal umination by

the combination of steam and acid treatments rendered the
catalyst (Pt/Mor(SA)) much less active as indicated by the
higher temperature required converting the same amount of
343°C* fraction. Delamined clay catalyst (Pt/DILC) had the
lowest hydrocracking activity. In order to evaluate the over-
all catalyst performance for hydrogenation and mild hydro-
cracking, we summarized in Fig. 4 the aromatic conversion,
naphtha and diesel yields (bar charts) at 30% conversion
of 343°C™ fraction as well as the temperature (line chart)
required to reach this conversion. The yields of naphtha
(IBP—177°C), diesel (177-343°C) and 343°C* fractions
of the total liquid products were calculated using ASTM
D2887 simulated distillation method. The best catalysts will
be the ones that have high aromatic conversion, high diesel
yield, low naphtha yield and relatively low 343°C™* frac-
tion conversion temperature. Untreated mordenite, Pt/Mor
was the most active cracking catalyst. However, it produced
a substantially higher naphtha yield (25.4wt.%) due to
overcracking. Acid-treated mordenite catalyst, Pt/Mor(A),
is not a good choice neither for the mild hydrocracking
reaction due to its high naphtha and low diesel yields.
Steam-and-acid-treated mordenite, Pt/Mor(SA), had lower
naphtha and higher diesel yields, however, it required rela-
tively high temperature (350 °C) to reach a 30% conversion
of 343°C™ fraction. Delaminated clay Pt/DILC has the best
diesd yield (67 wt.%) and naphtha yield (11.5wt.%), but it
istheleast active cracking catalyst, requiring 363 °C to reach
30% conversion of 343°C™ fraction. This high temperature
has some disadvantages such as higher power input, higher
coke formation, and decline of aromatics hydrogenation rate
due to thermodynamic equilibrium. Pillared clay Pt/PILC
appeared to be a better catalyst than the delaminated clay.
The temperature for 30% conversion of 343°CT fraction is
much lower (292 °C) than Pt/DILC-30, with only amarginal
loss of diesel yield (64.9wt.%) and dlightly higher naphtha

100 7 O Naphtha yicld % B Diesel yield % B Aromatic conversion % T 400

Yield or conversion (%)

Temperature (°C)

Pt/Mor
Pt/PILC
Pt/Mor(A)

Pt/MM
Pt/Mor(SA) |
Pt/DILC

Fig. 4. Product distributions at 30% conversion of 343°C* fraction (pressure: 10.3MPa, LHSV: 1.0h1, hydrogen flow: 600NL/L feed).
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Fig. 5. Total ring compounds conversion as function of temperature (pres-
sure: 10.3MPa, LHSV: 1.0h~1, hydrogen flow: 600NL/L feed).

yield (13.5wt.%). Findly, it isworth noting that Al-MCM41
mesoporous material based catalyst P/MM, is attractive asit
had a reasonabl e reaction temperature (331 °C) to attain 30%
conversion of 343°C fraction, and al so had the second best
diesdl (65.5wt.%) and naphthayield (13.0wt.%). Based on
a compromise between low naphthayield, high diesel yield,
high aromatic conversion as well as low reaction tempera-
ture, P/PILC and P/MM are the best catalysts for aromatics
hydrogenation and mild hydrocracking reactions. Both cat-
alysts produced 65% diesel yield and over 80% aromatics
conversion. Since Pt/PILC catalyst extrudates contain 30%
of pseudo-bdehmite as binder and 70% active ingredient as
compared to 80% of pseudo-béehmite and 20% of active in-
gredient for Pt/MM catalyst extrudates, we could conclude
that the intrinsic activity of PtY/MM is higher than that of
Pt/PILC.
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Fig. 6. Mass percentage of monocycloparaffins as function of temperature
(pressure: 10.3MPa, LHSV: 1.0h~%, hydrogen flow: 600NL/L feed).

3.3. Ring opening activity

The ring opening activity of the catalysts was first evalu-
ated by comparing the conversion of total ring compounds
(monocycloparaffins, dicycloparaffins, tricycloparaffins and
aromatics) using Eq. (3). Fig. 5 presents the conversion
of total ring compounds versus temperature for each cat-
alyst. The results indicate pillared clay (P/PILC) was the
most active catalyst for converting the ring compounds. At
300°C, the conversion decreased in this order: P/PILC >
Pt/Mor(SA) > Pt/Mor(A) > PYMM > Pt/Mor > PUYDILC.
Figs. 6-8 plot the mass percentages of monocycloparaf-
fins, dicycloparaffins and tricycloparaffins, respectively, in
the total liquid products against the reaction temperature,
to show how each saturated ring compound reacts. For all
the catalysts, monoparaffin content increased with reaction
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Fig. 7. Mass percentage of dicycloparaffins as function of temperature (pressure: 10.3MPa, LHSV: 1.0h~1, hydrogen flow: 600NL/L feed).



462 H. Yang et al./Catalysis Today 93-95 (2004) 457-465

20.0
$ 1501
E
g
% 1001
@
Q.
S
[S]
g
F 50
—©=Pt/Mor &~ Pt/Mor(A)
—— PMor(SA) —®- PY/PILC
—&— PYMM = pyDILC
00 T T T T
200 240 280 320 360 400
Temperature (°C)

Fig. 8. Mass percentage of tricycloparaffins as function of temperature (pressure: 10.3MPa, LHSV: 1.0h~1, hydrogen flow: 600NL/L feed).

temperature (Fig. 6); dicycloparaffin content first increased
with temperature, then decreased with temperature, with the
exception of Pt/DILC (Fig. 7); similar to the dicycloparaf-
fins, a maximum was observed over al the catalysts for tri-
cycloparaffins with the exception of Pt/Mor, which showed
a continuous increase of tricycloparaffins. Over Pt/DILC,
the contents of tricycloparaffins showed a greater decrease
with reaction temperature up to 360 °C. From 360 to 380°C,
the decrease slowed down probably due to the increasing
rate of dehydrogenation (Fig. 8). These results indicated
that dealuminated mordenite Pt/Mor(A) and Pt/Mor(SA),
pillared clay (Pt/PILC), delaminated clay (Pt/DILC) and
mesoporous molecular sieve (PYMM) have suitable pore
structures and surface acidity to crack down the three-ring
compounds. The untreated mordenite (Pt/Mor), being the
most acidic catalyst support (Table 1), was unable to ac-
commodate the three-ring compounds due to its smaller
pore diameter. The results confirm that dealumination is a
good way to create mesopores in mordenite support.

The ignition quality of a diesel fuel depends mainly
on its chemical composition. In genera, normal paraffins
have the highest cetane numbers and, for the same carbon
number, isoparaffins have lower cetane numbers, followed
by moncycloparaffins, alkylbenzenes, polycycloparaffins
and polyaromatics. The ignition qualities of the total lig-
uid products were estimated by the IQT™ method [11].
The cetane number of the feed measured by ASTM 613
engine method was 50.4, very close to the cetane humber
derived by IQT™ (50.8). The data for catalysts at vari-
ous temperatures are plotted in Fig. 9. The derived cetane
numbers of the total liquid products obtained over al the
mordenite-based catalysts were lower than that of the feed.
Delaminated clay Pt/DILC gave the highest cetane number
followed by mesoporous material Pt/MM and pillared clay
Pt/PILC over the reaction temperature ranges.
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Fig. 9. Comparison of the ignition quality of total liquid products by
IQT™ test.

4. Discussion

Dealumination is an important way to modify pore size
and surface properties of zeolite to promote various cat-
alytic reactions [12,13]. Mordenite is not suitable for pro-
cessing large molecules because of its uni-dimensiona and
non-intersecting channel system. However, modification of
the structure by controlled dealumination presents opportu-
nities for opening up the system. Our results showed that
dealumination of mordenite, by either acid extraction or
steam plus acid treatment, resulted in an increase of total
pore volume and created mesopores and macropores (Fig. 1
and Table 1). These results are in agreement with other pub-
lished papers [13-17]. Lee and Ha reported the modifica-
tion of mordenite by HCl/steam treatment, and indicated
that mesopores with diameter of 37 A were developed as
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a result of dealumination [15]. In a study of comparison
of mordenite dealumination by nitric acid and oxalic acid,
Guidici et a. revealed that there was formation of additional
volume in pores 20 and 600A as well as some macrop-
ores >600 A when the mordenite was leached by nitric acid,
while the texture of the sample treated with oxalic acid re-
mained unchanged [17]. The formation of mesopores dur-
ing dealumination can be explained by two mechanisms:
(1) the vacancies left by Al expelled from the framework
are not completely filled by the slow migration of Si, thus
producing a local defect in the crystal structure; (2) due to
extended dealumination, some zeolite crystals collapse and
the collapsed zeolite is removed by acid leaching, result-
ing in the formation of channels and cracks in the morden-
ite. Furthermore, it is possible that acid treatment removes
some of the framework Al in 4-membered rings, as well as
amorphous material stacked inside the mordenite, making
the 8-membered ring channels more accessible and allowing
easier diffusion from the main 12-membered ring channels.
Our results also indicated that the acidity of the morden-
ite as measured by NH3-TPD method decreased gradually
with increase of aluminum-removal (Table 1). Meyers et al.
observed the same reduction trend of the acidity over ther-
mal, acid and thermal/acid treated mordenite by NH3-TPD
[18]. However, acidity measured by t-butylamine-TPD re-
vealed a different pattern, despite the reduction of aluminum
content, more t-butylamine was adsorbed on the acid and
thermal/acid treated mordenite. The authors suggested that
acid extraction dissolved the nonframework silica-alumina
from the zeolite pore and increased the accessibility of the
acid sites to t-butylamine [18]. We believe that the creation
of meso and macropores also increases the diffusivity of
t-butylamine and larger molecules within zeolite structure.
The results of the conversion of cycloparaffins over the three
mordenite based catalysts support this theory. Over the three
catalysts, the yields of paraffins and monocycloparaffins in-
creased with reaction temperature. Paraffins can be produced
by cracking the side chains of aromatics and cycloparaffins.
They can aso be produced by opening saturated rings of
naphthenes. Monocycloparaffins are produced mostly from
saturation of monoaromatics and ring opening of di- or tricy-
cloparaffins. The amount of dicycloparaffins first increased
with reaction temperature, reached a plateau, and then de-
creased. Thisresult indicatesthat all three catalysts are capa-
ble of converting molecules as large as two-ring cycloparaf-
fins. Dicycloparaffins are derived from tricycloparaffins by
ring opening, and from diaromatics by hydrogenation reac-
tions. For the mass percentage of tricycloparaffins, maxima
were observed over acid treated mordenite (Pt/Mor(A)) and
steam plus acid treated mordenite (P/Mor(S+A)). However,
tricycloparaffin content continuously increased with tem-
perature over the untreated mordenite catalyst (Pt/Mor) in
the temperature range used, which indicated that it was un-
able to convert molecules as large as tri-ring naphthenes.
The reduction in diffusion resistance over aluminum defi-
cient mordenite was observed by several research groups

[14,19,20]. As early as 1970, Eberly Jr. and Kimberlin Jr.
from Esso Research Laboratories reported that the moden-
ite with a SiO2/Al>03 ratio of 64 prepared by HCI treat-
ment had higher adsorption capacity, lower diffusion resis-
tance and higher cracking activity for cumene molecules
than the conventional untreated mordenite [20]. Recently,
Tromp et a. from the University of Utrecht studied the in-
fluence of HCI acid leaching on the hydroisomerization of
n-hexane over Pt/mordenite. Their results demonstrated that
the activity of the untreated mordenite was limited by mass
transfer effects, those effects almost vanished after modifi-
cation of the mordenite by acid leaching, which generated
a 3D micropore structure as well as mesopores. The reduc-
tion of the acidity in mordenite by dealumination allows the
mild hydrocracking to be carried out a a higher reaction
temperature without producing significant amounts of naph-
tha and gaseous products due to over cracking. Therefore,
it seems by dealumination of mordenite, catalysts with an
optimum balance of pore size and acidity can be obtained
for the hydrogenation and mild hydrocracking of middle
distillates.

Layered clays, such as montmorillonite can swell and ex-
pand in one dimension through the process of intercalation
using pillaring agents [21]. This property alows pillared
clays to be used in a number of potential applications in
petroleum refining [22—24]. In this study, pillared montmo-
rillonite was prepared by ion-exchange of Nat cations with
large polyoxocations of aluminum [7]. The resultant mate-
rial after calcination contained oxide pillars that open the
sheets and expose the internal surface of the clay layers.
Pillared montmorillonite has a specia dit-shape geometry
that presents excellent shape selectivity for processing pla-
nar molecules such as aromatic compounds. The higher se-
lectivity towards aromatic saturation of Pt/PILC over other
catalysts observed in thiswork (Fig. 4) further confirmed the
suitability of its structure to facilitate the adsorption and re-
action of aromatic compounds between the sheets of the lay-
ered clay. The pillars formed within the interlamellar space
also provide acid sites for hydrocracking. The acid sites in
pillared clay are mostly Lewis sites, which is a less active
cracking component than the Bransted acidity found in ze-
olites. The difference in acid sites is probably why Pt/PILC
produce much less naphtha (13.5 versus 25.4wt.%) than
Pt/Mor at 30% conversion of 343°C™ fraction and at the
same temperature (~290°C).

Delaminated clays have disordered edge-to-edge and
face-to-edge aggregations (house-of-cards type structures)
when compared with the ordered stacking arrangement
or face-to-face aggregations in pillared clays. In addition
to micropores found in pillared clay, delaminated clays
aso contain mesopores and macropores that are formed
from face-to-edge aggregations [25-27]. Although, the de-
laminated clay based catalyst (Pt/DILC), had the second
highest acidity of the six catalysts measured by NH3-TPD,
it had the lowest cracking activity and required the highest
temperature to reach 30% conversion of 343°C™ fraction
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(Fig. 3). Using pyridine/FTIR adsorption studies, Occelli
clamed that the strength of acid sites in delaminated
Laponite was weaker than those found in pillared clay
[25]. He attributed the weaker acidity and reduced crack-
ing activity of the delaminated clay to differences in the
availability of acid sites resulting from stacking disorders.
The discrepancy between pyridine and NH3 measurements
may be due to the difference in molecular size and dif-
fusion rates of these two molecules. Our previous results
suggested that the delaminated clay used in this work had
higher density of pillars inserted between its sheets than the
pillared montmorillonite used, which could be responsible
for the large amount of NH3 adsorbed [7]. However, due
to the random house-of-cards structure, some of the acid
sites in the pillars could be buried, and only accessible to
small molecules such as NH3 and not to larger molecules
such as pyridine. Accordingly, in the hydrogenation and
hydrocracking study, these pillars were less available to
the large gas oil molecules, resulting in a lower cracking
rate.

Since their discovery by Mobil researchers, mesoporous
molecular sieves with tunable pore structure and high sur-
face area are beginning to find application in the area of
catalysis and environmental protection [28-30]. Compared
with microporous zeolite materials, which often suffer
from diffusion limitations due to size of the molecules,
mesoporous molecular sieves have the advantages of larger
pore diameters, higher adsorption capacities and higher
surface areas, which make them very attractive for process-
ing petroleum fractions. Corma et a. compared the aro-
matic saturation activities of Pt/Al-MCM-41, Pt/amorphous
mesoporous silica—alumina, Pt/amorphous silica—alumina
and Pt/USY zeolite catalysts in a batch reactor at 5.0MPa
using a hydrotreated light cycle oil [28]. The highest hy-
drogenation activity was observed over PY/AI-MCM-41
catalyst. At 300°C, the total aromatic conversions were
40.3 and 23.4% for PYAI-MCM-41 and Pt/USY, respec-
tively. The authors suggested that the high hydrogenation
activity of Pt/Al-MCM-41 was due to its very high surface
area that allowed better dispersion of the Pt particles [30].
Higher hydrogenation activity was also observed in our
study for PYMM compared with mordenite based cataysts.
Over 80% of aromatics were converted over Pt/MM at
331°C, 10.3MPa, 1.0h~1 LHSV compared to 63% over
Pt/Mor(A) at 350°C. The incorporation of aluminum into
the MCM41 framework created an acidic cracking function
and made it a hydrocracking catalyst. In thiswork, although
the NH3-TPD results (Table 1) showed that AI-MCM-41
based catalyst (Pt/MM) had similar acidity to steam and
acid treated mordenite based catalyst (Pt/Mor(SA)), it had
much higher mild hydrocracking activity than Pt/Mor(SA)
(Fig. 4). The difference in the hydrocracking activity was
due to the mesoporous structure of Pt/MM and the micro-
porous structure of Pt/Mor(SA). It is clear that larger pore
materials have more potential as catalysts for processing
bulk molecules.

5. Conclusions

Six catalysts belonging to four categories of materials
have been tested for their hydrogenation and mild hydro-
cracking activities on a middle distillate from Canadian ail
sands. The results showed that, due to its microporus struc-
ture and strong acidity, untreated mordenite based catalyst
gave high naphthayield at the expense of the diesel fraction,
and was not suitable for mild hydrocracking. Dealumina-
tion made mordenite a better mild hydrocracking and ring
opening catalyst due to the reduction of acidity and the cre-
ation of meso and macropores. However, mordenite based
catalysts had the lowest hydrogenation activities among the
four types of materias studied. Delaminated clay catalyst,
despite having high hydrogenation activity and diesel yield,
required the highest activation temperatures. Based on a
compromise between low naphtha yield, high diesel yield,
high aromatic conversion as well as low reaction tempera-
ture, AI-MCM41 and pillared clay were the best catalystsin
our reaction conditions, which presented high aromatic con-
versions, a reasonabl e temperature to reach 30% conversion
of 343°CT fraction and high diesdl yields.
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