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To the editor of Fuel Processing Technology
Eindhoven, 5 June 2015
Dear editor,
Please find attached the revised manuscript entitled
‘Texture, acidity and fluid catalytic cracking performance of hierarchical faujasite

zeolite prepared by an amphiphilic organosilane’
by the authors
Christiaan H.L. Tempelman, Xiaochun Zhu, Kristina Gudun, Brahim Mezari, Baojian Shen
and Emiel J.M. Hensen

We have addressed all minor critical reviewer comments in the revised manuscript; we
have answered the pertinent questions of the reviewers in the attached rebuttal.
Reviewer 2 furthermore asked for addition of more detailed coke analysis and a reaction
mechanism for FCC. We feel that coke product analysis is outside the scope of our work;
besides, we refer to relevant literature about FCC deactivation. Regarding the reaction
mechanism, we argue that such knowledge is well described in the scientific literature. If
we were to give a reaction mechanism for FCC, we would have to include quite some
elementary reaction steps – it would not strengthen our paper as we study the effect of
hierarchization on catalyst performance. We critically assessed our citation list and feel
that all relevant background information about such aspects as mechanism and catalyst
deactivation relevant to FCC are covered in the introduction.
We hope that you will find the revised version suitable for publication.
Yours truly,
Prof. Dr. Emiel J.M. Hensen
Chair Inorganic Materials Chemistry
Eindhoven University of Technology
PO Box 513
5600 MB Eindhoven
The Netherlands
Tel: +31-40-2475178
E-mail: E.J.M.Hensen@tue.nl

Detailed Response to Reviewers

Rebuttal to reviewer 1
We thank the reviewer for the positive evaluation of our manuscript. Below we address
the minor issues raised.
Comment 1:
I have only one major observation: Talking about optimization involves the design and
operation of a system or process to make it as good as possible in some defined sense. In
this article, the defined sense seems to be the time required to crystallize the zeolite in the
presence of a variable concentration of TPOAC (Fig. 1). It is stated that "The optimal
hydrothermal synthesis time in the presence of TPOAC was 72 h" though the kinetic data
is not presented although it is highlighted -in the conclusions- as one of the main
achievements of the article. There is a discussion over the time of crystallization but data
is not presented. The optimization of such synthesis should include time of synthesis,
concentration of TPOAC, molar relation SiO2/TPOAC, crystallinity, temperature,
framework Si/Al ratio and perhaps the cost of it. Authors consider only one parameter
(the concentration of TPOAC); the experimental design does not correspond to an
optimization process or to an algorithm that intends to an optimization. Accordingly, it is
my opinion that to affirm "The synthesis of mesoporous faujasite zeolite using an
amphiphilic organosilane was optimized" is pretentious.
We agree with the reviewer’s reasoning – we did not want to suggest that all variables
were highly optimized. We varied the TPOAC content and synthesis time of the gel to
obtain a well-crystallized mesoporous FAU zeolite. We rewrote parts of the text to place
our work in a more reasonable perspective.
Comment 2:
In fig 1 the XRD pattern "e" does not appear. Captions of figure 1 and 2 are exactly the
same but figures are not.
The caption in figure 1 has been corrected.
Comment 3:
Figure 3 is not coherent with data of Table 1. Table 1 shows that FAU (∞,2.5) contains
only micropores but zeolites, FAU(45,2.5) and FAU(125,2.5), possess a significant
amount of mesopores. Micropore volume of zeolites, FAU(45,2.5) and FAU(125,2.5) are
lower than micropore volume FAU(∞,2.5), however from figure 3 the trained eye can

deduce something different. Perhaps the curves were separated for a better presentation
but this is not stated.
The reviewer is right. The isotherms have indeed been stacked for a better presentation
and this has been explained now in the caption.

Comment 4:
The text states "The TEM images of FAU(4.5,50) also reveal that the mesopores are well
integrated into the primary zeolite particles (Fig. 6b)". But caption of figure 6 affirm that
the picture b is for FAU(∞, 4.1)-large.
We thank the reviewer for pointing out this mistake. Here, we meant Fig. 6c. The text is
corrected accordingly.
Comment 5:
It is written: "The XRD patterns in Fig. 5 point out the high crystallinity of calcined
FAU(∞, 2.5)-large and FAU(45, 2.9)-large" but figure 5 does not show such XRD
patterns.
The reviewer is right in that the mesoporous sample contains less crystalline zeolite than
the microporous one. Also, it is true that the large batch of microporous Y zeolite is less
crystalline than the zeolite prepared at smaller scale. These points are now discussed in a
proper manner. The other patterns are those of the composite zeolites that are “diluted”;
they are discussed further on in the manuscript.
Comment 6:
The results of NMR are presented, and numbers established, but there is not a discussion
about its correlation with other properties of the solids.
We briefly discussed the 27Al NMR results by pointing out the presence of EFAl.
Besides, we refer back to the NMR data at several places. An important point to note is
that Al NMR gives a qualitative picture of the Al distribution and in general bears little
information on the exact details of the acidity situation. The Si NMR is used to establish
the framework Si/Al ratio. The 1H NMR is in qualitative agreement with the more
detailed acidity characterization and this is briefly discussed in the revision. In view of a

similar comment made by reviewer 2, we discussed the acidity situation in some detail in
Section 3.5.
Comment 7:
With the exemption of the optimization, the abstract reflects well the content of the
article. However, I would recommend complementing the sentence "The synthesis of
suitable zeolite samples for comparison in FCC catalysis (with and without mesopores)
was scaled" by a factor of 16. Also to replace "catalysis" for catalysts.
We rephrased the relevant part of the abstract in a more general way.
Comment 8:
I would also recommend taking into consideration a reference of recent articles (of the
same research group) that is closely related to the work reported here: Agudelo et al.
Fuel Proc. Tech., 133 (2015) 89
The reference has been cited.

Rebuttal to reviewer 2
We thank the reviewer for the positive evaluation of our manuscript. We addressed his
pertitent comments below.
Comment 1:
The authors in the section 2.3 catalytic activity measurements, mention regarding the
evaluation of Brønsted acidity of the some of the catalytic materials using bifunctional
hydrocarbon conversion of n-heptane over 0.4 wt % Pd modified zeolite catalysts. Pd
modification of proton form zeolite can influence the acidic properties of the zeolite,
hence comparison of the Brønsted acidic properties of H- form and Pd- modified zeolite
may not be a relevant method. The authors should thus explain the reasons for use of 0.4
wt % Pd modified zeolite catalyst for evaluation of Brønsted acidity.
Our acidity characterization data show that the composite catalysts contain very few, if at
all, strong zeolite-type Bronsted acid sites. Therefore, we decided to compare the acidity
of the composite catalysts in a “simple” catalytic reaction. We have extensive experience
with n-alkane hydroisomerization; in our Ref. [43] we have shown that the isomerization

rate scales with the number of strong acid sites. This test reaction is more sensitive than
spectroscopic investigations in our view. In our work, we have also established that 0.4
wt% Pd is sufficient to reach equilibrium for the dehydrogenation of
alkanes/hydrogenation of alkenes so that de facto the rate of the reaction is determined by
the number of acid sites. We have better explained this in the revised text.
Comment 2:
Section 2.3 catalytic activity measurements, second paragraph “Coke deposited on the
catalyst was burnt in a catalyst regeneration step and quantified using an online CO2
analyzer”. A more precise method of quantification of coke and analysis of coke forming
molecules would be dissolving of the deactivated catalyst and identification of products
using GC-MS. It is suggested that the authors include in the manuscript detail analysis of
the coke forming molecules and amount of coke present in the catalyst. The results may
help in understanding the catalyst deactivation mechanism during the fluid catalytic
cracking.
Detailed analysis of the coke products is not within the scope of our work. The formation
of coke during FCC is well established and understood to a large extent. We have
employed the standard approach in ACE unit testing of catalyst, involving simple burning
of the coke. More detailed information on coke deposits can be found in Ref. 3.
Comment 3:
Section 3.1 Optimization and scale-up of the synthesis procedure, paragraph 1, line 11,
FAU (125, 2.5) and FAU (45, 2.5) materials have FAU structure but their crystallinities
are lower. The reasons for the lower crystallinities of these materials should be
discussed, since lower crystallinities leads to less hydrothermally stable catalysts, during
the prevailing reaction conditions of the catalytic cracking.
This is a good point. The reason is that crystallization in the presence of TPOAC is much
slower. We can explain our results by a much lower rate of crystal growth when TPOAC
is built into the growing zeolite. We have expanded the relevant text in this section.
Comment 4:
Measurement of the surface area and pore volume of the catalysts are usually performed
using N2 physisorption. The authors should provide a plausible explanation for the use of
Ar instead of N2 gas. Table 1: provide the results of textural properties of zeolite Y,
including the surface area and % of crystallinity. The lowest crystalline (67 %) FAU (45,
3.5) Y zeolite exhibited higher surface area (619 m2/g) than the 100 % crystalline FAU

(2.5), (612 m2/g). Have the authors repeated the experiment to check the reproducibility
of results ?. Can they also explain the reasons for the results obtained ?
Although the use of N2 physisorption is more common, we employ Ar physisorption as a
standard method in our lab because it is better suited to determine the textural properties
of zeolites with very small micropores. This is not needed in this case, but the analysis of
the isotherms and the resulting textural data can be almost quantitatively compared with
N2 physisorption data. We added literature data for a reference zeolite Y to Table 1. The
rreason for the relatively high surface area of a less crystalline sample is most likely that
the amorphous silica has a high surface area, which is not uncommon in the presence of
an amphiphilic molecule like TPOAC.
Comment 5:
The authors report about the characterization of the morphology of the FAU (45, 2.9)
using SEM. Fig 6f shows the presence of cubic and sheet like crystals which are
intergrown with large zeolite crystals. It is known from the various published research
that FAU zeolite structure exhibits the presence of cubic shape crystals, hence presence
of sheet like crystals may form impurities in this type of zeolite catalysts, which may
inhibit the catalytic activity. The authors should provide synthesis strategy to avoid
formation of such crystals during the synthesis of FAU (45, 2.9)-large.
We thank the reviewer for pointing this out. We modified the text accordingly. The
presence of such impurities might be the consequence of the scale-up of this synthesis.
Comment 6:
Section 3.2 NMR spectroscopy and section 3.3 FTIR spectroscopy of H/D exchange with
C6D6. The results of the acidity characterization using FTIR are given in Table 5 and that
of 29Si MAS NMR and 1H NMR in Tables 3 and Table 4, respectively. However,
correlation of acidity characterization and catalytic activity results are not included in
the results and discussion section. It is recommended that the authors should include a
detail correlation of the catalytic activity in the catalytic cracking reaction with the
acidity measurement results. Such a discussion can also be include in the section 3.5
Catalytic activity measurement. This will help in more precise explanation of the physicchemical and catalytic properties of the synthesized catalytic materials.
We included a short summarizing discussion concerning the acidity characterization in
relation to the catalytic performance.
Comment 7:

Even though the Fluid Catalytic Cracking is one of the most studied reaction in the oil
refinery and catalytic synthesis and characterization research have been reported in
numerous publications. It is suggested that the author should put forward a reaction
mechanism in the manuscript.
As the reviewer points out, the primary reactions taking place in FCC are well
established. Of course, there are many types of reactions occurring simultaneously in
FCC, so we feel that putting forward a mechanism would involve a list of reaction steps
that can take place. We believe that this is not needed in this article. Proper references
can be found in the introduction.
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Abstract
Mesoporous zeolite Y was synthesized by using an amphiphilic organosilane. The texture
and acidity of the mesoporous zeolite samples were compared with a reference
microporous faujasite zeolite. The synthesis of the most suitable mesoporous zeolite Y
was scaled up in order to prepare composite catalyst that could be tested for fluid
catalytic cracking. Composite catalysts were prepared by spray-drying the zeolite with
kaolin as filler and an alumina sol as binder. The acidic properties of composite FCC
catalysts prepared from conventional and mesoporous faujasite zeolites were compared.
While IR spectroscopy after H/D exchange with deuterated benzene indicates that strong
bridging hydroxyl groups are present in the freshly prepared composite catalysts, these
zeolite-type acid sites are absent in the lab-deactivated composite catalysts. These
samples contain a significant number of weaker Brønsted acid sites. The strength of the
acid sites in the composite catalysts is comparable with the acidity of amorphous silicaalumina. The composite catalysts show excellent catalytic performance in the fluid
catalytic cracking of vacuum gas oil. Our data indicate that relatively weak acid sites
catalyze the FCC reactions. The well-embedded mesoporosity in the parent hierarchical
zeolite crystals results in increased diesel and decreased gasoline and coke yield in the
composite FCC catalyst.
Keywords: zeolites, faujasite, fluid catalytic cracking, mesoporosity, acidity, yield
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1. Introduction
Fluidized catalytic cracking (FCC) is one of the key processes in the refinery industry,
converting heavy gas oils obtained from atmospheric and vacuum distillation into lighter
products [1-4]. The products from FCC units are valuable for the gasoline and diesel pool.
Currently, more than 400 FCC units are operated worldwide, converting approximately
10 million barrels heavy feedstock per day [1]. The success of this process is based on its
simplicity, relatively low construction and operation costs and the flexibility in
processing various types of heavy feedstock [4]. Zeolite Y has been the main acid
component of FCC catalysts. Composite FCC catalysts used in industry further comprise
clays, binders and other additives [5]. Zeolite Y is the preferred zeolite component
because of its relatively large pore openings (7.4 Å), strong Brønsted acidity and good
(hydro)thermal stability [6,7]. Another important aspect is that it can be synthesized at
low cost without organic structure-directing agents.
Under FCC conditions, the pore openings of 7.4 Å impose diffusion limitations and limit
the conversion of the larger hydrocarbon molecules in the feed. One approach to
overcome this would be to prepare zeolites with larger pores, but such zeolites are usually
not very stable and their synthesis requires expensive organic templates [8-11]. Another
approach to ease diffusion of large molecules in zeolites is the fabrication of hierarchical
zeolites that contain mesopores well-interconnected with the micropore network in the
zeolite [12-14]. One distinguishes bottom-up and top-down approaches. In top-down
approaches, usually Si [15-18] or Al [19-24] atoms are extracted from the zeolite
framework. In bottom-up approaches, the mesoporous zeolite is formed in one step,
usually by adding to the synthesis gel a second template as void filling spheres such as
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carbon black particles or in the form of organic molecules that act as mesoporogen during
the formation of the zeolite [24].
Hierarchization has most frequently been applied in the synthesis of ZSM-5 and BEA
zeolites [12, 14, 24, 25]. It is well-known that mesopores are created in zeolite Y crystals
during steam treatment as employed to convert low-acidic freshly prepared zeolite Y into
strongly acidic ultrastabilized Y zeolites, which are the main acid component in
hydrocracking operations [18]. Usually, the mesopores are not uniformly distributed over
the zeolite crystals and, sometimes, they are also not connected to the external surface
[26]. De Jong and co-workers investigated how steam treatment followed by acid and
base leaching steps improves the mesopore interconnectivity, which is useful to limit
secondary cracking reactions [27]. The benefit of mesoporosity on the cracking
performance of vacuum gas oil and bulky model molecules has been well established [2832].
Mesoporous Y zeolite can also be obtained using surfactant templates [33-36, 37-40].
Garcia-Martinez et al. reported about the scale-up of a surfactant-templated process to
prepare mesoporous Y zeolite; composite catalysts based on such hierarchical zeolite Y
showed improved yield of valuable gasoline and light cycle oil (LCO) products over
bottoms and coke in FCC catalyst evaluation [41]. Another versatile method to introduce
mesopores in zeolites involves the use of organosilanes that covalently bind to the
growing zeolite surface [33-37]. This approach was first described by the Ryoo group in
the preparation of mesoporous ZSM-5 [33]. The organosilane dimethyl-octadecyl-(3trimethoxysilylpropyl)-ammonium chloride (TPOAC) has also been used in the
preparation of hierarchical zeolite Y [34-36]. For instance, Fu et al. reported improved
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catalytic performance in the hydrodesulfurization of 4,6-dimethyldibenzothiophene using
a TPOAC-templated mesoporous Y zeolite support [34]. Another example is the benefit
of mesopores in zeolite Y in the aldol condensation of n-butanol with benzaldehyde [35].
Jin et al. showed that replacing a small portion of bulk zeolite Y with hierarchical zeolite
Y led to a shift in the FCC selectivity from coke to gasoline and dry gas products [36].
In the present study, we investigated the feasibility of using TPOAC in the direct
synthesis of hierarchical zeolite Y for use in FCC composite catalyst. We first optimized
the synthesis of mesoporous Y zeolite at small (gram) scale. The most promising
mesoporous zeolite was scaled up. For comparison, a bulk zeolite Y was prepared and its
Al content was lowered by substitution of framework Al by Si. The acidic properties of
the scaled-up zeolites, the composite catalysts derived thereof and the lab-deactivated and
regenerated FCC catalysts were characterized in detail. The FCC performance of two labdeactivated composite catalysts was evaluated in an Advanced Catalytic Evaluation (ACE)
unit.

5

2. Experimental
2.1 Zeolite synthesis
For the synthesis of reference bulk zeolite Y, a seed gel was prepared by dissolving 4.04 g
NaOH and 2.0 g NaAlO2 in 19.97 g water. Then, 22.80 g sodium silicate solution
(Prolabo, 25.5 – 26.5% SiO2) was added dropwise under vigorous stirring. The resulting
seed gel (gel A) was aged overnight at room temperature. In a second round bottom flask,
a feedstock gel (gel B) was prepared. After dissolving 0.04 g NaOH and 3.31 g NaAlO2
in 33.19 g water, 35.56 g sodium silicate (26 wt% in water, Prolabo) was added dropwise
under vigorous stirring. The Si/Al ratio of the feedstock gel was varied between 2.5 and
5.0 by adjusting the amount of sodium aluminate. To prepare the final synthesis gel, an
amount of 4.46 g of the aged seed gel A was added to the feedstock gel B under vigorous
stirring and was stirred for another hour. The resulting gel was transferred into a 125 mL
Teflon-lined stainless-steel autoclave and heated in a static oven at 373 K for 24 h.
The gel for obtaining mesoporous zeolite Y was prepared in the same way as described
above. Prior to the hydrothermal step, dimethyl-octadecyl-(3-trimethoxysilylpropyl)ammonium chloride (TPOAC, ABCR, 60 wt% in methanol) was added dropwise to the
synthesis gel; this gel was further stirred for 4 h. The Si/TPOAC ratio was varied between
10 and 125. The gels were then hydrothermally treated at 373 K for 72 h. The solid
materials were recovered by filtration of the suspension, followed by washing with
copious amounts of water. To remove TPOAC, the solids were calcined in artificial air
(20/80 (v%/v%) O2/He). The materials are denoted by FAU(x, y) with x being the
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SiO2/TPOAC ratio (∞, 125, 45, 20, 10) and y the Si/Al ratio (2.5, 3.5, 5.0) in the starting
gel.
A portion of the mesoporous zeolite Y prepared with an SiO2/TPOAC ratio of 45 and an
initial Si/Al ratio of 5.0 in the synthesis gel (Y(45,5.0)) was treated with ammonium
hexafluorosilicate (AHFS). The zeolite was first ion-exchanged four times with 1 M
KNO3, followed by four exchange cycles with 1 M NH4NO3 under reflux. After drying
the zeolite overnight, 10 g of zeolite was slurried in 100 ml of 3.4 M ammonium acetate
at 348 K. An amount of 135 ml of 0.1622 M AHFS was added dropwise over a period of
2 h. The final slurry was stirred overnight at 348 K. The solid was recovered by filtration
and washed with 1 L of hot (363 K) demineralized water. The washed solid was dried in a
vacuum oven at 293 K.
The synthesis of several zeolite materials was scaled up by increasing the reactant amount
by a factor of 16. The hydrothermal synthesis was done in an 1.5 L Teflon-lined autoclave.
At this scale, a standard zeolite Y was synthesized at a Si/Al ratio of 2.5 and a
mesoporous zeolite Y at a Si/Al ratio of 5.0 in the presence of TPOAC (SiO2/TPOAC =
45). The Si/Al ratio of the microporous zeolite Y was increased by AHFS treatment
according to the procedure outline above. The proton forms of these materials were
obtained by suspending 1 g of calcined zeolite in 10 ml 1 M NH4NO3 for 4 h at 353 K.
The ion-exchange was repeated twice. The final step was calcination in artificial air at
723 K for 4 h. The calcined zeolites are denoted as FAU(∞, 4.1)-large and FAU(45, 2.9)large, reflecting the final Si/Al ratios as determined by ICP analysis.
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Composite catalysts were prepared by spray-drying the zeolite with kaolin as filler and
alumina sol as the binder. The resulting catalyst composite consisting of 35 wt % zeolite,
50 wt % kaolin and 15 wt % alumina were subjected to steam-calcination to simulate
catalyst regeneration. The composite catalysts were steamed at 1023 K for 4 h using
100 % steam followed by calcination at 873 K for 1 h. The deactivated catalyst was then
sieved to obtain particles in the range 38−212 μm and calcined at 873 K for 2 h.
2.2 Characterization
Elemental analysis was done by inductively coupled plasma optical emission
spectroscopy (ICP-OES) on a Spectro CIROS CCD spectrometer equipped with a freerunning 27.12 MHz generator at 1400 W. Zeolite samples were dissolved in a mixture of
HF/HNO3/H2O (1:1:1).
XRD patterns were recorded on a Bruker D4 Endeavor powder diffraction system using
Cu Kα radiation with a scanning speed 0.01 °·min−1 in the 2θ range 5-60 °. The
crystallinity was determined according the standardized procedure ASTM D 3906-80. To
this end, the intensities of the 15.7 °, 18.8 °, 20.5 °, 23.8 °, 27.2 ° and 34.3 ° 2θ reflections
(corresponding to the [331], [511], [440], [533], [642] and [555] hkl planes) were taken
after background subtraction and related to the intensities of the highly crystalline sample
FAU(∞, 2.5) prepared in this work FAU(∞, 2.5).
Ar physisorption isotherms were measured at 87 K on a Micromeritics ASAP2020 system
in static measurement mode. The samples were outgassed at 623 K for 8 h prior to the
sorption measurements. The Brunauer–Emmett–Teller (BET) equation was used to
calculate the specific surface area (SBET) in the pressure range p/p0 = 0.05–0.25. The
8

mesopore volume (Vmeso) and mesopore size distribution were calculated using the
Barrett–Joyner–Halenda (BJH) method on the adsorption branch of the isotherm. The
micropore area (Smicro) and micropore volume (Vmicro) were calculated from the t-plot
curve using the thickness range between 3.5 and 5.4 Å [42].
Nuclear Magnetic Resonance (NMR) measurements were performed on a 11.7 Tesla
Bruker DMX500 NMR spectrometer operating at 500 MHz for 1H, 99 MHz for 29Si and
132 MHz for
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Al. The

27

Al MAS NMR was done using a Bruker 2.5-mm MAS

probehead spinning at 20 kHz;

27

Al NMR spectra were recorded with a single pulse

sequence with a 18o pulse duration of 1 μs and a interscan delay of 1 s. A saturated
Al(NO3)3 solution was used for 27Al NMR shift calibration. The 1H and 29Si MAS NMR
measurements were carried out using a 4-mm MAS probehead with sample rotation rates
of 12.5 kHz for 1H and 10 KHz for

29

Si NMR measurements. 1H and

29

Si NMR shifts

were referred to Tetramethylsilane (TMS). Quantitative 29Si NMR spectra were recorded
using a high power proton decoupling direct excitation (HP-DEC) pulse sequence with a
45o pulse duration of 2.5 μs and an interscan delay of 160 s. For 1H MAS NMR
measurements, the zeolites were first dehydrated at a temperature of 723 K at a pressure
lower than 10−5 mbar for 6 h. The dehydrated zeolites were placed into the 4-mm MAS
NMR zirconia rotor under inert conditions and transferred to the NMR probehead.
Quantitative 1H NMR spectra were recorded with a Hahn-echo pulse sequence p1-τ1-p2τ2-aq with a 90o pulse p1 = 5 μs and a 180º p2 = 10 μs and an interscan delay of 120 s.
Infrared spectra were recorded in the 4000-400 cm−1 range using a Bruker Vertex 70v
apparatus. Samples were pressed into a self-supporting wafer with a density of about 10
mg/cm2. To remove physisorbed water, the sample was evacuated for 2 h at 773 K at a
9

pressure lower than 2 x 10−6 mbar. After evacuation, the sample was cooled to 323 K;
then, a background spectrum was recorded. The total concentration of the Brønsted acid
sites was determined by monitoring the H/D exchange reaction with d6-benzene (C6D6,
Sigma Aldrich) following a literature procedure [43]. C6D6 was kept in a glass ampoule
connected to an evacuated gas supply system. C6D6 was dosed into the cell with a
computer controlled pneumatic valve, delivering a dose of 0.33 mmol C6D6. The sample
was exposed for various times to the probe, followed by evacuation for 1 h. The sequence
was repeated to record the spectra of partially exchanged samples with exposure times of
30 min, 30 min and 60 min at 303 K; 30 min at 323 K, 30 min at 373 K, and 30 min at
523 K. The total concentration of the Brønsted acid sites was determined by IR
spectroscopy of adsorbed pyridine. Pyridine adsorption was carried out on the dehydrated
zeolite wafer at 373 K. After saturation, the sample was evacuated at 423 K for 1 h and a
spectrum was recorded. This desorption step was repeated at 573 K and 723 K. After each
desorption step a spectrum was recorded at 423 K. The spectra were deconvoluted and
the acidity was quantified using the extinction coefficient values reported by Datka [44].
Transmission electron micrographs were obtained with a FEI Tecnai 20 transmission
electron microscope (TEM) at an electron acceleration voltage of 200 kV. Typically, a
small amount of sample was suspended in ethanol, sonicated and dispersed over a Cu grid
with a holey carbon film. Scanning electron microscopy (SEM) was performed using a
Philips environmental FEIXL-30 ESEM FEG in high-vacuum mode at low voltage.
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2.3 Catalytic activity measurements
The Brønsted acidity of some of the materials was evaluated by catalytic activity
measurements in the bifunctional hydroconversion of n-heptane [43,45,46]. For this
purpose, the zeolites were loaded with 0.4 wt% Pd following incipient wetness
impregnation with an aqueous solution of Pd(NH3)4(NO3)2. The impregnated materials
were calcined at 573 K and sieved in a 250-500 μm mesh fraction. Prior to catalytic
testing, the catalyst was reduced in a H2 of 100 ml/min at 713 K and 30 bar. The reaction
temperature was lowered with 0.2 K/min from 713 K to 473 K. The product stream was
analyzed by online gas chromatography.
The catalytic activity in fluid catalytc cracking was evaluated in an Advanced Catalytic
Evaluation unit (ACE, Kayser Technology, USA). The reaction temperature was 803 K.
The feedstock was a vacuum gas oil (VGO) obtained from a PetroChina refinery in
Dalian. An amount of 9 g composite catalyst was weighed into the reactor; the amount of
VGO feed was 1.5 g. The contact time was 90 s. Gas products were analyzed using an
online refinery gas analyzer (M/s AC Analyticals). The boiling point distribution of the
liquid products were analyzed using a simulated distillation gas chromatograph (M/s AC
Analyticals). Coke deposited on the catalyst was burnt in a catalyst regeneration step and
quantified using an online CO2 analyzer.
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3. Results and discussion
3.1 Optimization and scale-up of the synthesis procedure
We first varied the crystallization time for zeolite Y in the presence of TPOAC. The XRD
patterns of the obtained materials are shown in Fig. 1. Without TPOAC, highly crystalline
zeolite Y was obtained in 24 h. The optimum hydrothermal synthesis time for zeolite Y in
the presence of TPOAC was 72 h. A shorter time resulted in a larger amount of
amorphous silica; longer times led to the formation of zeolite P. The formation of zeolite
P as a competitive phase during zeolite Y synthesis has been reported before [47]. The
need for longer zeolite Y crystallization in the presence of TPOAC is in line with results
of other studies [35, 48]. Fig. 2 shows the XRD patterns of the calcined zeolites
synthesized at different gel SiO2/TPOAC ratios. The XRD pattern of FAU(∞, 2.5) is
similar to the one reported for crystalline zeolite Y [49, 50]. FAU(125, 2.5) and FAU(45,
2.5) also have the FAU structure, but their crystallinities are lower (Table 1). This is due
to the presence of TPOAC in the gel, which retards crystallization. Most likely, the rate of
crystal growth is decreased. Accordingly, more amorphous silica will be present when
crystallization is not complete. In keeping with this, at high TPOAC content (Si/TPOAC
< 45), no crystallization took place; the broad reflection observed for these materials
around 2θ = 23° shows that amorphous silica was the main product. Further prolonging
the crystallization to decrease the amount of amorphous silica would, on the other hand,
result in formation of other crystalline phases such as zeolite P.
The textural properties of the crystalline zeolites were investigated by Ar physisorption.
Fig. 3 shows the isotherms for FAU(∞, 2.5), FAU(45, 2.5) and FAU(125, 2.5). The
hysteresis loops in the relative pressure region of 0.4-0.8 evidence that FAU(45, 2.5) and
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FAU(125, 2.5) contain mesopores. The textural data are collected in Table 1. Those for
the microporous FAU(∞, 2.5) sample agree with reported values for zeolite Y [51]. The
two crystalline mesoporous zeolites, FAU(45,2.5) and FAU(125,2.5), contained a
significant amount of mesopores. The mesopore volume increased with increasing
TPOAC content in the synthesis gel. The smaller micropore volume as compared with
FAU (∞, 2.5) is most likely due to the lower degree of crystallization, which is also
apparent from the XRD data.
FAU(∞, 2.5) and FAU(45, 2.5) were treated with AHFS with the aim to increase the
framework Si/Al ratio. FAU(45, 2.5) was chosen because of its relatively large mesopore
volume and its good crystallinity. The framework structure of microporous FAU(∞, 2.5)
was only slightly changed due to the AHFS treatment (Fig. 4), whereas mesoporous
FAU(45, 2.5) zeolite collapsed when treated in the same manner.
It was also attempted to increase the framework Si/Al ratio by lowering the Al content of
the synthesis gel. For the conventional synthesis without TPOAC, crystalline zeolites
were obtained at Si/Al ratios of 2.5 and 3.5 (Fig. 4). The XRD pattern of FAU(∞, 5.0)
shows that crystallization was not possible at this Si/Al ratio, in line with literature [52].
On contrary, when zeolite Y was synthesized at Si/Al ratios of 3.5 and 5.0 in the presence
of TPOAC, crystalline materials were obtained as follows from the XRD patterns in Fig.
4. However, the bulk Al content of the resulting samples was higher than targeted. For
FAU(45, 3.5) and FAU(45, 5.0), the Si/Al ratios were 3.04 and 3.50, respectively, as
determined by elemental analysis. Texture analysis of FAU(45, 5.0) shows that this
material contains both micropores and mesopores. The TEM images of FAU(45, 5.0)
reveal that the mesopores are well integrated into the primary zeolite particles (Fig. 6c).
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As larger quantities of zeolites were required for the ACE test, the synthesis of FAU(45,
5.0) was scaled-up. The resulting zeolite is denoted as FAU(45, 5.0)-large. For
comparison, the synthesis of microporous FAU(∞, 2.5) was also carried out at the same
scale; this zeolite was then treated with AHFS to decrease the framework Al content. This
reference zeolite is denoted as FAU(∞, 4.1)-large. The XRD patterns of the zeolites in Fig.
5 (bottom two patterns) point out the higher crystallinity of calcined FAU(∞, 4.1)-large as
compared with FAU(45, 2.9)-large. This is in accordance with the data in Table 3. The
crystallinity of FAU(∞, 4.1)-large was slightly lower compared with the crystallinity of
the FAU(∞, 2.5) zeolite. This suggests that the scaled-up synthesis led to a product with a
lower crystallization degree. The bulk Si/Al ratio of FAU(∞, 4.1)-large after the AHFS
treatment was 4.1. The final Si/Al ratio of FAU(45, 2.9)-large was lower (Si/Al = 2.9)
compared with FAU(∞, 4.1)-large. Ar physisorption data confirm that FAU(45, 2.9)-large
contained mesopores; these mesopores are also visible in the TEM image shown in Fig.
6d. The diameter of the mesopores is approximately 5 nm. The TEM images of the
microporous zeolite show that this zeolite does not contain mesopores (Fig. 6b), in
keeping with the low mesopore volume of this sample. FAU(∞, 4.1)-large is made up
from cubic crystals (Fig. 6e). The morphology of FAU(45, 2.9)-large is different; the
SEM image in Fig. 6f shows that, in addition to cubic crystals, also thin sheet-like
crystals are present, which are intergrown with the larger zeolite crystals. Such structures
might inhibit catalytic activity.

3.2 NMR spectroscopy
27

Al MAS NMR spectroscopy was used to determine the Al coordination of the zeolites.

NMR spectra are shown in Fig. 7. The spectra are dominated by a feature at δ = 55 ppm
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(δ, chemical shift), corresponding to Al in the zeolite framework (FAl). A second smaller
feature at δ = 0 ppm is due to extraframework Al (EFAl). Both zeolite samples contain
most of the Al atoms in the framework, but small amounts of EFAl were also present. The
presence of EFAl trends with the lower crystallinity of these materials as determined from
XRD experiments.
The framework Si/Al ratio (Si/AlFW) of the zeolites was determined by 29Si MAS NMR
spectroscopy. The spectra shown in Fig. 8 contain features due to Si species in different
coordination environments (denoted as Si(nAl) with n indicating the number of Al atoms
in the next-nearest-neighbour (NNN) positions). Peaks at δ = -90 ppm, δ = -95 ppm and δ
= -101 ppm are attributed to Si(3Al), Si(2Al) and Si(1Al) species [54]. Si(0Al) species in
the zeolite framework give rise to the feature at δ = -107 ppm [54]. The results of the
deconvolution of these spectra are given in Table 3. The estimated framework Si/Al ratios
are 4.8 and 3.5 for FAU(∞, 4.1)-large and FAU(45, 2.9)-large, respectively. Both samples
contain less Al in the framework than the bulk Al content, in agreement with the presence
of EFAl.
The hydroxyl (OH) groups in the zeolites were characterized by 1H MAS NMR
spectroscopy (Fig. 9). Peaks at δ = 4.6 ppm and δ = 4.0 ppm represent BAS located in the
sodalite cages and supercages, respectively. The peak at δ = 2.6 ppm is related to OH
groups associated with EFAl. Silanol groups are identified by the signal at δ = 1.9 ppm.
The content of the various OH groups was quantified by deconvolution of the 1H NMR
spectra and the results are listed in Table 4. FAU(∞, 4.1)-large contains more BAS than
FAU(45, 2.9)-large. For FAU(45, 2.9)-large, the amount of BAS in the sodalite cages is
lower than the amount of BAS in the supercages. FAU(45, 2.9)-large zeolite has a larger
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content of OH groups related to EFAl and silanols. On contrary, the amount of BAS in the
sodalite and supercages is similar for FAU(∞, 4.1)-large.

3.3 FTIR spectroscopy of H/D exchange with C6D6
To quantify the BAS, the selective H/D exchange of the bridging OH groups with
deuterated benzene was monitored by FTIR spectroscopy. The relevant FTIR spectra of
FAU(∞, 4.1)-large and FAU(45, 2.9)-large are shown in Figs. 10 and 11. The spectra of
the dehydrated zeolites contain features at 3550 cm−1 and 3631 cm−1 in the OH stretching
region due to bridging OH groups in the sodalite cages and the supercages, respectively
[44]. The spectra also contain features of silanol groups (3745 cm−1) and aluminol groups
associated with EFAl species (3670 cm−1) [43]. The intensity of the BAS bands is higher
for FAU(∞, 4.1)-large as compared with FAU(45, 2.9)-large. After exposure to C6D6, the
intensities of the 3550 cm−1 and 3631 cm−1 bands decreased. The new bands at 2630 cm−1
and 2680 cm−1 are due to deuteroxyl (OD) groups corresponding to BAS in sodalite cages
and supercages, respectively, after selective exchange of the acidic protons with
deuterium [43]. Inspection of the spectrum in the OD stretching region indicates that
FAU(∞, 4.1)-large contains less BAS in the sodalite cages than in the supercages, in line
with the difference noted by 1H NMR spectroscopy. The corresponding spectrum of
FAU(∞, 4.1)-large points to nearly equivalent amounts of BAS in sodalite cages and
supercages for this sample. The H/D exchange occurs at higher rate for FAU(∞, 4.1)large as compared with FAU(45, 2.9)-large. The difference relates to the higher
framework Al content of the latter zeolite [43]. Not all of the BAS in these zeolites could
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be exchanged following extensive H/D exchange at 523 K in contrast to earlier results for
zeolite Y [43]. The reason for this difference is not clear, but it might mean that some
parts of the crystals are not accessible to C6D6. The BAS content of the two zeolites was
estimated by deconvolution of the OD stretching region after H/D exchange at 523 K
according to established procedures [43]. The data are reported in Table 5. The BAS
concentrations are 1.51 mmol/g and 0.65 mmol/g for FAU(∞, 4.1)-large and FAU(45,
2.9)-large, respectively. The BAS concentrations are significantly lower compared with
the theoretical values based on the framework Si/Al ratios determined from the 29Si MAS
NMR data. The lower crystallinity due to the presence of TPOAC in the gel and, in case
of the microporous zeolite, the AHFS treatment may explain this. EFAl species may also
partially compensate the negative framework negative charge instead of protons. The
acidity of FAU(45, 2.9)-large is lower than that of FAU(∞, 4.1)-large; this difference is in
keeping with the 1H MAS NMR data.

3.4 Composite catalyst characterization
Composite catalysts were prepared by spray-drying the zeolite with kaolin as filler and
alumina sol as the binder. The resulting catalysts were deactivated by steaming at 1023 K
for 4 h using 100 % steam followed by calcination at 873 K for 1 h. After FCC
performance evaluation, the catalysts were regenerated in air at 823 K. The physical
properties of the freshly prepared, lab-deactivated and regenerated composite catalysts
were determined by XRD and Ar physisorption. The contribution of the zeolite
component in the composite catalysts is clearly visible in the XRD patterns (Fig. 5). The
additional broad feature in these patterns around 23° is due to amorphous silica
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originating from the kaolin component. The textural data of the composite catalysts listed
in Table 2 point out the lower micropore volume as compared with the parent zeolites.
The decrease in micropore volume of the composite catalysts trends well with the XRD
crystallinity. The decrease is only slightly higher than the zeolite content; this suggests
that the procedure to obtain the composite catalysts has only slightly damaged the zeolite
structure. The BAS content of the composite FCC(meso, fresh) catalyst as measured by
H/D exchange FTIR is nearly proportional to the zeolite content of the composite catalyst.
For FCC(micro, fresh), the BAS density is slightly lower than the zeolite content.
As customary in FCC catalyst evaluation, the composite catalysts were subjected to a
steam-calcination treatment that simulates the deactivation in the FCC regenerator. Fig. 5
shows that this treatment led to a significant decrease of the zeolite crystallinity. The
stronger decrease of the crystallinity of mesoporous Y zeolite points out its lower
hydrothermal stability, which can be linked to the higher Al content. The lower stability is
also evident from the stronger decrease of the micropore volume during the steam
treatment step. After FCC evaluation and regeneration at 773 K, the XRD patterns were
almost unchanged. This shows that the accelerated deactivation treatment yields
representative equilibrium catalysts. This conclusion based on XRD is underpinned by
the textural data. According to H/D exchange FTIR, the deactivated and regenerated
composite catalysts do not contain BAS. We estimate that the detection limit of the H/D
exchange FTIR method is 0.002 mmol/g.
The acidity of the steam-deactivated and regenerated composite catalysts was also probed
by FTIR spectroscopy of adsorbed pyridine. While H/D exchange FTIR mainly probes
strong zeolite acidity, pyridine probes a broader range of BAS [55]. BAS and LAS
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contents determined by deconvolution of the FTIR spectra as function of the evacuation
temperature are collected in Table 5. Both zeolites contain only a small amount of BAS as
represented by the values after evacuation at 423 K. The Brønsted and Lewis acidities
were higher in the FCC(micro) composite catalysts as compared with the FCC(meso)
ones. The regenerated composite catalysts had nearly similar acidities as the parent
samples before FCC catalyst activation. The amount of pyridine after evacuation at 723 K
represents strong BAS. The amount of such strong BAS in the steam-deactivated and
regenerated zeolites is very low; it is much lower than the amount of strong BAS in
amorphous silica-aluminas [55]. H/D exchange FTIR method is able to probe this small
amount of strong BAS in amorphous silica-aluminas. Thus, we speculate that the low
acidity in the composite catalysts is mainly due to an amorphous silica-alumina phase,
which is likely closely integrated in the zeolite material. The number of strong zeolite
BAS in the composite catalysts is too low to be titrated by H/D exchange FTIR. Overall,
the Brønsted acidity of FCC(micro) is higher than that of FCC(meso). Also, the
FCC(micro) composite zeolites contain more Lewis acid sites.
We also compared the acidity of the composite catalysts in an acid-catalyzed reaction,
namely the bifunctional hydroisomerization of n-heptane. For this purpose, we loaded the
catalysts with 0.4 wt% Pd. At such Pd content, the dehydrogenation/hydrogenation of
alkanes is at equilibrium and the rate of n-heptane isomerization is limited by the
Brønsted acidity of the zeolite [43]. The acidity of a range of aluminosilicates zeolites,
clays and silica-alumina in terms of hydroisomerization activity correlates with the
concentration of strong BAS of zeolitic strength titrated by the H/D exchange FTIR
method [43]. The temperature required for a conversion of 40% (T40) is used to measure
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the acidity. The T40 values for FCC(micro) and FCC(meso) were 592 and 609 K. These
values are typical for amorphous silica-alumina samples, which contain only few zeolitelike BAS [43, 56]. Thus, we speculate that only very few zeolite-type acid sites remain
due to the extensive steam-deactivation procedure.

3.5 Catalytic activity measurements
The lab-deactivated composite catalysts were then evaluated for their FCC performance
in an ACE testing unit using a VGO feed. Relevant data about the VGO feed are given in
Table 6. It is mainly composed of saturated and aromatic compounds. The sulfur content
is relatively low for VGO. In addition, the VGO contains small amounts of Ni and V. The
ACE test was carried out at a catalyst-to-oil ratio of 6 and a contact time of 90 s. The
temperature was 803 K. The products were analyzed by established techniques and
grouped into dry gas, gasoline, light cycle oil (LCO), bottoms and coke product classes.
Table 7 shows that both composite zeolite catalysts can achieve high conversion of the
feed. The FCC(micro)-based catalyst exhibited a slightly higher VGO conversion than the
catalyst based on the FCC(meso) zeolite, which is most likely due to the higher acidity of
the composite catalyst based on the microporous zeolite [57, 58]. Despite the higher
framework Si/Al ratio, the acidity characterization data in Table 4 point out the higher
acidity of the microporous parent zeolite. We stress that the acidity differences agree only
in a qualitative sense between the various methods, because particular methods may only
a fraction of the total acidity. Although the lab-deactivation procedure results in a strong
decrease of the Brønsted acidity, the acidity difference seen for the parent zeolites
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remains as follows in Table 5. The number of strong zeolite-type BAS in the labdeactivated samples is very low, presumably because of the loss of zeolite crystallinity.
The data indicate that the catalytic performance can be linked to the population of
relatively speaking weaker BAS probed by pyridine IR. These weaker acid sites might be
the consequence of the considerable but not complete collapse of the zeolite lattice,
resulting in the formation of amorphous silica-alumina. We cannot draw firm conclusions
about the influence of the mesopores on the feed conversion because of the acidity
difference of the parent zeolite components. FCC(meso) shows significantly higher LCO
(diesel) yield at nearly similar gasoline yield. The combined yield of less valuable coke
and LPG products is lower compared with the reference. Although the bottoms yield is
higher than for the microporous reference catalysts, this will not be a significant
drawback in practice because this fraction can be recycled to the riser. By comparison
with yield-conversion data in fluid catalytic cracking [59,60], the higher diesel and lower
gasoline yield can be reasonably linked to the improved diffusion due to presence of
mesopores that limits secondary cracking reactions of LCO and bottoms [32].
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4. Conclusions
The synthesis of mesoporous faujasite zeolite using an amphiphilic organosilane was
optimized. Using TPOAC, longer crystallization times were needed as compared with
conventional zeolite Y synthesis. The TPOAC-modified syntheses gave mesoporous
zeolites with appreciable mesoporosity, yet decreased crystallinity. While it was possible
to selectively remove Al from the framework of well-crystallized microporous zeolite Y
by treatment with AHFS, such treatment led to the collapse of the mesoporous Y zeolites.
Two zeolites prepared at larger scale, namely microporous Y zeolite followed by AHFS
treatment and mesoporous Y zeolite were used to prepare spray-dried composite FCC
catalysts. Infrared spectroscopy after H/D exchange shows the presence of strong
bridging hydroxyl groups in the freshly prepared composite catalysts in amounts that are
in keeping with the zeolite content. After accelerated steaming, these strong zeolitic
Brønsted acid sites are not observed anymore. These samples contain a significant
number of weaker Brønsted acid sites. The strength of the acid sites in the composite
catalysts is comparable with the acidity of amorphous silica-alumina. The composite
catalysts show excellent catalytic performance in the fluid catalytic cracking of a vacuum
gas oil. The catalytic data indicate that the relatively weak acid sites are responsible for
the FCC activity. The well-embedded mesoporosity in the parent zeolite crystals results in
higher diesel and lower gasoline yield.
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Captions to the figures
Figure 1:

XRD patterns of calcined zeolites: (a) FAU(∞, 2.5) prepared for 24 h
under hydrothermal conditions and (b-d) FAU(45, 2.5) prepared for (b) 21
h, (c) 72 h and (d) 120 h under hydrothermal conditions.

Figure 2:

XRD patterns of calcined zeolites: (a) FAU(∞, 2.5), (b) FAU(125, 2.5), (c)
FAU(45, 2.5), (d) FAU(20, 2.5) and (e) FAU(10, 2.5).

Figure 3:

Ar physisorption isotherms of calcined zeolites: (a) FAU(∞, 2.5), (b)
FAU(125, 2.5) and (c) FAU(45, 2.5). The isotherms are stacked with
offsets of 100 cm3/g.

Figure 4:

(left) XRD patterns of calcined zeolites: (a) FAU(∞, 2.5), (b) FAU(∞, 3.5)
(c) FAU(∞, 5.0) and (d) FAU(∞, 2.5) after treatment with AHFS; (right)
XRD patterns of calcined zeolites: (a) FAU(45, 2.5), (b) FAU(45, 3.5), (c)
FAU(45, 5.0) and (d) FAU(45, 5.0) after treatement with AHFS.

Figure 5:

XRD patterns of zeolites and composite catalysts: (left) (a) FAU(∞, 4.1)large, (b) FCC (micro), (c) FCC(micro, steamed) and (d) FCC(micro,
regenerated); (right) (a) FAU(45, 2.9)-large, (b) FCC(meso), (c)
FCC(meso, steamed), (d) FCC(meso, regenerated).

Figure 6:

TEM micrographs of calcined zeolites: (a) FAU(∞, 2.5), (b) FAU(∞, 4.1)large, (c) FAU(45, 5.0), d) FAU(45, 5.0)-large, and SEM images of (e)
FAU(∞, 4.1)-large and (f) FAU(45, 2.9)-large.

Figure 7:
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Figure 8:
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Figure 9:

1

Figure 10:

FTIR spectra showing the (left) OH and (right) OD stretching regions of
FAU(∞, 4.1)-large recorded after exposure to d6-benzene at different times
and temperatures.

Figure 11:

FTIR spectra showing the (left) OH and (right) OD stretching regions of
FAU(45, 2.9)-large recorded after exposure to d6-benzene at different
times and temperatures.

Figure 12:

FTIR spectra showing the (left) OH and (right) OD stretching regions of (a)
FAU(∞, 4.1)-large (b) FCC(micro), (c) FCC(micro,steamed), (d)

Al MAS NMR spectra of (a) FAU(∞, 4.1)-large and (b) FAU(45, 2.9)large.
Si MAS NMR spectra of (a) FAU(∞, 4.1)-large and (b) FAU(45, 2,9)large.
H MAS NMR spectra of (a) FAU(∞, 4.1)-large and (b) FAU(45, 2.9)large.
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FCC(micro, regenerated), (e) FAU(45, 2.9)-large (f) FCC(meso), (g)
FCC(meso, steamed) and (h) FCC(meso, regenerated).
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Tables
Table 1: Textural properties of the zeolite Y materials.

1

Sample

SiO2/TPOAC

Si/Al1

Si/Al2

Zeolite Y4
FAU(∞, 2.5)
FAU(∞, 3.5)
FAU(125, 2.5)
FAU(45, 2.5)
FAU(45, 3.5)
FAU(45, 5.0)

∞
∞
∞
125
45
45
45

2.5
2.5
3.5
2.5
2.5
3.5
5.0

n.a.5
2.05
2.51
2.14
2.58
3.04
3.50

Si/Al ratio in the synthesis gel;

2

Vmicro
(cm3/g)
0.28
0.28
0.23
0.22
0.16
0.26
0.16

Vmeso
(cm3/g)
0
0.02
0
0.11
0.15
0.11
0.10

Determined by ICP elemental analysis;

ASTM D 3906-80 standard procedure; 4 Data from Ref. 51; 5 Not available.
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3

Smicro
(m2/g)
n.a.
571
404
447
325
512
207

Smeso
(m2/g)
n.a.
15
4
94
143
72
50

SBET
(m2/g)
648
612
463
639
566
619
420

CXRD3
(%)

n.a.
100
98
84
79
67
78

Relative XRD crystallinity determined according the

Table 2: Textural and acidic properties of the large-scale conventional and mesoporous Y zeolites, FCC composite catalysts before and
after lab-deactivation and after ACE and regeneration by calcination.

Sample
FAU(∞, 4.1)-large
FCC(micro, fresh)
FCC(micro, steamed)
FCC(micro, regenerated)
FAU(45, 2.9)-large
FCC(meso, fresh)
FCC(meso, steamed)
FCC(meso, regenerated)
1

Vmicro
Vmeso
(cm3/g) (cm3/g)
0.24
0.04
0.07
0.06
0.03
0.06
0.02
0.08
0.14
0.11
0.03
0.04
0.006
0.04
0.004
0.05

Smicro
(m2/g)
475
139
54
47
286
55
14
12

Smeso
(m2/g)
24
28
32
43
41
32
22
28

Relative XRD crystallinity determined according the ASTM D 3906-80 standard procedure.
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SBET
(m2/g)
560
192
96
103
383
127
37
46

CXRD1
(%)
93
23
15
15
69
13
5
5

Table 3: Physico-chemical properties of the zeolites prepared at larger scale.
Sample
FAU(∞, 4.1)-large
FAU(45, 2.9)-large
1

Si(3Al)1 Si(2Al)1
(%)
(%)
1.8
14.6
7.2
26.5

Si(1Al)1 Si(0Al)1
(%)
(%)
48.3
35.3
39.5
26.8

Si/AlFW1
4.8
3.5

Determined from 29Si MAS NMR spectra; 2Bulk Si/Al ratio determined by ICP-OES analysis.
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Si/Albulk2
4.05
2.90

Table 4: Concentration of OH groups determined by deconvolution of 1H MAS NMR spectra.
Sample

FAU(∞, 4.1)-large
Chemical shift
µmol/g
(ppm)

FAU(45, 2.9)-large
Chemical shift µmol/g
(ppm)

BAS
sodalite cages
supercages
AlOH
SiOH

4.6
4.0
2.6
1.9

519
502
276
149
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4.6
3.8
1.8
2.4

83
138
190
128

Table 5: Results of acidity characterization of zeolite component and FCC composite catalysts.
Sample
FAU(∞, 4.1)-large
FCC(micro, fresh)
FCC(micro, steamed)
FCC(micro, regenerated)
FAU(45, 2.9)-large
FCC(meso, fresh)
FCC(meso, steamed)
FCC(meso, regenerated)

NBAS1
(mol/g)
1512
340
0
0
648
286
0
0

T40%2

NBAS-4233
(μmol/g)

NBAS-5733
(μmol/g)

NBAS-7233
(μmol/g)

592
609
-

-

-

-

-

-

-

100
74

60
49

21
17

-

-

-

-

-

-

30
40

15
22

3.5
5.8

1

NLAS-4233 NLAS-5733 NLAS-7233
(μmol/g) (μmol/g) (μmol/g)
154
94
46
48
26
8.7
118
64
29
68
36
14

Concentration of BAS determined by H/D exchange FTIR at 523 K [31]; 2 Temperature required to reach n-heptane conversion of
40%; 3 Concentration of BAS and LAS determined after evacuation for 1 h at 423 K, 573 and 723 K.
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Table 6: VGO composition and properties used as feedstock for FCC catalyst evaluation.
Density (293 K) (g/cm3)
Viscosity (373 K) (mPa•s)
Carbon residue (wt.%)
C (wt.%)
H (wt.%)
S (wt.%)
N (wt.%)
Saturates (wt.%)
Aromatics (wt.%)
Resins (wt.%)
Asphaltenes (wt.%)
Ni (ppm)
V (ppm)

0.93
13.84
4.19
86.76
11.63
0.40
0.69
64.68
28.44
6.68
0.21
4.9
3.7
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Table 7: Product distribution after FCC catalyst evaluation of composite catalysts (VGO, T = 803 K, catalyst-to-oil ratio = 1.7, contact
time = 90 s).
Composite
dry gas
catalyst
(wt%)
FCC(micro, steamed)
3.2
FCC(meso, steamed)
2.3

LPG
(wt%)
16.7
12.7

gasoline
(wt%)
39.6
36.3
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LCO
coke bottoms conversion
(wt%) (wt%) (wt%)
(wt%)
22.9
10.7
6.9
93
29.3
8.1
11.3
89
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Mesoporous faujasite synthesized using organosilane mesoporogen
Acidity and texture compared with bulk faujasite
Composite catalysts prepared by use of binder
Acidity of the lab-deactivated composite catalysts weak; good FCC performance
Improved diesel yield for mesoporous faujasite composite catalyst
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