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ABSTRACT: The aim of this study is to provide a new and high-performance catalytic system for the cracking process by
combining HY-zeolite, Al-hexagonal mesoporous molecular sieves (HMS) as a new matrix, and montmorillonite K10 as filler
components. The AI-HMS molecular sieve was synthesized with different Si/Al molar ratios in the range of 2.5—35 and
assembled with various amounts of HY-zeolite and montmorillonite K10 to prepare two- and three-component catalysts. After
calcination, their catalytic activities were investigated in a cracking reaction of n-hexadecane at 500 °C and atmospheric pressure
as a model reactant. The structure and surface properties of the synthesized catalysts were characterized by X-ray diffraction,
scanning electron microscopy, Brunauer—Emmett—Teller, temperature-programmed desorption of NH;, and pyridine-IR
techniques. Results indicated that the desired hybrid catalysts were successfully synthesized with the micro-mesoporous
structures, high surface area, and suitable pore volume, and their performance was directly related to the strength of Lewis and
Bronsted acid sites as well as the ratio of microporous—mesoporous structures. The optimized ZAK(35) catalyst (containing 35
wt % NH,Y, 50 wt % K10, 15 wt % Al-HMS(S), and Si/Al molar ratio of S in matrix) with proper textural properties,
appropriate ratio of mesopore to microspore structure, suitable thermal stability to about 750 °C, and a higher Bronsted/Lewis
acid sites ratio exhibited an excellent ability in the cracking of n-hexadecane. In optimum condition over the ZAK(3S) catalyst,
n-hexadecane conversion of 69% was achieved, and the selectivity values of gasoline, liquefied petroleum gas, and dry gas were

71, 20, and 4.5%, respectively.

1. INTRODUCTION

The catalytic cracking of hydrocarbons in a fluid-bed process
[fluid catalytic cracking (FCC)] is one of the most important
processes of the petroleum industry for producing diesel fuel
and high-octane gasoline from heavy crude oil." In recent
years, demand for gasoline and light gases has increased, which
has led to the development and improvement of cracking units
in the conversion of heavy crude oils to gasoline.” Commercial
fluid cracking catalysts are composed of several components
that are providing the best efficiency to break down heavy
feedstock into gasoline. Cracking process catalysts are typically
composed of active matrixes, crystalline Y-zeolite, filler
materials, and other additives.>™® Zeolite used in the structure
of cracking catalysts is a synthetic, faujasite-type Y-zeolite and
high in silica type, which has a significant effect on the activity
and selectivity of the FCC catalyst.”

Zeolite materials have a microporous structure, which is
constructed from the combination of SiO, and AlO,
tetrahedral units. These materials have been widely applied
in catalysts as well as in separation and purification processes
due to their regular porous structures, high thermal resistance,
and high surface areas.'””"? Several studies have investigated
the acidity and structural properties of zeolite.'*** In general,
the pore size and acidity of zeolite are modified to minimize
coke formation and to maximize the selectivity to light fuel. In
fact, strong acidic sites are needed to initiate the cracking
process, and special characters of pore structures are needed to
limit the coke formation.”’ The activity of zeolite in the
cracking process is dependent on Bronsted acidic sites because
the cracking reaction of hydrocarbons is carried out via
formation of carbaniun ion intermediate."***** Also, the
zeolites are widely used in hydrocarbon isomerization,
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hydrocracking, reforming, and alkylation processes as hetero-
geneous catalysts.24

The matrix materials display a significant role in enhancing
the performance of cracking process catalysts.”> By loading the
active matrix, such as alumina, aluminasilicates, and meso-
porous silicas in the round of zeolite, especially when heavy oil
is used as a feed, the large molecules can be precracked into
moderate molecules. These molecules can then diffuse into
zeolite pores and convert into smaller molecules with
appropriate selectivity.”*">* Also, the uniform distribution of
active zeolite and matrix sites and the relationship between
different pore structures have an important effect on the
textural properties and acidic strength and, consequently, on
the catalyst performance.”” Much research has been conducted
to discover the relationship between the matrix and
zeolite.”"™> In 1992, a mesoporous MCM-41 molecular
sieve was discovered by Mobil Company and used as a matrix
in FCC catalysts.*>’

Studies on the performance of FCC catalysts have shown
that catalytic activity increases with increasing matrix acidity,
but at the same time the value of coke formation also increases.
Therefore, the acidity of the matrix in the cracking catalyst
should be adjusted at the appropriate level>*° In fact, the
precracking of heavy feed was carried out on the meso- or
macropores of the matrix, and then the produced molecules
with small molecular weights diffused into the microporous
zeolite pores and cracked to the target products.”
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In several papers, the hexagonal mesoporous molecular
sieves (HMS) with a wormlike pore structure have been used
in partial oxidation,””** hydrogenation,*' and carbonylation**
processes as support in heterogeneous catalysts. Several
catalysts have also been prepared by incorporation of various
heteroatoms such as Al, Ga, Fe, Ti, Zr, Co, and V into the
HMS framework.**~*” It has been made clear that aluminum
substitution into the HMS structure (AI-HMS) will increase
the Bronsted acidity satisfactorily. Chiranjeevi et al. reported
synthesis of AI-FHMS molecular sieves and investigated their
activities for the cumene cracking reaction.”® Hamoule et al.
used Pt/Al-HMS catalysts for n-heptane reforming,*’ Kulikov
et al. studied the oligomerization of a-olefins over AI-FHMS and
AL-MCEF catalysts,”’ and Onaka et al. investigated the Diels—
Alder reaction of acrylates with 1,3-dienes over solid acid sites
of the AILHMS catalyst.”’

These mesoporous materials (HMS, AI-HMS) with high
surface area, excellent thermal stability, and moderate acidity
can be used as a matrix in FCC catalysts. According to
literature review, the applications of HMS and AI-HMS have
not been reported as a matrix in cracking catalysts. Therefore,
in this study, for the first time, the new cracking catalysts were
synthesized by using Y-zeolite, AI-HMS, as a matrix and
montmorillonite (K10) as a filler and applied for cracking of
hexadecane as a model reaction. The purpose of this study is to
develop a catalytic system in this area and to provide a new and
high-performance catalytic system for the cracking process.
The combination of HY-zeolite, AI-HMS, as new matrix and
montmorillonite K10 as filler components has not been
reported, and the details of the effective parameters in this
catalytic system should be investigated. In this way, the catalyst
activity in the cracking reaction will be enhanced by creating a
good ratio of strong and medium acid sites, as well as a good
ratio of micro- and mesoporous structures. The texture and
surface properties of the catalyst samples were characterized by
scanning electron microscopy (SEM), Brunauer—Emmett—
Teller (BET) isotherm, powder X-ray diffraction (XRD),
temperature-programmed desorption of NH; (TPD-NHj,),
and Fourier transform infrared (FTIR) spectra of adsorbed
pyridine.

2. EXPERIMENTAL SECTION

2.1. Materials. NaAlO, (containing Al,O; 52.82 wt % and Na,O
40.24 wt %) and Na,SiO; materials were purchased from Alfa-Aesar
Company.

CoH,,Al0; (aluminum isopropoxide), CgH,,0,Si [tetraethyl
orthosilicate (TEOS)], C;,H,;N [dodecylamine (DDA)], NaOH,
NH,NO;, isopropyl alcohol (IPA), and ethanol were purchased from
Merck Company. Montmorillonite K10 was purchased from Fluka,
and C¢Hj, (n-hexadecane) as feed was purchased from Sigma-
Aldrich company.

2.2. Catalyst Preparation. 2.2.1. Preparation of NaY and NH,Y
Zeolite Powder. To synthesize 3 g of NaY-zeolite, the seed gel was
first prepared according to the following procedure: 1.95 g of
deionized water and 0.4 g of sodium hydroxide with 0.2 g of sodium
aluminate were stirred in a plastic bottle until dissolved, and then 2.27
g of sodium silicate solution was added to the previous mixture and
stirred moderately. After stirring, the plastic beaker was covered, and
the solution was allowed to age at room temperature for 24 h. Then,
the feedstock gel was prepared as follows: 13.09 g of deionized water,
0.014 g of sodium hydroxide, and 1.30 g of sodium aluminate were
mixed in a plastic bottle, and then 14.2 g of sodium silicate solution
was added to them and stirred vigorously until a smooth gel appears.
For preparation of the final gel or overall gel, the seed gel was slowly
added to the feedstock gel under high shear up to 20 min. The
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prepared overall gel with a molar composition of 4.62 Na,0/1 Al,O,/
10 Si0,/180 H,O was transferred to an autoclave container and was
allowed to age at room temperature for 24 h; then, it was crystallized
at 100 °C for S h. After this step, the gel was deposited in the solid
form (containing the NaY-zeolite) at the bottom of the container.
The wet solid product was filtered, washed with distilled water until
the pH of the filtrate was below 9, and dried at 100 °C overnight.>>
To prepare NH,-Y-zeolite, 30.0 mL of 1.5 M NH,NO; aqueous
solution with 1.0 g of the NaY-zeolite was mixed and then refluxed at
80 °C three times; each run time was 3 h. Then, the precipitate was
filtered, washed with distilled water, and dried at 100 °C overnight.

2.2.2. Preparation of HMS and AI-HMS with Different Si/Al
Molar Ratios. The HMS and Al-HMS materials were synthesized by
the sol—gel method according to the procedure by Pinnavaia and co-
workers.”> Mokaya and Jones®* used tetraethyl orthosilicate (TEQS)
as the silica source, aluminum isopropoxide as the aluminum source,
and dodecylamine (DDA) as the surfactant. In a typical synthesis of
AI-HMS(35) (Si/Al = 35), 0.55 g of aluminum isopropoxide was
mixed with 20 mL of isopropyl alcohol (IPA) (solution A). Then,
4.55 g of dodecylamine was also mixed with 59.8 g of water and 1.82
mL of HCI 1 N and was stirred for 15 min (solution B). On the other
hand, 19.5 g of TEOS was added to 27.3 g of ethanol and stirred for
30 min (solution C). Then, solution A was added to solution B and
stirred for 30 min, and then this solution was mixed with solution C
and stirred moderately for 44 h to obtain the solid crystalline product.
The solid white product was separated by a vacuum pump, dried at
110 °C overnight, and calcined at 600 °C for 5 h in air with
temperature programming. The pure HMS was also synthesized using
the same method as above but without using solution A. The
materials with different Si/Al molar ratios were prepared by applying
proper values of aluminum isopropoxide and TEOS to obtain 2.5, S,
10, 20, and 35 Si/Al molar ratios following the above procedure and
were named AI-HMS(x), where x represents the Si/Al molar ratio.

2.2.3. Preparation of AI-HMS/HY Catalysts. To prepare two-
component AI-HMS/HY catalysts, each of the samples ALHMS(x) (x
= 2.5, 5, 10, 20, and 35) were mixed with zeolite HY in an equal
weight ratio; then, enough water was added to them and placed in an
ultrasonic bath for 1 h. The resulting mixtures were stirred at 60 °C to
form a paste mixture and dried at 100 °C overnight. These samples
were named NH,Y/AI-HMS(x) or briefly ZA(x), where x represents
the Si/Al molar ratio. The ZA(x) catalyst samples were in situ
calcined at 550 °C under dry airflow for 3 h before the catalytic test.

2.2.4. Preparation of NH,Y/AI-HMS(5)/K10 Catalysts with
Different Weight Ratios. These three-component catalyst samples
were prepared by mixing 50 wt % clay montmorillonite K10 as the
filler and x wt % NH,Y-zeolite and y wt % AI-HMS(S) (with molar
ratio of Si/Al = S) as the matrix, so that the sum of x and y was
constant (S0 wt %). The samples were prepared with different weight
percentages of zeolite and matrix (x = 15, 25, and 35 wt %) well
mixed; then, the appropriate amount of water was added to them and
placed in an ultrasonic bath for 2 h. Then, these samples were stirred
well at 60 °C to achieve a dough mixture. The resulting mixtures were
dried at 100 °C overnight. These samples were named NH,Y(x)/Al-
HMS(5)/K10 or briefly ZAK(x), where x represents the weight
percentage of NH,Y-zeolite. The ZAK(x) catalyst samples were in
situ calcined at 550 °C under dry airflow for 3 h before the catalytic
test.

2.3. Catalyst Characterization. The crystalline structures of the
hybrid catalysts and the component were determined by powder X-
ray diffraction (XRD) by a STOE diffractometer with Cu Ka (1 =
0.15406 nm) radiation and a Ni filter. The diffractogram was recorded
in the range of 20 = 1—80° with a scanning rate of 2° min™". The
Si(111) XRD pattern was used as an external standard for calibration
of XRD peak positions, and crystalline phases of the catalyst samples
were identified by comparing with the JCPDS reference data pattern.

To investigate the morphology and particle size of the catalyst
samples, the field emission scanning electron microscopy (SEM)
images coupled with energy-dispersive spectroscopy (EDS) were
recorded by a MIRA3TESCAN-XMU instrument. Nitrogen adsorp-
tion—desorption isotherms at 77 K were recorded on a Micromeritics

DOI: 10.1021/acs.energyfuels.9b01649
Energy Fuels 2019, 33, 7726—7737


http://dx.doi.org/10.1021/acs.energyfuels.9b01649

Energy & Fuels

ASAP 2010 instrument. Before the measurements, catalyst samples
were degassed for 5 h at 200 °C. The Barrett—Joyner—Halenda (BJH)
algorithm was also used for calculating the average pore diameter
(d,). The specific surface area is determined from adsorption data by
the BET theory, and the total pore volume is estimated from the
amount adsorbed at a p/p, = 0.99.

The acidity of the catalyst samples was evaluated by ammonia
temperature-programmed desorption (NH;-TPD) experiments using
a Micromeritics AutoChem 2920 chemisorption analyzer. Next, 60
mg of the catalyst sample was placed in a quartz reactor, and it was
degassed by passing a N, stream (30 mL min™") at 350 °C for 1.5 h
and cooled down to 110 °C. The NH; chemisorption was
subsequently performed by the adsorption of 5% NH;/He with a
flow rate of SO mL min~" at 110 °C for 40 min. The physisorbed
ammonia was then removed from the surface of the catalyst by a
helium stream (30 mL min™') for 40 min at 110 °C. Then, the
samples were heated again from 110 to 900 °C at a heating rate of 10
°C min~" in a flow of He (30 mL min~"), and NH; desorption was
detected by a thermal conductivity detector (TCD) using a Shimadzu
gas chromatograph (GC) (model 6A) instrument.

The Shimadzu spectrometer (model 8300) was used to record the
FTIR spectra of adsorbed pyridine. The catalyst samples were heated
at 400 °C under vacuum for 3 h, and then adsorption of purified
pyridine vapor was performed at 100 °C for 30 min. Then, the
samples were evacuated for desorption of physically adsorbed
pyridine, and the pyridine-IR spectra were recorded by a
spectrometer. To determine the amount of coke deposited on the
surface of catalysts, the coke analyzer LECO induction furnace
instrument model HF-400 was used.

2.4. Catalytic Tests and Calculation Methods. 2.4.1. Activity
Evaluation. Catalytic cracking reactions of n-hexadecane were
performed at atmospheric pressure in a fixed-bed stainless steel
reactor with 0.9 cm internal diameter and 50 cm length, which has
already been described in a previous work.”> The experimental setup
is shown schematically in Figure 1. In a typical experiment, 1.0 g of

D<K HPLC pump
[
ZAK-X qi= TC1
Catalyst N-Hexadecane
TC2
quartzwool (| |1 TC3
i Condenser
TE
N1
Collector Pressure controller
Dry Air
(20% O,/N,)
1 Sampling— GC

Figure 1. Schematic of the experimental setup fixed-bed reactor
applied for the cracking reaction.

catalyst (30—50 mesh) and 3.0 g of corundum (50—70 mesh) were
loaded separately in the middle section of the reactor, with quartz
wool packed in both ends; subsequently, this sample was in situ
activated at 550 °C under a 40 mL min~" flow of dry air for 3 h. This
process converts the zeolite in the catalyst sample from NH,-Y into
HY-zeolite form.”> The temperature was then reduced to 500 °C and
remained constant, and air was replaced with nitrogen gas. Thereafter,
n-hexadecane was fed into the reactor by a peristaltic pump BT100-1F
model at a rate of 4.7 mL h™' along with N, carrier gas (140 mL
min~"). The mass flow controller (Brooks) was used to adjust the
flow of carrier gas (N,). Three thermocouples (TC 1-3) were
inserted in the middle of the reactor to monitor the reaction

7728

temperature. The run time of each reaction was 40 min. The gaseous
products were analyzed online using Varian GC 3800 equipped with a
thermal conductivity detector (TCD) following a 2.5 m-long 1/8 in.-
diameter Porapak Q (100—120 mesh) column. At the end of reaction,
the liquid products were separated through ice water bathing and
analyzed by a Dani gas chromatograph (GC) equipped with a flame
ionization detector (FID) and a cpcill pona 7530 column. Conversion
percentage was calculated based on the mole percentage of converted
n-hexadecane. The conversion (%), selectivity (%), product yield (%),
and carbon balance were calculated as follows:

conversion (%) = (moles of n-hexadecane reacted/moles

of n-hexadecane in the feed) X 100

(1)
product selectivity (%) = (moles of n-hexadecane

converted to each product/mole of n-hexadecane reacted)

X 100 )
product yield (%) = (conversion of n-hexadecane
X selectivity of each product) /100 (3)
carbon balance = (mol of n-hexadecane converted to all
desired products/mol of n-hexadecane converted 4)

The moles of n-hexadecane converted were calculated from the sum
of the mole of the dry gases (CO—CO,—C,—C,), liquefied petroleum
gas (LPG) (C;—C,), gasoline (Cs—C,,), and coke. Also, the weight
percentage of coke in the catalyst sample was measured using a coke
analyzer, and the mass balances (carbon balance) were determined
around >96% for each run.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. Figure 2A shows the
XRD patterns of synthesized Al-HMS samples (after
calcination) with different Si/Al molar ratios that are in
good conformity with the literature.”>>* In all patterns, a wide
reflection peak at a low angle represents a mesoporous lattice
with hexagonal symmetry. From comparing these patterns, it
can be concluded that by increasing the amount of aluminum
in the samples, the intensity of the peaks has decreased and the
peak width has increased, indicating that incorporation of Al
into the structure of the molecular sieve would increase the
disorder of the lattice.*’

Figure 2B shows the wide-angle range XRD patterns of the
synthesized samples: AI-HMS(S), zeolite Y, and hybrid
catalysts (ZAK) with different zeolite and AILFHMS(S) contents
after calcination. As shown in Figure 2B, the XRD pattern of
AI-HMS(5) has a peak in the low angle (20 = 2—5°) due to
the hexagonal mesoporous array and has a broad diffraction
line (20 = 20—30°) due to the shapeless part of the HMS
structure. The XRD patterns of the HY-zeolite sample were
observed in the ranges 20 = 5—10 and 20—30°, corresponding
to faujasite-type zeolite Y, which perfectly agrees with the
JCPDS powder diffraction pattern 43-0168. Also, Figure 2B
shows the XRD patterns of hybrid catalyst samples synthesized
from mixing of zeolite, AILHMS(S) (matrix), and montmor-
illonite K10 (filler) components. These diffraction patterns
include the peaks of both AI-HMS(S) and Y-zeolite
components so that increasing the HY content in the
composite samples results in decreasing the characteristic Al-
HMS(S) peak intensity and increasing the broadening of this
peak. Therefore, from Figure 2B, it can be concluded that the
lattice disorder of matrix AI-HMS(S) was increased from
interaction with the HY-zeolite component, but the zeolite
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Figure 2. (A) Low-angle X-ray diffraction patterns of AI-HMS(x)
samples with various molar ratios Si/Al S, 10, 20, and 35 after
calcination and (B) wide-angle XRD patterns of the synthesized
samples: AI-FHMS(S), zeolite Y, and hybrid catalysts ZAK(x) with
different zeolite and AI-HMS(S) contents after calcination at 550 °C.

structure is almost preserved. Additionally, for three-
component catalysts (ZAK(x)), however, the diffraction
peaks for montmorillonite (K,10) are almost invisible due to
their much lower intensity to those for Y-zeolite and Al-
HMS(5). Table 1 shows the relative crystallinity (R.C.)
parameters calculated from XRD patterns of the synthesized
catalysts. It is clear from Table 1 that the crystallinity of the
three-component hybrid catalysts has reduced compared with
pure zeolite due to the presence of the AI-HMS matrix in the
synthesized catalysts.

The pore structure properties of HY-zeolite, AI-HMS(S),
and the hybrid catalyst ZAK(x) samples with different weight
percentages of NH,Y-zeolite(x) after calcination are charac-
terized using the N, adsorption—desorption technique and
presented in Figure 3A. The HY-zeolite sample (Figure 3A-e)
clearly exhibited a standard type I isotherm with a clear

6|z
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'y

2 e ALHMS(5)

b e ZAK(15)
© e— ZAK(25) [
A — ZAK(35) |

€ e HY-Zeolite

0 0.2 0.4 0.6 0.8 1
P/po

Figure 3. (A) N, adsorption—desorption isotherms at 77 K of Al-
HMS(S), NH,Y-zeolite, and ZAK(x) hybrid catalyst samples with 18,
25, and 35 wt % NH,Y-zeolite after calcination at 550 °C and (B)
BJH analysis of synthesized samples.

hysteresis loop typical for microporous materials with sloping
desorption and adsorption curves covering a wide range of p/
po- In comparison, the AI-HMS(S) sample (Figure 3A-a)
shows a mixture of type I and type IV isotherms due to
mesoporous materials. The hybrid catalyst ZAK(x) samples
(Figure 3A-b—d) displayed type I-IV isotherms and hysteresis
loops that have characteristics of mesoporous materials with
highly uniform cylindrical pores. In low-pressure ranges (p/p
< 0.2), the same trend is observed for hybrid catalysts. The
textural characterization results of the synthesized catalysts are
shown in Table 1.

The surface area of ZAK(x) hybrid catalysts reduced in
comparison with pure components AIFHMS(S) and Y-zeolite
due to the dense structure of the montmorillonite K10 used as
the filler. As shown in Table 1, the surface area of the ZAK(x)
catalyst varied from 254 to 210 m* g~' depending on the
weight percentage of NH,Y-zeolite, and it decreases with the
increase in NH,Y-zeolite content. Also, the pore diameter
values of ZAK(x) hybrid catalysts increased slightly with
increasing zeolite content. A decrease in the total pore volume
of the synthesized hybrid catalysts is as one would expect. By
decreasing the Sgpr, the total volume of nitrogen that can be
adsorbed is also decreased. Also, Figure 3B shows the pore size
distributions determined by the BJH method applying
desorption branches of the N, isotherms. The values of pore
size of these samples are shown in Table 1. The total pore
volume was calculated from the mmol of adsorbed N, gas per
gram catalyst at the relative pressure of 0.99. The micro- and

Table 1. Chemical and Textural Properties of the Catalyst Samples

catalysts RC.“

ZAK(15) 35.2 4.1 43 254 0.024
ZAK(25) 455 35 3.6 239 0.038
ZAK(35) 582 29 3.1 210 0.042
Y-zeolite 100 2 1.9 304 0.140
ALLHMS(3) 5 5.6 636

theoretical SAR  SAR”  Sper® (2 g71) Vi (em® 871 Vit (em® §71)  Sperma (m?> g7)  pore size (A) Voo (c® g71)

0.23 161 39 0.206
0.23 151 43 0.192
0.23 154 49 0.188
0.14 8

0.3 323 28 0.3

“Relative crystallinity calculated by X-ray diffraction analysis. “Molar ratio of Si/Al calculated from EDS analysis. “Calculated from the BET
method. “Calculated from the t-plot method. “Volume adsorbed at p/p, = 0.99. FCalculated from V., = Viewt — Vinicro:
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Figure 4. Scanning electron micrograph with two magnifications for ALHMS(S) (A, A,), NH,Y-zeolite (B, B,), and ZAK(x) hybrid catalyst
samples (C,;, C,, Dy, D,, E;, E,) with 15, 25, and 35 wt % NH,Y-zeolite after calcination at 550 °C.

mesopore volumes were calculated from the t-plot method and mesoporous character in the structure of hybrid catalysts
the Vieso = Viotal — Viniaro €quation, respectively. The values of increases the external surface of the catalyst, making a larger
these quantities are shown in Table 1. The presence of the number of pores accessible to the reactant molecules and
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SiKa SiKo.
Element | Weight% | Atomic% Element | Weight% | Atomic%
0O(k) 61.09 7327 N(k) 6.17 8.30
Al(k) 5.42 4.08 O(k) 56.01 65.90
Si(k) 33.49 22.88 Na(k) 0.75 0.61
Al(k) 12.68 8.60
—_ —
= = Si(k) 24.39 16.35
4 | OKe
L) <
~— | oKke — AK
jz j]
= g
= =
5] S |n
o &)
AK
(A) NaKe, (B)
T T T T
S 10 ) S 10
Energy (keV) Energy (keV)
SiKa Sika
Element | Weight% | Atomic% Element | Weight% | Atomic%
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Figure 5. EDS analyses for (A) AI-HMS(S), (B) NH,Y-zeolite, (C) ZAK(15), (D) ZAK(2S), and (E) ZAK(3S).

increasing the accessibility of the active sites of the catalyst
inside the microporous channels. Therefore, this increases the
diffusion rate of the products and reduces the rate of the
formation of coke and dry gas.*®

Figure 4 demonstrates SEM images of the AI-HMS(S), HY-
zeolite, and ZAK(x) (x = 15, 25, 35) hybrid catalysts with
different magnifications. The ZAK(x) hybrid catalyst has 50 wt
% montmorillonite K10 as the filler and x wt % NH,Y and 50
— x wt % AI-FHMS(S) as a matrix. As shown in Figure 4A,,A,,
the AI-HMS(S) sample is composed of small spherical crystals
with size around 180—400 nm, and their external surfaces are
flat and uniform. For the HY-zeolite sample (Figure 4B;,B,),
the cubic morphology of the Y-zeolite was presented with all of
the images, and the sizes of particles are around S00 nm, which
represented that smaller crystals were agglomerated with the
larger particles. The ZAK(x) hybrid catalysts showed both
spherical and cubic morphologies of their constituents (Figure
4C,,C, ZAK(15), D,,D, ZAK(25), and E,E, ZAK(35)). In
addition, the structure of the K10 filler shell is clearly visible in
the images of this category of catalysts.
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Figure S presents the X-ray electron-dispersive spectroscopy
of pure AI-HMS, HY-zeolite, and ZAK(x) (x = 15, 25, 35)
hybrid catalysts. Results indicate the presence of Al, O, and Si
compositions in all of the synthesized samples. The weight
percentage of the sodium ion is very small (0.02—0.75 wt %) in
all samples of HY and ZAK(x) hybrid catalysts. Therefore,
EDS analysis clearly shows that sodium ion exchange with a
high percentage of ammonium ion was performed. The
elemental analysis of the catalyst samples and Si/Al molar
ratios determined by EDS analysis are summarized in Figure $
and Table 1, respectively.

The NH;-temperature programming desorption (NHj;-
TPD) technique was applied for finding information about
the amount and strength of the acidic sites present on the
surface of synthesized catalysts. The amount of acidic sites is
evaluated from the peak area, whereas the strength of acid sites
is determined from the position and shape of peaks.
Furthermore, according to the maximum temperature of the
peak, in the NH;-TPD curve, we can categorize acidic sites
into weak, moderate, and strong.56 The NH;-TPD profiles of
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the AI-HMS(S), HY-zeolite components, and synthesized
hybrid catalyst samples (ZAK(x)) after calcination are shown
in Figure 6A,B, and the results are summarized in Table 2.

(A)

= = Al-HMS(5)
= HY-Zcolitc

TCD Signal

100 200 300 400 500 600 700 800 900
Temperature/ °C
— - ZAK(35)
® -“v\ —— ZAK(25)
E - / ZAK(15)
g .
a p ~._.7
&
/?
100 200 300 400 500 600 700 800 900
Temperature/ °C

Figure 6. CO,-TPD profiles of (A) AI-HMS(S), NH,Y-zeolite, and
(B) ZAK(x) hybrid catalyst samples with 15, 25, and 35 wt % NH,Y-
zeolite after calcination at 500 °C.

According to Figure 6A, the only NH; desorption peak on the
AI-HMS(S) sample was in the range of 200—300 °C, which
indicates the weak acid sites, whereas for the NH,Y-zeolite
sample after calcination there is one peak in the range of 400—
700 °C corresponding to moderate to strong acid sites.
According to Figure 6B, NH;-TPD profiles of the synthesized
catalyst samples (ZAK(x)) after calcination indicate three
types of peaks. A peak in the range of 200—300 °C is related to
weak acid sites, which is increased with the content of Al-
HMS(S) in the ZAK(x) samples. The second peak in the range
of 300—500 °C is related to moderate to strong acid sites,
which depends on the zeolite content in the catalyst. However,
the new peak that appeared in the range of 500—700 °C did
not appear in any of the AI-HMS(S) and HY-zeolite samples
individually. It can be related to the stronger acidic sites or
superacidic character of the catalyst, generated from the
interaction of catalyst components during the calcination
process. This phenomenon may be related to the creation of
Lewis acidic sites in the extra-framework of Al-containing
species in the structure of ZAK(x) after calcination.”” In fact,
the strong acidic sites do not play a significant role in the
cracking process, and the strong Lewis acids produce

undesirable products such as coke; however, for cracking
selectivity, weak Lewis acid sites and higher Bronsted acid sites
are needed.”” In other words, the strong acidic sites produced
in the combined catalyst accelerate the start of the cracking
process and then continue to route and produce the
appropriate products on the moderate acid sites, so the
catalyst with stronger acidity does not mean a better catalyst
because more powerful sites produce more gas products and
coke. Therefore, we expect that the ZAK(35) catalyst with a
lower content of strong acidic sites is a desirable catalyst
because it may produce less gas products and coke.

To evaluate the nature of acidic sites of the synthesized
catalysts, pyridine adsorption coupled with FTIR analysis was
considered. Figure 7 demonstrates the FTIR-pyridine spectra

B+L
L

B
Al-HMS(5)
ZAK(25)

ZAK(35)

Absorbance (a.u.)

HY-Zeolite

|
1600

1550 1500

Wave number (cm™)

1450 1400

Figure 7. FTIR-pyridine spectra of AI-HMS(S), NH,Y-zeolite, and
ZAK(x) hybrid catalysts containing 15, 25, and 35 wt % NH,Y-zeolite
after calcination at 550 °C.

of the AI-HMS(S), NH,Y-zeolite, and ZAK(x) hybrid catalyst
samples. As shown in Figure 7, there are three absorption
peaks in each catalyst spectrum graph. The peaks at 1545 and
1453 cm™' were attributed to pyridine adsorbed on the
Bronsted and Lewis acid sites, respectively.””

Furthermore, the intense band around 1490 cm™ is
attributed to the combination of Brensted and Lewis (B +
L) acid sites.”’ For HY-zeolite, the hydroxyl groups on the
framework Si—O(H)—Al are the main source of the Bronsted
acid site, whereas the Lewis acid sites are related to the AI** ion
in the framework of zeolite."”>* Also, the blocking of the
extra-framework aluminum species in the zeolite channel
creates a little amount of Lewis acid sites.®> For AI-HMS,
Bronsted acid sites related to aluminum with tetrahedral
coordination in the framework and octahedral extra-framework
aluminums are the source of Lewis acid sites.”*”®” From Figure
7, it can be concluded that by increasing the proportion of
zeolite in the ZAK(x) hybrid catalysts, the peak intensity of the

1

Table 2. Acidic Properties of the Synthesized Catalysts Evaluated from the NH;-TPD Profile and FTIR-Pyridine Spectra

total acidity” weak acid sites”

catalysts (umol NH, g™") (umol NH; g™")
ZAK(15) 1175 312
ZAK(25) 1053 180
ZAK(35) 1002 172
Y-zeolite 994 82
ALHMS(S) 1235 400

moderate to strong acid sites” superacidic sites” (B/L) acid
(umol NH, g™') (umol NH; g™") sites”
183 679 0.56
269 603 1.40
409 421 2.42
912 9.40
603 1.30

“The values of total acidity were calculated by means of NH;-TPD. “The values of Bronsted and Lewis acid sites were calculated from the

adsorption of pyridine evacuated at 100 °C.
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Bronsted acid sites increased. Also, the intensity of the peaks
related to Lewis acid sites increased on increasing the
percentage of the AILHMS(S) matrix in the catalyst.

As shown in Figure 7 and Table 2, the ZAK(3S) sample
exhibited a higher content of Bronsted acid sites compared
with the other hybrid catalysts, and the ratio of Brensted/
Lewis (B/L) acidity was reduced from 2.42 for ZAK(3S) to
0.56 for ZAK(1S) hybrid catalyst.

3.2. Stability Evaluation. The study of thermal and
hydrothermal stability of cracking catalysts is a significant
factor because it indicates the operating conditions and the
lifetime of the catalyst. In this study, the effect of thermal
treatment on the three-component catalyst [ZAK(3S)] at
different temperatures has been investigated. In a typical
experiment, 1.0 g of calcined catalyst (30—50 mesh) was
loaded in the middle section of the reactor; this sample was in
situ treated at 650 °C under 40 mL min~" flow of dry air for 3
h, and in a similar experiment another sample of ZAK(35) was
treated at 750 °C for 3 h under the same condition. After
thermal treatment, thermal stability of these samples was
evaluated by XRD and BET techniques.

As shown in Figure 8, after thermal treatment at 650 and
750 °C, the typical XRD peaks have been retained for these

Intensity (a.u.)

2 Theta (°)

T=750°C,

3h

Intensity (a.u.)

T=550°C , 3

20 30 40

50
2 Theta (°)

60 70 80

Figure 8. XRD patterns of the ZAK(3S) catalyst after thermal
treatment at various temperatures for 3 h.

samples; however, on increasing the temperature, the intensity
of XRD peaks decreased compared with the sample treated at
550 °C due to reduction of relative crystallinity of these
samples and the slight decrease of the framework order.
Therefore, these samples exhibit a proper thermal stability, and
this result may be due to the presence of Al in the structure of
HMS. Several articles have reported that with the substitution
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of Al in the structure of mesoporous silicates, the strength and
stability of these compounds increase.”®”

Data presented in Table 3 indicate results of BET analysis
for thermal stability evaluation of the ZAK(35) catalyst at

Table 3. Results of BET Analysis for the ZAK(35) Catalyst
in Thermal Treatment at Various Temperatures®

T (°C) Sper (m* g™') View (em® g7) pore size (A)
550 210 023 49
650 193 022 51
750 172 0.19 s3

“Thermal treatment condition: amount of catalyst: 1 g (30—S0
mesh); flow of dry air: 40 mL min™'; temperature ramping: 5 °C
min~!; time of step at desired temperature (550, 650, and 750 °C): 3
h.

various temperatures. As shown in Table 3, the heat treatment
at 650 ° C resulted in approximately 8% decrease in the value
of the BET surface area compared with the temperature of 550
°C. With a further increase in temperature up to 750 °C, the
BET surface area of the catalyst decreased by about 18% and
the pore volume of the catalyst did not change significantly.
Also, the average pore diameters calculated from the BJH
method increased slightly with increasing temperature.
Although the values of the BET surface area and pore volume
decreased after thermal treatment, the mesoporosity character
and shape of the hysteresis loop of the catalyst were well
preserved (figure not shown) and the hexagonal array of the
AI-HMS channels was not damaged. Therefore, these results
indicate that the thermal stability of the catalyst is appropriate
and also confirm the results of the XRD test.

3.3. Catalytic Performance. Catalytic cracking of n-
hexadecane as a model compound over all of the synthesized
catalyst samples was performed to evaluate the catalytic
activities of the synthesized two-component (ZA) and three-
component (ZAK) catalysts. In the typical test of catalytic
cracking, 1.0 g of catalyst (30—50 mesh) and 3.0 g of
corundum were loaded in the reactor (Figure 1); after
activation, the hexadecane was fed into the reactor along
with N, carrier gas in a run time of 40 min. The conversion
(%), selectivity (%), product yield (%), and carbon balance
were calculated according to egs 1, 2, 3, and 4, respectively.
First, two-component (ZA) catalysts were applied in the
cracking reaction of n-hexadecane to identify the most suitable
Si/Al molar ratio in the mesoporous AIF-HMS(x) matrix. As
mentioned in the experimental section, in two-component
(ZA) catalysts, the AILHMS matrix is containing different Si/Al
molar ratios. Table 4 shows the results of these catalytic
activity tests. As shown in Table 4, the conversion percentages
of n-hexadecane over HY-zeolite and HMS are 39 and 10%,
respectively. Also, in the presence of the HY/HMS catalyst,
conversion (%) changed to 26%. It can be seen that with the
addition of HMS to HY-zeolite, the content of the Bronsted
acid sites on the hybrid catalyst decreased, which is why the
conversion of n-hexadecane decreased. According to Table 4,
with the participation of Al in the structure of two-component
catalysts and decreases of the Si/Al molar ratio in the AI-HMS
matrix, first, n-hexadecane conversion (%) gradually increases
and conversion in the presence of the catalyst HY/AI-HMS(S)
(Si/Al = 5) is the maximum value (62.8%), and then
conversion decreases with the addition of Al contents. Also,
the selectivity of the gasoline product over the HY/AI-HMS(S)
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Table 4. Catalytic Cracking of n-Hexadecane over the Synthesized Two-Component Catalysts Containing Equal Amounts of Y-

Zeolite and AI-HMS Matrix”

catalyst Si/Al in ALHMS (molar ratio)  conversion (wt %)
HY-zeolite 39.0
HMS 10.5
HY/HMS 26.4
HY/ALHMS(35) 35 467
HY/AL-HMS(20) 20 50.5
HY/ALHMS(10) 10 57. 4
HY/AI-HMS(5) S 62.8
HY/ALHMS(2.5) 2.5 489

selectivity (%)

gasoline (C;—C;,)  LPG (C;—C,)  dry gas (C,—C,—CO—-CO,)  coke
50.12 37.44 5.23 7.21
28.32 56.68 7.55 7.4S
53.47 33.07 6.31 7.18
56.34 28.23 6.98 8.45
§9.20 25.98 7.48 7.34
60.13 26.59 6.52 6.76
65.78 25.21 3. 34 5.67
57.20 31.62 4.86 6.32

“Reaction condition: amount of catalyst: 1 g; n-hexadecane rate: 4.7 mL h™Y; flow of N, carrier gas: 140 mL min~}; reaction temperature: 500 °C;
run time of each reaction: 40 min. Carbon balance >96% for each run.

catalyst is higher than that of the other catalysts in Table 4, and
the same trend that is observed in conversion (%) is also seen
in the selectivity of gasoline. In fact, in this series of synthesized
catalysts, the ratio of mesopore to microspore structure is
constant, and we want to consider the effect of increasing the
amount of Al in the mesopores matrix on the catalyst
performance. Also, several studies have reported that with
the addition of Al to the HMS molecular sieve structure, the
acidity of the molecular sieve is increased.”® From Figure 6A,
we can also find that the AI-HMS(S) sample has an NH;-TPD
peak in the range of 200—300 °C, which indicates the acid
sites. Therefore, we can conclude that by increasing the
amount of Al in the matrix, the acidity of the matrix increased
and subsequently the conversion of n-hexadecane and
selectivity of gasoline increased so that in the presence of
the catalyst HY/AI-HMS(S), the conversion of n-hexadecane
and the selectivity of gasoline are 62 and 65%, respectively. In
the HY/AI-HMS(2.5) catalyst, Al introduces a separate phase
outside of the HMS structure and may reduce the pore volume
and decrease the mesoporosity of the matrix; thus, the
conversion and selectivity were reduced. Also, in the XRD
pattern of the AILHMS(2.5) sample, there was severe disorder
compared with pure HMS, which confirms this conclusion
(not shown in the figure).

In Figure 9, activity of two-component catalysts for gasoline
production with respect to the mole of the Al/g matrix is
plotted, and a quadratic function for catalyst activity with
respect to the mole of the Al/g matrix was observed as follows:

2 -
1.8 4
16 4
14 4
12 4

14
0.8 4
0.6 1
04
0.2

0

y=-34368x2 + 367 41x + 0.5842
R?=0.9695

Activity (g gasoline product/ g cata.h)

0 0.002 0.004 0.006 0.008 0.01

Mol of Al /g matrix

Figure 9. Activity of two-component HY/AI-HMS catalysts in the
cracking of n-hexadecane as a function of Al loading in the AI-HMS
matrix. Reaction conditions: amount of catalyst: 1 g; n-hexadecane
rate: 47 mL h™"; flow of N, carrier gas: 140 mL min~'; reaction
temperature: 500 °C; run time of each reaction: 40 min. Carbon

balance was >96% for each run.
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where X stands for mole of the Al/g matrix and Y is the activity
of the catalyst for gasoline production. In fact, these two-
component catalysts (ZA) were active in cracking reaction, and
activities were increased with Al loadings. However, on the
other hand, there was a limitation on the diffusion of materials
through the catalyst structure channels, and this limitation also
gradually increased with Al loading in the HMS. There was
also a limitation on the increase of the acidity of the HMS.
Therefore, the catalytic activity increased to some extent, and
then its amount decreased due to the effect of limitation of
diffusion and reduction of acidity.

The HY/AI-HMS(S) catalyst has a higher conversion for the
hexadecane cracking process among the synthesized two-
component catalysts. Therefore, HY/AI-HMS(S) may be a
better catalyst, and AI-HMS(S) (with Si/Al = 5) was selected
as a proper matrix to prepare the three-component (ZAK)
catalysts.

In the second step, by investigating the types and amounts of
components of conventional catalysts in the FCC process,
NH,Y-zeolite and AI-HMS(S) matrix were combined with 50
wt % clay K10 as a filler (Section 2), and the three-component
catalysts (ZAK(x)) (x represents the weight percentage of
NH,Y-zeolite) were applied in the cracking reaction of n-
hexadecane. The results of these catalytic performance tests are
shown in Table 5. According to Table 5, in the ZAK catalysts,
with increase in the percentage of zeolite content from 15 to
35%, the n-hexadecane conversion increased from 59 to 69%,
respectively. Also, the selectivity of gasoline increased from
57% for ZAK(15) to 71% for ZAK(3S), and the selectivity of
the LPG product decreased slightly from 28% for ZAK(1S) to
20% for the catalyst ZAK(35). Also, the selectivity of dry gas
and coke formation also decreased.

From Figure 2B it can be found that the components of
catalysts ZAK are well combined and the lattice disorder of the
matrix AI-HMS(S) increased from interaction with the HY-
zeolite component. Also, from Table 1 it can be concluded that
by increasing the matrix, the relative crystallinity (R.C.)
parameters of the ZAK catalysts were reduced compared with
those of pure zeolite due to the interaction with the AI-HMS
matrix so that R.C. decreased from $8.2 for ZAK(35) to 35.2
for ZAK(15). It is clear from Figure 3 that ZAK(x) samples
display type I-IV isotherms with mesoporous characteristics
and highly uniform cylindrical pores; from Table 1 it can be
found that the pore diameter values of ZAK catalysts increased
slightly with increasing zeolite content and the ratio of Vi ./

Y = —34368X> + 367.41X + 0.5842
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Table 5. Catalytic Cracking of n-Hexadecane over the Three-Component Catalysts ZAK(x) Containing S0 wt % Clay K10, x wt

% Y-Zeolite, and (50 — x) wt % Al-HMS(S) Matrix”

selectivity (%)

catalyst conversion (wt %) gasoline (C;—C,;,) LPG (C;—-C,) dry gas (C,—C,—CO-CO,) coke (%) ON"
ZAK(15) 59.7 57.84 28.50 7.32 6.34 87.23
ZAK(25) 653 6821 20.66 5.79 5.34 88.46
ZAK(35) 69.5 71.47 20.19 4.56 3.78 89.14

“Reaction condition: amount of catalyst: 1 g; n-hexadecane rate, 4.7 mL h™Y; flow of N, carrier gas: 140 mL min~!; reaction temperature: 500 °C;
run time of each reaction: 40 min. Carbon balance was >96% for each run. ®Gasoline octane number (ON) was calculated from the equation ON =

2VB™.

Viero increased from 4.75 for ZAK(15) to 8.58 for ZAK(35).
From the NH;-TPD experiment (Figure 6), FTIR-pyridine
spectra (Figure 7), and Table 2, the Bronsted/Lewis acid site
ratio increased from 0.56 for ZAK(15) to 2.42 for ZAK(35).
As mentioned before, from NH;-TPD profiles of the ZAK(35)
catalyst, it can be found that this sample contains moderate to
strong acid sites and the content of superstrong acidic sites is
lower than that of ZAK(25) and ZAK(15) samples; addition-
ally, it produced more gasoline yield and less dry gas and coke.
Therefore, ZAK(35) is a desirable catalyst for this reaction. In
fact, an increase in NH,-Y-zeolite content from 15 to 35%
produces significant changes in textural properties, phase
composition, morphology, Bronsted/Lewis acid sites ratios,
and relative contents of meso-/micropores of the ZAK
catalysts. In fact, such changes in the structural properties of
the catalyst have led to these observed differences in catalytic
efficiency. Therefore, it seems that catalyst ZAK(35) among
the three-component catalysts in Table 5 is a suitable catalyst
for n-hexadecane cracking reaction. Also, the last column of
Table S shows the octane numbers of gasoline produced in this
experiment, which are appropriate values for the liquid fuel.
Octane number depends on the molecular structure and
carbon number of the hydrocarbon components in the gasoline
product. The gasoline octane number (ON) was calculated
using the following equation:

_ ON
ON = ) VB ©)

where V; is the volume fraction of the ith component of the
gasoline, and B,°N is the contribution of the ith component to
creating the octane number of fuels. The B values are taken
from the literature.”"

Data from Table S was used, and Figure 10 was drawn. In
Figure 10, the conversion (%) of n-hexadecane and the yield
(%) of products are shown for catalysts ZAK with different Y-
zeolite contents. As shown in Figure 10, catalyst ZAK(3S) has
the highest percentage of conversion, and the yield of gasoline
increased from 34% for ZAK(1S) to 49% for ZAK(3S).

3.3.1. Effect of Reaction Temperature. Figure 11 shows the
changes of conversion (%) and yields of products in the
cracking of n-hexadecane over the ZAK(35) catalyst at reaction
temperatures of 450, 500, and 5SSO0 °C. The reaction rate
depends on temperature because rate constant is an
exponential function of temperature, and usually conversion
(%) increases with increasing reaction temperature. In Figure
11, with a 50 °C increase of temperature, the conversion (%)
shifted from 69 to 76%, which it has increased by 10%.
However, the yield (%) decreased for gasoline and increased
for LPG and dry gas. Therefore, the temperature of 500 °C is
proper for the cracking of n-hexadecane over the ZAK(3S)
catalyst.
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Figure 10. Conversion of n-hexadecane and yields of reaction
products over ZAK(1S), ZAK(2S), and ZAK(3S5) catalysts with
various loadings of Y-zeolite. Reaction conditions: amount of catalyst:
1 g; n-hexadecane rate: 4.7 mL h™'; flow of N, carrier gas: 140 mL
min~!; reaction temperature: 500 °C; run time of each reaction: 40
min. Carbon balance was >96% for each run.
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Figure 11. Conversion of n-hexadecane and yields of products in the
cracking of n-hexadecane over the ZAK(3S) catalyst at various
reaction temperatures. Reaction conditions: amount of catalyst: 1 g;
n-hexadecane rate: 4.7 mL h™"; flow of N, carrier gas: 140 mL min™;
reaction temperature; 500 °C; run time of each reaction: 40 min.

Carbon balance was >96% for each run.

4. CONCLUSIONS

Briefly, an AI-HMS molecular sieve with different Si/Al molar
ratios and faujasite-type HY-zeolite was successfully synthe-
sized and combined with an equal weight ratio, and for the first
time, their catalytic activities were evaluated for n-hexadecane
cracking reaction to identify the most suitable Si/Al molar ratio
in the mesoporous AI-HMS matrix. These experiments showed
that with the incorporation of Al in the HMS molecular sieve
structure, the acidity of the molecular sieve increased and the

DOI: 10.1021/acs.energyfuels.9b01649
Energy Fuels 2019, 33, 7726—7737


http://dx.doi.org/10.1021/acs.energyfuels.9b01649

Energy & Fuels

ratio of Si/Al = § in the matrix structure is more appropriate.
In the presence of the catalyst HY/AI-HMS(S), the conversion
of n-hexadecane and the selectivity of gasoline are 62 and 65%,
respectively. For these two-component catalysts, a quadratic
function for catalyst activity with respect to the mole of the Al/
g matrix was observed. In the second step, various amounts of
faujasite-type HY-zeolite and AI-HMS(S) matrix were
combined with the montmorillonite K10 as a filler to prepare
the three-component catalysts (ZAK). These catalyst samples
were also applied in the cracking reaction of n-hexadecane.
These experiments showed that the three-component catalysts
ZAK(35) with content of S0 wt % montmorillonite K10, 35 wt
% NH,Y-zeolite, and 15 wt % Al-HMS(S) gave the best
efficiency with 69% conversion of n-hexadecane, 71%
selectivity of gasoline, and 20% selectivity of dry gas with
gasoline octane number of 89.14. In fact, hybrid catalyst
ZAK(3S) with appropriate combination of mesoporous and
microporous characters and high Brensted/Lewis acid sites
ratio is an efficient catalyst for this cracking reaction.
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