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In the present study, the performance of three catalysts containing Y, ZSM-
5 and Beta zeolite in the catalytic cracking of a kind of middle distillate
cut named “"RCD” has been studied. The catalysts were characterized by
XRD, FTIR, SEM, N, adsorption/ desorption and NH,-TPD techniques.
Furthermore, deactivated catalysts in terms of type and amount of deposit-
ed coke were analysed. Results of catalytic tests showed that Y zeolite per-

Keywor(,js' . formed better and it decreased viscosity and density of liquid product by
Catalytic cracking 35% and 3% respectively. This good operating was due to the high surface
heavy hydrocarbons area (812m*gr) and higher acidic sites amounts (1.8 mmol NH,/gr) which
zeolite Y gives the heavy molecules better accesibility to active acid sites. But more

zeolite Beta
Zeolite ZSM-5

cokes have deposited on Y zeolite which was 50% lower for Beta and
ZSM-5 zeolites. Finally, it can be concluded that the ultimate performance
of catalysts in catalytic cracking is influenced by the synergetic effects

between the pore structure and acidity.
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1. Introduction

The decline in traditional light oil resources
on one side and the rising requirement for stra-
tegic products like gasoline and diesel oil on the
other hand, forced researchers to do research
on catalytic cracking of heavy oil. Heavy oil
and residual distillate like vacuum residue, at-
mospheric tower residue, etc are very viscous
and contain complex molecules and impuri-
ties like asphaltene, sulfur and nitrogen, which
may cause problems during the process[1].
So, in these processes it is important to select
the appropriate catalyst to be able to convert
low value-added heavy crudes into high-value
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added materials. Among the various catalysts,
zeolite catalysts with high surface area, high
thermal stability and selectivity to specific prod-
ucts are of interest [2]. Zeolites are crystalline
aluminosilicates composed of three-dimension-
al networks that are interconnected by sharing
oxygen atoms. Eventually, as these networks
and structural units come together, the crystal-
line structure of the zeolite consists of one, two
or three-dimensional channels formed[3]. The
three zeolites containing ZSM-5, Y and Beta
are among the most popular zeolitic catalysts
used in the industry[4]. In catalytic cracking of
heavy ends, a lot of scientific research was
done on these three zeolites [5-9]. Considering
the importance of choosing the best catalyst,

[F-IIZEE This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Ramin Karimzadeh et al. / Effect of Textural Properties of Y, ZSM-5 and Beta Zeolites

comparing these three zeolites can be very ap-
pealing. However, there are only a few studies
regarding the comparing these important ze-
olite in catalytic cracking. In addition, in many
FCC applications, one of these three zeolites is
added to the other as an additive, so it is nec-
essary to know how each of these catalysts be-
haves in the catalytic cracking process.

Na-Y zeolite is a molecular sieve from the
faujasite zeolite family that is widely used in
the fluidized bed catalytic cracking, Organic
materials adsorption, etc which its structure is
shown in Figure 1(a) [10]. For the first time, the
commercial synthesis of Na-Y zeolite was car-
ried out by Breck in 1964. He stated that the
conversion of the two zeolites X and Y to each
other occurs at a ratio of Si/Al = 1.5, where the
zeolite with Si/Al less than 1.5 is known as X
zeolite and the Si/Al ratio above 1.5 is known as
Y zeolite[11]. This zeolite with an average pore
size of 0.74 nm considered as a large pore ze-
olite[12]. Due to the high surface area, strong
acidity and low cost of synthesis, numerous re-
searchers have used this zeolite in cracking of
heavy oil [13]. Qin et al. by merging desilication
and dealumination on Y zeolite, they were able
to produce mesoporous ultra-stable Y zeolite,
which increases the gasoline selectivity up to
3%, light cycle oil increased by 2% and coke
decreased by 2% in heavy oil cracking [14] Lee
et al. used Y zeolite to convert heavy oils, which
hierarchical samples had high selectivity to lig-
uid products[15]. Oruiji et al. applied the simul-
taneous precipitation of lanthanum oxide with
the help of ultrasound waves in upgrading of
massive hydrocarbons which reduced the acid-
ity strength of zeolite so eventually increase the
catalyst lifetime [16]. Aghaei et al. also inves-
tigated the catalytic performance of prepared
Y zeolite in catalytic cracking of Iso-diesel
which the results showed that the best conver-
sion about 70% and selectivity to kerosene
about 45% was obtained in samples treated
with CaCQO, alkaline agent [17]modified Y zeo-
lite with high catalytic activity and long lifetime
was successfully prepared using sequential
steam-alkali-acid treatments. Different alkali
agents (NaOH, Na,CO, and CaCQ,.

Beta zeolite,with BEA structure which is
shown in Figure 1(b), has an average pore sizes
of 0.67 nm which is known as a medium-pore
zeolite [18]. This zeolite was first synthesized by
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Wadlinger et al. in 1967 in an alkaline environ-
ment in the presence of TEAOH by hydrother-
mal method[19]. Because of its large-pore chan-
nel system, good acidity and good hydrothermal
stability, Beta zeolite has attracted many re-
searchers attention [20]. Corma et al. observed
when Beta zeolite was used in the cracking of
gas oil, more heavy compounds of the coke fam-
ily were produced compared with USY, and Y ze-
olite was more active than Beta zeolite. Where-
as for n-heptane cracking, the Beta zeolite is
more active than the Y zeolite with a similar ratio
of Si/Al, which is due to the existence of chan-
nels with different dimensions in the Beta zeo-
lite[21]. Qi et al. studied the catalytic cracking of
1,3,5 tri isopropyl benzene on mesoporous Beta
zeolite which the mesoporous Beta because of
the presence of the hierarchical porosity exhibits
high catalytic activity compared with the conven-
tional microporous Beta [4]. Smirniotis et al. by
adding Beta zeolite and ZSM-5 as an additives
to the conventional cracking catalysts, Faujasite,
concluded that Beta zeolite was more selective
to four-membered hydrocarbons. That's why
Beta zeolite as an additives are more appealing
than the ZSM-5, which adds to its popularity as
a cracking catalyst[22].

ZSM-5 zeolite is a molecular sieve of the MFI
zeolite family which its structure is shown in Fig-
ure 1(c). This zeolite by pore sizes in the range
of 5.5A has a silica-rich structure which first syn-
thesized in 1965 by Landolt et al. [23]. Due to
its uniform channel structure, high acidity, high
thermal and hydrothermal stability, ZSM-5 is one
of the most succesfull zeolite in catalytic crack-
ing [24]. Awayssa et al. to maximize the yield of
light olefins resulting from the catalytic cracking
of heavy oil, they added an amount of ZSM-5
zeolite to the USY catalyst (25% by weight) in
FCC reactors [25]propylene. Ishihara et al. ap-
plied zeolite ZSM-5 in catalytic cracking of VGO
that its mesoporous type created a large num-
ber of branched compound that increased the
products octane number [26]. Safari et al. em-
ployed alkaline treatment to induce mesopores
in ZSM-5 catalyst to improve molecular diffusion
in the cracking/co-oxidation of heavy oil. They
observed by applying air stream, the conversion
of heavy oil on alkaline treated ZSM-5 was im-
proved from 45.7% up to 58.1% [27].

As the selection of the appropriate catalyst for
converting low value- heavy crudes into high-val-
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Figure 1. The structure of three zeolites containing Y(a) [28] , Beta(b) [29] and ZSM-5(c) [30] zeolites

ue materials is very important, herein, cracking
of RCD over three zeolite containing Y, ZSM-5
and Beta zeolites as a solid acid catalyst, were
comparatively investigated. RCD is the name of
a cut that is derived from the RCD unit, which
stands for Reduced Crude Desulfurization and
plays the role of reducing sulfur.

2. Research method
2.1. Materials

Three Commercial zeolites was provided
from different companies: Zeolite NH,-Beta
with SiO,/ALO, = 25 from Zeolyst International
Company (CP814E), Y zeolite (SiO,/Al,O, =
5.2) in sodium form from Naike company (china)
and Na-ZSM-5(SiO,/ALLO, =38) from Chemist
company. Furthermore, other raw materials
were ammonium nitrate  NH,NO, (Ghatran

shimi) for converting zeolite into H-form, de-
ionized water to create a dilute environment and
a middle distillate cut(RCD) as feed in catalytic
cracking tests which was brought from Arak
refinery(lran).

2.2. Catalysts preparation procedures

To obtain protonic form of as-received Beta
zeolite, it was calcined in furnace at 550 °C for 4
hr in air stream. This sample was labeled Beta.
To convert Na-Y and Na-ZSM-5 to protonic form,
according to Figure 2, samples were treated with
1 M NH,NQO, solution, at 80 °C for 3 hr, and it was
filtered and finally dried at 100 °C for 12 hr. This
treatment repeated two more times to completely
replace of Na* ions with NH,*. Then this zeolites
calcined at 550 °C during 4 hr under air stream.
This samples were labeled Y and ZSM-5.

| Zeolites |

| 1M aq.NH4NO3 |
I

Mixing with 1gr:30 ml for 3 hr in

Mixing with 1gr:10 ml for3 hr in

80 °C with reflux(zeolite ZSM-5)
v

80 °C with reflux(zeolite Y)

2 times

2 times

4' Filtration and washing with deionized water li

| Drying in air flow in 100 °C overnight |

| Calcination in 550 °C for 4 hr with air stream |

Figure 2. Schematic flow chart of Catalysts preparation
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2.3. Applied characterization techniques
2.3.1. Catalyst characterization

In order to investigate the crystallinity
and phase purity of samples, their XRD(X
Ray Diffraction) patterns using a BRUKER
diffractometer, model D8 ADVANCE ,Germany
and CuKa radiation (A= 1.54056 A) at 40 kV and
40 mA were recorded. Scans were performed
in the range of 26= 5-80° and then the resulted
patterns were compared to the standard patterns
which reported in JCPDS data base files.
For determining surface functional groups of
nanocatalysts, FTIR(Fourier Transform Infrared)
alalysis of catalysts performed by PerkinElmer
IR spectrophotometer version 10.03.06, USA,
using KBr pressed disk technique within the
range of 4004000 cm™.To obtain information
about the morphologies and size of the particles
, scanning electron microscopy (SEM) analysis
were carried out by VEGAWTESCAN-LMU model
apparatus. For better electrical conductivity,
before the characterization, a very small amount
of gold was layered on the samples. The
textural properties of samples were measured
by N, adsorption-desorption analysis by ASAP
2020 V3.03 G Plus instrument.The specific
surface area of samples were recorded by
BET (Brunauer, Emmett and Teller) method.
The acid properties of the samples were also
charachterized by a Temperature Programed
Desorption of NH, (NH,-TPD) method on an
instrument made by Micromeritics (USA).

2.3.2. Product and coke characterization

Kinematic viscosity, density and refractive
index of the liquid products were measured by
a Liquid viscometer according to ASTM D47042,
a pycnometer (Isolab, Germany) according to
ASTM D1480 standard and a refractometer
NAR-1T Liquid (Atago, Japan) by ASTM D1218
respectively.

For determining some properties of feed
and product like molecular weight and H/C
(hydrogen-to-carbon atomic ratio),Riazi equation
was applied [31]:

P=aXeXp(bXUlS37,8oc+CXI+dX (1)

. . e
ViS37goc X 1) X (171537,8°c) x (DS

Where, P can be either Molecular Weight
(gr/mol) or H/C (hydrogen to carbon atomic
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ratio). , as defined below, is an index called
“refractive index” that the constants of this
equation exposed by mentioned references.
/- n?—1

S n?+1 @

After the reactions, amounts of coke deposited
on zeolites were determined by puting samples
in the air-suplied furnace at 550 °C for about 4 h.
In which, due to the burning of coke, a decrease
in the mass of the sample will occurred, which
can be a measure of the amount of deposited
coke . Based on the literature, the weight losses
in the temperature lower than 200 °C can be
related to the moisture removal [32]. So, we
first heated the sample in the furnace up to 200
°C, weighed the sample after one hour (case
1), then put the sample back in the furnace
and raised the temperature to 550 ° C and
weighed again after 4 hours (case 2). Finally
the difference of weight losses of cases one and
two is reported as the weight of the accumulated
coke. Moreover, spent catalysts were studied by
FTIR analyses to study the molecular structure
of deposited coke.

2.4. Catalyst performance test

A simple schematic diagram of the lab-
scale setup used in this research is shown in
Figure 3. Catalyst performance evaluation was
performed in a cylindrical stainless steel fixed
bed reactor which was installed inside a K-type
thermocouple equipped with furnace to supply
the reaction temperature. A middle distillate cut
from Arak refinery, with the specifications in
Table 1, was provided as a feed.

Table 1. RCD Feedstock properties

MW, (g-mol") 161.38
Viscosity at 37.8 °C (CSt) 1.914
Density (g.cm 3) 0.875
Refractive Index 1.474
H/C Atomic ratio 7.24
Nitrogen content (ppmw) 350
Sulphur content (Wt%) 0.05
FBP (°C) 330

For each test, 1 gram of shaped catalyst
loaded in the middle of the reactor with quartz
wool on either side. Nitrogen (50 cc/min), as
a carrier gas, was mixed with the feed. When
desired temperature of 550°C was reached,
the feed was injected by the syringe pump
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with the flow of 0.5 gr/min. After the reaction,
product that is a combination of gas and
liquid, led to the condenser to collect the liquid
product while non-condensable gas products
burned in flare. After the process, feed stream
was interrupted but nitrogen continued to
cross the bed for 30 minutes to purge the
catalyst bed.
Yield of each product was defined by the

following equations :

Liquid product yield (Y, ;) =M, /M, *100 3)
Coke yield (Y_,.) =M_, /M, 100 (4)
Gas product yield (Y, ) =100-Y, Y. (5)
|
Py
= A
e
Cr—O—
L .

M B ot

Where “M” is the mass of the components
that are written as subscript. Furthermore, after
the liquid collection, some of its characteristics
like density, refractive index (RI) and viscosity
were also measured.

3. Results and Discussion
3.1. Characterization of three zeolites
3.1.1. XRD analysis

The XRD patterns of the three catalysts are
presented in Figure 4.Y zeolite with diffraction
peaks at 26 = 6.3°,10.3°,12.2°,16°,19.1°,
20.7°,23.3°, 24.1°,27.6° and 31.4° showed
standard XRD patterns of the faujasite
structure (JCPDS 01-077-1551).

i

E N

Figure 3. Experimental apparatus for catalytic cracking test of heavy oil

(c) ZSM-5

(b) Beta

Intensity (a.u.)
i

ll“ln (@)Y

5 10 15 20 25 30

35

40 45 50 55 60 65

20 (degree)

Figure 4. XRD patterns of catalysts: (a) Y, (b) Beta and (c) ZSM-5
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XRD pattern of Beta zeolite with prominent
peaks at 20 = 7.5° and 22.4° and ZSM-5
sample with diffraction peaks at 20 = 7.99°,
9.14°, 23.21°, 23.65° and 24.38° presents
typical diffraction pattern of BEA(JCPDS 48-
0074) and MFI structure (JCPDS 00-044-
0002), respectively.

3.1.2. FTIR analysis

Figure 5 shows the results of the FTIR analysis
on three catalysts. FTIR spectra of Y sample
represent its faujasite structure.The bonds at
448cmr, 721 cmand 994 cm” are referring to the
different kinds of T-O-T bending vibration and the
band at 570 cm™' indicate rings that are specifically
present in the micropores of Y zeolite [33].

Moreover, the sharp intense band around
3365cm™ is due to the hydroxyl groups
presented in Y zeolite.FTIR spectra of Beta
sample represent its BEA structure. Peak at
460 cm™is due to the T-O-T bending mode and
the peaks at 522cm™ and 573 cm™ are due to
the presence of four and five membered rings

of Beta zeolite respectively [34]. FTIR spectra
of ZSM-5 sample represent its MFI structure.
The bands at 455 cm™ is due to the T-O
bending vibration and bands at 546 cm™ is due
to the double 5 ring vibration. In addition, the
existence of bands at 794 cm™® , 1086cm™
and 1224 cm™ related to the different kinds
of symertic/asymmetric stretch vibration that
verifies the ZSM-5 presence [35].

3.1.3. SEM analysis

The result of SEM morphological analysis are
displayed in Figure 6. As can be seen, the Y
zeolite had an octahedral morphology with
well-defined particles assigned to FAU type
zeolite which is in line with the results of pre-
vious researches [14]. Beta sample presents
particles that are generally spherical and ellip-
tical with almost uniform particle sizes as re-
ported in literature[36].The ZSM-5 sample, as
reported in literature, had hexagonal morphol-
ogy like a coffin with particles length around 4
pum as shown in Figure 6.(c) [37].

Transmittance

3900 3400 2900 2400

1900 1400 900 400

Wavelength (Cm-)

Figure 5. FT-IR spectrum of ZSM-5, Y and Beta zeolites

Figure 6. SEM images of Y (a), Beta (b) and ZSM-5 (c)
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3.1.4. N, adsorption/desorption analysis

Information about the pore specifications of
the samples were obtained by N, adsorption—
desorption analysis. The calculated textural
properties are inscribed in Table 2. As it is
shown, Beta sample has the highest total
pore volume (0.95 cm?’g) and the highest
mesoporous volume (0.73 cm?®/gr) among the
samples. It can be seen that Y zeolite exhibits
higher micropore surface areas and micropore
volumes compared to other zeolites. Specific
surface area affects the adsorption of the
reactants on the active sites, so plays a vital
role in the progress of catalytic cracking
process. But, the synergetic effect between
acidity and micro/mesoporous structure and
porosity, determine the ultimate performance
of catalyst in the catalytic cracking process
[38].

The N, adsorption/desorption isotherms
and pore size distribution of three zeolites are
presented in Figure 7. As itis clear, all samples
shows a type | adsorption equilibrium curve
that is a characteristic of micropores material,
and a hysteresis loop for Beta zeolite which
is a characteristic of mesopores material.
Moreover, the BJH pore size distribution
confirmed the existence of these micro/
mesopores. The mesopores on Beta zeolite
can be attributed to the extraction of aluminum
during primary calcination and thus creation of

an empty space in the form of mesopores in
the zeolite structure[39].

3.1.56. NH_-TPD analysis

To examine the acid properties of the
synthesized catalysts, ammonia TPD spectra
analysis was employed.

As shown in Figure 8, the TPD profile of ZSM-
5 sample showed two peaks, in which the peak
around 240 °C is assigned to the desorption of
NH, from weak acid sites and the peak around
470 °C is ascribed to the desorption from
strong acid sites. But, the TPD profile of Beta
and Y zeolies showed only the peak related to
the weak acid sites. Peak position is a measure
of the strength of acid site that peak position
transition to the lower temperature is a measure
of decreased acidity strength. Whereas the
amount of acid site is calculated from desorption
peak areas[40].

Based on Figure 8, the strength of acid sites
increased with the following order: ZSM-5 Be-
ta¥Y which is in good agreement with those re-
ported in the literature [41] Moreover, the total
acid amount increased with the following order:
Y ZSM-5Beta which is attributed to the less Si/
Al ratio of zeolite Y and its high framework Al
amount. As the high acid concentration are fa-
vorable for coke formation,so ,more coke is ex-
pected to form on Y zeolite.

Table 2. Pore specifications of three zeolite by N2 adsorption-desorption analysis

Sample Sger Sexr? Shic® \Ad Vinic® Vimeso® Total acid amount
(m?gr) (m?gr) (m?gr) (cm/gr) (cm?®/gr) (cm®/gr) (mmol NHa/gr)
Y 812.7 9.0 803.4 0.36 0.34 0.04 1.80
ZSM-5 379.2 15.3 374.8 0.19 0.16 0.02 1.75
Beta 709.0 252.4 456.5 0.95 0.21 0.73 1.29
a external surface area. b micropore surface area. ¢ Volume adsorbed at P/P0=0.99.
d micropore volume. e Mesopore volume (Vtotal-Vmicro).

(a)ZSM-5

b)Y

Quantity adsorbed (mmol/g)
dVv, /dr,
Quantity adsorbed (mmol/g)

0 02 04 06 08 L0 02
Relative pressure (P/Py)

04

Relative pressure (P/P;)

(c) Beta

Quantity adsorbed (mmol/g)

06 08 1 0 02 04 06 08 1
Relative pressure (P/Py)

Figure 7. N2 adsorption-desorption isotherms and BJH pore size distribution (internal) curves of the synthesized samples
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450 550 650 750
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Figure 8. Characterizations of the acidic properties by NH3-TPD curves

3.2. Compatrative performances of three zeolites
foward catalytic cracking

Catalytic performance of three zeolites was
explored in the manner described in section
2.4. As the catalytic performance depends on
the synergetic effect between acidity and micro/
mesoporous structure and porosity, therefore a
combination of this factors, determine the final
performance of catalysts[38].

Cracking activites of three zeolites
investigated by the yields of products and liquid
product specifications. As we know the aim of
catalytic cracking reaction is converting heavy
hydrocarbons to the lighter one. It means, the
better the cracking reaction, the more gas is
produced. So, by measuring the amount of each
products, one can compare catalytic activity of
different catalysts .In addition, FTIR analysis and
weight loss of deactivated catalyst were studied
after the process.

3.2.1. Catalytic activity

The activities of catalysts are investigated by
RCD as feed and tested for 210 min at 550
under atmospheric pressure.The experimental
procedure was repeated at least three times and
the average results were reported here. It should
be noted that the trend of results has been the
same each time. Liquid/gas products yield over
this catalysts, are shown in Figure 9 and Figure
10 respectively. By increasing reaction time, the
liquid yield of all samples had a rising trend due
to the coke formation and catalysts deactivation.
During the reaction, the active sites which most
of the feed is converted to cracked products
on it, covered partially by coke so restricting
the accessibility of reactant to active sites and
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decreasing catalyst activities. Therefore, after
a certain time on stream, liquid production
increases and gas production decreases and
finally reaches a constant value, which the
catalyst activity is reduced and the so-called
catalyst is deactivated [42]. All samples had an
upward trend in the production of liquid products
and downward trend of gaseous product until the
end of 210 min time on stream, which means that
the catalyst has maintained its relative activity
until the last moment. As mentioned above, high
yield of gases product and the low yield of liquid
product can illustrate higher catalytic activity of
the samples, so it seems Y zeolite has a higher
catalytic activity. The highest yield of gases
product over Y zeolite which shows the higher
catalytic activity is due to its higher acidity which
are great advantages for catalytic cracking of
bulky hydrocarbon. However at the same time,
high acidity accelerates the coke formation
rate[16]. Moreover, higher catalytic activity over
Y zeolite is due to its high surface area which
increase the accessibility to acid sites so can
improve mass transfer of bulky molecules. Beta
zeolite showed prolonged activity, thus until the
end of the 210 min, the yield of liquid product
increased.

High mesoporous volume and external
surface area of Beta zeolite leads to improve
mass transfer so prolonging the activity
which is compatible with Mirshafiee et al.
observations[43].

3.2.2. Liquid product specifications

Results of liquid product analyzes is
tabulated in Table 3. Compare with the
properties of the feed that listed in Table 1,
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Figure 9. Liquid yield in terms of reaction time for three catalysts
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Figure 10. Gaseous yield in terms of reaction time for three catalysts

the average density, viscosity and molecular
weight of all catalysts decreased as the lighter
compounds are produced during cracking.

Y zeolite remarkably decreased the viscosity
of liquid product by 35% compared with the
feed. Beta and ZSM-5 zeolites has execute
weakly over decreasing the viscosity, due to the
higher coke formation on this zeolites.

As the lower the viscosity, the better the
quality of the final liquid product, Y zeolite had
lower viscosity than the others so had a better
cracking performance due to the high surface
area which increases accessibility to acid sites
and due to the higher total acid sites amount so
improve the catalytic performances. Y zeolite
is a large pore zeolite(0.74 nm) ,this makes
it possible for heavy molecules with large

diameters to easily pass through these large
pores to reach the active sites. so it is very
important factor in heavy oil processing [44].
The densities of all of the obtained liquid
over three catalysts, decreased compared
to the feed which verifies lighter fractions of
the liquid product. Y zeolite had lower density
than the others which confirms the previous
conclusion. Refractive indexes have increased
by the ZSM-5>Beta>Y sequences compared to
the feed, which is compatible with safari et al.
observations[27]. Moreover, lower molecular
weight of liquid hydrocarbons compared to the
feed, were indicative of obtaining higher yield
of lighter components. Y zeolite had the lowest
molecular weight among the zeolites. The H/C
ratio also increased upon catalytic cracking
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over three catalysts, which confirm lighter
hydrocarbon production. Y zeolite with better
cracking performance, had a higher H/C ratio
than the others. Alotaibi et al., also notified in
converting heavy residues into lighter products,
H/C ratio will increase[1].

Table 3. Properties of liquid product obtained over different

zeolites
catalyst Y Beta ZSM-5
Viscosity (cm?/s)? 1.255 1.601 1.828
Molecular Weight® 129.69 148.55 158.59
Density (g/cm?®)° 0.847 0.862 0.872
Refractive index (n)? 1.475 1.478 1.481
H/C Atomic Ratio® 7.65 7.64 7.59

@evaluated by a Liquid viscometer, according to ASTM
D7042 standard

bcalculated by applying Riazi equation

°measured by a 10 ml pycnometer based on ASTM D1480
ddetermined by using Abbe Refractometer NAR-1T Liquid
based on ASTM D1218

ecalculated by applying Riazi equation

Visual appearance of liquid product obtained
after 210 minutes reaction time has been shown
in Figure 11. Usually it is said that the lighter
cracked products colour, the lighter compounds
are in the product which, here , Y zeolite had
a lighter colour. In other samples, the variety
of colours is due to differences in nature of the
products and cokes that deposited in parent
catalysts [6].

3.2.3 Spent catalysts characterization

After burning the coked catalysts in furnace
during 4hr in 550, weight loss of this spent
catalysts are shown in Figure 12. Many factors
cause deactivation phenomenon, but the most
important factor that has been mentioned a lot
in the literatures is the existence of small pores
(micropoures) in the zeolitic catalysts structure.

When bulky compounds like aromatics with
large molecular diameter are formed inside
the pores, these can no longer come out of
the small pores, so they remains there and
cover the active sites, causing the catalyst
deactivation[45]. The high surface area of Y
zeolite by increasing accessibility to acidic sites
creates the expectation that this sample be less
prone to coke formation [46]. But as it is clear,
weight losses for the Y zeolite was sharper
because of its lower Si/Al ratio. The amounts of
acid sites, which effect on the deposition of the
coke over the catalysts, increase with decrease
in the Si/Al ratio, because the number of the
acid sites is related to the aluminum content
[47] N, sorption, NH,-TPD and Py-FTIR; the
intrinsic effect of silicon to aluminum ratio on
the selectivity to propene in the conversion of
methanol to propene (MTP. So the number
of acid sites on Y zeolite based on these
explanations as well as the results of Figure
8 and Table 2, is higher than ZSM-5 and Beta
zeolites which accelerates the coke formation
rate on this sample. So that, even high surface
area of Y zeolite is not effective and it is the
acidity that prevails and more cokes deposited
on this zeolite.

But for Beta and ZSM-5 zeolites, compare with
Y zeolite, lower acidity and higher external
surface area, are aligned and cause less
coke formation. Fu et.all demonstrated higher
external surface area leads to formation
of more micropores openings exposed on
the external surface which inhibits the pore
blockage and deactivation of catalyst. On
the other hand, large external surface area
shorten the diffusion path length, so facilitating
the migration of coke precursors inside the
micropores to the external surface[46].

Figure 11. Appearance of liquid craked product obtained after 210 minutes reaction time
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Figure 12. The amount of coke produced during catalytic cracking with different zeolites.

Of course, due to the same effects of
dominance of acidity / pore characteristics on
each other, there is no significant difference
between Beta and ZSM-5 zeolites. Y zeolite,
despite producing significant amount of coke,
it performed very well in product specifications.
The reason can be attributed to the fact that the
coke on this zeolite may have been formed at the
external surface of the catalyst and so the pores
were still accessible and had a little effect on
catalyst activity [48]To determine the molecular
structure of deposited coke, studies have been
conducted on spent catalysts by FTIR analysis
and results are illustrated in Figure 13. As it can
be seen,generally both deactivated catalysts
and the fresh one ,as mentioned in section
3.2.1, have the same trend just the intensity of

some characteristic peaks varies that is due to
the impure phase and cokes that appears on
parent catalysts during the catalytic test.

Graphitic carbon that shows itself in at
1558 cm, was not observed for any of three
catalysts [49]. So deposited cokes are not
of the graphitic type. Coke with aromatic and
olefinic nature can be detected at 1583 cm-
'and 1635 cm™ respectively[49]. The highest
intensity of this peaks for Y and ZSM-5 zeolites,
can represent more production of olefin and
aromatic compounds and lower intensity
for Beta zeolite can possibly be due to the
formation of volatile species which chemically
attracted and bonded to the active sites inside
the micropore channels of zeolite, resulting in
the coke formation [50].

—ZSM-5
—Beta
—Y

Transmittance

3900 3400 2900 2400

1900 1400 900 400

Wavelength (Cm-1)

Figure 13. FT-IR spectrum of spent zeolites ZSM-5, Y and Beta
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The bands observed at 3000-3400 cm™’
are related to C—H bond stretching vibration
in aromatic groups which was absent for
these zeolites. So, aromatic rings deposited
on these catalysts are unsaturated and
poor in hydrogen[17]modified Y zeolite with
high catalytic activity and long lifetime was
successfully prepared using sequential
steam-alkali-acid treatments. Different alkali
agents (NaOH, Na2CO3 and CaCO3. As
mentioned, the band around 3200-3600 cm-’
is attributed to the hydroxyl groups of zeolite
which after the reaction, the intensity of the OH
groups reduced. It means during the catalytic
test, OH groups condensate with coke [17]
modified Y zeolite with high catalytic activity
and long lifetime was successfully prepared
using sequential steam-alkali-acid treatments.
Different alkali agents (NaOH, Na,CO, and
CaCO,. On the basis of the observed peak,
we can guess with great accuracy that the
coke deposited on these catalysts, mostly has
an aromatic nature.

4. Conclusion

This study is aimed to compare the catalytic
properties and performance of three zeolites
containing Y, Beta and ZSM-5. A complete
characterization was conducted to have a
better insight of their properties and then
their performance was tested in the cracking
of middle distillate cut “RCD”. Summarizing
the results of the analyzes and performance
test of three catalysts revealed that Y zeolite
is more desirable .Better cracking activity, for
example decline of viscosity and density of
liquid product by 35% and 3% respectively,
could be attributed to the higher surface
area (from BET results) which increases the
accessibility of large molecules to acid sites
and due to the higher total acidic sites amount
that these acidic sites propel the reaction.
However, it should be noted that in terms of
coke production, over Beta and ZSM zeolites
50% less coke produced compare with zeolite
Y, because they had fewer acid sites, which
made them less likely to have coke deposition
potential. It seems combining the advantages
of two types of molecular sieves as a
composite catalyst can improve the catalytic
performances.
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