
Abstract
This study investigates, the performance of ZSM-5 zeolite catalysts with different Si/Al ratios equal to 40, 120, and 
200 in the n-hexane catalytic cracking process in a fixed bed microreactor at 550°C under atmospheric pressure with 
a WHSV = 4 h-1. To improve the acidity of the catalysts and increase the yield of light olefins, the best catalyst among 
the three synthesized catalysts was modified by lanthanum and cerium metals. These two rare earth metals were 
chosen as modifiers since they were expected to improve the acidic properties of the parent catalyst. Furthermore, 
XRD, FT-IR, FESEM, EDX Dot-Mapping, BET, and NH3-TPD analyses were used to evaluate and characterize the 
synthesized catalysts. According to the results, the Z-La catalyst has significantly improved catalytic performance, 
such as the yield of light olefins, P/E ratio, and a decrease in the production of light alkanes and aromatic compounds 
compared to other catalysts. The yield of light olefins obtained from it was equal to 62.91%, and the P/E ratio was 
equal to 3.25. This significant progress in this catalyst compared to other catalysts in this research is due to adding La 
to H–ZSM-5 zeolite, which causes changes and modifies the acidity properties of this catalyst (S/W ratio of acidity 
= 0.54).
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Introduction
Ethylene and propylene as light olefins are the most 
important bases of the petrochemical industry. In 
recent decades,  the demand for light olefins, especially 
propylene, as critical raw materials for chemical 
industry use, has increased exponentially. Due to the 
increasing demand for light olefins worldwide and in 
Iran, producing these valuable materials from domestic 
oil and gas sources will reduce foreign dependence [1–
5]. Propylene has been produced as a by-product along 
with ethylene from naphtha cracking units. Considering 
the existing gap between the production and demand of 
the propylene market worldwide and the much higher 
demand for propylene, the current productions with the 
thermal cracking method are not responsive. Also, the 
thermal cracking method is not environmentally friendly. 
For example, it consumes much energy and emits much 
carbon dioxide into the atmosphere [6–8]. Light olefins 
with higher selectivity will be obtained in the alternative 
thermal cracking reaction, which is the catalytic cracking 
of naphtha at a much lower temperature than thermal 
cracking. Among the used zeolite catalysts, ZSM-5 
zeolite has shown more activity, catalytic performance, 
and hydrothermal stability in the catalytic cracking 

process, which is due to its acidic properties and specific 
morphology [9,10]. Also, this zeolite catalyst has high 
selectivity due to its shape selectivity-based property. 
Although among the various catalysts used in the catalytic 
cracking process, ZSM-5 had the best performance, the 
yield of light olefins produced using this catalyst is very 
low. During the long-term reaction, the catalytic activity 
and lifetime of ZSM-5 decrease significantly with  coke 
formation. The origin of coke is aromatic molecules 
(BTX) in the catalytic cracking reaction [11,12]. After the 
formation of aromatic molecules, most of these aromatic 
substances are released from the microcrystals in the 
pores and released as BTX products. At the same time, 
a small part of them remain in the zeolite micropores as 
coke precursors and form coke [13–15]. By increasing 
the reaction time, all the pores with active acid sites 
are blocked, which results in a significant decrease in 
the catalytic activity, conversion, and production of 
light olefins [16]. In this research, ZSM-5 zeolites were 
synthesized with three Si/Al ratios of 40, 120, and 200 
(Z-40, Z-120, and Z-200), and they were compared in 
terms of catalytic performance. Finally, to increase the 
yield of light olefins, the best catalyst among these three 
prepared samples (Z-120) was modified by two metals, 
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lanthanum and cerium, using the impregnation method. These 
two rare earth metals were chosen as modifiers since they 
were expected to improve the acidic properties of the parent 
catalyst. It was illustrated by Wang et al, [17] that the use 
of RE elements in the H–ZSM-5 sample not only modified 
the number of acid sites of H–ZSM-5 but also altered the 
acid strength and type. They showed the significant impact 
of acidity properties after  using RE elements on the catalytic 
performance of H–ZSM-5. In another study [18], Ce and Zr 
loading could promote ethylene and propylene yield in the 
catalytic cracking of naphtha. Also, the effect of lanthanum 
metal as a rare metal was investigated in previous studies. For 
example, cerium and lanthanum impregnated on SAPO-34 
were synthesized and used in catalytic cracking of naphtha to 
produce light olefins [19]. 
In this research, the effects of this modification method 
were investigated on the acidic and textural characteristics 
of zeolite samples, and different catalysts were characterized 
using XRD, FT-IR, FESEM, EDX Dot-Mapping, BET, and 
NH3-TPD analyses. In the end, the prepared catalysts’ HTO 
(hexane to olefins) performance was investigated using a 
microreactor system.

Materials and Methods
Chemicals Materials

The materials used for the synthesis of catalysts include 
colloidal silica (40 wt% SiO2, Aldrich), Aluminum sulfate 
(Al2(SO4)3.18H2O, Merck Co, Germany), respectively as 
sources of silicon and aluminum, tetrapropylammonium 
hydroxide (TPAOH, Merck Co, Germany), Sodium 
hydroxide (NaOH), Cerium nitrate (Ce(NO3)3.6H2O), and 
lanthanum nitrate (La(NO3)3.6H2O), and ammonium nitrate 
(NH4NO3, Merck Co, Germany).

Catalyst Preparation
Na-ZSM-5 zeolite catalysts were prepared, by 
hydrothermal method and according to the basic formula 
00SiO2:xAl2O3:15TPAOH:19NaO2:3200H2O (x = 7.5, 2.5, 
1.25 respectively for Si/Al ratios equal to 40, 120, and 200) 
and were named as Z-40, Z-120, and Z-200 respectively. 
Firstly, to prepare zeolites according to the basic formula for 
each ratio, a certain amount of aluminum sulfate was dissolved 
in distilled water and sodium hydroxide (Solution No. 1). 
Solution No. 2 also contains a mixture of colloidal silica and 
TPAOH. After dissolving both solutions separately, solution 1 
was added to solution 2. After that, 3 wt.% of seed was added 
to the mixture and it was stirred to obtain a homogenous 
solution. Next, the beaker’s contents were transferred to the 
autoclave and placed in a stirring oven for 72 h at 180 °C. 
After 72 hours, the autoclave was cooled down slowly at 
room temperature. Then, the contents inside the autoclave 
were filtered and washed until the pH of the solution under 
the filter reached about 7. After reducing the pH, the samples 
were dried at 100 °C for 12 h, and transferred to an electric 
furnace with a temperature of 550 °C for 4 h to perform 
the calcination process. Next, to convert the sodium form 
into the protonic form of zeolite ZSM-5, ion exchange was 
performed with 2M ammonium nitrate solution 3 times and 3 
h each time. Next, to improve the catalyst’s performance with 

an optimal ratio regarding reactor test performance, Z-120 
zeolite was modified with cerium and lanthanum metals by 
the dry impregnation method. The impregnation solution for 
catalysts was synthesized with 2% wt of cerium and 2% wt 
of lanthanum. After impregnation, catalysts were dried at 100 
°C. After that, the catalyst was calcined at 550 °C for 4 hours. 
These two samples were named Z-Ce and Z-La.

Catalyst Characterization
The synthesized catalysts, X-ray diffraction analysis using an 
X-ray diffractometer, Theta-Theta model (Stoe Co) was used 
with a Cu Kα lamp (λ=1.5406 Å) in 2θ=5-55˚ with a step size 
0.06˚ and 1s to determine the phase and crystallinity of the 
synthesized catalysts. To identify the structural changes in 
the prepared samples, Bruker model IR device manufactured 
by PerkinElmer Germany was used and this analysis was 
performed in the range of 400-4000 wavenumber with a 
wavelength of 1 cm-1. The morphology of particles and crystals 
in zeolite samples was performed using scanning electron 
microscopic analysis (FE-SEM, ZEISS Co, Germany) Sigma 
VP model. With this device, EDX Dot-Mapping analysis was 
done to determine the elemental composition of the samples 
and the abundance distribution of the elements. Micromeritics 
ASAP2000 device was used to calculate the average size and 
volume of the pores, and the surface area of the prepared 
samples, using N2 adsorption-desorption isotherm (Brunauer-
Emmett-Teller). Before carrying out the nitrogen adsorption 
and desorption tests, the samples were vacuumed for 12 h at 
300°C and degassed to separate the molecules adsorbed on 
the surface. Then the tests were performed at a temperature 
of -196°C. NH3-temperature programmed desorption was 
analyzed using the Micromeritics TPR/TPD 2900 device to 
calculate the amount and strength of acid sites. In this analysis, 
the amount and strength of acidic sites were determined by 
using the area under the peak of the NH3-TPD profile and the 
position of the peaks, respectively. 

Performance Evaluation System of Prepared Catalysts 
The fixed bed reactor system was used as shown in Fig. 1, 
to evaluate the performance of the synthesized catalysts 
in the n-hexane catalytic cracking process. In each reactor 
test, 0.67 g of catalyst and 0.33 g of quartz were loaded in 
the reactor reaction area to dilute the catalysts. The reactor 
reaction was carried out at 550°C under atmospheric pressure 
with a WHSV=4 h-1. At first, the flow of N2 was established 
with a flow rate of 40 cc/min through a mass flow controller 
(MFC), and the catalyst bed was heated to 550 °C under 
an N2 flow. The mass flow rate and the reactor temperature 
controllers are were controlled by the four-channel power 
supply, display, and controller. After the temperature of the 
catalyst bed reached 550°C, the reactor system remained in 
this condition for half an hour. A few minutes after stabilizing 
the conditions, the n-hexane flow rate (0.068 cc/min) was 
introduced in the reactor using a syringe pump and after 
passing the n-hexane flow rate through the preheater area, the 
output flow rate from the reactor was measured, and recorded 
immediately. The gaseous product samples were collected 
every half hour for injection into the gas chromatography 
(GC) instrument (Agilent), which was equipped with FID 
and TCD detectors. 
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Fig. 1 Laboratory system for catalysts performance tests in HTO process.

After injecting the last GC sample, the feed flow was stopped 
and the liquid sample was collected for analysis. N-hexane 
conversion,  product selectivity, and yield of light olefins 
are calculated by equations 1, 2, and 3. (X, Si, and i are 
conversion, selectivity, and each product)

inlet out
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(n-hexane) -(n-hexane)
X =  *100%

(n-hexane)

                            
(1)

i,out
i

i,out

n
S = *100%
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(2)

Yield i = selectivity i * conversion i                                            (3)

Results and Discussion
Catalyst Characterization

The synthesized samples were investigated and identified by 
XRD, FT-IR, FESEM, EDX Dot-Mapping, BET, and NH3-
TPD methods, which are discussed below.

XRD Analysis
The XRD patterns of all the synthesized catalysts are 
shown in Fig. 2. In this figure, the comparison of the X-ray 
diffraction data of the synthesized H-ZSM-5 zeolites and 
data of the standard sample of this zeolite (card number: 
JCPDS No. 00-044-0003) in the IZA (International Zeolite 
Association) reference is seen. This comparison shows the 
presence of pure and crystalline phases of the synthesized 
H-ZSM-5 zeolite in the crystal structure of this sample [20]. 
The ZSM-5 zeolite index peaks are : 2θ =7.95˚; 8.84˚; 23.09˚; 
23.32˚; 23.93˚. The results of the XRD analysis show that the 
synthesized zeolites have no amorphous phase and a good 
crystal structure This result is obtained from the high intensity 
of the main peaks. Also, according to the XRD pattern of Z-Ce 
and Z-La, it can be concluded that the dispersion of metals 
is completely uniform and homogeneous on the catalyst and 
no new peaks related to metal oxides were observed in any of 
the samples. There were no adverse effects, such as collapse 
or amorphization of the zeolite crystal structure.

Fig. 2 XRD pattern of the synthesized samples.

FT-IR Spectra
According to Fig. 3, the vibrations of the synthesized 
samples are observed in the spectral region of 400-4000 cm-

1. The vibrations of the ZSM-5 zeolite framework have seven 
absorption bands at wave numbers 453, 547, 802, 1101, 1225, 
1640, and 3400 cm-1. Asymmetric stretching vibrations that 
prove the existence of ZSM-5 zeolite crystal structure with 
a pair of pentagonal rings at 547 cm-1, Bending vibrations 
of T-O bonds (T: Si, Al) related to SiO4 and AlO4 tetrahedral 
units at 453 cm-1, symmetric stretching vibrations of T-O 
bonds at 802 cm-1 and asymmetric stretching vibrations of 
T-O bonds at 1104 cm-1 are seen in Fig. 3. The absorption 
bond near 1225 cm-1 is related to external asymmetric 
stretching vibrations and indicates the existence of H-ZSM-5 
crystal structures consisting of four five-membered rings 
arranged around the two-dimensional torsion axis [10,21]. 
The presence of all these vibrations in the mentioned spectral 
regions in all prepared zeolites indicates that the ZSM-5 
zeolite framework structure has been completely preserved 
after synthesis and impregnation, and the collapse of the 
structure is not observed.
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Fig. 3 FT-IR profile of synthesized samples.

FE-SEM and EDX Dot-Mapping Analyses
In Fig. 4, the FE-SEM images of prepared zeolite samples 
shown. As shown in Fig. 4, the synthesized samples 
comprise uniform nanocrystals with the same morphology. 
Z-40 and Z-120 samples have a hexagonal (coffin) structure, 
and Z-200 sample has a special polyhedral structure [6]. 
According to the FE-SEM images recorded of Z-Ce and 
Z-La samples, it can be seen that the dispersion of metals on 
these zeolites is completely homogeneous and uniform on 
the structure of Z-120 zeolite. It indicates that metals do not 
affect the particles of zeolite [22]. According to Fig. 5, EDX 
Dot-Mapping analyses show that the dispersion of 2 metals 
after the impregnation process performed perfectly in the 
two Z-Ce and Z-La samples, and according to the available 
related Mappings, there is no observed accumulation or 
aggregation of metals that indicates dispersion is weak.

Fig. 4 FE-SEM images of catalytic samples a) Z-La, b) Z-Ce, c) Z-120, d) Z-40, e) Z-200.
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Fig. 5 The results of EDX-dot-mapping analysis, a) Z-La, b) Z-Ce, c) Z-120.

Nitrogen Adsorption-desorption (BET) Tests
Adsorption and desorption isotherms of prepared ZSM-
5 zeolite samples are shown in Figure. 6. It is obvious that 
all nitrogen adsorption and desorption curves have type 
IV isotherms based on the classification provided by the 
International Union of Pure and Applied Chemistry (IUPAC) 
[23–25]. According to the isotherms of each sample in Fig. 6, 
all available catalytic samples showed high adsorption at low 
relative pressure. This event proves the presence of micropores 

in all the synthesized samples. The presence of hysteresis 
loops at high relative pressure in all samples confirms the 
existence of mesopores and capillary condensation in the 
structure of zeolite samples [26]. According to Table 1, 
in Z-Ce and Z-La zeolite samples, due to the processing 
conditions of these catalysts and the addition of active metals 
due to the filling of pores, the BET surface area, as well as 
the amount of micro and mesopores compared to the Z-120 
catalyst has decreased slightly.

Fig. 6 Nitrogen adsorption and desorption isotherms.
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Table 1 The results of N2 adsorption-desorption analysis.
HFaD (nm)V mesopore (cm3/g)V micropore (cm3/g)V total (cm3/g)S external (m2/g)S BET (m2/g)Catalyst
0.1152.3580.1260.0650.191110324Z-40
0.1723.0690.2010.0860.287215374Z-120
0.1572.6480.1720.0690.241200364Z-200
0.1812.9850.1820.0830.265205355Z-Ce
0.1853.2280.1910.0810.272210337Z-La

a HF = hierarchical factor = (Vmicro/Vtotal)(Sext/SBET)

Ammonia-temperature Programmed Desorption Analysis
The results of the temperature-programmed desorption 
analysis for the synthesized zeolite samples are reported in 
Fig. 7 and Table 2. As seen in Fig. 7, the ammonia desorption 
profiles for all samples have desorption peaks in three regions: 
low temperature, medium temperature, and high temperature. 
These indicate three weak, medium, and strong acid site 
types for all zeolite samples, respectively. The reason for 
drastic changes in the amount of acidity for three synthesized 
zeolites (Z-40, Z-120, Z-200) can be the Si/Al ratio or, more 
specifically, the number of aluminum, according to which the 
amount of acidity and strength of acidity will also change 

[12,27]. It is said that the smaller the number of aluminum in 
the zeolite unit cell, the more acid strength increases due to 
the isolation of aluminum atoms in the zeolite. The amount 
of total acidity and weak acidity in Z-Ce and Z-La samples 
has increased compared to their primary zeolite (Z-120) due 
to the RE compounds, possessing Lewis acidity properties, 
due to the presence of valence electrons and empty f orbitals 
in RE elements. Also, the amount of medium acidic sites has 
increased in them. The increase in medium acid sites is due to 
the interactions between metal species and inherent acid sites 
in ZSM-5 zeolite [3,21]. 

Fig. 7 NH3-TPD profiles of prepared zeolite samples.
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Table 2 NH3-TPD analysis results.

Strong acid sites
weak acid sites

Acidity by NH3-TPD (mmol·g-1)
Total aciditySamples

Strongmediumweak

4.09
1.35
(607)

0.08
(347)

0.33
(217)

1.76Z-40

1.30
0.34
(609)

0.07
(349)

0.26
(219)

0.67Z-120

0.31
0.12
(611)

0.09
(356)

0.38
(225)

0.59Z-200

0.54
0.26
(608)

0.15
(351)

0.48
(220)

0.89Z-La

0.75
0.31
(612)

0.13
(350)

0.41
(218)

0.85Z-Ce

Performance of Synthesized Catalysts
The catalytic cracking performance obtained from the 
synthesized catalysts in the catalytic cracking process of normal 
hexane was investigated and it is displayed in Table 3. The 
main products of the cracking process include light olefins, 
light alkanes (methane to butane), C4+, and BTX. According 
to Table 1, the pores' diameter and the mesopores' volume in 
the Z-La and Z-Ce catalysts are greater than other catalysts 
except their primary catalyst, which increases the access to 
active acid sites in these catalysts compared to other samples. 
The catalytic performance of impregnated samples is better than 
their parent catalyst, although the Z-120 catalyst has a larger 
mesopores volume than impregnated catalysts ; this can be due 
to the improvement of the acidic properties of impregnated 
catalysts compared to their parent catalyst. As shown in Table 
3, compared to other catalysts prepared in this research, the 
Z-La catalyst has the best results regarding light olefins yield, 
reduction in aromatic compounds production (BTX), and the 
highest P/E ratio. This sample has better characteristics in terms 
of acidity and pore size (and the highest amount of mesopores 
except Z-120 catalyst) and the highest amount of hierarchical 
factor, one of the most important tools for describing zeolites 
with meso-micro pores. The highest of this parameter in the 
impregnated samples compared to the parent sample shows 
the preservation of more micropores and indicates that the 
increase in the ratio of mesoporation (Sext / SBET) is greater than 
the decrease in the ratio of microporation (Vmic / Vtotal) [28]. 
The selectivity towards the products or the coke formation in 
the catalytic cracking reaction of hydrocarbons is completely 
influenced and defeated by the properties of the acid catalyst. 
Acidic properties have been proven as a tool for modulating 
catalytic activity, selectivity to propylene, and catalyst stability 
in catalytic cracking in hydrocarbon reactions. In fact, a stronger 
relative acidity is required to activate the alkane molecules in 
the cracking of alkanes. Still, the amount of this acidity must be 
controlled because, on the other hand, the undesirable secondary 
reactions of the produced alkenes (hydrogen transfer reactions) 
also occur on these strong acid sites. With more coke production, 
the deactivation rate increases rapidly. Modifynig of zeolite 
ZSM-5 with RE metals can moderate the acidity of the catalyst 
and suppress hydrogen transfer and aromatization reactions 
[17,29]. According to the obtained results, it can be seen that in 
the catalysts modified with lanthanum and cerium metals, the 
increase in the density of weak acidity, which can be attributed 
to Lewis acids [27] causes a decrease in the ratio of strong to 
weak (S/W) acid sites in the sample, which has reduced the 

hydrogen transfer reactions and as a result increased the yield 
of light olefins and improved the P/E ratio [9,30]. According to 
Table 3 and Figure. 8, it can be seen that the decrease in the rate 
of deactivation and the hydrogen transfer index (HTI) reactions 
in catalysts are respectively equal to: Z-La < Z-Ce < Z-120 < 
Z-200 < Z- 40, and the amount of production of light olefins 
and its yield have increased contrariwise. RE elements possess 
4F orbitals without full electron occupancy and the lanthanide 
contraction. Introducing RE3+ such as La3+ and Ce3+, into 
zeolites leads to the formation of Lewis acid sites, which are 
metal ions placed in the tetrahedral structure of zeolite [31,32]. 
It has also been proven that modifying of zeolites by metal ions 
creates atteactive bifunctional catalysts in which metals play a 
role in both metal active and acidic sites. As a result, cracking 
activity and selectivity towards light alkenes are improved by 
modifying both metal and acid active sites. According to the 
previous research reported in the literature recently, i.e., the 
results of n-hexane catalytic cracking reaction revealed that the 
light olefins selectivities with fluffy-ball like ZSM-5 (47.6%)
[33], and another research with optimum catalytic performance 
with the conversion of 95.5% and light olefins selectivities of 
56.7% [34], indicate that the results of the catalytic performance 
in the present article have improved significantly due to the use 
of RE3+ metals.

Conclusions
In this research, the synthesis of ZSM-5 zeolite was done with 
three different ratios, and the best catalyst among the three 
synthesized catalysts was modified by lanthanum and cerium 
metals. Modification by metals causes the preparation of catalysts 
in which metals play a role in both active metal and acidic sites. 
As a result, the catalytic performance is improved by modifying 
both active metal sites and active acid sites. According to the 
obtained results, it can be seen that in the catalysts modified with 
lanthanum and cerium metals (Z-La and Z-Ce), the increase in the 
density of weak acidity, which can be attributed to Lewis acids, 
has caused a decrease in the ratio of strong to weak acid sites in 
the samples. It has reduced the hydrogen transfer reactions, and 
as a result, it has increased the yield of light olefins and improved 
the P/E ratio. This reduction of S/W in the catalyst containing 
lanthanum is less than all the samples, and it has a value equal 
to 0.54, and the hierarchical factor value is equal to 0.185 for the 
Z-La sample. In this catalyst, the yield of light olefins has reached 
62.91%, making significant progress. Therefore, adjusting the 
acidity is one way to improve the catalytic performance of the 
zeolite catalysts in the catalytic cracking process.
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Table 3 Distribution of the products obtained from the prepared samples in the HTO process under the mentioned conditions.

HTIaRate of De-
activation

BTXYield (C2=+C3=)∑(C1-C4) (%mol)C4+=(%mol)C3=(%mol)C2=(%mol)ConversionSamples

0.7514.302.830.6152.749.8021.1513.5188.33Z-40
0.319.361.244.6831.2520.3132.5714.6894.58Z-120
0.4510.311.940.0342.6312.1728.9814.3292.46Z-200
0.195.42-62.9121.3513.9049.5315.2297.16Z-La
0.257.29-58.8928.6310.0846.2415.0596.09Z-Ce

a HTI = The ratio of C3H8/C3H6

Fig. 8 Relevance between HTI amount and yield of light olefins.
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