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catalysts for the selective
catalytic cracking of n-dodecane to light olefins

Galal A. Nasser,a M. H. M. Ahmed,a Mochamad A. Firdaus,a Mohammed A. Sanhoob,a

Idris A. Bakare,a E. N. Al-Shafei,b M. Z. Al-Bahar,b A. N. Al-Jishi,b Z. H. Yamani, a

Ki-Hyouk Choib and Oki Muraza *a

Nano BEA zeolite catalysts were synthesized and modified by desilication and then ion-exchanged with Co.

The desilication was carried out using 0.1 M of NaOH. The synthesized and modified nano BEA catalysts

were characterized via different characterization techniques. Ammonia temperature program desorption

(NH3-TPD) and the pyridine Fourier transform infrared (pyridine-FTIR) were utilized to investigate the

acidity of catalysts. X-ray diffraction (XRD), 27Al and 29Si nuclear magnetic resonance (NMR) spectroscopy

techniques were used to examine the structure of the catalysts. The XRD patterns of the as-synthesized

nano BEA catalysts were identical to that of the reference, while the NMR analysis revealed the

distribution of silicon and aluminum in the BEA structure. The scanning electron microscope (SEM)

analysis confirmed that the fabricated catalysts were less than 100 nm. The desilication and Co ion-

exchange altered the acidity of the catalyst. The catalysts were evaluated in the cracking of sssssss to

light olefins in the temperature range from 400 �C to 600 �C. The conversion increased with the

increase in the reaction temperature for both catalysts; the conversion was above 90% for the Co-BEA

catalyst at a temperature above 450 �C. The yield of light olefins also increased at higher temperatures

for both catalysts, while at a lower temperature the yield to light olefins was ca. 40% over that of Co-BEA.
1.0 Introduction

Light olens are of high importance as an intermediate feed-
stock for the petrochemical industries. The demand for these
valuable chemicals has been increasing over years. Several raw
materials have been converted to olens beside other products;
vacuum gas oil (VGO) has been used as a feedstock in the well-
known FCC process, which is the most dominant technology for
olen production.1,2 Light and heavy naphtha hydrocarbons have
also been investigated and different feeds such as n-hexane,3–6 n-
heptane7 and n-dodecane8,9 were studied. Normal dodecane (n-
dodecane) with 12 carbon atoms (C12) is an essential building
block sourced from both bio and fossil fuels.10,11 The availability of
different and sustainable sources of n-dodecane has garnered
considerable attention for its conversion to valuable chemicals
with the aid of zeolite catalysts.

Zeolites are crucial solid catalysts that have been utilized in
several types of reactions such as cracking,5,12–18 isomeriza-
tion,19–21 alkylation,22 combustion, cross-coupling,23 oligomeri-
zation,24 and more.25–31 Numerous zeolitic materials have been
proven to have superior activity in the cracking
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reaction.2,6,9,12,15,32–39 Among those is the BEA zeolite, which has
a 12-member ring with a pore size of up to 0.7 nm. The BEA
zeolite is built by a network of silica and alumina tetrahedra to
form a three-dimensional pore system.34,40 The synthesis of the
BEA zeolite framework might involve the use of organic
structure-directing agents (OSDAs) or in the absence of OSDA,
which is known as the OSDA-free synthesis. The potential
advantage of OSDA is that it works as a template in which silica
and alumina tetrahedra are formed on to generate a specic
structure. The OSDAs or templates aid the fabrication of zeolites
with high and tunable Si/Al ratios.41 Tetraethylammonium
hydroxide (TEAOH) is an example of the most commonly used
OSDA for the synthesis of a beta zeolite structure. As for the
OSDA-free synthesis route, the downside is the inability to
synthesize beta (BEA) zeolites with a high Si/Al ratio.

A BEA zeolite has been synthesized with different recipes
under static conditions with the reaction temperature in the
range of 150–170 �C and crystallization time of up to 96 h.39,42–44

Also, post-modication techniques have been employed to
change the BEA catalyst surface to maximize the product yield
of the catalytic cracking reaction. The post-modication tech-
niques that have been used include desilication,38,44–46 deal-
umination,6,15,44,47–50 or the combination of both, followed by
ion-exchange with several metals.16,44 The desilication process is
done to create mesoporosity by removing silica using an alka-
line solution such as sodium hydroxide (NaOH) or potassium
© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydroxide (KOH), whereas dealumination is carried out to strip
alumina from the zeolite crystal framework using an acid
solution such as nitric acid.34,44,45,49

Sanhoob et al.51 post-modied a commercial BEA zeolite by
desilication using different agents and applied it in the catalytic
cracking of n-dodecane. The applied post-modications
enhanced the n-dodecane conversion from 29% to 76%. Has-
san et al.8 studied the performance of parent and modied BEA
zeolites. The modication of the BEA zeolite was achieved by
desilication to make mesoporosity, and then they incorporated
Ni, Co, and a combination of both. The incorporation of Ni and
Co affected the acidity of the catalyst; Ni incorporation
increased both moderate and strong acid sites to some extent.
Furthermore, they observed that the loading of Co into the BEA
zeolite caused a further increase in the acid sites, while the
combination of both types of metals resulted in the highest
acidity. The conversion of n-dodecane on the parent BEA at
400 �C was 22% and it dropped to 3% at TOS of 3 h. The quick
deactivation of the parent BEA could be explained by the action
of Brønsted acid that facilitated cracking to form paraffins. Aer
the desilication process, the amount of Brønsted acid sites
decreased, while the amount of Lewis acid increased. Thus, the
conversion dropped to 11%. Moreover, M. Hassan et al.44

synthesized BEA zeolites with different Si/Al ratios: 6, 12.5, 25,
50, and 100. The synthesized BEA catalysts were modied by
desilication, dealumination and then ion-exchanged with
zirconium. The catalysts were evaluated in the conversion of n-
dodecane at 350 �C in the presence of steam. The BEA catalyst
with a Si/Al ratio of 25 performed the best and converted around
45 wt% of the feed. Furthermore, other researchers have
investigated the effect of the silane content on the BEA zeolite
surface to prevent dealumination during the steam-assisted
catalytic cracking reaction.37,39,48,52 Another effort to enhance
beta zeolite characteristics was made by converting the crystals
into nanoscale units.9,15,32,37,39,44,53

Herein, we report the synthesis of the nano BEA zeolite (BEA-
P) and modications of BEA-P by desilication and then ion-
exchange with Co (BEA-Co). The developed nano BEA catalysts
were evaluated in the conversion of n-dodecane to light olens
at different reaction temperatures. We performed several char-
acterization techniques to understand the properties of the as-
prepared nanocatalysts.
2.0 Experimental
2.1. Materials and chemicals

Colloidal silica ST-40 (Nissan chemicals, lot no. 240426),
TEAOH (40% aqueous solution), sodium aluminate (NaAlO2),
RO water, surfactant (O-15), and sodium hydroxide (NaOH).
2.2. Catalysts synthesis

The nano BEA zeolite (named BEA-P) was synthesized by mixing
colloidal silica, water and TEAH. Next, the required amount of
sodium aluminate was added to the solution and stirred
vigorously for 1 h before transferring it to the surfactant solu-
tion. For the synthesis of 50 g of the nal gel, 21.1 g of colloidal
© 2021 The Author(s). Published by the Royal Society of Chemistry
silica was dissolved in 9.7 g of deionized water, followed by the
addition of 18.2 g of TEAOH. Aer stirring the previous solution
for 10 min, 0.92 g of sodium aluminate was added, and the
solution was aged for 1 h under stirring. In another synthesis
bottle, the O-15 surfactant solution was prepared by melting ca.
120 g of O-15 at 55 �C in isopropanol. To the surfactant solution,
the nal gel of nano BEA-P was added slowly and stirred for 1 h.
The nal gel was transferred into a teon-sealed autoclave and
crystallized at 150 �C for 3 days. Aer crystallization, the
hydrothermally treated sample was cooled down to room
temperature and separated using a centrifuge. The sample was
washed several times using distilled water till the pH was
around 7. Moreover, the as-synthesized BEA zeolite was dried at
100 �C overnight and then calcined at 550 �C in air for 4–6 h.

2.3. Catalysts post modication

The as-synthesized BEA zeolite (BEA-P) catalyst was modied by
the desilication process: 1 g of BEA-P was mixed with 30 ml of
0.1 M NaOH and stirred for 15 min at 65 �C. Then, the catalyst
was separated by centrifugation and then ion-exchanged with
0.2 M CoNO3 under the same experimental conditions as those
followed for the desilication procedure. Finally, the sample was
protonated by ion-exchange with 2 M of ammonium nitrate and
calcined at 550 �C for 6 h.

2.4. Characterization techniques

2.4.1. Structure characterization. The structures of BEA-P
and BEA-Co were studied via X-ray diffraction (XRD) and 27Al,
and 29Si nuclear magnetic resonance (NMR) spectroscopy
techniques. XRD was recorded using a Rigaku Miniex
diffractometer that was equipped with Cu Ka. The XRD patterns
were recorded in the 2q range of 5–50�, step size of 0.02�, and
a scan speed of 3� per min. A 4 mm probe was used in the spec-
trometer to obtain the 29Si and 27Al NMR spectra using a 30� pulse
in a single experiment. The sampling frequencies for 29Si and 27Al
spectra were 10 kHz and 113 kHz, respectively. For the 29Si spec-
trum, the acquisition time of 50 milliseconds was used and a total
of 640 scans were accumulated, while for the 27Al spectrum a total
of 2000 scans were accumulated for each spectrum.

2.4.2. Morphology and physical property characterizations.
Field-emission scanning electron microscopy (FE-SEM) and
energy dispersive X-ray spectroscopy (EDS) techniques were
used to study morphology and elemental analysis, respectively,
of the as-synthesized catalysts. The acidity of BEA-P and BEA-Co
catalysts was evaluated using ammonia temperature-
programmed desorption (NH3–TPD) and pyridine Fourier
transform infrared (pyridine-FTIR) techniques. NH3-TPD is
commonly used to identify and quantify weak and strong acid
sites. The weak acid sites can be identied by the desorption of
ammonia at a lower temperature, while strong acid sites are
identied by the desorption of ammonia at a higher tempera-
ture. The analysis of NH3-TPD was conducted using a Chemi-
sorb 2750 Micrometric Chemisorption analyzer. First, 0.1 g of
the catalyst was heated to 600 �C at 30 �C per min and dwelled
for 30 min. Aer that, the sample was cooled to 100 �C and
diluted ammonia was ushed over the catalyst at a ow rate of
RSC Adv., 2021, 11, 7904–7912 | 7905
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30 mL h�1 for 30 min. Next, helium was purged to remove the
weakly adsorbed ammonia. Then, the catalyst was heated to
700 �C at a heating rate of 10 �C per min, and the desorbed
ammonia was detected using a TCD detector. By using the same
machine, the hydrogen temperature programm reduction (H2-
TPR) was utilized to study the reducibility of the BEA-Co cata-
lyst. A 50 mg of the catalyst was treated with 30 mL h�1 of Ar at
200 �C for 2 h. Right aer, the sample was cooled to 50 �C and
a gas mixture (10% H2 in Ar) was allowed to ow over the
sample. Then, the temperature was ramped to 800 �C at
a heating rate of 10 �C per min and consumption of H2 was
measured.

However, the NH3-TPD technique was unable to distinguish
between Brønsted acid sites and the Lewis acid sites. Thus,
pyridine-FTIR has been used to determine and quantify the
Brønsted and Lewis acid sites. The analysis was performed
using a Nicolet-6700 spectrometer; rst, 30 mg of the catalyst
was pressed in the form of a wafer that was placed inside a ZnSe
IR cell. Following this, the catalyst in the form of a wafer was
treated at 500 �C for 30 min and then cooled to 150 �C. The RI
spectrum was recorded prior to the pyridine adsorption at 150 �C.
Subsequently, the catalyst was saturated with pyridine vapor at 200
Pa for 15 min, and the cell was evacuated to remove the weakly
adsorbed pyridine. Thereaer, the IR spectrum was recorded at
150 �C. The IR spectrum before pyridine adsorption was sub-
tracted from IR aer pyridine saturation. The Brønsted acid sites
were recognized by the appearance of a peak in the IR spectrum at
ca. 1545 cm�1, while the Lewis acid sites were identied by the
presence of a peak at 1450 cm�1. The concentrations of the acid
sites were calculated using the following equation:

C ¼ A3xSm

where C is the concentration of acid sites (mmol g�1), A is the
area under the peak in the IR spectrum (cm�1), 3 is the coeffi-
cient and it takes the value of 1.13 cm mol�1 for Brønsted acid
and 1.28 cm mol�1 for Lewis acid. For the normal FTIR
measurement, 2 wt% of zeolite wasmixed with KBr and then the
FTIR measrument was performed over a 30 mg of the composite
in the form of a wafer.

The reducibility of cobalt in the BEA zeolite structure was
evaluated using a MicrotracBEL (BellCatII) chemisorption
equipment. A 300 mg of the sample was placed in the middle of
Fig. 1 Experimental setup.

7906 | RSC Adv., 2021, 11, 7904–7912
a quartz tube and quartz wool was used to hold the catalyst. The
catalyst was rst treated at 200 �C for 1 h under the ow of Ar
and then cooled to 50 �C. Subsequently, the temperature was
ramped to 700 �C under the ow of H2 and Ar at 50 cm3 min�1.
The hydrogen uptake was measured using a thermal conduc-
tivity detector (TDC).

2.4.3. Catalytic cracking of n-dodecane. The catalytic
activity of BEA-P and BEA-Co catalysts were conducted in a xed-
bed reactor with an internal diameter of 8 mm at different
reaction temperatures. A 1.5 cm3 catalyst was loaded at the
middle of the reactor between quartz wool. The n-dodecane feed
ow was set at the liquid hourly space velocity (LHSV) of 10 h�1,
using nitrogen gas as a carrier gas at a ow rate of 30 mLmin�1.
The gaseous effluents from the reactor were separated and sent
online to a GC for the product analysis (Fig. 1). The conversion
and yield were calculated using the following equations:

Conversion ¼ concentration C12 of in the products

concentration of C12 in the feed
� 100

Yieldi ¼ ½Ci� in the products

Total concentration of products
� 100
3.0 Results and discussion
3.1. Structure of nano BEA catalysts

The structure of the parent and modied BEA zeolite catalysts
were investigated using XRD and NMR techniques. Fig. 2 shows
the XRD patterns of the parent (BEA-P) and modied BEA
zeolite catalysts with cobalt (BEA-Co). It is obvious that the
parent BEA zeolite catalyst shows the typical XRD pattern of the
BEA zeolite. The modication of BEA-P by desilication and then
by the ion-exchange with Co did not change the catalyst struc-
ture; all the peaks of the XRD patterns were retained aer the
modication. Fig. 3 shows normal FTIR spectra for parent and
cobalt-modied BEA zeolite catalysts. Although the spectra
appeared to be the same, focusing on the wavenumber region
from 400 to 700 cm�1, the transmittance bands at 424, 475,
677 cm�1 corresponding to Co–O bonds were observed. The
elemental analysis presented in Table 1 revealed the successful
incorporation of cobalt into the BEA zeolite structure. The
Fig. 2 XRD patterns of parent nano BEA and modified nano BEA
zeolite catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of parent BEA and BEA zeolite modified with
cobalt.

Fig. 4 27Al MAS and 29Si MAS NMR of parent nano BEA (BEA-P) and
modified nano BEA (BEA-Co).

Fig. 5 FE-SEM images of nano and submicron BEA zeolite.
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analysis supports the NMR results, which indicated that the Al
atoms were still in the framework and were not severely affected
by the desilication process. The light removal of Si was obvious
by the decline in the Si/Al ratio from 18.94 to 15.51.

The 29Si and 27Al NMR are potential techniques used to
explore the coordination system of Si and Al NMR in the zeolite
framework. Basically, silicon is attached to four oxygen atoms to
form a tetrahedral coordination (SiO4).54 The silicon tetrahedral
coordination can have ve different coordination systems that
correspond to the appearance of ve peaks at different chemical
shis in the NMR spectrum.54–56 Most oen, the ve SiO4

coordination systems may appear when the Si/Al ratio is not
higher than 10.54 Fig. 4 shows the 27Al and 29Si NMR spectra of
BEA-P and BEA-Co catalysts. The two catalysts exhibited the
presence of tetrahedral coordination of Al at a chemical shi of
ca. 55 ppm and octahedral coordination at a chemical shi of
around 0 ppm. However, the peak intensity and the ratio of the
tetrahedral area under the peak to that of the octahedral is
higher for parent catalyst than that of the BEA-Co catalyst. This
indicates that the application of mild desilication and then ion-
exchange with cobalt partially removed the extra framework of
alumina. However, having a higher peak intensity is related to
higher population of the framework type in the zeolite struc-
ture.56 Similarly, the 29Si NMR spectrum showed a difference in
Table 1 Elemental analysis of parent and modified BEA zeolites with
cobalt by EDS

Element

Weight%

BEA-P BEA-Co

Si 43.57 27.60
Al 2.30 1.78
O 54.13 69.76
Co — 0.86
Total 100.00 100.00
Si/Al 18.94 15.51

© 2021 The Author(s). Published by the Royal Society of Chemistry
peak intensities between the BEA-P and BEA-Co catalysts. The
spectrum revealed the presence of the Q4, Q3 and Q2 coordi-
nation systems of silicon in the zeolite framework.54
3.2. Morphology and physical properties of nano BEA
catalysts

The FE-SEM images of the nano BEA zeolite catalyst synthesized
using the emulsion method, and the submicron BEA zeolite
catalyst prepared without the presence of the surfactant are
presented in Fig. 5. It is obvious that the synthesis of the BEA
zeolite by the emulsion method has reduced the particle size
from �500 nm when the surfactant was not used to less than
100 nm. T et al. reported the role of a surfactant in general and
O-15 in particular on the size and particle morphology of
a zeolite.57 The specic role of a surfactant is to increase the
nucleation rate of zeolite crystals by adsorption on solid
surfaces in the solution.
Fig. 6 Ammonia-TPD profile of parent nano BEA and modified nano
BEA-Co.

RSC Adv., 2021, 11, 7904–7912 | 7907
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Fig. 7 Pyridine FTIR profile of parent BEA and modified BEA.

Fig. 8 H2-TPR profile of BEA-Co; original hydrogen uptake (A) and
deconvoluted hydrogen uptake (B).

Fig. 9 Conversion of n-dodecane over nanoparent BEA (BEA-P) and
nano-modified BEA with Co (BEA-Co) at different reaction
temperatures.
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3.4. Acidity of nano BEA zeolite catalysts and reducibility of
BEA-Co

In one method, the acidity of nano BEA catalysts was investi-
gated by the detection of ammonia desorbed from the catalysts
as the temperature was increased. The NH3-TPD proles pre-
sented in Fig. 6 reveal the presence of a low-temperature peak
(LTP) centered at ca. 200 �C attributed to weak acid sites. Both
catalysts exhibited the same LTP but with a relatively higher
intensity for the BEA-Co catalyst. Another medium temperature
peak (MTP) observed at around 350 �C was ascribed to medium
acid sites. MTP was obvious in parent nano BEA catalysts, while
in BEA-Co catalysts, it overlapped with LTP. Thus, we conducted
a Gaussian deconvolution to separate the two peaks, as shown
in Fig. 6. The increase in the amount of acidity for the BEA-Co
catalyst is due to the formation of CoO4

2� tetrahedra in meso-
porous structures.8,58

In another method, we used pyridine-FTIR to distinguish
Bronsted acid sites from Lewis acid sites. From Fig. 7 and Table
2, it can be seen that the nano parent BEA catalyst exhibited
a relatively higher amount of Brønsted acidity and a low amount
of Lewis acidity. The desilication of the nano BEA catalyst and
then ion-exchange with Co caused a noticeable increase in the
amount of Lewis acid sites and a slight decrease in Brønsted
acid sites. The Lewis acid sites are related to the appearance of
the extra aluminum in the framework of the zeolite structure.38

In our case, the extra framework might be because of the
consequence of desilication and ion-exchange procedures.

The temperature program reduction of hydrogen (H2-TPR)
proles are shown in Fig. 8. The hydrogen consumption is
represented by different peaks at different temperatures. The
hydrogen uptake at a lower temperature is assigned to the
reduction of Co3O4, while consumption at a higher temperature
is attributed to what is known as the “spinel-like phase”.59,60 The
Table 2 Brønsted and Lewis acid density derived from the adsorption o

Sample T (�C) Weight (mg) CL (mmol g

BEA-P 150 30.00 0.091
BEA-Co 150 30.00 0.282

7908 | RSC Adv., 2021, 11, 7904–7912
peaks at ca. 350 �C and 400 �C are ascribed to the reduction of
Co3+ to Co2+ and Co2+ to Co, respectively.
3.5. Catalytic evaluation of nano BEA catalysts

The conversions of n-dodecane (C12) over parent nano BEA
(BEA-P) and nano BEA modied with Co (BEA-Co) zeolite cata-
lysts as a function of temperature are shown in Fig. 9. At lower
temperatures, BEA-Co showed a higher conversion than that by
the parent catalyst BEA-P. Initially, when the temperature was
400 �C, BEA-P converted ca. 75% of C12, while BEA-Co achieved
a conversion of around 89%. An increase in temperature to
450 �C caused a noticeable enhancement of the conversion,
particularly for BEA-P. The conversion over BEA-P was enhanced
by 16.5% to reach ca. 92%, while that on BEA-Co increased by
9% and reached ca. 98%. Both catalysts exhibited a similar C12

conversion with a further increase in the reaction temperature
f pyridine over parent and modified BEA zeolite

�1) CB (mmol g�1) Total acidity L/B

0.352 0.433 0.258
0.194 0.475 1.454

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Products distribution of cracking of n-dodecane over nano
BEA-P catalyst at different reaction temperatures

Product [%]

Temperature [�C]

400 450 500 550 575 600

Gas yield 67 86 97.3 97.3 98.1 97.7
Conversion 75.3 91.8 98.6 97.7 98.4 98.5
Total olens 26.8 34.2 44.4 51.4 58.3 61.2
P/E — 19.3 10.1 3.7 2 1.1
Dry gas 24.9 26.1 32.7 31.7 26.1 25.5
Butenes 16.2 18.9 21.6 18.7 20.3 17.4
Ethylene 0 0.8 2.1 7 12.8 21.2
Propylene 10.7 14.5 20.8 25.7 25.2 22.6
H2 0.1 0.3 2.7 6.4 6.9 7.2
Methane 0 0 0.7 3.3 7.2 12.6
C2 0.3 0.3 0.4 2 3.9 6

Fig. 10 Percent of gas produced, and olefins yield over parent nano
BEA (A) and nano BEA modified with Co (B).
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up to 600 �C, as presented in Tables 3 and 4. The high activity of
the BEA-Co catalyst at a lower temperature might be related to
the density of Brønsted and Lewis acid sites. Even though both
catalysts possess almost the same amount of total acidity, the
ratio of the Lewis to Brønsted (L/B) acid is higher in the modi-
ed catalyst BEA-Co. Under similar reaction conditions, the
performance of the fabricated nano BEA zeolite catalysts in the
cracking of heavy hydrocarbons is superior compared with
different types of BEA zeolite catalysts, as reported in the liter-
ature.8,38,44,51 Tarach et al.38 desilicated a BEA zeolite catalyst and
then evaluated the catalyst in the cracking of n-decane. The
catalytic cracking of the BEA zeolite at different catalyst to oil
ratios and at a reaction temperature of 500 �C indicated con-
vertions from ca. 65–82% for the decane fed into the reactor.
Sanhoob et al.51 tested parent and modied commercial BEA
zeolites in the cracking of n-dodecane in the presence of 10%
steam at 350 �C. The BEA catalyst showed a conversion of n-
dodecane of only 30 wt%.

Fig. 10 shows the percentage of gas and olen (C2–C4) yield at
different reaction temperatures for the parent nano BEA and
modied BEA-Co catalysts. The trend of the gas yield was
Table 4 Products distribution of cracking of n-dodecane over nano
BEA-Co catalyst at different reaction temperatures

Products [%]

Temperature [�C]

400 450 500 550 575 600

Gas yield 85.7 95.2 96.3 96.7 97.2 97.6
Conversion 88.8 97.8 98.9 99 98.4 98.6
Total olens 40 46.4 45.7 47.7 52.1 53.8
P/E 24.1 11.7 3 1.6 0.6 0.5
Dry gas 31.4 29.9 27.1 25.1 25.2 26.5
Butenes 24.9 24.5 15.9 13.2 11.3 7.9
Ethylene 0.6 1.7 7.5 13.3 24.9 31.4
Propylene 14.4 20.1 22.4 21.3 15.9 14.4
H2 1.9 6.6 12.9 17.5 16.5 14.6
Methane 0 0.7 4.3 8.8 15 17.8
C2 0.2 0.6 2.6 4.8 7.7 7.3

© 2021 The Author(s). Published by the Royal Society of Chemistry
similar to the trend of the overall conversion as most of the
liquid produced was mainly C12. The gas yields at 400 �C were
ca. 67% and 86% for BEA-P and BEA-Co, respectively. Then, the
yield increased to 86% over BEA-P and up to 95% over the BEA-
Co catalyst at a temperature of 450 �C. At elevated reaction
temperatures, the gas yield was more than 96% for all catalysts.

The two catalysts showed good olen yield, as presented in
Fig. 10, Tables 3 and 4. The olen yield of BEA-P was ca. 27%,
which then increased to 34% when the temperature was raised
from 400 �C to 450 �C, while BEA-Co showed better olen yields
of 40% and 46% at the same reaction temperatures. At 500 �C,
all catalysts almost showed the same amount of olens
produced. However, by further increasing the reaction temper-
ature from 550 �C up to 600 �C, interestingly BEA-P proved to be
more selective towards olens, in which the yield was ca. 61%
over BEA-P and ca. 54% over BEA-Co. Thus, Fig. 11 is presented
to pay special attention to the selectivity of each olen. All
species behaved differently over the two catalysts at different
reaction temperatures. For example, butene yield over BEA-P
was ca. 16% at 400 �C, which then increased with the increase
Fig. 11 C2–C4 olefins yield over parent BEA (A) and BEA modified Co
(B) catalysts and propylene to ethylene ratio of both catalysts as
a function of temperature (C).
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in reaction temperature up to 22% at 500 �C. A further upsurge
in temperature to 600 �C reduced the yield of butenes to around
17%. In contrast, the BEA-Co catalyst produced a higher
amount of butenes, ca. 25%, at lower reaction temperatures and
then it decreased with the increase in reaction temperature to
around 8% at 600 �C. This suggests that butenes were converted
to lower hydrocarbons on BEA-Co as the reaction temperature
increased. The propylene yield curve over BEA-Co is like
a parabola that is open down at both ends at high and low
temperatures; themaximum yield was ca. 22% at 500 �C. For the
BEA-P catalyst, the propylene yield increased along with
temperature and reached a maximum of ca. 25% at 575 �C and
then was started to decline when the temperature was 600 �C.
Furthermore, the amount of ethylene produced over both
catalysts increased with the increase in the reaction tempera-
ture. Though it is worth mentioning that BEA-Co showed higher
ethylene selectivity at the different reaction temperatures
(please see Tables 2 and 3). In addition, the nano BEA catalyst
modied with Co enhanced the olen selectivity at lower
temperatures.
4.0 Conclusions

In conclusion, a nano BEA zeolite in the size range of 50–100 nm
was successfully synthesized and modied by Co. Both catalysts
presented superior activity in the cracking of n-dodecane to
lower and more valuable hydrocarbons. However, nano-BEA-Co
presented better activity and selectivity at lower temperatures
and thus showed low energy consumption with better olen
production.
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