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Abstract: Crystalline sodium Y (NaY) zeolite has been synthesized using alternative natural source
of aluminate and silicate, extracted from natural Belitung kaolin. Prior to use, the natural kaolin was
pretreated to obtain fragmented metakaolin and extracted silica. Synthesis was conducted with the
addition of NaY gel (two types of NaY seeds were used, prepared from colloidal sillica or sodium
silica water) using hydrothermal method for 21 h at 100 ◦C. The characterization on the as-synthesized
zeolites confirmed that the one prepared using colloidal silica-seed has closer structure similarity to
NaY zeolite that was synthesized using pro analysis silicate and aluminate sources. Thus, the rest of
the synthesis of NaY was carried out using colloidal silica-NaY seed. The NaY zeolites then were
converted to HY, through ammonium-exchange followed by calcination, to be tested as cracking
catalysts using n-hexadecane as a probe molecule. It shows that HY from metakaolin and extracted
silica gives high performance, i.e., n-hexadecane conversion of 58%–64%, also C5-C12 percentage
yield and selectivity of 56%–62% and 98%. This work has shown the potential to utilize kaolin as
alternative silicate aluminate sources for crystalline zeolite synthesis and to obtain inexpensive and
environmentally friendly catalyst materials.

Keywords: natural aluminosilicate; kaolin; metakaolin; extracted silica; zeolite Y; n-hexadecane
cracking

1. Introduction

Zeolite, one type of tectosilicate group from alumina silicate family [1,2], has played an important
role for more than 100 years in the chemical industry, and is widely used in various fields such as water
purification [3,4], adsorption, separation, anticorrosion [5] and catalysis processes [6]. Furthermore,
Zeolite Y, a member of Faujasite (FAU) framework has long been used as a catalyst in cracking reaction
for crude petroleum to more valuable gasoline, diesel and many products [7]. Its superiority properties
such as unique topology, large surface area, adsorption capacity, pore size uniformity, thermal stability
and having active sites with diverse strength become the main attractions related to their application [8].

Conventional hydrothermal zeolite synthesis method is still quite popular. The synthesis is
carried out by mixing certain amount of aluminate [AlO4]5− and silicate [SiO4]4− precursors in an
alkaline medium at 60–200 ◦C in Teflon-lined autoclave for a specific time [9]. However, synthesis of
high crystalline zeolite is still expensive because it requires pro analytical chemicals as precursors of
aluminate and silicate. On the other hand, in some countries including Indonesia, natural aluminosilicate
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mineral deposits are abundant which provide a potential replacement for pro analytical silicate and
aluminate precursor. Therefore, the raw materials for zeolite synthesis become inexpensive and more
environmentally friendly which aligned with the “Green Chemistry” concept [10]. Some materials
have also been used as an alternative, including fly ash, rice husk and kaolin [11]. Kaolin is a member
of phyllosilicate or clay group, comprised of layers of aluminates and silicates that consists of Al in
octahedral coordination with OH which bound to one sheet of Si in tetrahedral coordination with
O [12]. In fact, kaolin and halloysite, another member of phyllosilicate group, have already been
studied as hybrid materials and used as catalysts [13–15].

In our work, we utilized kaolin as alumina and silica sources by destroying their original
structure and transforming to completely different structure of materials, zeolite from tectosilicate
group. However, in our previous synthesis, synthetic aluminate or silicate sources, not including seed,
are still being added. For example, synthetic precursors have been added in the synthesis of NaY
and ZSM-5 [16–18]. In this work, the synthesis of NaY from Indonesian kaolin as raw materials for
precursors using seeding method has been carried out without the addition of synthetic precursors
for aluminates and silicates. Preliminary work on this has been reported in [19]. Afterwards, it was
transformed to HY and employed as a catalyst for cracking n-hexadecane as a model molecule.
The characterization results indicate the synthesis was successful, and the modified HY zeolites has
high activity as cracking catalysts towards n-hexadecane.

2. Materials and Methods

2.1. Chemicals

Indonesian kaolin from Belitung island was provided by PT. Aneka Kaoline Utama (Belitung
Island, Indonesia)and colloidal silica Ludox HS 40 and n-hexadecane were purchased from Sigma
Aldrich (St.Louis, Missouri, US). Acetic glacial acid, sodium acetate trihydrate, hydrogen peroxide
(30%), nitric acid, hydrochloric acid, sodium hydroxide (pellet, 99%), trisodium citrate dihydrate
and sodium bicarbonate were procured from Merck (Darmstadt, Germany). Commercial NaY was
purchased from Wako (Chuo-Ku, Osaka, Japan) and directly used as comparison.

2.2. Pre-Treatment of Natural Kaolin

Prior use, Belitung natural kaolin was sieved until it reached a size of ≤ 100 µm and then subjected
to physical activation, purification and calcination [20]. Activation was performed by dispersing the
kaolin with deionized water (1:3 w/v) under vigorous stirring for 3 h at room temperature, then filtered
and dried at 105 ◦C. Purification was conducted by dispersing activated kaolin in solution with pH 5
(adjust with 1 M sodium acetate) and mixture of 30% H2O2: Dithionite-citrate-bicarbonate (1:10 v/v),
filtered and dried at 100 ◦C. Then, the purified kaolin was heated up to 800 ◦C–1000 ◦C to obtain
meta-kaolin [21]. Silica extraction was carried out by dissolving some amount of meta-kaolin in aqua
regia (HCl:HNO3 with a ratio of 3:1 (v/v)) for 4 h at 100 ◦C. After this process, the extracted silica was
collected and washed using deionized water until its pH reached neutral.

2.3. Synthesis of NaY Zeolite

Synthesis of NaY zeolite was carried out according to certain molar composition (Na2O:Al2O3:
SiO2:H2O = 10.67:1:10:180) as reported in Liu, 2016 [22] with some adjustment. Certain amount
of metakaolin and extracted silica were used as aluminate and silicate source accordingly, based
on the SiO2/Al2O3 ratio of the pretreated materials. They were mixed with deionized water until
homogeneous. Two sets of NaY seeds were prepared using colloidal silica (Ludox HS40) or sodium
silica water by following the molar ratio reported in Ginter, et al. [23]. Then, the seed 10 w/w %
of the mixture was transferred to the mixture, was stirred in propylene bottle and aged for 24 h at
room temperature. The crystallization was carried out in Teflon-lined stainless-steel autoclave and
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polypropylene bottle at 100 ◦C for 24 h. The white precipitate then was filtered, washed and dried at
room temperature.

2.4. Characterization

Extensive solid-state characterization techniques such as X-Ray Diffraction (XRD), X-Ray
Fluoresence (XRF), Fourier Transform-Infra Red (FTIR), Scanning Electron Microscopy with Energy
Dispersive X-Ray Spectroscopy (SEM-EDX), were carried out on kaolin, metakaolin, extracted silica
and the as-synthesized material. Analysis of functional group of NaY zeolite was carried out using
Alpha Bruker FTIR spectrometer. XRD analysis was carried out on PANanalytical: X’Pert Pro XRD
Elemental analysis was performed on PANanalytical: Epsilon1 X-Ray Flourosence Spectrometer (XRF)
(Complete surface area analysis was characterized using Quantachrome. All the characterization were
carried out at Universitas Indonesia. SEM Image was captured at KAIST, South Korea, using Field
Emission SEM FEI Magellan 400 and FIG Quanta FEG 450.

All solid state NMR measurement were conducted at the University of Warwick’s Solid State
NMR facility, UK. All 29Si single pulse Magic-Angle Spinning Nuclear Magnetic Resonance (MAS
NMR) measurements were performed at 7.05 T (29Si Larmor frequency (νo) of 59.6 MHz, 1H Larmor
frequency of 300.1 MHz) using a Varian/Chemagnetics Infinity Plus spectrometer. These experiments
were performed using a Bruker 7 mm HX probe which enabled a MAS frequency of 5 kHz to be
implemented. Pulse length calibration was performed on solid kaolinite from which a 29Si π/2 pulse
time of 4.25 µs was measured. All experiments were undertaken using a 29Si π/2 flip angle, a recycle
delay of 240 s, and high power 1H decoupling of 80 kHz during data acquisition. The analogous
cross-polarization MAS (CPMAS) experiments utilized an initial 1H π/2 pulse of 4 µs, a Hartmann-Hahn
contact time of 4 ms which was comprised of a ramp from 75% and 100% during that period, a 2.5 s
recycle delay, and high power 1H decoupling of 80 kHz during data acquisition. All 29Si chemical
shifts were reported against the IUPAC recommended primary reference of Me4Si (δiso = 0.0 ppm),
via a kaolinite secondary reference at δiso = −92 ppm [24].

Single pulse 27Al MAS NMR measurements were performed at 9.45 T (27Al Larmor frequency of
103.9 MHz) using a Bruker Avance HD-400 spectrometer. All experiments were conducted using a
Bruker 3.2 mm HX probe which enabled a MAS frequency of 20 kHz. The 27Al pulse optimization
and chemical shift referencing was undertaken using the IUPAC primary reference of 1.1 M solution
of Al(NO3)3 set to 0 ppm [1]. A ‘non-selective’ (solution) π/2 pulse time of 18 µs (corresponding to
a ‘selective’ (solid) pulse time of 6 µs) was accurately calibrated on this solution. In order to obtain
quantitative results, a tip angle of π/12 was used which corresponded to a selective 1.0 µs pulse length
which was used with a recycle delay of 0.5 s.

2.5. Catalytic Cracking Test

The catalytic activity of HY zeolites was tested using micro activity test (MAT) reactor located
at PT Pertamina, following procedure reported in [18]. Approximately 0.5 g of catalyst was placed
into a silica reactor, purged with N2 gas to remove all impurities at a temperature of 573 K for 30 min,
followed by injection of 1.35 g of n-hexadecane feed into the reactor for 80 s. After the reaction
finished, the gas and liquid products were collected and characterized with GC-RGA and GC simulated
distillation, respectively.

3. Results

3.1. Characterization of Raw Materials

The detailed composition and SiO2/Al2O3 ratio from Belitung kaolin is measured using XRF,
before and after pre-treatment, is listed in Table 1. It reveals that in raw kaolin, SiO2 and Al2O3 were
the predominant oxides with a mass ratio of 1.71. The SiO2/Al2O3 ratio of metakaolin, as a result of
dehydroxilation process to kaolin, is not different from that of kaolin. However while silica extraction
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has successfully removed 88% of aluminate (AlO4
5-) and increased the silicate (SiO4) content to 90.5%.

The metakaolin and extracted silica then were used as precursors in NaY synthesis.

Table 1. Composition of the raw kaolin, metakaolin and extracted silica precursors.

Chemical Composition %-Mass Kaolin %-Mass Metakaolin %-Mass Extracted Silica

Na2O/K2O 4.48 5.31 1.353
Al2O3 33.39 33.39 3.952
SiO2 57.11 56.70 90.487

Cl 0.59 0.53 0.581
CaO 0.68 0.59 0.513

Fe2O3 3.75 3.57 1.567
SiO2/Al2O3 1.71 1.69 22.89

XRD patterns of starting materials (Figure 1) shows that the structure of raw kaolin stays intact
after purification, but then changed significantly after dehydroxylation processes to form metakaolin.
The absence of kaolinite peaks at 2θ 12.36◦ and 24.88◦ indicates that the long-ordered pattern of
layered aluminosilicate no longer existed due to dehydroxylation process, damaging bonding amongst
silicate/aluminate in the structure. Further change is shown in the pattern of extracted silica, in which
most of the peaks related to kaolinite structure [25], leaving the broad hump around 2θ 15◦–35◦,
indicative of materials that became more amorphous.
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FTIR spectra from Figure 2 shows that the spectra of raw materials, activated and purified kaolin
had similar peaks. There were two sharp peaks between 3700 cm−1 and 3614 cm−1 assigned for
stretching structural hydroxyl groups (-ν ~Si-OH and ~Al-OH respectively), typical from phyllosilicate
aluminosilicates [26]. The 1650 cm−1–1600 cm−1 band, attributed to adsorbed water molecule bending
vibration (H-O-H), is observed. A group of large bands at 1121 cm−1–1019 cm−1, attributed to Si-O–Si(Al)
asymmetric stretching vibration groups, 922 cm−1 for Al-OH groups, 785 cm−1–698 cm−1 for Si-O-Al
groups and 1400 cm−1–420 cm−1 for Si-O covalent bond were observed. After dehydroxylation
process, the two peaks attributed to ~Si-OH and ~Al-OH bands merged into one broad band at
3750 cm−1–3500 cm−1. A group of new peaks observed at 1500–1350 cm−1 attributed to Al-O-Al [27],
separated from original Al-O-Si bonds appeared at 1121 cm−1–1019 cm−1. This result is in agreement
with disruptive ~Al-O-Si~ after kaolin transformed to metakaolin [25]. Extracted silica also show
different spectra from kaolin and metakaolin. It can be seen that the spectrum of extracted silica has
broad peak for hydrogen bonded ~Si-OH group at 3700–3490 cm−1, a peak attributed to adsorbed
water molecule at 1620 cm−1 and broad peak at 1200–1000 cm−1 assigned for Si-O groups, while the
peaks for ~Al-O groups disappeared. This is indicative of aluminum removal, supporting the XRD
and XRF data and successful silica extraction.
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Figure 2. Fourier Transform-Infra Red spectra for the raw precursor materials.

SEM Images in Figure 3a displays the layered structure of kaolin, as a member of phyllosilicate
group [12,26]. Meanwhile the metakaolin image in Figure 3b shows that the structure has been
damaged and become amorphous after dehydroxylation. This is in agreement with the results reported
in Abdullahi, et al. [28].
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29Si and 27Al solid state NMR measurements from Figure 4 were carried out to obtain more
information on structural changes on kaolin before and after pre-treatment. Figure 4a shows the NMR
spectra of raw kaolin. The 29Si NMR spectra consists of a single peak at −90 ppm that attributed to
Q3-Si tetrahedral with three bridges oxygen atom and one non bridge oxygen atom (3Si, 1Al), according
to Stepanov, et al., 2016 [29], while the 27Al NMR shows a single peak at 0 ppm which ascribed to
octahedral Al [29]. This agrees to the structure of tetrahedral (SiO4)-octahedral (AlO6)-tetrahedral
(SiO4) layers in raw kaolin. In metakaolin, as shown in Figure 4b, most of Si peak is still Q3 but with
poorer environment, but the Al peak is shifted to −60 ppm, which attributed to AlO4, the tetrahedral
Al [30]. This indicates that after dehydroxylation, the layered structure of kaolin is fragmented to
SiO4 and AlO4. Overall, from all the characterization results, the silicate and aluminate precursors for
synthesis of NaY have successfully been provided.
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3.2. Synthesis of NaY Zeolite Seeds

The NaY seeds were prepared following the method reported by Liu, et al. [22] using two types
of silicate sources, LUDOX HS40 and silica water, and compared to commercial NaY from Wako.
The characterization results of the NaY seeds are explained below.

XRD pattern from Figure 5 shows the XRD patterns of NaY zeolites synthesis using LUDOX
HS-40 and silica water as silicate sources, labeled NaY-LDX and NaY-SW respectively. They were
compared to the pattern of NaY from Abbas, et al. [31] and Foster, et al. from IZA Online [32]. From
this figure, it reveals that only NaY-LDX has typical peaks of NaY zeolite and has a similarity with
NaY zeolite commercial. Thus, it was chosen as seed for the rest of NaY synthesis.
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(middle) compared with commercial NaY (bottom).

Figure 6 presents the infrared spectra of as-synthesized and commercial NaY zeolites. The broad
band between 3650 cm−1 and 3405 cm−1 is attributed to the hydrogen-bonded silanol groups from the
surface of zeolites, while peak at 1640 cm−1 indicates the existence of water molecule on the surface.
The large peak at 1140–450 cm−1 is assigned for the lattice Si–O–Si or Si–O–Al vibrations. The peaks
observed at finger print area below 700 cm−1 are similar to that of the typical peaks from NaY [26].
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The 29Si and 27Al solid state NMR from Figure 7 are very powerful probes to analyze the structure
of Si and Al species in the aluminosilicate materials [29]. Figure 7 shows the 29Si NMR spectra of the
NaY-LDX, NaY-SW and commercial NaY zeolites. It can be seen from the results of the deconvolution
of each material that there are five peaks at chemical shifts of −80 to −90 ppm, −85 to −95 ppm, −90 to
−100 ppm, −95 to −105 ppm and −100 to −110 ppm that are observed, which respectively attributes to
Q0Si (4Al), Q1Si (3Al), Q2Si (2Al), Q3Si (1Al) and Q4Si (0Al) that describes all types of -Si-O-Al-O- in
the framework of zeolites [33]. In NaY-LDX, the highest intensity is shown by Q2 which indicates that
the SiO4

4− surrounded by two AlO4
5− are the dominating species in NaY-LDX framework, while Q0

and Q4 species are the lowest intensity, while both in NaY-SW and commercial NaY, Q3 has the highest
and Q1, Q4 have similar intensities.
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The 27Al NMR spectra of all NaY zeolites show strong peak with chemical shifts between 50 and
70 ppm as an evidence of tetrahedral Al species in the framework [29]. However, a small peak at 0 ppm
chemical shift, attributed to octahedral Al species, was observed in NaY-SW spectrum. This indicates
that NaY-SW contains not only framework-Al species but also Al on the surfaces so NaY-SW has poorer
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structure compared to NaY-LDX. The NMR data analysis supports the XRD result to use NaY-LDX as
seed in NaY synthesis. So, in this research, NaY LDX was chosen as seed for the next NaY synthesis.

3.3. Synthesis NaY Zeolite

Two batches of NaY were synthesized using NaY-LDX as seed 5% (w/w) and silica sources from
treated natural Belitung kaolin, i.e., extracted silica (labelled as NaY-SE) and extracted silica with
metakaolin (named as NaY-MKSE). The characterization on the two as-synthesized materials are
explained below.

SEM images in Figure 8 shows from NaY-LDX has a cuboid shape and sharp edges. Both of
NaY-MKSE and NaY-SE also showed similar structure with NaY-LDX. However, the crystal habits of
NaY- MKSE and NaY-SE are smaller and not as well-developed as those from NaY-LDX. This is due to
defects that were caused by impurities from metakaolin or extracted silica.
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Table 2 shows the chemical composition of NaY, measured with XRF. Overall, the SiO2/Al2O3

ratio of the three NaY zeolites are within the range of the SiO2/Al2O3 ratio for Y zeolite [9], in which
the value was increased from NaY-LDX, NaY-MKSE to NaY-SE. The latter has the highest ratio due to
the use of extracted silicate as silica source.

Table 2. Chemical composition of NaY zeolites.

Chemical Composition NaY-LDX Mass (%) NaY-MKSE Mass (%) NaY-SE Mass (%)

Na2O - 2.70 1.77
Al2O3 20.32 18.67 18.03
SiO2 75.86 72.62 74.15
P2O5 1.57 1.12 1.26

Cl 1.05 0.76 0.88
CaO 0.95 0.73 0.79

Fe2O3 0.26 2.80 2.38
SiO2/Al2O3 3.73 3.88 4.11

As a supporting data, the measurement using FTIR was also performed. As seen in the Figure 9,
the FTIR spectra of the NaY zeolite shows the bands in the range of 3560–3200 cm−1 are due to
hydrogen-bonded silanol groups on the surface (~Si-OH) and bands in the region of 1140–450 cm−1

are due to the lattice Si–O–Si or Si–O–Al vibrations.
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Figure 9. FTIR spectra of as-synthesized NaY zeolites from natural and synthetic precursor materials:
NaY-SE (top), NaY-MKSE (middle) and NaY-LDX (bottom).

As seen, Figure 10 shows XRD Pattern for as-synthesized NaY that both NaY-SE and NaY-MKSE
have all typical peaks of NaY zeolites and in agreement with the pattern from commercially
available NaY.
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Figure 10. XRD data of as-synthesized NaY zeolites from natural and synthetic precursor materials:
NaY-SE (top), NaY-MKSE (middle) and NaY-LDX (bottom).

Crystallinity of zeolite have been calculated by taking the sum total of relatives intensities of
characteristic peaks (2θ 6.2◦; 15.6◦; 22.1◦) following Equation (1). In this research, NaY-LDX is used as
the standard.

Crystallinity Index =
Sum Total of Relatives Intensities of NaY Observed
Sum Total of Relatives Intensities of NaY Standard

× 100% (1)

Table 3 summarizes the degree of crystallinity of all as-synthesized zeolites. The calculation on
NaY-SW shows that it has low crystallinity (0.51%) while commercial NaY has the highest crystallinity
(45.00%). As for NaY-MKSE and NaY-SE, their degree of crystallinity is 18.22% and 35.80%, respectively.

Surface area analyses were carried out on the three crystalline as-synthesized NaY zeolites and
the results are shown in Figure 11 and Table 4. Figure 11a showing the adsorption-desorption isotherm
from all zeolites confirms that all zeolites are microporous materials [22]. This is proofed further
by Figure 11b displaying that the distribution of pore radii (rpore) lies at 1.14 nm. Furthermore,
the NaY-LDX has the highest surface, followed by NaY-MKSE and NaY-SE, respectively.
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Table 3. The XRD surface area peak analyses of various NaY preparations.

Materials Surface Area Peak * 2θ (6.1◦; 15.6◦; 22.1◦) Crystallinity

Commercial NaY 376.88 45.00%
NaY-SW 4.314 0.51%

NaY-LDX 820.69 100.00%
NaY-MKSE 149.41 18.22%

NaY-SE 293.85 35.80%

* from XRD data.
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Table 4. The surface area analysis results of the as-synthesized NaY preparations.

Materials
Surface Area Pore Volume (V) rpore

SBET
(m2/g)

SEXT
(m2/g)

Smikro
(m2/g)

Vtotal
(cm3/g)

Vmeso
(cm3/g)

Vmikro
(cm3/g) (nm)

NaY-LDX 451.9 7.083 444.8 0.259 0.025 0.234 1.1468
NaY-MKSE 412.7 5.810 406.9 0.235 0.021 0.214 1.1414

NaY-SE 383.2 7.180 376.2 0.219 0.019 0.200 1.1463

NMR analysis in Figure 12 shows the comparison of 29Si and 27Al NMR spectra of NaY-MKSE and
NaY-SE. It can be seen that the dominant species in both as-synthesized NaY is Q3Si (1Al), followed
by equal amount of Q2Si (2Al) and Q1Si (3Al) species and weaker peak for Q0Si (4Al) at −80 to
−90 ppm. Interestingly, only a shoulder peak was observed at −100 to −110 ppm, assigned for Q4Si
(0Al). No peaks were observed in CP MAS Si NMR, indicating no significant amount of ~Si-OH exist
on the surface of the zeolites.

The 27Al NMR spectra of the as-synthesized NaY zeolites show a strong peak with chemical shifts
between 50 and 70 ppm as an evidence of tetrahedral Al species in the framework [29]. However, a
small peak at 0 ppm chemical shift, attributed to octahedral Al species, was also observed, indicating
that the zeolites have defective Al species to form an extended-framework on the surfaces.



Crystals 2019, 9, 404 11 of 14

Crystals 2018, 8, x FOR PEER REVIEW  10 of 14 

 

* from XRD data. 

 
Figure 11. The (a) adsorption and desorption data and (b) pore distribution data of NaY. 

Surface area analyses were carried out on the three crystalline as-synthesized NaY zeolites and 
the results are shown in Figure 11 and Table 4. Figure 11a showing the adsorption-desorption 
isotherm from all zeolites confirms that all zeolites are microporous materials [22]. This is proofed 
further by Figure 11b displaying that the distribution of pore radii (rpore) lies at 1.14 nm. Furthermore, 
the NaY-LDX has the highest surface, followed by NaY-MKSE and NaY-SE, respectively. 

Table 4. The surface area analysis results of the as-synthesized NaY preparations. 

Materials  
Surface Area Pore Volume (V) rpore 

SBET (m2/g) SEXT (m2/g) Smikro (m2/g) Vtotal (cm3/g) Vmeso (cm3/g) Vmikro (cm3/g) (nm) 

NaY-LDX 451.9 7.083 444.8 0.259 0.025 0.234 
1.146

8 

NaY-MKSE 412.7 5.810 406.9 0.235 0.021 0.214 
1.141

4 

NaY-SE 383.2 7.180 376.2 0.219 0.019 0.200 
1.146

3 

NMR analysis in Figure 12 shows the comparison of 29Si and 27Al NMR spectra of NaY-MKSE 
and NaY-SE. It can be seen that the dominant species in both as-synthesized NaY is Q3Si (1Al), 
followed by equal amount of Q2Si (2Al) and Q1Si (3Al) species and weaker peak for Q0Si (4Al) at −80 
to −90 ppm. Interestingly, only a shoulder peak was observed at −100 to −110 ppm, assigned for Q4Si 
(0Al). No peaks were observed in CP MAS Si NMR, indicating no significant amount of ~Si-OH exist 
on the surface of the zeolites. 

  
Figure 12. 29Si (top) and 27Al (bottom) MAS NMR data of: (a) NaY-MKSE and (b) NaY-SE.

3.4. Preparation of HY Zeolites as Cracking Catalysts

In general, cracking reaction of long chain alkane requires Brønsted acid catalyst, in which zeolite
can be used as so that heterogeneous acid catalyst as the silanol groups (-SiOH) play a role as acidic
sites, providing H+ ions [34]. NaY zeolites were exchanged to NH4Y then calcined to remove NH3

and providing mobile H+ balancing the charge in the framework of zeolite. The H-type zeolites were
labeled as HY-LDX, HY-MKSE, HY-SE, respectively.

Figure 13 shows XRD pattern of HY zeolites which very much resemble their parent NaY zeolites,
while the SiO2/Al2O3 ratio (for brevity, the XRF results are not shown) of each zeolite stays in the
same range of NaY zeolites (3.53–3.98). Thus, it can be concluded that the structure of Y zeolites is not
damaged during preparation of HY zeolites.
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3.5. n-Hexadecane Catalytic Cracking

The modified HY zeolites are tested as catalysts in the cracking reaction using n-hexadecane as
the model compound. The catalytic activities were analyzed from the percentage conversion (%X),
yield (%Y) and selectivity (%Y) toward C5-C12 compounds representing gasoline that is described in
Figures 14 and 15. Figure 14 shows that the highest catalytic activity in n-hexadecane cracking reaction
is given by HY-LDX, followed by HY-SE and HY-MKSE.
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Figure 15 compares the selectivity to each gasoline product (C5-C12) when using the three catalysts.
It can be seen that the product with the highest percentage of selectivity is C5 compound (n-pentane
and iso-pentane). Interestingly, HY-SE is also selective to C8 (n-octane and iso-octane) while other HY
catalysts are less selective.

4. Discussion

The results presented above shows that the transformation from layered structure kaolin to
three-dimensional NaY zeolites is successfully performed. Pre-treatment procedure, in which the
kaolin structure was fragmented to become metakaolin as well as the extraction of silica becomes
an important step to prepare adequate silicate and aluminate precursors for the next step, building
the NaY framework. The characterization on the starting materials, the kaolin-based precursors as
well as the as-synthesized NaY have been able to prove almost the entire steps. The crystallinity and
physical-chemical properties of kaolin based-NaY are also comparable to that of pro analysis-NaY. As
an implication, their catalytic activity as cracking catalyst, in HY-form, are also comparable compared
to the pristine pro analysis-NaY. This finding could be taken into account when alternative sources of
precursors for materials synthesis that meet the green chemistry concept yet affordable, are required.
Further study has to be carried out to improve the pre-treatment techniques to obtain much smaller
fragment of silicate and aluminate from kaolin also with higher purity.
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5. Conclusions

It can be concluded that transformation from layer structured kaolin to tectosilicate structure of
NaY was successful. Kaolin can be utilized as aluminate and silicate sources through metakaolinization
and silica extraction process. The presence of crystalline NaY seeds is important in NaY zeolite
synthesis using either synthetic or natural precursor. Furthermore, the kaolin-based HY has shown
high performance as an active catalyst in the cracking reaction of n-hexadecane.
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