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ZSM-5 has been successfully synthesized by hydrothermal method using Indonesian Bangka kaolin
as the aluminium source without an organic template and preactivation by calcination utilizing
silicalite and ZSM-5 seedings. There are three parameters that made kaolin a very suitable
aluminium source in the synthesis of ZSM-5 by using this method. The first parameter was the
presence of types of seeds (silicalite and ZSM-5). Secondly, the molar ratio of Si/Al was in the range
of 40-60. Thirdly, the concentrations of NaOH were varied from 6 to 12 mol with 1800 mol water.
Interestingly, the use of silicalite seed produced pure ZSM-5 zeolite, whereas analcime and
mordenite appeared as side products when ZSM-5 was used as the seed. The above effects can be
illustrated by the following mechanism. Kaolin was fully dissolved in the basic mixture solution
containing concentrated NaOH and silica sols, and followed by the crystallization in the presence of
seeds (silicalite and ZSM-5). The mechanism was postulated on the basis of XRF, XRD, *°Si and Al
MAS NMR analyses.
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INTRODUCTION

The environments have been bestowed or conferred with abundant
of resources that are very useful and beneficial in the manufacture of
catalysts. Some minerals and synthetic chemicals can be adopted to
synthesize the desired zeolites in this research, i.e. ZSM-5. ZSM-5,
first made by Argauer and Landolt in 1972 [1], is a medium pore (~6
A) zeolite with three-dimensional channels defined by 10-membered
rings. Due to its unique channel structure, thermal stability, acidity,
shape-selective property, ZSM-5 has been used as sorbents and
catalysts, and applied to the petrochemical processing, fine chemical
production, liquid and gas separation [2, 3]. ZSM-5 is also effective
for hydrocarbon conversions [3, 4]. Moreover, its acidity can replace
many hazardous acidic catalysts such as HF, HCI and H,SO, [5], and
hence, promoting the green technology or green chemistry. Since the
ZSM-5 zeolite has been intensively studied, some natural and
synthetic materials have been included in the synthesis processes are
as such; (i) natural materials: smectite-type clay material [6],
serpentine mineral [7], lignite fly ash and rice husk ash [8], kaolin or
kite [9, 10]; (ii) synthetic materials: aluminium isopropoxide and
tetraethylorthosilicate [11], sodium aluminate and silica sols [12],
sodium silicate and aluminium sulfate [13], and other potential
aluminium and silica sources.

In this research, we focus on kaolin or kaolinite which plays an
exceptional role as an aluminium source to form ZSM-5 zeolite.
Kaolinite, with the chemical formula Al,[Si,Os](OH)y, is a naturally
occurring inorganic polymer with a layer structure consisting of
siloxane and gibbsite-like layers. The siloxane layer is composed of

SiO, tetrahedra linked in a hexagonal array [14, 15]. Kaolinite is
formed by silicon tetrahedral sheets and aluminum octahedral sheets.
Adjacent layers are linked by van der Waals forces and hydrogen
bonds. The most reactive functional groups in kaolinite are hydroxyl
groups, which are capable of taking part in many chemical reactions
as well as ion exchange processes [16]. Kaolinite, an important
industrial raw material, has a wide variety of applications in industry,
particularly as a paper filler and coating pigment [17]. It is used as an
extender in aqueous based paints [18] and a functional additive in
polymers [19]. Kaolinite has also been used in polymer-based
functional composites, plastic and rubber industry [9].

To date, natural kaolinite still has not yet been fully explored in
the route of zeolites synthesis despite many researchers have
dedicated in this field. It is reported that nano zeolite NaX formed
from pre-heated Vietnamese kaolin was good for cumene adsorption,
its crystallinity increased with alkaline and silica contents while the
optimum crystallization temperature and aging time were 80 °C and
96 h, respectively [20]. Other research group used pre-heated Chinese
Kaolin that was undergone hydrothermal method, the addition of
NaOH and sodium silicate, to form alkali-modified pyrokaolin
microspheres (AMKM) using ZSM-5 as seeds and without any
templates. To compare to pyrokaolin microspheres (PKM) that
synthesized by calcination only, the former one achieved better
characteristics in terms of total surface area, micropore area, total pore
volume, and micropore volume. Khatamian and Irani [10] adopted
kaolin from Iran to produce ZSM-5 that pre-heated at 600 °C using
tetrapropylammonium hydroxide (TPOH) as the template. They have
found that the nanosized ZSM-5 crystallize at 168 h, 180 °C and 0.02
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Table 1 Composition of precursors, parameters of synthesis and physical properties of ZSM-5 zeolite.

Composition of precursors / wt%

Sample Seeds® Concentration of Aging Concentration Si/Al of Structure of Si/Al of Relative crystallinity
Kaoli Silica NaOH / mol time/h of water / mol precursor® product’ product® of ZSM-5/ %
aolin
silicalite zsM-5  S°S

ZsM5(1) 75 06 - 92.0 10 24 1800 30 ZSM5, -e 36
amorphous

ZSM5(2) 52 0.4 - 94.4 10 24 1800 40 ZSM-5 12.9 771

ZSM5(3) 4.0 0.3 - 95.7 10 24 1800 50 ZSM-5 13.1 100

ZSM5(4) 3.3 0.3 - 96.7 10 24 1800 60 ZSM-5 26.3 91.0

ZSM-5, e

ZSM5(5) 4.0 - 0.31 95.7 10 24 1800 50 analcime, - 100
mordenite

ZSM5(6) 4.0 - - 96.0 10 24 1800 50 amorphous - .

* Two types of seeds, i.e. silicalite and ZSM-5, were used as precursors, respectively. There are two reaction systems in the synthesis of ZSM-5 zeolite; (i)
Silicalite seed, kaolin, silica sols and NaOH; (ii) ZSM-5 seed; kaolin, silica sols and NaOH.
® The variation of initial molar ratios Si/Al in the synthesis of ZSM-5 zeolite calculated based on the concentration of kaolin and silica sols.

¢ The structure of products were determined by XRD.

¢ Molar ratios of Si/Al in ZSM-5 zeolite were determined by *Si MAS NMR (equation 2).
¢ Application of equation 1 to determine the Si/Al ratio by *Si MAS NMR is only possible if all signals can be assigned exclusively to crystalline ZSM-5.

Kaolin/silicic acid (%wt) achieved the highest crystallinity,
meanwhile by increasing the Si/Al ratio in the zeolite, the crystal size
of ZSM-5 became smaller. There is another kaolin from Nigeria,
named as Nigerian Akoho Kaolin, being used by Kovo and co-
workers [21] to form Zeolite Y and ZSM-5 [21]. Initially, quartz was
removed from the kaolin. The next step is to heat the kaolin to
metakite (activated phase) at short time (6 min) and low temperature
(600 °C). Organic template, TPAOH was also adopted as a directing
agent to form structures of ZSM-5 zeolites. There is other types of
Kaolin, i.e. Jordanian kaolinite was used to study the relationship
between the acid concentration and the SiO,/Al,0; ratio in the ZSM-5
final product [22]. The synthesis method for Jordanian kaolinite was
quite similar with other kaolinite, in which it was calcined at 600 °C
for 6 h to form metakaolinite. The metakaolinite was then
dealuminated by sulphuric acid. Lastly, TPABr as the organic
template was used to assist the formation of the ZSM-5 zeolitic
framework.

Herein, Indonesian Bangka Kaolin, the natural kaolin is first time
used for the synthesis of ZSM-5 zeolite. Therefore, many factors that
influenced the formation of ZSM-5 from this kaolinite without using
organic templates, which involving types of seeds, aging time,
crystallization time, molar ratios of Si/Al, concentration of NaOH and
water, were studied. According to some researchers [21, 23], kaolin
has to be preactivated to form metakaolin by thermal treatment (900—
1000 °C). Here, it has been demonstrated there is no preactivation is
required when Indonesian Bangka Kaolin was used as the alumina
source.

EXPERIMENTAL

Materials

All materials used in this work were analytical grade. NaOH (99
%) was purchased from Merck, Germany. LUDOX® HS-40 colloidal
silica (30 % Si in water) was purchased from Aldrich, Germany.
Kaolin (containing 57 % SiO, and 22 % Al,03;) was taken from
Bangka Belitung, Indonesia. The self-synthesized silicalite and ZSM-
5 were used as the seed.

Methods

ZSM-5 was synthesized directly from kaolin without the organic
template. The synthesis method was adopted from the previous
procedure reported previously [14]. The crystallization time was 72 h.
The composition of precursors and parameters to synthesize ZSM-5
was tabulated in Table 1. The synthesis was started by weighing the

demineralized and deionized water and dividing it into two parts.
NaOH was dissolved in the first half of demineralized and deionized
water. Then, kaolin was added under stirring. LUDOX® was then
added and the stirring speed was increased. After the addition of
LUDOX®, a homogeneous solution was formed. Meanwhile, the
second half of water was then added to the solution. The mixture was
stirred at 550 rpm for 8 h. After stirring, the mixture was aged at room
temperature. 0.09 g of silicalite or ZSM-5 seeds was added as the seed
of ZSM-5. After addition of silicalite or ZSM-5 seed, the
hydrothermal process was carried out at 175 °C for 72 h. The effects
of the composition of precursors, concentration of NaOH and
concentration of water were studied with the variations of the amount
of NaOH (2, 4, 6, 8, 10 and 12 mol), the amount of water (1500, 1800,
2000 and 2500 mol) and seed variation (ZSM-5 and silicalite). The
obtained solid was washed with distilled water and dried in an oven at
110 °C for 12 h.

Characterizations

The crystal phase of the synthesized zeolite was identified using
X-ray diffraction (XRD) with CuK, (A = 1.5405 A) radiation in 20
from 5-40° with scanning step of 0.04°/s. The relative crystallinity of
synthesized zeolites was calculated using equation 1 using reflection
at 20 = 22.5-25°. The sum of the integrated areas from the XRD
pattern of all the obtained samples were then compared with the sum
of the integrated areas from the XRD pattern of the ZSM-5 with the
highest crystallinity (equation 1).

Area (sample)

% Crystallinity = [ x100%

Area (reference) (equation 1)

Solid-state magic-angle spinning nuclear magnetic resonance
(MAS NMR) spectra were recorded on an Agilent DD2 500 MHz.
The »’Si spectra were recorded at resonance frequencies of 99.32 MHz
with spinning rate of 9 kHz, a pulse width of 1.0 s and a recycle delay
of 5 s. The NMR spectra were deconvoluted by using a Gauss-Lorentz
peak shape (Gauss/Lorentz ratio = 1:1). The integrated areas of the
deconvoluted peak were used to quantify the Si/Al framework ratio
using the following formula.

) 4 4
Si n
(m) = Z Isitnar / Z 7 [Isicnan]
n=0 n=0

where Igjnar) = the total area of Si(nAl).

(equation 2)
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RESULTS

Composition of kaolin

Table 2 shows the composition of Indonesian Bangka Kaolin as
analysed by X-ray Fluorescence (XRF). Alumina and silica are the
major components in the kaolin, whereas the weight percentages of
the other components, such as P,Os, K,0, CaO, TiO, or Fe;0, are less
than 10%.

Table 2 The composition of Indonesian Bangka Kaolin.

Components wt %
Al,O3 22.0
SiO; 57.0
P,0s 3.9

K,0 4.3
CaO 1.8
TiO, 2.2
Fe3O4 8.9

Effects of different parameters towards formation of ZSM-5
zeolites

Table 1 shows the effects of the composition of precursors,
concentration of NaOH, concentration of water, aging time on the
structure and crystallinity of ZSM-5 zeolite product synthesized by
using silicalite or ZSM-5 seeds with kaolin and LUDOX® as sources
of alumina and silica, respectively. It is revealed that the types of
seeds, the molar ratio of Si/Al, and the concentration of NaOH affect
the structure of the product, the molar ratio of Si/Al (which is
determined by *’Si MAS NMR), and crystallinity of ZSM-5.

The relationship between the variation of NaOH concentration and
relative crystallinity of ZSM-5 zeolite is studied, and the results are
shown in Fig. 1. It is showed that the relative crystallinity or intensity
of the diffraction peak in XRD patterns increased only after 4 mol
NaOH. It is also revealed that the amount of water is one of the
parameters that cannot be neglected. It is observed that low
concentration water in the range of 1500-1800 mol possessed higher
relative crystallinity compared to the high concentration of water
(2000-2500 mol) (Fig. 2).
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Fig. 1 Effect of concentration of NaOH (mol) towards crystallinity
intensity (%). ZSM-5 zeolite was synthesized with molar ratio Si/Al 50,
aging time 24 h, crystallization time 72 h, 1800 mol water and the
presence of silicalite seed.
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Fig. 2 Molar ratio of Si/Al determined by 29Si MAS NMR after
formation of ZSM-5 zeolite. ZSM-5 zeolite was synthesized with 10 mol
NaOH, aging time 24 h, crystallization time 72 h, 1800 mol water and
the presence of silicalite seed.

According to Fig. 3, it can be observed that the series of the initial
amount of SiO, added into the solution were not corresponded to the
amount of SiO, as analysed by ’Si MAS NMR. There is less amount
of SiO; involved in the formation of ZSM-5 zeolite compared to the
initial molar ratio of Si/Al were 40 to 60. Despite this, the trend of the
Si0, amount determined by *’Si MAS NMR was increasing in
response to the initial molar ratio Si/Al up to 60.

XRD patterns analysis

Fig. 4 illustrates that the XRD patterns of kaolin and zeolite
products synthesized with composition described in Table 1. It can be
clearly seen that zeolitic products based on XRD diffractive peaks
from seeds of ZSM-5 and silicalite are distinctive from kaolin. In light
of this, it can be deduced that kaolin has fully dissolved in
concentrated NaOH and lost its original structure in the process of
synthesis. It is also found that only silicalite seeds can form ZSM-5
zeolite, but not for ZSM-5 seeds, as analcime and mordenite side
products, were also produced from ZSM-5 seeds (see also Table 1).
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Fig. 3 Effect of addition of water (mol) towards crystallinity intensity (%).
ZSM-5 zeolite was synthesized ZSM-5 zeolite with molar ratio Si/Al 50,
10 mol NaOH, aging time 24 h, crystallization time 72 h and the
presence of silicalite seed.

Z’Al MAS NMR analysis

Al MAS NMR spectroscopy was used to determine the
coordination number for aluminium in ZSM-5 and indentify if there is
extraframework of aluminium oxide species. Fig. 6 shows that
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broadening sign al with larger peak area for molar ratio Si/Al 30
while sharpening with lower peak area at molar ratio Si/Al 40 to 60.
This elucidates aluminium atoms have coordinated neatly in ZSM-5
framework after molar ratio Si/Al 30. *’Al NMR spectra also
elucidates that the absence of aluminium oxide species in
extraframework at approximately 25 and 13 to —17 ppm. Furthermore,
aluminium chemical shifts appear at approximately 50 ppm, indicating
the aluminium atoms are tetrahedrally coordinated to their
neighbouring species.

»sj MAS NMR analysis

The results of »Si solid state MAS NMR is shown in Fig. 5. It is
seen that ZSM-5 zeolite consists of two main peaks, which are
denoted as Q3=H0Si(OSi)3 (=97 ppm) and Q4=Si(OSi)4 (=107 ppm).
Typically, the Q*=Si(OSi); and HOSi(OSi); are located at chemical
shift of =110 and —100 ppm. As shown in Fig. 2, the Q3 and Q* peaks
are not well resolve (Fig. 2a) when molar ratio of Si/Al with 30 was
added into the mixture solution containing kaolin, NaOH, water, and
silicalite seed.

DISCUSSION

Effects of molar ratios Si/Al, aging time, concentration
NaOH and water towards crystallinity

There are three main precursors for the synthesis of ZSM-5:
Kaolin was adopted as a source of aluminium; silicalite and ZSM-5
were chosen as the seeds; silica sols were treated as silica source in
controlling the molar ratio of Si/Al. NaOH was added into the reaction
mixture to destruct and dissolve kaolin’s layered structure.

Silicalite and ZSM-5 were alternatively utilized as the seeds in the
synthesis process. Based on the observation, it is intriguing to note
that the silicalite is the appropriate choice that could form ZSM-5
crystalline structure, however, the products obtained using ZSM-5
seed contained analcime and mordenite as the major components as
shown in the XRD pattern (Fig. 4). It is probably due to ZSM-5 seed
is not stable and underwent partial dissolution in the strong basic
environment and disturb the formation of ZSM-5.

Stability of the silicalite seeds can be proven by the addition of
NaOH into the mixture solution. It can be seen that silicate seeds
cannot or very slow to be dissolved by NaOH regardless increasing of
NaOH concentration at room temperature, on the other hand, ZSM-5
seeds containing Al can be easily dissolved into NaOH. These
findings are in agreement with the thermal stability of silicalite
presented by previous literature [24, 25].

Other than the above factors, the findings showed that molar ratio
of Si/Al can also influence the crystallinity of ZSM-5. ZSM-5 cannot
be synthesized with the molar ratio of Si/Al was 30. This is owing to
alumina gives very strong repulsion effect in the highly negative
environment. Therefore, by adding more amount of silica, from Si/Al
molar ratios of 40 to 50, could definitely increase the crystallinity of
ZSM-5 zeolite. In this case, the concentration of alumina is the critical
factor to form ZSM-5 since, in this experiment, the minimum amount
of the molar ratio of Si/Al was 40. This phenomenon can be explained
by the fraction of Al atoms in the next nearest neighbours (NNN) T
sites, in which the molar ratio Si/Al=24 is the minimum ratio for the
formation of ZSM-5 based on proximity statistics analysis [26].

Structure of ZSM-5

There is another significant factor that plays the role in the
formation of ZSM-5 structure, i.e. crystallization time, reported in our
previous article [27]. It is displayed that highly ordered; the crystalline
structure can be produced with longer -crystallization time.
Nonetheless, its optimum crystallization time was 24 h and the
crystalline structure reduced after 36 h.

To further improve the crystallinity of ZSM-5, there was an
approach used, i.e. the addition of water with the variation of
concentration. It is found that fewer amount of the water, the better
the crystallinity was observed. It is because the seeds were well-
dispersed in the solution and meanwhile, they are located far from

each other in the dilute environment. With such surrounding, the seeds
could grow steadily under hydrolysis and condensation process of
silica sols, silicalite, kand water, to produce highly ordered, crystalline
ZSM-5 structure. Moreover, water present during synthesis occupies
the internal voids of the structure. The water sorbed phase and organic
non-framework cations can be removed by thermal treatment in the
process, making the intracrystalline space available [28]. This ensures
that the pore openings are uniform throughout the zeolites.
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Fig. 4 XRD patterns of kaolin and ZSM-5 zeolites synthesized by using
kaolin as alumina source.

The XRD patterns, °'Si and ”’Al MAS NMR spectra of kaolin and
ZSM-5 synthesized with a variation of Si/Al molar ratios are very
significant in proving that the local coordination of silicon and
aluminium are in a pure and crystalline ZSM-5 structure. As shown in
Fig. 4, XRD pattern of kaolin is included as a comparison to show the
structure of kaolin was disappeared to form ZSM-5 after some
treatments, and also the increase of molar ratios Si/Al have no more
contained the kaolin phase. It is clearly seen that the XRD pattern of
molar ratio Si/Al 30 is broad without any apparent sharp peak,
indicating it is in bulk, unorganized arrangement or amorphous
structure. It is in agreement with 27Al MAS NMR results (Fig. 6),
which are broad peaks and their resonances at slightly higher chemical
shifts. Conversely, Fig. 1 and Table 2 show the increasing in relative
peak intensities with higher molar ratios of Si/Al (40-50), signifying
the crystallinity of ZSM-5 have increased gradually. This is
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corresponding to the sharp peaks of 2’A1 NMR spectra (Fig. 6), which
showing the neat coordinative bonding or arrangements (high
crystallinity) as in XDR patterns.

Q4
Q3
ZSM5(4)
ZSM5(3)
ZSM5(2)
ZSM5(1)
40 -60 -80 -100 -120  -140  -160

Chemical shift / ppm

Fig. 5 The 29Si solid state MAS NMR spectra of ZSM-5 zeolite
synthesized by using kaolin as alumina source.
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Fig. 6 The Al MAS NMR spectra of ZSM-5 zeolite synthesized by
using kaolin as alumina source.

As shown in Fig. 5, the Q° and Q* peaks in the 2Si MAS NMR
spectrum of ZSM5(1) are not well-resolve when molar ratio of Si/Al
with 30 was added into the mixture solution containing kaolin, NaOH,
water, and silicalite seed. It is due to the presence of aluminium
amount is nearly equal to silicon concentration, whereby aluminium
and silicon concentrations are proportional to the intensities of all the
resonances, represented by these environments Si(OSi)s(OAl).
There is another worth noting information in Si MAS NMR
spectrum of ZSM5(1), in which the spectrum is broader compared to
¥Si MAS NMR spectrum of ZSMS5(2), ZSM5(3) and ZSM5(4)
because involvement larger amount of aluminium from kaolin but

lower silicon concentration from silicalite, has caused local disorder in
the lattice of ZSM-5 framework substitution. Since the ZSMS5(1)
sample is amorphous (Table 1 and Fig. 4), application of equation 2 to
determine the Si/Al ratio by *’Si MAS NMR is not possible due to this
equation can be applied only exclusively to crystalline ZSM-5.

As shown in Fig. 5, it is observed that Q3 and Q* peaks are well-
resolve with increase the amount of SiO, (molar ratios of Si/Al from
40 to 60). This evidence shows that the silicon coordinates in ordered
way with its neighbouring —OSi or —OAl groups. In contrast, the Q’
peak intensities decrease (Si MAS NMR spectra of ZSM5(2),
ZSM5(3) and ZSM5(4) in Fig. 5) with higher amount of SiO, added,
which indicating that the concentration of Q3=H078i(OSi)3 and AlO—
Si(OSi)sare reduced and more Q4=Si(OSi)4 signals are formed with
gradual chemical shift to lower ppm.

Mechanism from seed to ZSM-5 zeolite

Fig. 7 illustrates the route synthesis of ZSM-5 products from
different types of seeds: (i) silicalite; and (ii) ZSM-5. It is expected
that both of the crystal seeds could be able to form ZSM-5 zeolitic
framework as both of them are comprised of the product composition
building units. Interestingly, only silicalite seeds can give out the
desired zeolitic framework, whereas ZSM-5 seeds produced other
types of the framework rather than ZSM-5 products, including
mordenite and analcime structures.

Now, explanation of the route of syntheses and product formation
explanation are as follows: Firstly, kaolin, as the source of alumina,
was fully dissolved in the mixture solution containing concentrated
NaOH and silica sols, followed by 24 h of aging time. Then, silicalite
and ZSM-5 seeds were added into the basic solution, respectively.
Here, it can be seen that silicalite seeds are very stable while ZSM-5
seeds partially dissolved in the strongly basic environment. Alumina
source from kaolin, which was well-dispersed in the solution, can
deposit onto the surface of silicalite seeds to form composite building
units with terminal OH of the external sites; thereby, silica sols from
the environment will be attracted to attach to the terminal OH of the
seeds due to the hydrogen bonding. The composite units are
continuously piling up and forming building blocks to produce the
zeolitic framework of ZSM-5. The pure framework is successfully
obtained from primary nucleation.

On the contrary, since ZSM-5 seeds were partially dissolved in the
basic solution, then the only limited amount of alumina compositions
can deposit onto the surface of ZSM-5 seeds to form ZSM-5 zeolite.
At the meantime, the dissolved disappearance of these crystal seeds is
owing to their transformation into mordenite and analcime
frameworks as demonstrated in XRD results (see Fig. 4). The building
blocks will pile up based on the mordenite and analcime in latter
structure development. The existence of foreign crystal seeds in the
solution has induced secondary nucleation.

CONCLUSION

In this research, it has been proven that Indonesian Bangka can be
used as the aluminium source in the synthesis of ZSM-5 without an
organic template using silicalite or ZSM-5 as seeds. It has been
demonstrated that types of seed and the molar ratio of Si/Al are the
determining factors for the success of the formation of highly
crystalline ZSM-5. The concentration of NaOH also plays an
important key factor in the synthesis of ZSM-5 since it can destruct
and dissolve kaolin to deposit onto silicalite seed to form ZSM-5
zeolite. Lastly, we conclude that, based on the results, kaolin is a
promising aluminium source in the synthesis of ZSM-5 without an
organic template and preactivation by calcination, up to some extent.
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Fig. 7 Plausible mechanisms of ZSM-5 product formation from (i) silicalite and (ii) ZSM-5 as the seeds.
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