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The transformation of kaolin to amorphous mesoporous aluminosilicate was investigated in this study. We dem-
onstrated the use of koalin as silica and alumina sources without prior pretreatment. Two steps synthesis method
were carried out; hydrothermal reaction at 80 °C, followed by addition of mesoporogen cetyltrimethylammonium
bromide (CTABr) surfactant. We observed that prolonging the synthesis period improves the surface area of the

aluminosilicate with enhances mesopore volume and surface acidity.
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1. Introduction

There is a growing challenge for developing robust materials based
on aluminosilicate framework mainly to be used as catalyst for the
synthesis of fine chemicals. Considerable effort has been dedicated to
achieve desired mesoporous aluminosilicate materials with high surface
area and hydrothermal stability as acid catalyst. Mesoporous structure
in aluminosilicate is beneficial in catalytic application; the unique
mesopores improve the mass transport and the diffusion of chemical
reactant that subsequently accelerates the catalytic process (Pérez-
Ramirez et al., 2008). Mass transport is faster in the catalyst cavity
that offers shorter diffusion pathway between the reactant and the
active site of the catalyst (Na et al., 2013).

Although the synthesis of aluminosilicates are well-established,
commercial silica and alumina for example tetraethylorthosilicate (Li
et al., 2013; Enterria et al., 2014; Li et al., 2010), colloidal silica (Xue
et al, 2012), aluminum isopropoxide (Rownaghi et al., 2012; Jian
et al., 2013), aluminum nitrate nonahydrate (Goncalves et al., 2008)

synthetic chemicals. Many researchers have explored the potential of
silica from rice husk ash (Prasetyoko et al., 2012), palygorskite (Jiang
et al, 2014), and kaolin (Pan et al., 2013) for aluminosilicate synthesis.
However, these materials must undergo calcination and acid leaching
pretreatment to eliminate impurities that have significant influences
on the physical properties of the synthesized materials. Kaolin is a clay
mineral with the chemical composition of Al,Si;Os(OH)4, It consists of
high Si and Al contents that is beneficial for aluminosilicate synthesis.
The Si and Al in kaolin however exist in inactive states, which make
the transformation into aluminosilicate is a challenging process
(Chandrasekhar and Pramada, 2008). Conversion of kaolin into silica-
based materials such as Ln-ZSM-5/MCM-41 (Li et al., 2010), mesopo-
rous Al,05 (Liu and Yang, 2010; Pan et al., 2013), AI-MCM-41 (Du and
Yang, 2012) requires calcination at high temperature to activate the
kaolin. Soft-template such as surfactant is added into the gel mixture
or after crystallization period, which control the pore structure and
the particle size of the intercrystalline powder (Li et al., 2013; Enterria
et al.,, 2014).

and sodium aluminate (Petushkov et al., 2011; Liu et al., 2014) are
often used as starting material. Natural minerals provides alternative
green and sustainable silica and alumina sources to replace the used of

* Corresponding author.

E-mail addresses: didikp@chem.its.ac.id, didik.prasetyoko@gmail.com (D. Prasetyoko).
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Here, we report direct synthesis of amorphous mesoporous alumi-
nosilicate using raw kaolin clay as the Si and Al sources without prior
pre-treatment. Silicalite-1 seed was used as structure-directing agent
(SDA) to obtain MFI-type framework, while cationic surfactant, CTABr
was used as mesoporogen. We studied the transformation of kaolin
into mesoporous aluminosilicate by monitoring the changes in porosity,
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acidity and surface area of the synthesized materials at various hydro-
thermal synthesis periods.

2. Experimental
2.1. Materials

Mesoporous aluminosilicate was prepared by kaolin (kaolinite,
Aly(Si4010)(OH)g) from Bangka Belitung, Indonesia with the composi-
tion of (wt%) Al,05 (22%), SiO, (57%), P20s (3.9%), K0 (3.22%), CaO
(1.8%), TiO; (2.2%), V205 (0.15%), Fe,03 (8.89%), CuO (0.31%), Ga,05
(0.074%), ZrO, (0.22%), and BaO (0.77%); NaOH (sodium hydroxide,
pelet, Applichem, >99,5%); LUDOX (colloidal silica, SiO,, Aldrich, 30%);
distilled water; CTABr (cetyltrimethylammonium bromide, C;gH4,BrN,
Applichem, 99%); and seed silicalite-1.

2.2. Synthesis

For the synthesis of mesoporous aluminosilicate, kaolin (3.7 g) was
mixed thoroughly with NaOH solution (3.2 g in 40 mL of distilled
water) followed by gradual addition of ludox (73 g) to the mixture.
The mixture was stirred for 15 min before 40 ml of distilled water was
added to give final chemical composition ratios of 10 Na,O: 100 SiO,:
2 Al,03: 1800 H,0 (Prasetyoko et al., 2012). The stirring was continued
for 8 h to obtain gel mixture and leave to age for another 12 h. The
silicalite-1 seed (0.29 g) was subsequently added to the mixture follow-
ed by 30 min stirring.

The resulting mixture was then transferred into stainless steel auto-
clave and placed in oven at 80 °C for 12, 24 and 48 h. The autoclave was
brought immediately to room temperature by quenching with cold
water. The CTABr (12.6 g, SiO,/CTABr =3.85) were slowly added and
stirred for 1 h to obtain homogenous gel. The mixture was left to age
at room temperature for 4 h. The solid products were separated by cen-
trifugation (5000 rpm) and thoroughly washed with distilled water
until the pH of supernatant is neutral. The final product was dried at
60 °C for 24 h. The resulting powder was calcined at 550 °C under con-
tinuous flow of N, for 1 h, followed by air calcination for another 6 h.

2.3. Characterization
X-ray powder diffraction patterns of crystal phase were recorded on

a Philips Expert with Cu K, (40 kV, 30 mA) radiation in the range 26 =
5-40°. The infrared spectra (range 400-1400 cm™ ') of characteristic
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vibration bands were monitored by FTIR Shimadzu Instrument Spec-
trum One 8400S. Total surface area, pore size distribution and total
pore volume were determined from N, adsorption-desorption using
a Quantachrome Instruments Nova 1200. Total surface area was
determined by the BET and pore size distribution and volume in the
mesopore were determined from the BJH method. The t-plot method
was employed to calculate the micro-mesopore surface area and micro-
pore volume while HK method was applied to calculate the pore size
distribution in the micropore range. The acidity was measured by pyri-
dine adsorption using FTIR spectrometer. Samples (13 mg) were
pressed into wafer, placed in the homemade glass transmission cell
and outgassed at 400 °C for 3 h under N, flow. Pyridine was adsorbed
at room temperature for 1 h and subsequently evacuated at 150 °C
for 3 h. FTIR Spectra were recorded in the 1600-1400 cm™ . For TEM
images, high resolution images and selected area electron diffraction
patterns were recorded using a JEM 1400 instrument operating at
120 kV.

3. Results and discussion

XRD patterns of fresh kaolin and amorphous mesoporous alumino-
silicates produced after 12, 24, and 48 h of crystallization period are
shown in Fig. 1A. As observed, the kaolin precursor consists of a well-
crystallized kaolinite. For the synthesized mesoporous aluminosilicates,
the diffraction patterns consist of a big hump at 26 = 20-30° indicating
the amorphous aluminosilicate framework, as reported by Du and Yang
(2012) and Dang et al. (2013). The transformation of kaolin crystalline
phase to amorphous aluminosilicate have occurred at ~12 h of hydro-
thermal synthesis which the process presumably involves the dissolu-
tion of kaolin sheet-structure of amorphous silica (Chandrasekhar and
Pramada, 2008; Liu and Yang, 2010).

We used infrared spectroscopy analysis to investigate the transfor-
mation of kaolin to mesoporous aluminosilicates framework. The infra-
red spectra of the fresh kaolin shows band appeared at 428, 470 and
541 cm™~ ! which are corresponded to the vibrations of Si-O-Al frame-
work. The bands appeared at 696, 754 and 790 cm™ ' were assigned to
the vibrations of gibbsite-like layers of kaolinite. Peak at 917 cm™ ! is
Al-OH vibration and the peaks at 1033, and 1110 cm™ ! are the vibra-
tions of in plane Si-O stretching (Olejnik et al., 1968; Dang et al.,
2013) (Fig. 1B). Product obtained after 12 h of synthesis shows the
peaks corresponded to kaolinite has disappeared together with the
appearance of the peaks at 1090, 796, and 470 cm™ ! that were charac-
teristics of the silica-based materials framework. The shoulder peaks at
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Fig. 1. A) XRD pattern and B) FTIR spectra of the synthesized amorphous mesoporous aluminosilicates at 12, 24 and 48 h.



292 1. Qoniah et al. / Applied Clay Science 118 (2015) 290-294
J Adsorption /‘A
/
1 - - - - Desorpti TV
; s esorption /i
p 24h 48 h /A/ 0
1= 12h /AA" O/O.
E T o 4 5 206 20 22 % 2 3% “ _AA—d A=l O/ “
- Pore diameter (nm) A% /
o) — /e
e 1 A"A O/
c Vi 24 h O/ .
B Q"..f
i —00
5 _g—0=0=0=0=
2 1y o _—=0=0
)
= T _._0'».‘0
o el
= | 0
12h
E 0
=
1° o
—Q=0=0="d=
| }mummmln——ﬂ—tl—ﬂ-“}#u—u
[}

0.0 0.2 0.4

T
0.6 0.8 1.0

Relative pressure (P/P; )

Fig. 2. N, adsorption/desorption isotherms of amorphous mesoporous aluminosilicates at 12, 24 and 48 h of hydrothermal synthesis.

~1220 cm~! was assigned to the external asymmetry stretching of
Si-0-Si bond and the peak at 960 cm™ ! was attributed to the termi-
nal silanol groups (Si-OH) on the wall surface of the mesopores
(Gongalves et al., 2008). There is no significant change in the infrared
spectra of the solid product when the hydrothermal synthesis was
extended to 24 and 48 h suggesting that the aluminosilicates frame-
work has entirely formed after 12 h of hydrothermal crystallizations.

The N, adsorption-desorption isotherms of the synthesis of mesopo-
rous aluminosilicates have been carried out to determine the specific
surface area, the pore size distribution, the total pore volume and the
pore structure of the synthesized materials. The isotherms adsorption
characteristics of the solid products after hydrothermal synthesis are
shown in Fig. 2. The isotherm adsorption from the aluminosilicate
obtained after 12 h indicates the type I isotherms based on the evidence
of gas adsorption at low relative pressure (P/Pp < 0.3) and the absence of
hysteresis loop. The calculated micropore surface area is significantly
higher ~58 m?/g relative to the total surface area of the synthesis mate-
rials ~66 m?/g (Table 1). Meanwhile, for aluminosilicates synthesized

Table 1

for 24 h and 48 h, the isotherms adsorption patterns illustrate the type
IV isotherm with the presence of hysteresis loop (P/Py = 0.3-1.0) due
to the capillary condensation processes, which is a characteristic of
mesoporous material. The micropore and mesopore surface area calcu-
lated from the isotherms data was given in Table 1. The BET surface
area of aluminosilicates synthesized for 24 h is 531 m?/g, while t-plot
micropore and mesopore surface area are 333 m?/g and 198 m?/g,
respectively. Solid product obtained after 48 h of hydrothermal synthe-
sis, produced aluminosilicate with the surface area of 545 m?/g, the
micropore surface area of 375 m?/g, and the mesopore surface area of
170 m?/g. This result indicates the aluminosilicate may consist of a mix-
ture of microporous and mesoporous intercrystalline structure. This
finding (both type I and IV in one sample) was similar to the adsorption
isotherm reported by Petushkov et al. (2011).

Table 1 summarized the physical characterization of the aluminosil-
icate calculated from the analysis of N, adsorption data. The specific
surface area of the aluminosilicate increases significantly when the
hydrothermal synthesis was extended from 12 h to 24 h. However,

Physical and acidity properties of amorphous mesoporous aluminosilicates synthesized directly from kaolin.*

Sample Sger 2 Surface areas® Vineso® Vimicro? Dimeso Dmmicro Number of acid site
name (m?/g) (m*/g) (em’g™") (em’g™") (nm)* (nm)? (mmol/g)®

Sieso Siicro Small Large Brensted Lewis
12h 66 7 58 0.08 0.02 3.81 - 0.65 0.07 0.09
24h 531 333 198 0.71 0.09 3.07 19.5 1.40 0.31 0.34
48 h 545 375 170 0.85 0.06 3.05 19.5 1.39 0.60 0.41

2 Sger (Total surface area) by BET method.

b S eso (Mesopore surface areas), Smicro (Micropore surface areas), Vinicro (micropore volume) by t-plot method.
€ Vineso (Mesopore volume), Dyeso (Mesopore diameter or distribution) by BJH method.

9 Dpnicro (micropore diameter) by HK method.
€ Band L acid sites by pyridine adsorption.
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prolonging the hydrothermal treatment to 48 h only shows a small en-
hancement of surface area. We however found that the specific surface
area of the mesopores improves with longer crystallization period with
the surface area of the micropores suffers a slight reduction at 48 h. Sim-
ilar trend was found on the pore diameter and the volume of mesopo-
rous and micropores structures. As shown in Fig. 2 (inset) and Table 1,
all aluminosilicates have micropore diameter in the range of 0.65 and
1.40 nm. However, the pore size distribution of sample synthesized for
24 and 48 h presents bimodal porosity of mesopore i.e. 3 and 19 nm
with very intense peak (Fig. 2: BJH pore size distribution). On the con-
trary, the sample synthesized for 12 h only indicates mesopore diameter
about 3 nm with very small peak. This shows that hydrothermal treat-
ment at longer period of time facilitates the formation of mesopores
structures in the aluminosilicate framework (Enterria et al., 2014;
Petushkov et al,, 2011).

Mesoporous aluminosilicate is known as active acid catalyst, there-
fore it is beneficial to determine the acidity of the synthesized materials
and the effect of the crystallization time on the number of acid sites on
the surface. Pyridine adsorption studies are useful to determine the
acidity of the mesoporous silicate. This method is able to distinguish
between the Brensted (B) and Lewis (L) acid sites (Emeis, 1993). The
pyridine adsorption infrared analysis of aluminosilicates after 12 h
of synthesis illustrated in Fig. 3 shows a very small peak of adsorbed
pyridine. The peaks corresponded to the Brgnsted and the Lewis acid
sites at ~1540 and 1450 cm ™! were detected for the aluminosilicates
samples with the intensity increases with the crystallization time at
24 and 48 h (Fig. 3). Peak appeared at 1490 cm™ ' in all samples is a
characteristic for both Brgnsted and Lewis acid sites. The number of
acid sites were calculated based on the area of pyridine adsorption
peak and were summarized in Table 1. It is clear that the crystallization
period affects the number of acid sites particularly for Bransted sites,
where the value increases from 0.07 to 0.31 to 0.60 mmol/g at 12, 24
and 48 h, respectively. The result suggests that although the kaolin
loses its crystalline structure and presumably form aluminosilicates
framework after 12 h of crystallization period, longer hydrothermal
treatment is crucial to form the mesoporous structure and to increase
the number of acid sites on the surface. The number of Brgnsted acid
sites enhances with the hydrothermal crystallization time. This is as a
result of the greater number of tetrahedrally-coordinated aluminum
in the aluminosilicate mesoporous solids (Jian et al., 2013).

The particle size and the formation of mesoporous aggregates was
controlled by the reaction conditions, such as synthesis time, pH and
addition of structure directing agent (Petushkov et al,, 2011). The TEM
analysis on the synthesized product at 48 h revealed the morphology of
the mesoporous aluminosilicate. Fig. 4 shows the synthesis powder con-
sists of nanoparticles aggregates with uniform particle size of ~40 nm
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Fig. 3. Pyridine-FTIR spectra of amorphous mesoporous aluminosilicates synthesized
directly from kaolin after adsorption of pyridine and evacuation at 150 °C for 3 h.

LU

Fig. 4. TEM images of synthesized amorphous mesoporous aluminosilicates at 48 h.

without identical orientation. The SAED (Selected Area Diffraction) anal-
ysis confirms the amorphous structure of the aluminosilicates.

4. Conclusions

Amorphous mesoporous aluminosilicate was synthesized from raw
kaolin as Si and Al sources using hydrothermal and soft-templating
methods. The properties of the synthesized aluminosilicates exhibit
the mesopore and micropore within the structure with high surface
area and acidity. We observed the importance of extending the crystal-
lization period to 24 h for formation of aluminosilicate with high surface
area, mesopore volume and surface acidity.
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