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The paper describes the preparation of zeolite from geothermal waste. This topic has been studied before and is generally worthy of publication but the paper in its current form is not of a sufficient standard to be published and
will require a major revision to be considered for review. The major points are as follows:

. The quality of English needs to be significantly improved throughout the manuscript. The most common examples are misuse of articles; numerous spelling mistakes e.g. calcinated instead of calcined; incorrect grammar; and
inconsistent styles e.g. natrium silicate and sodium silicate, grs and grams..... The manuscript will require changes to all these issues throughout.

. This is not the first example of geothermal waste to zeolite. This fact does not negate the possibility of publishing the results in the manuscript and the authors have rightly included a reference to their own work Sulardjaka,
S.Nugroho, D.F. Fitriyana. (2014). Synthesis of zeolite from geothermal waste, Applied Mechanics and Materials ,Vol. 660, 157-161. However, for a fuller literature review there is a more recent paper that should be included in any
revised edition, see Methane oxidation over zeolite catalysts prepared from geothermal fluids, Microporous Mesoporous Mater. 285 (2019) 56-60.

. XRD results Figure 1 — the authors claim the presence of zeolite A in the sample after 20 mins but the peaks differ from those after 40 mins and 60 mins. Why, for example, are there no zeolite A peaks below 10° after 20 mins?

The authors will need to provide a much better explanation of the XRD results. The same applies for Figures 2 and 3.

SEM — Figure 8 (c) and (e) are the same as (d) and (f). The discussion of the SEM results needs to be improved, at present it contains assertions without any clear reasoning.
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Review of “Zeolite A Prepared from Geothermal Waste by Microwave-Hydrothermal and Conventional-Hydrothermal”

The authors proposed the use of geothermal waste as a silica resource and successfully synthesized Zeolite A by microwave-hydrothermal and conventional-hydrothermal. The effect of aging time and holding time on microwave
hydrothermal on synthesized products have been studied. This work is interesting. But there are still some problems as follows.

(1) References or standard spectrum should be cited for the phase attribution of XRD.

(2) There are still some misspellings errors in this manuscript, e.g. “SiO2" in the first sentence of the third part. Please check the manuscript more carefully.
(3) Symbols in equation 1 need to be rearranged.

(4) The attribution of characteristic peaks in infrared spectrum needs to be cited.

Considering the standards of the journal, the article needs to make the above modifications. Therefore, | recommended major modification.

Reviewer N:

The manuscript by Sulardjaka et al. describes the use of geothermal waste for the synthesis of zeolite A. Conventional and microwave heating were employed for the hydrothermal treatment, which was performed after two aging
times of the precursor solution. No pure zeolite phases were reported and since control experiments using conventional zeolite precursors are missing, it is not clear whether the reason is the use of geothermal waste or poor
design of the experiments. The geothermal waste used is not well-characterised, and the conditions of the pre-calcination procedure are not justified. XRD of the geothermal is not shown. The XRD patterns presented are not
correctly discussed and most of the XRD patterns shown in Figures 1-3 do not actually correspond to zeolite A.
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The considered issues is essentially related to zeolite prepared from geothermal waste, which brings out the interests for the relevant designers and reseraches, nothing related to the innovation of the considered issue used for the
comparison is used, please following the review comments below,

1) The literature related to the materials analysis and data’s distribution is not well illustrated. Especially model structural design, proceed architecture, as well as the authors’ references to be analyzed in the real issue, should be
considered in detail.

2) Please provide the basic verification for the results that repoted in table 1 Chemical composition of geothermal powder.

3) Tabulate the results that reported in the tables 1-3 for comparison, especially, the performance indicator that can be used to verify the system description in the idea situation.
4) More detailed information should be considred in the processing architecture, such as the eliminated condition for the process of synthetic zeolite 2 h ageing of SEM image.
5) The result of the experiment that reported in Figs. 8-9 are not quantified and compared with the similar engineering issues also.

6) Please keep the literature of this paper updated.
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Abstract: Zeolite A was successfully synthesized from geothermal waste by
microwave-hydrothermal and conventional-hydrothermal. Geothermal waste was
used as an dternative silica source for the synthesis of zeolite A. The reaction of
geothermal waste with natrium aluminate and natrium silicate under microwave-
hydrotherma (M-H) and conventional-hydrothermal (C-H) reaction led to the
successful transformation of zeolite A. The microwave-hydrothermal (M-H) and
conventional-hydrothermal (C-H) were done with the variation of ageing and
synthesis time. The products were characterized using X-Ray Diffraction (XRD),
Fourier transformation infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). In M-H process, zeolite formed at relatively low temperature
(100 oC) in a short holding time (40 min). The crystallization of zeolite A was
promoted with an increase of ageing and synthesis time. It was found that using
M-H method, zeolite A was formed in shorter holding time. Zeolite A that was
produced by M-H process has a smaller and more homogeneous crystal size than
C-H method.

Keywords. Geotherma waste, microwave-hydrothermal, conventional-
hydrothermal, zeolite A

1 Introduction

Indonesiais once of the country that has a high potential for geothermal energy. Indonesia has about
28 GW potential of geothermal energy and electricity production based on geothermal sources. In the
production of geothermal energy, geothermal power plants produce geothermal waste (geothermal dudge
and geothermal brine) in large quantities. The geotherma waste is a byproduct from geothermal power
plants, in which the water and steam extracted from the underground are used to generate electricity [1,2].

Zeolites are crystals consisting of aluminate and silicate frameworks. Zeolites have the ability to act
as catalysts, adsorbents and so on. As a consequence of their properties, zeolites have many potential
applications in the fields of petrochemical reactions, water purification, and the purification of gasses [3-
5]. Zeolite A is one of kind of zeolites. Due to its large ion exchange capacity, mechanical strength and
particular crystal shape, zeolite A used to substitute sodium tripolyphosphate in the area of detergent and
water softening.

In the synthesis of zeolite A, sodium silicate and sodium aluminate are the most commonly used Si
and Al resources. One of problem on zeolite synthesisisthe availability and cost of raw material specifically
the silica source. In order for reducing the production cost of synthesized zeolite, many researchers have
been purposed alternative materials as silica source. Some natural minerals and wastes, such as natura
clinoptilolite, oil shale ash, municipal solid waste ash, rice husk ash and cod fly ash were used to replace
sodium silicate in the synthesis of zeolite A for the cost-saving and environmental protection purposes [6-
11]. Geothermal waste has high potential to be used asan aternative silicasource for the synthesis of zeolite

@ This work is licensed under a Creative Commons Attribution 4.0 Internationa License, which
@ permits unrestricted use, distribution, and reproduction in any medium, provided the original work

is properly cited.
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A due to its silica contents. In our previous study, by a conventional-hydrothermal process, geothermal
waste has successfully converted into zeolite A and sodalite[12]. Colloidal silicaextracted from geothermal
fluid was successfully synthesi zed to produced low Si/Al zeolite Y with similarity characteristics compared
to zelite Y prepared from a conventional silica sol, Ludox [13]. Hydrothermal at temperature 150 °C for 5
hours with concetration of NaOH 3 M produced Zeolite X with octahedral crystal shape and having a
specific surface area of 68.985 m2/gr and a pore volume of 0.109 cc/gr. The zeolite synthesized from this
geothermal waste and processes was successfully used as a catalyst for enhanced biohydrogen production
[14, 15]. Colloidal silica extracted from geothermal fluids can be used as silica source for zeolite synthesis
[16]. The purity and yield of zeolite A synthesized from natural minerals and wastes using hydrothermal
treatment were limited to the SO, extraction from them. In order to increasetheyield of SiO, and synthetic
zeolite, several methods, such as: calcining, akali and acid activation were conducted to treat these raw
materials before the synthesis process of zeolite [12,17].

Severa synthesis methods have been purposed for increasing yield and purity of zeolite synthesis.
Besides conventional hydrothermal, some authors have been purposed synthesis zeolite by microwave
hydrothermal. Numerous papers on the subject of microwave-hydrothermal (M-H) synthesis of zeolites
have been published [9,18,19]. These papers concluded that application of microwaves on the zeolite
synthesis, give the significant reduction in crystallization time due to faster and homogeneous heating
compared to conventional -hydrothermal (C-H). However, the fast temperature rise induced in the reacting
solution by microwaves affects the nuclei formation leading to the crystallization of undesired phases or,
sometimes, to the precipitation of amorphous solids [20,21]. Ageing the solution or adding seeds were
proved to bring a beneficial effect to nucleation in microwave synthesis of various zeolites [22]. Chu et al.
(1998) were the first to show that microwave heating could be used for the rapid synthesis of zeolites,
crystallization of zeolite NaA was obtained in 12 min but the product was contaminated with
hydroxysodalite (HS), even if the mixture was aged for 2 h at room temperature before microwave heating
[22]. Slangen et.al.(1997) were able to obtain pure zeolite A in 5 min crystalization, but after 20 h of ageing
at room temperature. Whereas, zeolite A with little hydroxysodalite could be obtained in as little as 4 h of
ageing [23]. In alaboratory scale, the microwave zeolite synthesis usually consists in a batch reaction run
in an autoclave made of amaterial transparent to microwaves, irradiated at 2.45 GHz in amultimodal oven
cavity, like the customary household microwave ovens[19, 25].

This study used geothermal waste as silica sources to produce synthesized zeolite A. Zeolite A was
synthesized from the calcined geothermal waste. The calcined geothermal waste was added into alkali
solution and aluminium source and followed by microwave-hydrotherma (M-H) and conventional-
hydrothermal (C-H) method. The effects of ageing and crystallization time, on the formation of zeolite A,
were aso investigated.

2 Materialsand Methods

Geothermal sludge was obtained from Geo DipaEnergy Co. Ltd. (Wonosobo, Central Java, Indonesia).
Then, geothermal waste was dried under the sunlight and sievec with a 320 mesh of sieving machine. This
process resulted as receive geothermal powder. The powder was calcined by burned at temperature 850 °C
for 3 hours at atmospheric condition using Carbolite furnace. Calcining process was carried out to burn
unexpected or volatile materials. The chemical compositions of geothermal waste before and after calcining
were characterized by atomic absorption spectroscopy (AAS) using Shimadzhu type AA-6650 and the
results presented in the form of stable oxides as shown in Tab. 1.

Thefirst step for zeolite synthesisis making sodium silicate. In thisresearch, sodium silicate was made
from 3 gr of geothermal waste mixed with 30 mL of NaOH 5 M. Thismixtureswere stirred at atemperature
of 100 °C for 20 min. Sodium aluminate was made from 20 g of NaOH 5 M dissolved in ditilled water to
yield 100 ml of 5 M NaOH and then added 9 gr of Al(OH)s gradually while stirring at atemperature of 100
°C for 20 min. The two suspensions: 30 mL of sodium silicate and 30 mL of sodium auminate were mixed
and stirred using a magnetic stirrer with 200 rpm for 2 and 5 hours ageing time at room temperature. The
moment the silica was added was taken as the beginning of ageing. The ageing time thus includes the
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dissolution of silicainto aluminasolution [22]. From this step resulted precursor gel for zeolite A synthesis.

Table 1. Chemical composition of geothermal powder
Before Calcining After Calcining

Compound (Wt. %) (Wt.%)
Al,Os 0.055 0.142
Fe03 0.192 0.451
NaeOs 0.609 0.760
SO, 49.100 80.043

A househol d-type microwave oven 2.45 GHz (Panasonic NN-SM 320M) with maximum output power
450 Watt was used for the microwave synthesis. For measuring the temperature of the process, the
thermocouple was inserted into the microwave. The precursor gel was poured into a Teflon(R) box and
placed into the microwave and heated at 100°C for 20, 40 and 60 min. Teflon(R) autoclave with controllable
heating was used for conventional hidrothermal process. Conventiona hydrothermal was done by pouring
the precursor gel into the Teflon(R) autoclave and heated until 100 °C with holding time 3, 4 and 5 hours.
Synthesized products were washed with aquabidest and filtered with whatmann 42 paper to separate
between solid and filtrate. The solid powder was dried in the oven at a temperature of 80 °C for 4 hours.
The powders were analyzed by Rigaku X-ray diffractometer using CuKa radiation (40 kV, 30 mA), 8201PC
Shimadzu FTIR (Fourier Transform Infra-Red) and JEOL JSM 6300 SEM (Scanning Electron Microscope).

3 Results and Discusions

Tab. 1 shows that the geothermal powder before calcining contains 49.10% SiO,, and after calcining,
the amount of SIO, increase up to 80.04 %. Calcining process causes unexpected and volatile materias
were burned out. Calcined geothermal wasted produced Si/Al ratio 1.79 as shown on Table 2. Theratio of
Si/Al alows the formation of zeolite A, which according to the literature that zeolite A has aratio of Si/Al
with range 1-3.5 [21]. Sulardjaka et.al (2014) has reported that the geothermal powder before calcining
contains silicain amorphous form, there is no dominant peak from the diffractogram. However, the peaks
arefound at 21.91 and 20.88 in the calcined geothermal powder. It indicates that there are transformation
of amorphous silicainto primary cristobalite [12]. The calcining process until 850 °C for 3 hours, some of
the silicatransforms into cristobalite phase, but the amorphous silica phase is still dominant phase [26,27].
SiO; in amorphous form in geothermal waste is potential as a silicaresources for zeolite synthesis.

Table 2: Si/Al ratio of synthetic mixture

Sample Element Average (wt. %)
Al 5.86
Pr el
Sarsorg Si 10.48

XRD diffraction pattern of synthesized products from microwave-hydrothermal of geothermal waste
for 2 h and 5 h ageing time shown at Fig. 1 and Fig. 2 respectively. Phases produced from conventional-
hydrothermal is shown in Fig. 3. Based on the diffractogram pattern as shown in Fig. 1, Fig. 2 and Fig. 3,
they has accordance with diffractogram from JCPDS data number 11-0401 (hydroxy-sodalite) and 31-1269
(zeolite A). It shows that the synthetic zeolite in al of variation contains crystal of zeolite A and sodalite.
Microwave-hydrothermal for 2 h ageing time, holding time for 20 minutes, phase zeolite A is dominant
phase, increasing holding time to 40 and 60 minutes, phase zeolite A aso increases and soddite phase is
formed. X-Ray diffraction of microwave-hydrothermal of geothermal waste for 5 h ageing with 20, 40 and
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60 minutes show that at ageing for 20 and 40 minutes, zeolite A phase is dominant. The rise of hoding time
to 60 minutes, increases phase of zeolite A and produces sodalite phase.
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Figure 1. X-Ray diffraction of microwave-hydrothermal of geothermal waste for 2 h ageing with the
variation of holding time

40 min

.JJ-"m".)u' ok e T

0 1 20 0 40 “0 o0 W )

Ztheta

Figure 2: X-Ray diffraction of microwave-hydrothermal of geothermal waste for 5 h ageing with the
variation of holding time

Fig. 3 shows X-Ray diffraction of conventional-hydrothermal of geothermal waste for 2 h ageing
with 3, 4, 5 hours holding time. At holding time for 3 hours, produced zeolite A and less sodalite phase.
The rise of holding time, increase zeolite A and sodalite phases. Holding time for 5 hours hyroxy-sodalite
phase is dominant. The microwave-hydrothermal (M-H) and conventional-hydrotherma (C-H) of
geothermal waste produced synthetic zeolite. Zeolites A and sodalite were produced in all of the variation
of microwave-hydrothermal process. Along withincreasing M-H time, it increasesthe production of zeolite
A and sodalite. However, along with increasing C-H time, it decreased the zeolite A phase and increased
the phase of sodalite. In zeolite A synthesis, formation of building units and nucleation of zeolite using the
building units occur, followed by crystal growth by adsorption of building units on the surface of zeolite
nuclei and crystal. At the longer holding time, the impurity phase of zeolite A isformed. There has been a
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transformation from zeolite A — sodalite. The surface-to-core extension of crystalization, sodalite
nanoplates were crystallized within the amorphous cores of zeolite A. At longer holding time, sodalite
nanoplates increased in size and breaking the cubic shells of zeolite A in the process, leading to the phase
transformation from zeolite A to sodalite [27-29].
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Figure 3. X-Ray diffraction of conventional-hydrothermal of geothermal waste for 2 h ageing with
variation of holding time

The average of crystal grain size of sinthesized zeolites can determine from the results of XRD graphs,
it could be calculated using Scherer formula[30, 31].

573xkxy
L= B xcos @ 1)
Where:
L = crystal grain size (nm),
k = oxide constant (0.94),
A = X-ray wavelength (1.5406 A),
B = the value of FWHM (deg),
0 = angle of crystal diffraction peak position (deg),
57.3 = correction factor from degree to radian.

The results of crystal grain size calculation using Scherer formula is shown in Figure 4. The crista
size of zeolite A produced from M-H are: 13.43 nm (ageing 2 h) and 14 nm (ageing 5 h). C-H with 2 h
ageing produced zeolite A with crystal size 53.94 nm and sodalite with crystal size 35.4 nm. Sodalite with
crystal size 10.78 nm (ageing 2 h) and 11.38 nm (ageing 5 h) were also formed from M-H. M-H produces
smaller and more homogeneous crystal size of zeolite A and sodalite dueto faster and homogeneous heating
compared to conventional-hydrothermal (C-H). Ageing time with variation of 2 h and 5 h on M-H method
affect nucleation and crystallization of synthetic zeolite. The ageing of precursor gels resulted in
acceleration of the crystallization and crystal size diminution of the synthesis product, the ageing process
directly influence to the concentration and number of formed nuclel [32]. Fast crystallization on M-H
method affect the significant reduction of crystallization time, 3 or 4 times, shorter than C-H method. It was
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also observed that the time and temperature of microwave heating had significant effects on the prepared
zeolite particles. The shortening of synthesis times in microwave heating is caused by two different
mechanisms, i.e., the rapid heat-up of the sample and a better heat transfer which results in rapid and
thorough heating of the synthesis mixture. This thorough heating can easily result in rapid and thorough
heating of the synthesis mixture and effect on faster crystallization [33, 34].
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Figure 4: Crystal size of zeolite A and hydroxy-sodalite

FTIR analysis was conducted to identify functional group on the synthetic zeolite. FTIR data were
analysed based on The Nicodom FTIR Spectra Libraries. FTIR datawere obtained from references such as
the general FTIR vibrational region 300-400 cm® (vibrations of the external opening of the pores caused
by breathing motion of the ring hole 12) , vibration region 420-500 cm* (Si-O/Al-O bending vibrations)
vibration region 500-650 cm™ (double ring D4R/ D6R external vibration) which shows the formation of
zeolite A, vibration region 650-850 cm? (symmetric stretching vibrations of O-Si-O or O-Al-O) vibration
region 900-1250 cm* (asymmetric stretching vibrations of O-Si-O or O-Al-O) vibration region 1600-1700
cm* (O-H bending vibration) which showed the presence of zeolitic water (H-O) and vibration region 3400-
3700 cm-1 (O-H stretching vibration of Si-OH) [21]. FTIR spectraof zeolite synthesisresultsat 3 variations
can beseeninFig. 5, Fig. 6 and Fig. 7.
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Figure5: FTIR spectra of zeolite produced from microvawe-hydrothermal synthesisfor 2 h ageing

There are wavenumber 555.5 cmr? and 563.21 cm® for 40 and 60 min 2 h ageing; M-H. Existence of
the absorption band in the region around 500-650 cm* shows the double ring D4R or D6R. It can be
concluded that zeolite A was only formed in variation 40 and 60 min 2 h ageing; M-H. There is only
wavenumber 563.21 cm for 60 min 5 h ageing; M-H. It can be concluded that zeolite A was only formed
in variation 60 min 5 h ageing; M-H. There are wavenumber 555.5 cm* and 555.5 cm™ for 3and 4 h, 2 h
ageing; C-H. The FTIR analysisis match with the XRD analysisthat zeolite A wasonly formed in variation
3and 4 h, 2 hageing; C-H.
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Figure 6: FTIR spectra of zeolite produced from microvawe-hydrothermal synthesisfor 5 h ageing
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Figure 7: FTIR spectra of zeolite produced from conventional -hydrothermal synthesisfor 2 h ageing

Scanning el ectron micrograph of the M-H process with 2 h ageing with holding time 20 min, 40 min
and 60 min are shown in Fig. 8.a,, 8.b. and 8.c respectively. It isshown that on variation 20 min, the form
of grain is not regular or amorphous and zeolite A has not been formed yet. But, on variation 40 and 60
min, zeolite A and sodalite has been formed. Zeolite A has cubic form and sodalite has spherical form with
an array of long fibers that surround it. Same with M-H with ageing 2 h, M-H with ageing time 5 h and
holding time 20 min The zeolite A has not been formed, it is shownin Fig. 6.d. that the form of grainis not
regular or amorphous. The spherical form appears on variation 40 min (Fig. 6.€). It reveal s that amorphous
silicatransformsinto a crystal of zeolite. On variation 60 min (Fig. 6.f.), the image shows the formation of
many cubes which is aform of zeolite A and sodalite, which has the formation of spherical with an array
of long fibres that surround it. The grain size of zeolite A and sodalite approximately 1 pm.

@ (b)
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(©) (d)

(e ()
Figure 8: SEM image of synthetic zeolite for 2 h ageing; M-H (&) 20 min (b) 40 min (c) 60 min
and 5 hageing; M-H (d) 20 min (e) 40 min (f) 60 min

Result of the SEM on the variation 2 h ageing; C-H as shown in Fig. 9. On variation 3 h, It’s shows
the formation of zeolite A and sodalite with a grain size about 5 um and 10 um respectively (Fig. 9.a and
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Fig. 9.b.). Fig. 9.c. shows that formation of zeolite A and sodalite is not clear on variation 4 h, and only
sodalite phase appears on variation 5 h because zeolite A has been transformed into sodalite (Fig 9.d.). M-
H produces smaller and more homogeneous grain size of zeolite A and hydroxy-sodalite due to faster and
homogeneous heating compared to conventional -hydrothermal (C-H). The formation of sodalite as a side
product inthe synthesisof NaA isnot very surprising and can be explained by inadequate mixing. Prolonged
heating then results in dissolution and regrowth of crystals of that composition,e.g., when a NaA mixture
movesinto aHS range, eventualy, al NaA will be transformed into sodalite. However, when the synthesis
mixture stays in the NaA region, the only sodaliteS that can nucleate isin the inhomogeneous pockets[32].
- \ 'r ® p) — . - _d "

Figure 9: SEM image of synthetic zeolite 2 h ageing; C-H (a) 3 h; zeolite A (b) 3 h; sodalite
(©)4h(d)5h

4 Conclusions

Zeolite A was successfully synthesized from geothermal waste by conventional-hydrothermal (C-H)
and microwave-hydrothermal (M-H). Geothermal waste consists of 80.04 % SO, and 0.142 % Al.Os, the
silica content of geothermal waste is a high potentia as an alternative silica source for synthesizing zeolite
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A. Therise of M-H time will increase the crystallinity of zeolite A and sodalite but the rise of C-H time
will decrease the crystallinity of zeolite A and increase the crystallinity of sodalite. Fast crystallization on
M-H method affect the significant reduction of crystallization time 3 or 4 times shorter than C-H method
and produces smaller and more homogeneous crystal size compared to C-H method.
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Abstract: Zeolite A has been successfully synthesized from geothermal waste
with natrium aluminate and natrium silicate using conventional (C-H) and
microwave heating (M-H) for the hydrothermal treatment. The products obtained
for different aging times have been characterized using X-Ray Diffraction (XRD),
Fourier transformation infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). It is shown that with the M-H process, zeolite can be formed
at relatively low temperature (100 °C) in a relatively short time (40 min). The
crystallization of zeolite A has been found to be generally promoted by an increase
of aging and synthesis time; however, it has also been observed that relative long
aging times can transform it into sodalite. Zeolite A produced through the M-H
process generaly displays a smaller and more homogeneous crystal size with
respect to that obtained with the C-H method.

Keywords. Geothermal waste, microwave-hydrothermal, conventional-
hydrothermal, zeolite A

1 Introduction

High potential of geothermal energy promising an alternative resource in power plant generation. In
the production process, wastes are produced (geotherma dudge and brine) in large quantities, and are the
byproducts from power plants, in which the water and steam extracted from the underground are used to
generate electricity [1,2].

Zeolitesare crystals consisting of aluminate and silicate frameworks, with the ability to act ascatalysts,
adsorbents, etc. As a consequence of their properties, they have many potentia applicationsin the fields of
petrochemica reactions, water and gas purification [3-5]. Zeolite A isatype of zeolites, and dueto itslarge
ion exchange capacity, mechanical strength, and particular crystal shape, it is used in the substitution of
sodium tripolyphosphate in the aspect of detergent and water softening.

In the synthesis of zeolite A, sodium silicate and sodium aluminate are the most commonly used S
and Al resources. One of the problems in zeodlite synthesis is the unavailability and cost of raw material,
specifically the silica source. In order to reduce the production cost of synthesized zeolite, many aternative
materials, such as silica source have been proposed. Some natural mineralsand wastes, such asclinoptildlite,
oil shale, municipal solid, rice husk and cod fly ash were used to replace sodium silicate in the synthesis
of zeolite A for cost-saving and environmental protection purposes [6-11]. Geothermal waste has high
potential to be used as an alternative silica source for the synthesis of zeolite A, due to its silica contents.
In previous study, by a conventional-hydrothermal process, geothermal waste was successfully converted
into zeolite A and sodalite [12]. Colloida silica extracted from geothermal fluid was synthesized to low
Si/Al zeolite Y, with similarity characteristics compared to those prepared from a conventional silicasol or
Ludox [13]. Hydrothermal process at 150 °C for 5 hours with 3 M of NaOH produced Zeolite X with
octahedral crystal shape, having a specific surface area of 68.985 m2/gr and a pore volume of 0.109 cc/gr.
The synthesized zeolite was successfully used as a catalyst for enhancing biohydrogen production [14, 15].
The colloidal silicaextracted from geothermal fluidsis used as silica source for zeolite synthesis[16]. The
purity and yield of zeolite A synthesized from natural minerals and wastes using hydrothermal treatment
were limited to the SIO, extraction. In order to increase the yield of SiO, and synthetic zeolite, severd
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methods, such as calcining, alkali, and acid activation were conducted to treat these raw materials before
the synthesis process[12,17].

Severa synthesis methods have been proposed for increasing the yield and purity of zeolite, besides
conventional hydrothermal, some synthetic zeolites by microwave hydrothermal were produced. Also,
numerous studies on the subject of microwave-hydrothermal (M-H) synthesis of zeolites have been
published [9,18,19]. This research explained that the application of microwaves on zedlite synthesis, yield
significant reduction in crystallization time due to faster and homogeneous heating, compared to
conventional-hydrothermal (C-H) method. However, the fast temperature rise induced in the reacting
solution by microwaves affects the nuclei formation, leading to the crystallization of undesired phases, or
to the precipitation of amorphous solids [20,21]. The addition of seeds or ageing the solution were proved
to bring a beneficial effect to nucleation in microwave synthesis of various zeolites [22]. Chu et al. (1998)
was the first to show that microwave heating is used for the rapid synthesis of zeolites, and the
crystallization of zeolite NaA was abtained in 12 min, contaminated with hydroxysodalite (HS), even when
the mixture was aged for 2 hrs at room temperature before the M-H trestment [22]. Slangen et.al.(1997)
obtained pure zeolite A in 5 mins crystallization, and after 20 hrs of ageing at room temperature. While the
product with little hydroxysodalite was obtained in as short as 4 hrs of ageing [23]. In a laboratory scale,
the microwave zeolite synthesis usually consists a batch reaction carried out in an autoclave made of a
material transparent to microwaves, irradiated at 2.45 GHz in a multimodal oven cavity, similar to the
customary household type [19, 25].

This study used cal cined geothermal waste as silica sources in synthesizing zeolite A. This waste was
added into akali solution and aluminum source, followed by microwave-hydrothermal (M-H) and
conventional-hydrothermal (C-H) method. The ageing effects and crystallization time, on the formation of
zeolite A were also investigated.

2 Materialsand Methods

Geothermal waste from geothermal power plant was dried under the sunlight and sieved with a 320-
mesh sieving machine. The powder was calcined by burning at 850 °C for 3 hours at atmospheric condition
using Carbolite furnace. Calcining process was carried out to burn unexpected or volatile materials. The
chemical compositions of geothermal waste before and after calcining were characterized by atomic
absorption spectroscopy (AAS) using Shimadzhu type AA-6650 and the results were presented in the form
of stable oxides as shownin Tab. 1.

The first step for zeolite synthesis was making sodium silicate. In this research, sodium silicate was
made from 3 gr of geothermal waste mixed with 30 mL of NaOH 5 M. These mixtures were stirred at 100
°C for 20 min. Then, sodium aluminate was made from 20 g of NaOH 5 M dissolved in ditilled water to
yield 100 ml of 5 M NaOH, and then added 9 gr of Al(OH)s gradually, while stirring at 100 °C for 20 min.
The two suspensions. 30 mL of sodium silicate and 30 mL of sodium aluminate were mixed and stirred
using a magnetic stirrer at 200 rpm for 2 and 5 hours ageing time at room temperature. The moment the
silicawas added, it was taken as the beginning of ageing. Thisincluded the dissolution of silicain alumina
solution [22], from this step resulted precursor gel for zeolite A synthess.

Table 1: Chemical composition of geothermal powder
Before Calcining After Calcining

Compound (wt. %) (Wt.%)
Al2O3 0.055 0.142
Fe:0s 0.192 0.451
NaeOs 0.609 0.760

SO 49.100 80.043
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A househol d-type microwave oven 2.45 GHz (Panasonic NN-SM 320M) with maximum output power
450 Watt was used for microwave synthesis. For measuring the temperature of the process, the
thermocouple was inserted into the microwave. The precursor gel was poured into a Teflon(R) box and
placed into the microwave and heated at 100°C for 20, 40, and 60 min. The Teflon(R) autoclave with
controllable heating was used for conventiona hydrothermal process. This was performed by pouring the
precursor gel into the Teflon(R) autoclave and heated until 100 °C with holding time 3, 4, and 5 hours. The
synthesized products were washed with aquabidest and filtered with whatmann 42 paper to separate
between solid and filtrate. The solid powder was dried in the oven at 80 °C for 4 hours. The powders were
analyzed by Rigaku X-ray diffractometer using CuKa radiation (40 kV, 30 mA), 8201PC Shimadzu FTIR
(Fourier Transform Infra-Red) and JEOL JSM 6300 SEM (Scanning Electron Microscope).

3 Results and Discusions

Tab. 1 showsthat the geothermal powder before calcining contains 49.10% SiO,, and after, it increases
up to 80.04 %. Munfarida et. al. has reported that using EDX analysis geothermal waste form power plant
has SiO, containing 35.09 % and Al>O3 about 0.05 % [26]. Calcining process causes unexpected and vol atile
materials to burned out. While the calcined geothermal waste produced Si/Al ratio 1.79 as shown on Table
2. Thisratio alowsthe formation of zeolite A, which according to the literature that this product has aratio
of Si/Al ranging from 1-3.5 [21]. Sulardjaka et.a (2014) reported that the geotherma powder before
calcining contained silicain amorphousform, there was no dominant peak from the diffractogram. However,
the peaks were found at 21.91 and 20.88 in the calcined geothermal powder. Thisindicated that there was
transformation of amorphous silicainto primary cristobalite[12]. During the calcining process until 850 °C
for 3 hours, some of the silica transformed into cristobalite phase, and the amorphous silica phase was still
dominant [27,28]. SO, in amorphousform in geothermal waste has potential asasilicaresourcesfor zeolite
synthesis.

Table 2: Si/Al ratio of synthetic mixture

Sample Element Average (wt. %)
Al 5.86
Pr el
Sarsorg Si 10.48

XRD diffraction pattern of synthesized products from microwave-hydrothermal of geothermal waste
for 2 hrs and 5 hrs ageing time were shown at Fig. 1 and 2 respectively. The phases produced from
conventional-hydrothermal were shown in Fig. 3. The diffractogram pattern as shown in Fig. 1, 2, and 3,
correlated with that from JCPDS data number 11-0401 (hydroxy-sodalite) and 31-1269 (zeolite A). This
showed that the synthetic zeolitein al the variation contained crystal of zeolite A and sodalite. During the
microwave-hydrothermal for 2 h ageing, holding time for 20 mins, phase zeolite A became the dominant.
While increasing the holding time to 40 and 60 mins, the zeolite A aso increased and sodalite phase was
formed. X-Ray diffraction of microwave-hydrothermal of geothermal waste for 5 hrs ageing showed that
at the ageing of 20 and 40 mins, zeolite A phase was dominant. The rise of holding time to 60 mins,
increased the zeolite A and produced sodalite phase.
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Figure 1: X-Ray diffraction of microwave-hydrothermal of geothermal waste for 2 hrs ageing with the
variation of holding time
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Figure 2: X-Ray diffraction of microwave-hydrothermal of geothermal waste for 5 hrs ageing with the
variation of holding time

Fig. 3 showed X-Ray diffraction of conventional-hydrothermal of geothermal waste for 2 hrs ageing
with 3, 4, 5 hours holding time. At the holding time of 3 hours, zeolite A and less sodalite phase were
produced. The rise of holding time, increased zeolite A and sodaite phases. The holding time for 5 hours
hydroxy-sodalite phase was dominant. The microwave-hydrothermal (M-H) and conventional-
hydrothermal (C-H) of geothermal waste produced synthetic zeolite. Zeolites A and sodalite were produced
in dl of the variation of microwave-hydrothermal processes. The increasing M-H time, elevated the
production of zeolite A and sodalite. However, the increasing C-H time, decreased the zeolite A phase and
raised that of sodalite. In zeolite A synthesis, the formation of building units and the nucleation of zeolite
with it, was followed by crystal growth by adsorption of the units on the surface of the zeolite nuclel and
crystal. At the longer holding time, the impurity phase of zeolite A was formed. There has been a
transformation from zeolite A — sodalite. At the surface-to-core extension of crystallization, sodalite
nanoplates were crystallized within the amorphous cores of zeolite A. At the longer holding time, sodalite
nanoplates increased in size and breaking the cubic shells of zeglite A in the process. Thisled to the phase
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transformation from zeolite A to sodalite [28-30].

- e® e
= _——J\-JJ—L;J/‘—M -8 _~. bl .
. gy 2

_,.MJUW'M $ _.:m

L.JJ._:.. A ). ep os B

“n._\_' AAA b A A

o 10 30 &0 30 (] 70 L 30

dthets

Figure 3. X-Ray diffraction of conventional-hydrothermal of geothermal waste for 2 hrs ageing with
variation of holding time

The average of crystal grain size of synthesized zeolites was determined from the results of XRD
graphs, this was calculated using Scherer formula[31, 32].

L= 573xkxy
- Bxcos©

Where:

L = crystal grain size (nm),

k = oxide constant (0.94),

A = X-ray wavelength (1.5406 A),

B = the value of FWHM (deg),

0 = angle of crystal diffraction peak position (deg),

57.3 = correction factor from degree to radian.

(D

The results of the crystal grain size calculation using Scherer formula was shown in Figure 4. The
crystal size of zeolite A produced from M-H were 13.43 nm (ageing 2 hrs) and 14 nm (ageing 5 hrs). The
C-H with 2 hrs ageing produced zeolite A with crystal size of 53.94 nm, and sodalite of 35.4 nm. The
sodalite with crystal size of 10.78 nm (ageing 2 hrs) and 11.38 nm (ageing 5 hrs) were also formed from
M-H. The M-H produced smaller and more homogeneous crystal size of zeolite A and sodalite, dueto faster
and homogeneous heating compared to the C-H. Ageing time with variation of 2 and 5 hrs on the M-H
method affected nucleation and crystallization of synthetic zeolite. The ageing of precursor gelsresulted in
the acceleration of the crystallization and crystal size diminution of the synthesis product. This ageing
process directly influenced the concentration and number of formed nuclei [33]. The fast crystallization on
M-H method affected the significant reduction of itstime, 3 or 4 times, shorter than that of C-H method. It
was also abserved that the time and temperature of microwave heating had significant effects on the
prepared zeolite particles. The shortening of synthesis times in microwave heating was caused by two
different mechanisms, i.e., the rapid heat-up of the sample and a better heat transfer which resulted in the
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rapid and thorough heating of the synthesis mixture. This easily resulted in rapid and vivid heating of the
synthesis mixture and effect a faster crystallization [34, 35].
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Figure 4: Crystal size of zeolite A and hydroxy-sodalite

FTIR analysis was conducted to identify the functiona group on the synthetic zeolite. The data were
analyzed based on the Nicodom FTIR Spectra Libraries. These data were obtained from references, such
asthe general FTIR vibrational region 300-400 cm? (vibrations of the external opening of the pores caused
by breathing motion of the ring hole 12), 420-500 cm? (Si-O/Al-O bending vibrations), 500-650 cm?
(double ring D4R/ D6R external vibration) which showed the formation of zeolite A, 650-850 cm?
(symmetric stretching vibrations of O-Si-O or O-Al-0), 900-1250 cmr? (asymmetric stretching vibrations
of O-Si-O or O-Al-0), 1600-1700 cm* (O-H bending vibration) which showed the presence of zeolitic
water (H20), and 3400-3700 cm-1 (O-H stretching vibration of Si-OH) [21]. The FTIR spectra of zeolite
synthesis which resulted at 3 variations was shown in Fig. 5, 6, and 7.
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Figure5: FTIR spectra of zeolite produced from microwave-hydrothermal synthesisfor 2 hrs ageing
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There were wavenumber 555.5 ct and 563.21 cm for 40 and 60 mins of 2 hrs ageing using the M-
H method. The existence of absorption band in the region around 500-650 cm™ showed the double ring
D4R or D6R. It was observed that zeolite A was only formed in variation for 40 and 60 mins of 2 h ageing
using the M-H method. There was only wavenumber 563.21 cm for 60 mins of 5 hrs ageing with M-H. It
was also found that zeolite A was only formed in variation for 60 mins of 5 hrs ageing with M-H. There
were wavenumbers of 555.5 cm® and 555.5 cm for 3 and 4 hrs of the 2 hrs ageing with C-H. The FTIR
analysis was matched with the XRD tegt, that zeolite A was only formed in variation 3 and 4 hrs of the 2

hrs ageing with C-H.
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Figure 6: FTIR spectra of zeolite produced from microwave-hydrothermal synthesisfor 5 hrs ageing
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Figure 7: FTIR spectra of zeolite produced from conventional -hydrothermal synthesisfor 2 hrs ageing

Scanning el ectron micrograph of the M-H process for 2 hrs ageing with holding time of 20, 40, and 60
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mins were shown in Fig. 8.a, 8.b., and 8.c, respectively. It was shown that on variation 20 mins, the
formation of grain was not regular, while amorphous and zeolite A has not been formed yet. However, on
variation 40 and 60 mins, zeolite A and sodalite were formed. Zeolite A has cubic while sodalite has
spherical form with an array of long fibers that surrounded it. The same with M-H for the ageing of 2 and
5 hrs and the holding time of 20 mins. The zeolite A formed, as shown in Fig. 6.d. that the formation of
grain was not regular or amorphous. The spherical form appeared on variation of 40 mins (Fig. 6.€), and
showed that amorphous silica transformed into a crystal of zeolite. On variation of 60 mins (Fig. 6.f.), the
image showed the formation of many cubes, in the form of zeolite A and sodalite, has spherical form with
an array of long fibersthat surround it. The grain size of zeolite A and soddite we're approximately 1 um.

@ ®)

(©) (d)
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(€) (f)
Figure 8: SEM image of synthetic zeolite for 2 hrs ageing with M-H (&) 20 min (b) 40 min (c) 60 min
and 5 hrs (d) 20 min (€) 40 min (f) 60 min

The result of the SEM on the variation of 2 hrs ageing with C-H was shown in Fig. 9. On variation 3
hrs, the formation of zeolite A and sodalite with agrain size of about 5 um and 10 um, respectively were
observed (Fig. 9.a. and Fig. 9.b.). Figure 9.a. showed that there was a cubic formation of zeolite A. Figure
9.b. showed sodalite phase. While Fig. 9.c. indicated that the formation of zeolite A and sodalite was not
clear on variation 4 hrs, and only sodalite phase was observed, because zeolite A has been transformed into
sodalite (Fig 9.d.). The M-H produced smaller and more homogeneous grain size of zeolite A and sodalite,
due to faster and homogeneous heating compared to C-H. The formation of sodalite as a side product in the
synthesis of NaA was explained by theinadeguate mixing. The prolonged heating resulted in the dissolution
and regrowth of crystals composition, e.g., when a NaA mixture moved into a HS range, eventualy, al
NaA were transformed into sodalite. However, when the synthesis mixture stayed in the NaA region, the
only sodalite that nucleated was in the inhomogeneous pockets [33].
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Figure 9: SEM image of synthetic zeolite 2 hrs ageing with C-H (a) 3 hrs zeolite A (b) 3 hrs sodalite
(c)4hrs(d)5hrs

4 Conclusions

Zeolite A was successfully synthesized from geothermal waste by conventional -hydrothermal (C-H)
and microwave-hydrotherma (M-H) methods. This waste consists of 80.04 % SiO. and 0.142 % Al»Os,
whileits silica content has high potential as an aternative source for synthesizing zeolite A. Therise of M-
H and C-H time increased and decreased the crystallinity of zeolite A and sodalite, respectively. The fast
crystalization observed using the M-H method affected the significant reduction in duration to 3 or 4 times
shorter, producing smaller and more homogeneous crystal size compared to the C-H method.

Funding Statement: This research was supported by the International Publication research grant,
Diponegoro University, with the contract number: 385-90/UN7.P4.3/PP/2018.
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Zeolite A Synthesized from Geothermal Waste Using Conventional and
Microwave Heating for the Hydrothermal Treatment

Abstract: Zeolite A has been successfully synthesized from geothermal waste
with natrium aluminate and natrium silicate using conventional (C-H) and
microwave heating (M-H) for the hydrothermal treatment. The products obtained
for different aging times have been characterized using X-Ray Diffraction (XRD),
Fourier transformation infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). It is shown that with the M-H process, zeolite can be formed
at relatively low temperature (100 °C) in a relatively short time (40 min). The
crystallization of zeolite A has been found to be generally promoted by an increase
of aging and synthesis time; however, it has also been observed that relative long
aging times can transform it into sodalite. Zeolite A produced through the M-H
process generaly displays a smaller and more homogeneous crystal size with
respect to that obtained with the C-H method.

Keywords. Geothermal waste, microwave-hydrothermal, conventional-
hydrothermal, zeolite A

1 Introduction

Geothermal energy is heat that generated or comes from the sub-surface of the eart. The geothermal
energy produces heat and can used as a resource in power plant generation. In the production process,
wastes are produced (geothermal sludge and brine) in large quantities, and are the byproducts from power
plants, in which the water and steam extracted from the underground are used to generate eectricity [1,2].

Zeolitesare crystals consisting of aluminate and silicate frameworks, with the ability to act as catalysts,
adsorbents, etc. As a consequence of their properties, they have many potential applicationsin the fields of
petrochemical reactions, water and gas purification [3-5]. Zeolite A isatype of zeolites, and duetoitslarge
ion exchange capacity, mechanical strength, and particular crystal shape, it is used in the substitution of
sodium tripolyphosphate in the aspect of detergent and water softening.

In the synthesis of zeolite A, sodium silicate and sodium aluminate are the most commonly used S
and Al resources. One of the prablems in zeolite synthesis is the unavailability and cost of raw materid,
specifically the silica source. In order to reduce the production cost of synthesized zeolite, many aternative
materials, such as silica source have been proposed. Some natural mineralsand wastes, such asclinoptilolite,
oil shale, municipal solid, rice husk and cod fly ash were used to replace sodium silicate in the synthesis
of zeolite A for cost-saving and environmental protection purposes [6-11]. Geothermal waste has high
potential to be used as an alternative silica source for the synthesis of zeolite A, due to its silica contents.
In previous study, by a conventional-hydrothermal process, geothermal waste was successfully converted
into zeolite A and sodalite [12]. Colloida silica extracted from geothermal fluid was synthesized to low
Si/Al zeolite Y, with similarity characteristics compared to those prepared from a conventional silicasol or
Ludox [13]. Hydrothermal process at 150 °C for 5 hours with 3 M of NaOH produced Zeolite X with
octahedral crystal shape, having a specific surface area of 68.985 m2/gr and a pore volume of 0.109 cc/gr.
The synthesized zeolite was successfully used as a catalyst for enhancing biohydrogen production [14, 15].
The colloidal silicaextracted from geothermal fluidsis used as silica source for zeolite synthesis[16]. The
purity and yield of zeolite A synthesized from natural minerals and wastes using hydrothermal treatment
were limited to the SO, extraction. In order to increase the yield of SiO, and synthetic zeolite, severd
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methods, such as calcining, alkali, and acid activation were conducted to treat these raw materials before
the synthesis process[12,17].

Severa synthesis methods have been proposed for increasing the yield and purity of zeolite, besides
conventional hydrothermal, some synthetic zeolites by microwave hydrothermal were produced. Also,
numerous studies on the subject of microwave-hydrothermal (M-H) synthesis of zeolites have been
published [9,18,19]. This research explained that the application of microwaves on zeolite synthesis, yield
significant reduction in crystallization time due to faster and homogeneous heating, compared to
conventional-hydrothermal (C-H) method. However, the fast temperature rise induced in the reacting
solution by microwaves affects the nuclei formation, leading to the crystallization of undesired phases, or
to the precipitation of amorphous solids [20,21]. The addition of seeds or ageing the solution were proved
to bring a beneficial effect to nucleation in microwave synthesis of various zeolites [22]. Chu et al. (1998)
was the first to show that microwave heating is used for the rapid synthesis of zeolites, and the
crystallization of zeolite NaA was abtained in 12 min, contaminated with hydroxysodalite (HS), even when
the mixture was aged for 2 hrs at room temperature before the M-H treatment [22]. Slangen et.al.(1997)
obtained pure zeolite A in 5 mins crystallization, and after 20 hrs of ageing at room temperature. While the
product with little hydroxysodalite was obtained in as short as 4 hrs of ageing [23]. In a laboratory scale,
the microwave zeolite synthesis usually consists a batch reaction carried out in an autoclave made of a
material transparent to microwaves, irradiated at 2.45 GHz in a multimodal oven cavity, similar to the
customary household type [19, 25].

This study used calcined geothermal waste as silica sources in synthesizing zeolite A. This waste was
added into akali solution and aluminum source, followed by microwave-hydrothermal (M-H) and
conventional-hydrothermal (C-H) method. The ageing effects and crystallization time, on the formation of
zeolite A were also investigated.

2 Materialsand Methods

Geothermal waste from geothermal power plant was dried under the sunlight and sieved with a 320
mesh sieving machine. The powder was calcined by burning at 850 °C for 3 hours at atmospheric condition
using Carbolite furnace. Calcining process was carried out to burn unexpected or volatile materials. The
chemical compositions of geothermal waste before and after calcining were characterized by atomic
absorption spectroscopy (AAS) using Shimadzhu type AA-6650 and the results were presented in the form
of stable oxides as shownin Tab. 1.

The first step for zeolite synthesis was making sodium silicate. In this research, sodium silicate was
made from 3 gr of geothermal waste mixed with 30 mL of NaOH 5 M. These mixtures were stirred at 100
°C for 20 min. Then, sodium aluminate was made from 20 g of NaOH 5 M dissolved in distilled water to
yield 100 ml of 5 M NaOH, and then added 9 gr of Al(OH)s gradually, while stirring at 100 °C for 20 min.
The two suspensions. 30 mL of sodium silicate and 30 mL of sodium aluminate were mixed and stirred
using a magnetic stirrer at 200 rpm for 2 and 5 hours ageing time at room temperature. The moment the
silicawas added, it was taken as the beginning of ageing. Thisincluded the dissolution of silicain alumina
solution [22], from this step resulted precursor gel for zeolite A synthesis.

Table 1: Chemical composition of geothermal powder
Before Calcining After Calcining

Compound (wt. %) (Wt.%)
Al2O3 0.055 0.142
Fe:0s 0.192 0.451
NaeOs 0.609 0.760

SO 49.100 80.043
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A househol d-type microwave oven 2.45 GHz (Panasonic NN-SM 320M) with maximum output power
450 Watt was used for microwave synthesis. For measuring the temperature of the process, the
thermocouple was inserted into the microwave. The precursor gel was poured into a Teflon(R) box and
placed into the microwave and heated at 100°C for 20, 40, and 60 min. The Teflon(R) autoclave with
controllable heating was used for conventiona hydrothermal process. This was performed by pouring the
precursor gel into the Teflon(R) autoclave and heated until 100 °C with holding time 3, 4, and 5 hours. The
synthesized products were washed with agquabidest and filtered with whatmann 42 paper to separate
between solid and filtrate. The solid powder was dried in the oven at 80 °C for 4 hours. The powders were
analyzed by Rigaku X-ray diffractometer using CuKa radiation (40 kV, 30 mA), 8201PC Shimadzu FTIR
(Fourier Transform Infra-Red) and JEOL JSM 6300 SEM (Scanning Electron Microscope).

3 Results and Discusions

Tab. 1 showsthat the geothermal powder before calcining contains 49.10% SiO,, and after, it increases
up to 80.04 %. Munfarida et. al. has reported that using EDX analysis geothermal waste form power plant
has SiO; containing 35.09 % and Al>O3 about 0.05 % [26]. Calcining process causes unexpected and volatile
materials to burned out. While the calcined geothermal waste produced Si/Al ratio 1.79 as shown on Table
2. Thisratio alowsthe formation of zeolite A, which according to the literature that this product has aratio
of Si/Al ranging from 1-3.5 [21]. Sulardjaka et.a (2014) reported that the geotherma powder before
calcining contained silicain amorphous form, there was no dominant peak from the diffractogram. However,
the peaks were found at 21.91 and 20.88 in the calcined geothermal powder. Thisindicated that there was
transformation of amorphous silicainto primary cristobalite[12]. During the cal cining process until 850 °C
for 3 hours, some of the silica transformed into cristobalite phase, and the amorphous silica phase was still
dominant [27,28]. SiO; in amorphousform in geothermal waste has potential asasilicaresourcesfor zeolite
synthesis.

Table 2: Si/Al ratio of synthetic mixture

Sample Element Average (wt. %)
Al 5.86
Pr el
Sarsorg Si 10.48

XRD diffraction pattern of synthesized products from microwave-hydrothermal of geothermal waste
for 2 hrs and 5 hrs ageing time were shown at Fig. 1 and 2 respectively. The phases produced from
conventional-hydrothermal were shown in Fig. 3. The diffractogram pattern as shown in Fig. 1, 2, and 3,
correlated with that from JCPDS data number 11-0401 (hydroxy-sodalite) and 31-1269 (zeolite A). This
showed that the synthetic zeolitein al the variation contained crystal of zeolite A and sodalite. During the
microwave-hydrothermal for 2 h ageing, holding time for 20 mins, phase zeolite A became the dominant.
While increasing the holding time to 40 and 60 mins, the zeolite A also increased and sodalite phase was
formed. X-Ray diffraction of microwave-hydrothermal of geothermal waste for 5 hrs ageing showed that
at the ageing of 20 and 40 mins, zeolite A phase was dominant. The rise of holding time to 60 mins,
increased the zeolite A and produced sodalite phase.
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Figure 1: X-Ray diffraction of microwave-hydrothermal of geothermal waste for 2 hrs ageing with the
variation of holding time
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Figure 2: X-Ray diffraction of microwave-hydrothermal of geothermal waste for 5 hrs ageing with the
variation of holding time

Fig. 3 showed X-Ray diffraction of conventional-hydrothermal of geothermal waste for 2 hrs ageing
with 3, 4, 5 hours holding time. At the holding time of 3 hours, zeolite A and less sodalite phase were
produced. The rise of holding time, increased zeolite A and sodalite phases. The holding time for 5 hours
hydroxy-sodalite phase was dominant. The microwave-hydrothermal (M-H) and conventional-
hydrothermal (C-H) of geothermal waste produced synthetic zeolite. Zeolites A and sodalite were produced
in dl of the variation of microwave-hydrothermal processes. The increasing M-H time, elevated the
production of zeolite A and sodalite. However, the increasing C-H time, decreased the zeolite A phase and
raised that of sodalite. In zeolite A synthesis, the formation of building units and the nucleation of zeolite
with it, was followed by crystal growth by adsorption of the units on the surface of the zeolite nuclei and
crystal. At the longer holding time, the impurity phase of zeolite A was formed. There has been a
transformation from zeolite A — sodalite. At the surface-to-core extension of crystallization, sodalite
nanoplates were crystallized within the amorphous cores of zeolite A. At the longer holding time, sodalite
nanoplates increased in size and breaking the cubic shells of zeolite A in the process. This led to the phase
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transformation from zeolite A to sodalite [28-30].
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Figure 3. X-Ray diffraction of conventional-hydrothermal of geothermal waste for 2 hrs ageing with
variation of holding time

The average of crystal grain size of synthesized zeolites was determined from the results of XRD
graphs, this was calculated using Scherer formula[31, 32].

L= 573xkxy
- Bxcos©
Where:
L = crystal grain size (nm),
k = oxide constant (0.94),
A = X-ray wavelength (1.5406 A),
B = the value of FWHM (deg),
0 = angle of crystal diffraction peak position (deg),
57.3 = correction factor from degree to radian.

(D

The results of the crystal grain size calculation using Scherer formula was shown in Figure 4. The
crystal size of zeolite A produced from M-H were 13.43 nm (ageing 2 hrs) and 14 nm (ageing 5 hrs). The
C-H with 2 hrs ageing produced zeolite A with crystal size of 53.94 nm, and sodalite of 35.4 nm. The
sodalite with crystal size of 10.78 nm (ageing 2 hrs) and 11.38 nm (ageing 5 hrs) were aso formed from
M-H. The M-H produced smaller and more homogeneous crystal size of zeolite A and sodalite, dueto faster
and homogeneous heating compared to the C-H. Ageing time with variation of 2 and 5 hrs on the M-H
method affected nucleation and crystallization of synthetic zeolite. The ageing of precursor gelsresulted in
the acceleration of the crystallization and crystal size diminution of the synthesis product. This ageing
process directly influenced the concentration and number of formed nuclel [33]. The fast crystallization on
M-H method affected the significant reduction of itstime, 3 or 4 times, shorter than that of C-H method. It
was also abserved that the time and temperature of microwave heating had significant effects on the
prepared zeolite particles. The shortening of synthesis times in microwave heating was caused by two
different mechanisms, i.e., the rapid heat-up of the sample and a better heat transfer which resulted in the
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rapid and thorough heating of the synthesis mixture. This easily resulted in rapid and vivid heating of the
synthesis mixture and effect a faster crystallization [34, 35].
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Figure 4: Crystal size of zeolite A and hydroxy-sodalite

FTIR analysis was conducted to identify the functional group on the synthetic zeolite. The data were
analyzed based on the Nicodom FTIR Spectra Libraries. These data were obtained from references, such
asthe general FTIR vibrational region 300-400 cm? (vibrations of the external opening of the pores caused
by breathing motion of the ring hole 12), 420-500 cm? (Si-O/Al-O bending vibrations), 500-650 cm?
(double ring D4R/ D6R external vibration) which showed the formation of zeolite A, 650-850 cm?
(symmetric stretching vibrations of O-Si-O or O-Al-0), 900-1250 cmr? (asymmetric stretching vibrations
of O-Si-O or O-Al-0), 1600-1700 cm* (O-H bending vibration) which showed the presence of zeolitic
water (H20), and 3400-3700 cm-1 (O-H stretching vibration of Si-OH) [21]. The FTIR spectra of zeolite
synthesis which resulted at 3 variations was shown in Fig. 5, 6, and 7.

20 min
- / ) SR o — —

- PPN .
C o ; P 30 40 min
™| —— i 60 min

\( » =
50 Jo00 3400
o 1000 2000 3000 4000 5000

1/em

Figure5: FTIR spectra of zeolite produced from microwave-hydrothermal synthesisfor 2 hrs ageing
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There were wavenumber 555.5 cmt and 563.21 cm for 40 and 60 mins of 2 hrs ageing using the M-
H method. The existence of absorption band in the region around 500-650 cm™ showed the double ring
D4R or D6R. It was observed that zeolite A was only formed in variation for 40 and 60 mins of 2 h ageing
using the M-H method. There was only wavenumber 563.21 cm for 60 mins of 5 hrs ageing with M-H. It
was also found that zeolite A was only formed in variation for 60 mins of 5 hrs ageing with M-H. There
were wavenumbers of 555.5 cm® and 555.5 cm for 3 and 4 hrs of the 2 hrs ageing with C-H. The FTIR
analysis was matched with the XRD tedt, that zeolite A was only formed in variation 3 and 4 hrs of the 2
hrs ageing with C-H.
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Figure 6: FTIR spectra of zeolite produced from microwave-hydrothermal synthesisfor 5 hrs ageing
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Figure 7: FTIR spectra of zeolite produced from conventional-hydrothermal synthesisfor 2 hrs ageing

Scanning e ectron micrograph of the M-H process for 2 hrs ageing with holding time of 20, 40, and 60
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mins were shown in Fig. 8.a, 8.b., and 8.c, respectively. It was shown that on variation 20 mins, the
formation of grain was not regular, while amorphous and zeolite A has not been formed yet. However, on
variation 40 and 60 mins, zeolite A and sodalite were formed. Zeolite A has cubic while sodalite has
spherical form with an array of long fibers that surrounded it. The same with M-H for the ageing of 2 and
5 hrs and the holding time of 20 mins. The zealite A formed, as shown in Fig. 6.d. that the formation of
grain was not regular or amorphous. The spherical form appeared on variation of 40 mins (Fig. 6.€), and
showed that amorphous silica transformed into a crystal of zeolite. On variation of 60 mins (Fig. 6.f.), the
image showed the formation of many cubes, in the form of zeolite A and sodalite, has spherical form with
an array of long fibers that surround it. The grain size of zeolite A and sodalite we're approximately 1 um.

(©) (d)
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(€) (f)
Figure 8: SEM image of synthetic zeolite for 2 hrs ageing with M-H (&) 20 min (b) 40 min (c) 60 min
and 5 hrs (d) 20 min (€) 40 min (f) 60 min

The result of the SEM on the variation of 2 hrs ageing with C-H was shown in Fig. 9. On variation 3
hrs, the formation of zeolite A and sodalite with a grain size of about 5 um and 10 um, respectively were
observed (Fig. 9.a. and Fig. 9.b.). Figure 9.a. showed that there was a cubic formation of zeolite A. Figure
9.b. showed sodalite phase. While Fig. 9.c. indicated that the formation of zeolite A and sodalite was not
clear on variation 4 hrs, and only sodalite phase was observed, because zeolite A has been transformed into
sodalite (Fig 9.d.). The M-H produced smaller and more homogeneous grain size of zeolite A and sodalite,
due to faster and homogeneous heating compared to C-H. The formation of sodalite as a side product in the
synthesis of NaA was explained by the inadeguate mixing. The prolonged hesating resulted in the dissolution
and regrowth of crystals composition, e.g., when a NaA mixture moved into a HS range, eventualy, dl
NaA were transformed into sodalite. However, when the synthesis mixture stayed in the NaA region, the
only sodalite that nucleated was in the inhomogeneous pockets [33].



10 FDMP, 2020, vol, no
of /

Figure 9: SEM image of synthetic zeolite 2 hrs ageing with C-H (a) 3 hrs zeolite A (b) 3 hrs soddite
(c)4hrs(d)5hrs

4 Conclusions

Zeolite A was successfully synthesized from geothermal waste by conventional -hydrothermal (C-H)
and microwave-hydrothermal (M-H) methods. This waste consists of 80.04 % SiO. and 0.142 % Al.Os,
whileits silica content has high potential as an aternative source for synthesizing zeolite A. Therise of M-
H and C-H time increased and decreased the crystallinity of zeolite A and sodalite, respectively. The fast
crystallization observed using the M-H method affected the significant reduction in duration to 3 or 4 times
shorter, producing smaller and more homogeneous crystal size compared to the C-H method.

Funding Statement: Thisresearch was funded by the International Publication research grant, Diponegoro
University, with the contract number: 385-90/UN7.P4.3/PP/2018.
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ABSTRACT

Zeolite A has been successfully synthesized from geothermal waste with natrium aluminate and natrium silicate
using conventional (C-H) and microwave heating (M-H) for the hydrothermal treatment. The products obtained
for different aging times have been characterized using X-Ray Diffraction (XRD), Fourier transformation infrared
spectroscopy (FTIR), and scanning electron microscopy (SEM). Itis shown that with the M-H process, zeolite can
be formed at relatively low temperature (100°C) in a relatively short time (40 min). The crystallization of zeolite A
has been found to be generally promoted by an increase of aging and synthesis time; however, it has also been
observed that relative long aging times can transform it into sodalite. Zeolite A produced through the M-H process
generallydisplays asmallerand more homogeneous crystal size with respecttothat obtained with the C-Hmethod.

KEYWORDS

Geothermal waste; microwave-hydrothermal; conventional-hydrothermal; zeolite A

1 Introduction

Geothermal energy is heat that generated or comes from the sub-surface of the eart. The geothermal
energy produces heat and can used as a resource in power plant generation. In the production process,
wastes are produced (geothermal sludge and brine) in large quantities, and are the byproducts from power
plants, in which the water and steam extracted from the underground are used to generate electricity [1,2].

Zeolitesare crystals consisting of aluminate and silicate frameworks, with the ability to act as catalysts,
adsorbents, etc. As a consequence of their properties, they have many potential applicationsin the fields of
petrochemical reactions, water and gas purification [3-5]. Zeolite A isatype of zeolites, and duetoitslarge
ion exchange capacity, mechanical strength, and particular crystal shape, it is used in the substitution of
sodium tripolyphosphate in the aspect of detergent and water softening.

In the synthesis of zeolite A, sodium silicate and sodium aluminate are the most commonly used S and
Al resources. One of the problems in zeolite synthesis is the unavailability and cost of raw material,
specifically the silica source. In order to reduce the production cost of synthesized zeolite, many aternative
materials, such as silica source have been proposed. Some natural minerals and wastes, such as
clinoptilolite, oil shale, municipal solid, rice husk and coal fly ash were used to replace sodium silicate in
the synthesis of zeolite A for cost-saving and environmental protection purposes [6-11]. Geothermal
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work is properly cited.
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waste has high potential to be used asan dternative silicasourcefor the synthesisof zeolite A, duetoitssilica
contents. In previous study, by a conventiona-hydrothermal process, geothermal waste was successfully
converted into zeolite A and sodalite [ 12]. Colloidal silica extracted from geothermal fluid was synthesized
to low Si/Al zeolite Y, with similarity characteristics compared to those prepared from a conventiona silica
sol or Ludox [13]. Hydrothermal process at 150°C for 5 h with 3 M of NaOH produced Zeolite X with
octahedral crystal shape, having a specific surface area of 68.985 m?/gr and a pore volume of 0.109 cc/gr.
The synthesi zed zeolite was successfully used as a catalyst for enhancing biohydrogen production [14,15].
The colloidal silica extracted from geothermal fluids is used as silica source for zeolite synthesis [16]. The
purity and yield of zeolite A synthesized from natural minerals and wastes using hydrothermal treatment
were limited to the SiO, extraction. In order to increase the yield of SiO, and synthetic zeolite, severd
methods, such as calcining, alkali, and acid activation were conducted to treat these raw materials before
the synthesis process [12,17].

Severa synthesis methods have been proposed for increasing the yield and purity of zeolite, besides
conventional hydrothermal, some synthetic zeolites by microwave hydrothermal were produced. Also,
numerous studies on the subject of microwave-hydrothermal (M-H) synthesis of zeolites have been
published [9,18,19]. This research explained that the application of microwaves on zeolite synthesis, yield
significant reduction in crystallization time due to faster and homogeneous heating, compared to
conventional-hydrothermal (C-H) method. However, the fast temperature rise induced in the reacting
solution by microwaves affects the nuclei formation, leading to the crystallization of undesired phases, or
to the precipitation of amorphous solids [20,21]. The addition of seeds or ageing the solution were proved
to bring a beneficial effect to nucleation in microwave synthesis of various zeolites [22]. Chu et al. [23]
was the first to show that microwave heating is used for the rapid synthesisof zeolites, and the crystallization
of zeolite NaA was obtained in 12 min, contaminated with hydroxysodalite (HS), even when the mixture
was aged for 2 h at room temperature before the M-H treatment. Slangen et al. [ 24] obtained pure zeolite A
in 5 mins crystallization, and after 20 h of ageing at room temperature. While the product with little
hydroxysodalite was obtained in as short as 4 h of ageing. In a laboratory scale, the microwave zeolite
synthesis usualy consists a batch reaction carried out in an autoclave made of a material transparent to
microwaves, irradiated at 2.45 GHz in a multimodal oven cavity, similar to the customary household type
[19,25].

This study used calcined geothermal waste as silica sources in synthesizing zeolite A. This waste was
added into akali solution and aluminum source, followed by microwave-hydrothermal (M-H) and
conventional-hydrothermal (C-H) method. The ageing effects and crystallization time, on the formation of
zeolite A were also investigated.

2 Materials and Methods

Geothermal waste from geothermal power plant was dried under the sunlight and sieved with a 320-
mesh sieving machine. The powder was calcined by burning at 850°C for 3 h at atmospheric condition using
Carboalite furnace. Calcining process was carried out to burn unexpected or volatile materials. The chemical
compositions of geothermal waste before and after calcining were characterized by atomic absorption
spectroscopy (AAS) using Shimadzhu type AA-6650 and the results were presented in the form of stable
oxides as shown in Tab. 1.

Thefirst stepfor zeolite synthesiswas making sodium silicate. In thisresearch, sodium silicate wasmade
from 3 gr of geothermal waste mixed with 30 mL of NaOH 5 M. These mixtures were stirred at 100°C for
20 min. Then, sodium aluminate was made from 20 g of NaOH 5 M dissolved in distilled water to yield
100 ml of 5 M NaOH, and then added 9 gr of Al(OH)s gradualy, while stirring at 100°C for 20 min. The
two suspensions: 30 mL of sodium silicate and 30 mL of sodium aluminate were mixed and stirred using a
magnetic stirrer at 200 rpm for 2 h and 5 h ageing time at room temperature. The moment the silica
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was added, it wastaken asthe beginning of ageing. Thisincluded the dissolution of silicainauminasolution
[22], from this step resulted precursor gel for zeolite A synthesis.

Table 1: Chemica composition of geothermal powder

Compound Before Calcining (wt. %) After Calcining (wt,%)

Al20Os 0.055 0.142
Fe:0s3 0.192 0.451
Na:Os 0.609 0.760
SO 49.100 80.043

A household-type microwave oven 2.45 GHz (Panasonic NN-SM320M) with maximum output power
450 Watt was used for microwave synthesis. For measuring the temperature of the process, the thermocouple
was inserted into the microwave. The precursor gel was poured into a Teflon(R) box and placed into the
microwave and heated at 100°C for 20, 40, and 60 min. The Teflon(R) autoclave with controllable heating
was used for conventional hydrothermal process. Thiswas performed by pouring the precursor gel into the
Teflon(R) autoclave and heated until 100°C with holding time 3 h, 4 h, and 5 h. The synthesized products
were washed with aquabidest and filtered with whatmann 42 paper to separate between solid and filtrate.
The solid powder was dried inthe ovenat 80°C for 4 h. The powders were analyzed by Rigaku X-ray
diffractometer using CuKa radiation (40 kV, 30 mA), 8201PC Shimadzu FTIR (Fourier Transform Infra-
Red) and JEOL JSM 6300 SEM (Scanning Electron Microscope).

3 Results and Discusions

Tab. 1 showsthat the geothermal powder before calcining contains 49.10% SiO,, and after, it increases
upt080.04 %. Munfaridaet. al. hasreported that using EDX analysisgeothermal wasteform power plant has
SiO, containing 35.09% and Al>O3 about 0.05% [26]. Calcining process causes unexpected and volatile
materials to burned out. While the cal cined geothermal waste produced Si/Al ratio 1.79 asshownon Tab.
2. Thisratio alows the formation of zeolite A, which according to the literature that this product has aratio
of Si/Al ranging from 1-3.5 [21]. Sulardjaka et al. [12] reported that the geotherma powder before
calcining contained silica in amorphous form, there was no dominant peak from the diffractogram.
However, the peaks were found at 21.91 and 20.88 in the calcined geothermal powder. Thisindicated that
there was transformation of amorphous silicainto primary cristobalite. During the calcining process until
850°C for 3 h, some of the silica transformed into cristobalite phase, and the amorphous silica phase was
still dominant [27,28]. SIO, in amorphous form in geothermal waste has potential as a silica resources for
zeolite synthesis.

Table 2: Si/Al ratio of synthetic mixture

Sample Element  Average (wt. %)
Precursor gel Al 5.86
Si 10.48

XRD diffraction pattern of synthesi zed productsfrom microwave-hydrothermal of geothermal wastefor
2hand 5 h ageing time were shown at Figs. 1 and 2 respectively. The phases produced from conventional -
hydrothermal were shown in Fig. 3. The diffractogram pattern as shownin Figs. 1, 2, and 3, correlated with
that from JCPDS data number 11-0401 (hydroxy-sodalite) and 31-1269 (zeolite A). This showed that the
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synthetic zeolite in al the variation contained crystal of zeolite A and sodalite. During the microwave-
hydrothermal for 2 h ageing, holding time for 20 mins, phase zeolite A became the dominant. While
increasing the holding time to 40 and 60 mins, the zeolite A also increased and sodalite phase was formed.
X-Ray diffraction of microwave-hydrothermal of geothermal wastefor 5 h ageing showed that at the ageing
of 20 and 40 mins, zeolite A phase was dominant. Therise of holding time to 60 mins, increased the zeolite
A and produced sodalite phase.

ozeclite A

® hydroxy-sodalite

20 min

2 theta

Figure 1. X-Ray diffraction of microwave-hydrothermal of geothermal waste for 2 h ageing with the
variation of holding time

© zeolite A

@ hydroxy-sodalite

20 min
<
___ULL 34 e

au.

40 min

2 theta

Figure 2: X-Ray diffraction of microwave-hydrothermal of geothermal waste for 5 h ageing with the
variation of holding time

Fig. 3 showed X-Ray diffraction of conventiona -hydrothermal of geothermal wastefor 2 h ageing with
3 h, 4 h, 5h holding time. At the holding time of 3 h, zeolite A and less sodalite phase were produced. The
riseof holdingtime, increased zeolite A and sodalite phases. Theholdingtimefor 5hhydroxy-sodalite phase
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was dominant. The microwave-hydrothermal (M-H) and conventional-hydrothermal (C-H) of geothermal
waste produced synthetic zeolite. Zeolites A and sodalite were produced in al of the variation of
microwave-hydrothermal processes. The increasing M-H time, elevated the production of zeolite A and
sodalite. However, the increasing C-H time, decreased the zeolite A phase and raised that of sodalite. In
zeolite A synthesis, the formation of building units and the nucleation of zeolite with it, was followed by
crystal growth by adsorption of the units on the surface of the zeolite nuclel and crystal. At the longer
holding time, the impurity phase of zeolite A was formed. There has been atransformation from zeolite A
— sodalite. At the surface-to-core extension of crystallization, sodalite nanoplates were crystallized within
the amorphous cores of zeolite A. At the longer holding time, sodalite nanoplates increased in size and
breaking the cubic shells of zeolite A in the process. Thisled to the phase transformation from zeolite A
to sodalite [28-30].

o zeolite A

® hydroxy-sodalite
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Figure3: X-Ray diffraction of conventional-hydrothermal of geothermal wastefor 2 h ageing with variation
of holding time

Theaverageof crystal grainsize of synthesized zeoliteswasdetermined from theresults of XRD graphs,
this was calculated using Scherer formula [31,32].

57.3xkxg
Ly,
b xcos

1)
where:

L =crystal grain size (nm),

k = oxide constant (0.94),

A = X-ray wavelength (1.5406 A),

B =the vaue of FWHM (deg),

0 = angle of crystal diffraction peak position (deg),

57.3 = correction factor from degree to radian.

Theresults of the crystal grain size calculation using Scherer formulawas shownin Fig. 4. The crystal
sizeof zeolite A produced from M-H were 13.43 nm (ageing 2 h) and 14 nm (ageing 5 h). The C-H with 2 h



6 FDMP, 2021

ageing produced zeolite A with crystal size of 53.94 nm, and sodalite of 35.4 nm. The sodalite with crystal
size of 10.78 nm (ageing 2 h) and 11.38 nm (ageing 5 h) were also formed from M-H. The M-H produced
smaller and more homogeneous crystal size of zeolite A and sodalite, dueto faster and homogeneous heating
compared to the C-H. Ageing time with variation of 2 h and 5 h on the M-H method affected nucleation
and crystallization of synthetic zeolite. The ageing of precursor gels resulted in the acceleration of the
crystallization and crystal size diminution of the synthesis product. This ageing process directly influenced
the concentration and number of formed nuclei [33]. The fast crystallization on M-H method affected the
significant reduction of its time, 3 or 4 times, shorter than that of C-H method. It was also observed that the
time and temperature of microwave heating had significant effects on the prepared zeolite particles. The
shortening of synthesistimesin microwave heating was caused by two different mechanisms, i.e., the rapid
heat-up of the sample and a better heat transfer which resulted in the rapid and thorough heating of the
synthesis mixture. Thiseasily resulted in rapid and vivid heating of the synthesis mixture and effect afaster
crystallization [34,35].

60
B Zeolite A
50 B Sodalite
=
=
< 40
3
A 77
= 30 _
o 2 %
i T s
% ,M 7/

M-H.2h M-H.5h C-H.2h
sythesis parameters

Figure 4: Crystal size of zeolite A and hydroxy-sodalite

FTIR analysis was conducted to identify the functional group on the synthetic zeolite. The data were
analyzed based on the Nicodom FTIR SpectraLibraries. These data were obtained from references, such as
the general FTIR vibrational region 300—-400 cm™ (vibrations of the external opening of the pores caused
by breathing motion of the ring hole 12), 420-500 cm™ (Si-O/Al-O bending vibrations), 500-650 cm™
(double ring D4R/ D6R external vibration) which showed the formation of zeolite A, 650-850 cm™
(symmetric stretching vibrations of O-Si-O or O-Al-O), 900-1250 cm™ (asymmetric stretching vibrations
of O-Si-O or O-Al-0), 1600-1700 cm™ (O-H bending vibration) which showed the presence of zeolitic
water (H20), and 3400-3700 cm™ (O-H stretching vibration of Si-OH) [21]. The FTIR spectra of zeolite
synthesis which resulted at 3 variations was shown in Figs. 5, 6, and 7.

There were wavenumber 555.5 cm™ and 563.21 cm™ for 40 and 60 mins of 2 h ageing using the M-H
method. The existence of absorption band in the region around 500-650 cm™* showed the double ring D4R
or D6R. It was observed that zeolite A was only formed in variation for 40 and 60 mins of 2 h ageing using
the M-H method. There was only wavenumber 563.21 cm™ for 60 minsof 5 h ageing with M-H. It wasalso
found that zeolite A was only formed in variation for 60 mins of 5 h ageing with M-H. There were
wavenumbers of 555.5 cm™ and 555.5 cm™ for 3 h and 4 h of the 2 h ageing with C-H. The FTIR analysis
was matched with the XRD test, that zeolite A was only formed in variation 3 hand 4 h of the 2 h ageing
with C-H.
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Figure5: FTIR spectraof zeolite produced from microwave-hydrothermal synthesisfor 2 h ageing
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Figure 6: FTIR spectraof zeolite produced from microwave-hydrothermal synthesisfor 5 h ageing

Scanning € ectron micrograph of the M-H process for 2 h ageing with holding time of 20, 40, and 60
minswere shown in Figs. 8a, 8b, and 8c, respectively. It was shown that on variation 20 mins, the formation
of grain was not regular, while amorphous and zeolite A has not been formed yet. However, on variation
40 and 60 mins, zeolite A and sodalite were formed. Zeolite A has cubic while sodalite has spherical form
with an array of long fibers that surrounded it. The same with M-H for the ageing of 2 h and 5 h and the
holding time of 20 mins. The zeolite A formed, as shown in Fig. 6d. that the formation of grain was not
regular or amorphous. The spherical form appeared on variation of 40 mins (Fig. 6e), and showed that
amorphous silica transformed into a crystal of zeolite. On variation of 60 mins (Fig. 6f), the image showed
the formation of many cubes, in the form of zeolite A and sodalite, has spherical form with an array of
long fibers that surround it. The grain size of zeolite A and sodalite we're approximately 1 pm.
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Figure 7: FTIR spectra of zeolite produced from conventional -hydrothermal synthesisfor 2 h ageing

Theresult of the SEM onthevariation of 2 h ageing with C-H wasshownin Fig. 9. On variation 3 h, the
formation of zeolite A and sodalite with agrain size of about 5 um and 10 pm, respectively were observed
(Figs. 9a and 9b). Fig. 9a showed that there was a cubic formation of zeolite A. Fig. 9b showed sodalite
phase. While Fig. 9c indicated that the formation of zeolite A and sodalite was not clear on variation 4 h,
and only sodalite phase was observed, because zeolite A has been transformed into sodalite (Fig. 9d). The
M-H produced smaller and more homogeneous grain size of zeolite A and sodalite, due to faster and
homogeneous heating compared to C-H. Theformation of sodalite as a side product in the synthesis of NaA
was explained by the inadequate mixing. The prolonged heating resulted in the dissol ution and regrowth of
crystals composition, e.g., when a NaA mixture moved into a HS range, eventualy, al NaA were
transformed into sodalite. However, when the synthesis mixture stayed in the NaA region, the only sodalite
that nucleated was in the inhomogeneous pockets [33].



FDMP, 2021 9

(a) (b)

(c) (d)

(e)

Figure 8: SEM image of synthetic zeolite for 2 h ageing with M-H (@) 20 min (b) 40 min (¢) 60 minand 5 h
(d) 20 min () 40 min (f) 60 min
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(h)

(c) (d)
Figure9: SEM image of synthetic zeolite 2 h ageingwith C-H (a) 3h zeolite A (b) 3h sodalite(c) 4h(d) 5h

4 Conclusions

Zeolite Awassuccessfully synthesized from geothermal waste by conventional -hydrothermal (C-H) and
microwave-hydrothermal (M-H) methods. Thiswaste consists of 80.04% SiO, and 0.142% Al.Os, whileits
silicacontent has high potential asan alternative source for synthesizing zeolite A. Therise of M-H and C-H
timeincreased and decreased the crystallinity of zeolite A and sodalite, respectively. Thefast crystalization
observed using the M-H method affected the significant reduction in duration to 3 or 4 times shorter,
producing smaller and more homogeneous crystal size compared to the C-H method.
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