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Abstract
Project Code TRG4580095
Project Title Comparative studies on the effect of chemical conversion on
types and adsorption behaviour of zeolitic materials synthesized

from fly ash and perlite

Investigator Dr. Apinpus Rujiwatra
E-mail Address apinpus@chiangmai.ac.th
Project Period 2 years

Two zeolitization techniques, namely conventional alkali treatment and modified
fusion, were investigated on fly ash and perlite with the following examined variables; type
and amount of alkali reagents, reaction water content, fusion temperature, prior activation
by calcining at high temperature, and reaction time. It is evident that only the modified
fusion technique could provide zeolitic materials which were Na-X, phillipsite and sodalite.
The other product yielded from this technique was hibschite, the hydrogarnet material. It is
apparently that each of these solid products could be selectively prepared. Types of the
solid products were governed by the water content of the reaction, type of alkali reagent
and the prior activation respectively. The amount of alkali reagent and reaction time
showed only slight effect on type of the solid products. The cation adsorption behavior of
the typical synthesized phillipsites were studied toward lead(Il) and cadmium(II). The
amount of adsorbed lead(IT) and cadmium(Il) ions gradually increased throughout the
studied period of 30 hours with no sign of approaching equilibrium. According to the study,
it is feasible in conversion of both fly ash and perlite into commercially valuable material
of zeolites via simple and inexpensive but effective technique. The adsorption behavior is

however inconclusive and further investigation is required.

Keywords fly ash, perlite, zeolite, synthesis, ion adsorption
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wiiavoadlolad qn39813419
NaP1 zeolite Na,AlSi 0,,.12H,0
phillipsite K,AlLSi,0,,.H,0
K-chabazite K,ALSiO.H,0
zeolite F linde KAISiO,.1.5H,0
herchelite Na, AlLSi, O, ,,.1.8H,0
faujasite Na,AlLSi, ,0,,.6.7H,0
zeolite A NaAlSi, ,0,,.2.25H,0
zeolite X NaAlSi, ,,0, ,..3.07H,0
zeolite Y NaAlSi, ,,0, ..4.46H,0
perlialite K,NaCaAl,,Si,,0.,.15H,0
analcime NaAlSi,0,.H,0
hydroxy-sodalite Na, ALSi, O, ,,.1.8H,0
hydroxy-cancrinite Na, Al ,Si ,0,,.6H,0
kalsilite KAISiO,
tobermorite Ca,(OH),Si 0, ,.4H,0
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uviaadany VA (a) siiavoadlolad uswiiaan
(Twaneans)

Teruel 1.0 NaP[#** -
Teruel 1.0 NaP1*** Gm, An -
As Pontes 1.0 NaP1*** P* An -
Escucha 1.0 An*** -
Compostilla 1.0 NaP1*** An** -
Dou He 1.0 NaP1*** An* -
Escatrén 1.0 - Ka*
Cercs 1.0 - Ka***
Escucha 0.5 An*** -
Compostilla 0.5 NaP1*** An* -
Dou He 0.5 NaP1*, An* -
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¥HALAZANUTUTUYBIA Tz

Hlumsilgasen

riaues 1o lad

(M) (@A UHBAIT)
d130a1:181a00 (2 daaani/ni)
NaOH 0.5 150 - 200 low activation for all temperatures
low activation, NaP1&herschelite
NaOH 1.0 ;Zg (traces)
NaP1 and herschelite for 8 h activation
NaOH 2.0-3.0 150 NaP1 and traces of herschelite
200 NaP1 (Teruel, Los Barrios), herschelite
and analcime traces (Narcea)
NaOH 0.5 150 — 200 herschelite, analcime traces (Narcea)
hy-sodalite, hy-cancrinite (Teruel,
Barrios)
Msazane:Id1aos (2 Jaaans/niw)
KOH 2.0 150 — 200 KM zeolite
KOH 5.0 150 KM, chabazite and linde F traces
200 kalsilite and KM, perlialite and
tobermorite
#130a10:181a00 (18 Uaaans/Ni)
NaOH 0.5-3.0 <175 NaP1 (herschelite, only Espiel fly ash)
> 175 analcime, hydroxy-sodalite, tobermorite,
nepheline hydrate
NaOH 3.0-5.0 150 - 200 hy-sodalite, hy-cancrinite, tobermorite
KOH 05-1.0 150 — 200 KM, tobermorite
KOH 3.0 <175 F zeolite, tobermorite
KOH 5.0 <175 F zeolite, kalsilite, tobermorite
KOH 3.0-5.0 > 175 kalsilite, tobermorite
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M 1.8 asdsenuramdsennertesnumsulsanwdiaseiludle lag Seq

o w dd‘ Y a
mﬂumuﬂm"lmumimwuw
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1l Jaqdle'lad Fmsdunszd (N3
a.. 81904
1993  Na-X Fusion with sodium hydroxide prior to 35

hydrothermal reaction
1995 P, hydroxysodalite Treatment for 2-48 hours in 3.5M NaOH 28
solution at 100 °C.
1995  phillipsite, merlinoite, analcime,  Alkali (NaOH or KOH) hydrothermal 25
Na-P1, nosean activation.
1995 P, analcime, hydroxysodalite, Hydrothermal synthesis with NaOH solution. 29
cancrinite
1996 Na-P1, P-C, X, K-G Direct treatment with NaOH or KOH 30
solutions at 100-250 °C.
1996 P, hydroxysodalite Hydrothermal treatment in NaOH. 31
1996 A, faujasite Three step process with NaOH solution at 36
ambient atmosphere
1997 Na-Pl, sodalite, phillipsite, Activation with NaOH and KOH solutions in 13
analcime, gmelinite, nepheline closed system at 150-200 °C and 8-100 hours.
1997 A,P, X Hydrothermal treatment. 37
1997 Na-P1, hydroxysodalite, Microwave-assisted hydrothermal alkali 32
analcime, tobermorite, nepheline, (NaOH, KOH) activation.
F, kalsilite, phillipsite-KM
1998 Na-P Hydrothermal treatment with NaOH at 38
100°C.
1998 faujasite Fusion with NaOH at 550 °C followed by 39
dissolution in water and hydrothermal
treatment.
1998  gismondine, gmelinite Hydrothermal treatment with NaOH. 40
1998 K-L,K-W Hydrothermal treatment with KOH. 41
1998  MCM-41 Fusion with NaOH at 550 °C followed by 42
dissolution in water and hydrothermal
treatment with CTAB as structure direction
agent.
1998 X,Y,Na-P1 Hydrothermal synthesis with 3M NaOH. 43
1999 Na-P1 Two-step alkali treatment process. 33
2000 A, X Alkali fusion followed by hydrothermal 34
treatment.
2000 ZSM-5 Hydrothermal treatment of a mixture of fly 44
ash-rice husk with CTAB as structure
directing agent.
2001  sodalite, cancrinite, kaolinite, Thermal treatment at molten salt state 45
montmorillonite
2001 Na-P1, herschelite, KM, linde F,  Hydrothermal treatment with KOH and 27

K-C

NaOH. (pilot plant scale)
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1993 ZK-19, W, G, F, analcime, A, Alkali activation at 100-140 °C for 2 hours 46

gismondine etc. to 13 days.
1997 Hydrothermal synthesis. 47
1999 P, V, hydroxysodalite Hydrothermal synthesis with NaOH at 100- 48
140 °C.
2002 ZSM-5 Hydrothermal treatment of perlite with 49

CTAB as structure directing agent.
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Abstract

The preparation of commercially valuable materials, i.c. phillipsite, sodalite octahydrate and fawjasite from perlite via inexpensive direct
treatment with sodium hydroxide solution, at low temperatures of 70 100 °C under amtogeneous pressure, is reported. The formation of
phillipsite and sodalite is shown to be selective, whereas the occurring of faujasite is always found with phillipsite. The influences of sodium
hydroxide solution concentration, reaction temperature and time on the type of the solid products, and the amount of Na* and K incorporated
in the zeolitized solids were investigated. The relation between the type of the synthesized zeolites and the uptake of Na" and the leaching of
K" is described, and shown to be significant for further investigation as to expand the application as a cation exchanger.

© 2004 Elsevier BV All rights reserved.

Keywords: Minerals; Perlite; Phillipsite; Sodalite; Faujasite; X-ray diffraction

1. Introduction

Thailand has considerable mineral resources producing
more than 50 different minerals and processed mineral
products in 2001. The production of overall industrial
minerals has been increasing, 700 metric ton in 1997 to
9915 metric tons m 2001 in the case of perlite [1]. Most of
these minerals are commercially low in price due to the
exploitation mostly as raw materials. According to the
policy of sustamnable exploration and development of
mineral resources of Thailand [2], a novel way to increase
value-added mineral products needs to be explored.

Perlite 1s a rhyolitic glass making up of more than 70%
by weight of silica and 13% of alumina occurring in
various types and forms depending on locations of forma-
tion. There are three types of natural perlite found in
Thailand; banded, classical and pumicious, all of which
mostly found in Lopburi province of about one million
metric tons m total [3]. The conversion of perlite to
zeolitic materials occurring naturally under humid atmo-
sphere and low to medium temperatures (75-250 °C) has
been reported [4,5] and hence revealed a novel way in
enhancing the commercial value of the mineral. Zeolites
have been applied successfully in the chemical industry

* Tel.: +66-53-943-341-5; fax: +66-53-892-277.
E-mail address: apimpus@chiangmai.ac.th (A. Ruji ).

0167-57TX/$ - see front matter © 2004 Elsevier B.V. All rights reserved
doi:10.1016/) matlet 2003.12.015

and environmental protection over the last 35 years due to
their remarkable physical and chemical properties, which
include molecular sieving, adsorbing and cation exchange
capability [6-12]. The attempts to prepare zeolites from
perlite in laboratories have been developed continually
leading to the formation of various types of zeolites, for
example, gismondine, heulandite, zeolite-Pe and zeolite-V,
[5—13] The utilization of the zeolitized materials though is
limited according to the uncontrolled variation in degree of
purity and selectivity.

Here we report the preparation of zeolites, i.e. phillip-
site, sodalite octahydrate, which can be prepared selective-
ly, and faujasite, from perlite employing an nexpensive
and simple treatment with sodium hydroxide solution at
low temperature.

2. Experimental procedure

The perlite from Amphur Lamnarai, Lopburi province,
Thailand, was employed as-receive in a powder form with
no prior pretreatment in the zeoliization experiments. The
zeolitizations were carried out by mixing the perlite powder
with aqueous solution of sodium hydroxide (Thasco, 98%)
in a weight by volume ratio of 1:5. A range of 1 to 5 mol
dm™* solution concentrations was mvestigated. The reac-
tions were performed under autogeneous pressure in closed
contamers with 18% filling factor, at two different temper-
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atures, 70 and 100 °C, for various durations between 5 and
20 days. These were to study the influences of reaction
temperature and time on the final solid products. The
products were then recovered by filtration and washing with
distilled water until the pH of the filtrate was lower than 8,
followed by rinsing with acetone before leaving to dry in air.
Powder X-ray difﬁ‘a-cmmctcr (Siemen D500/D301, CuKa,
Ni filter, A=1.54 A) and scanning electron microscope
(JEOL JSM-6335 F, Japan) were used to characterize the
crystalline solid products and to investigate the morphology
of the solids, respectively. The existence of zeotype frame-
work was confirmed by Fourier Transform Infrared (FTIR)
spectroscopy (Nicolet 510).

The determinations of the exchangeable alkali metal ions,
Na” and K, which were found in the starting materials (X-
ray fluorescent spectrometer, Horiba MESA-500 W), and
also used in the zeolitization process in the Na™ case, were
conducted on the zeolitized solids employing atomic ab-
sorption specwroscopy (Shidmadzu AA670). The zeolitized
solids were treated with concentrated hydrochlone acid in
the sample weight by solution volume ratio of 1:10 at 80 °C
for 4 h prior to the measurements. This was to confirm the
complete exchange of H™ ions in the solution with the
occluded Na* or K ions in the zeolitized solids.

3. Results and discussion

3.1. Conversion of perlite to phillipsite, sodalite octahy-
drate and faujasite

The perlite powder obtained from Amphur Lamnarai,
Lopburi province, which is light grey in color with elemen-
tal composition in weight percentage: Si0, 71.67, Al,O,
13.45, Fe, 05 1.43, Na,0 2.33, K0 4.31, TiO; 0.39, MnO,

Fig. 2. A scanning el graph of 1 i perlite shows an

aggregate of melt with porous fragments located on the surface.

elecron micrograph (Fig. 2) showing no distinguishing
shape, but an aggregate of melt. Porous fragments with
no discrete shape can be observed on the surface of the
melt. This may correspond to the porous solids altered
naturally from perlite, and hence the peaks appearing in
the powder X-ray pattern (Fig. 1). These peaks, though,
could not be identified due to the insufficient number of
the data.

The treatment of perlite under the investigated condi-
tions as summarized i Table 1 led to selective formation
of either phillipsite or sodalite octahydrate. Fig. 3a and b

Table |

Summary of the conditi oyet & e of perlite with
dium hydroxide solutions and comesponding solid products identified by

powder X-my diffraction, and the exchangeable Na* and K* ion contents

0.06, H,O 5.16, is mostly amorphous by powder X-ray [NaOH{aq)] ~Temperature Reaction Product lons content
diffraction as shown in Fig. 1. This is consistent with the (mol ém™")  (°C) e (mmal g ')
(day) Na* X
1 100 5 PHI L64(2)  0.70(1)
10F 10 PHI 1.30(2) 058(1)
15 PHI 1.642)  0.72(1)
70 5 amorphous = =
08 10 amorphous - -
\ 15 amorphous - -
E 06} 3 100 5 PHI 280(2) 0.75%1)
10 PHI 3.14(6) 0.76(1)
r[ 20 PHI 2.743) 0.77%(1)
o4t wm\w 70 5 PHI 1.711)  0.18(1)
10 PHI 241(3) 048(1)
02t 20 PHI 2.95(4) 048(1)
“WV\NM 5 100 5 SOD 598(3)  0.14(1)
10 SOD+UN  6.50{2) 0.15%1)
0.0 L L i L 15 PHI 2.96(4) 0356(1)
10 20 30 40 S0 60 70 5 PHI+FAU 2.852) 0.151)
20(degree) 10 PHI+FAU 4.45(3) 026(1)
15 PHI+FAU 4.15(5) 026(1)
Fig. 1. Powder X-ray diffraction pattern of the perlite powder from Amphur PHI, SOD, FAU and UN stand for phillipsite, sodalite, faujasite and
Lammarai, Lopburi provinee, Thailand, the ing ial for zeolitizati unidentified phases, respectively. Standard deviations are shown in

experiments, suggesting a very low crystallinity.

brackets.
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Fig. 3. The powder X-ray diffraction patterns of (a) selectively synthesized
phillipsite compared to that of phillipsite mixing with faujasite indicated by
the asterisks, and (b) selectively prepared sodalite octahydrate compared 10
that composing of the unidentified phase also indicated by the asterisks.
The solid lines indicate peaks correspond to phillipsite and sodalite
octahydrate in a and b, respectively.

exemplify the powder X-ray diffraction pattems of phil-
lipsite and sodalite octahydrate obtained from the reactions
of perlite with 3 and 5 mol dm™’ sodium hydroxide
solutions, respectively, with a constant weight by volume
ratio of perlite to the alkali solution at 1:5. The reactions
were conducted at 100 °C for 10 days. The powder
patterns of other zeolitized products identified as either
phillipsite or sodalite are alike indicating the complete
conversion of perlite in its glassy state to the open-
framework zeolitic materials after 5 days. The teatments
of perlite with 5 mol dm™? solutions at 70 °C led to the
formation of faujasite, which was always found with
phillipsite. The reactions time, 5 to 15 days, apparently
show no influence on type or purity of the zeolitized
products. Fig. 3a compares the powder pattern of the
zeolitized solid composing of both phillipsite and faujasite,
indicated by the asterisks, to that of the selectively
prepared phillipsite. The formation of another unidentified
phase was also observed concurrently occurring with

sodalite as compared to that of the prr:parcd sodalite in
Fig. 3b, when the solution of 5 mol dm™* was used at 100
°C for 5 days. The peaks correspond to the unidentified
phase in Fig. 3b are indicated by the asterisks.

This is confirmed by the scanning electron micrographs
showing the alteration of the material morphology, from the
aggregates of melt (Fig. 2) to cemented crystals. The grain-
like crystals of synthesized phillipsite are shown in Fig. 4a,
and the sodalite octahydrate appears as the accumulated
sphere-like crystals in Fig. 4b.

Three parameters assumingly influencing the zeolitiza-
tion, i.e. the concentration of sodium hydroxide solution,
reaction temperature and time, were investigated. It is
apparent that low sodium hydroxide solution concentrations,
1 and 3 mol dm™* favored the formation of phillipsite,
whereas higher concentration, 5 mol dm™ 3 led 1o the
formation of sodalite and another zeolitic phase, faujasite,
although the latter phase was not selectively produced. The
solution of 1 mol dm™ * reacted at 70 °C, however, did not
give any crystalline product, and hence reaction temperature

a

iakgy

Fig. 4. Scanning electron micrographs of (a) phillipsite and (b) sodalite
octahydrate conversed from perlite via the direct reaction with sodium
hydroxide solutions.
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plays a crucial role when the solution concentration is low.
In order to prepare phillipsite employing 1 mol dm™’
sodium hydroxide sohution, the reaction needs to be con-
ducted at 100 °C. The soltion concentration of 3 meol
dm™*, on the other hand, always gave phillipsite as the only
product independently on reaction temperature and time
under the investigation. Reaction temperature and time
seemingly play important parts in determining type of the
product when the solution of 5 mol dm™* was used. The
formation of sodalite octahydrate ocowred after 5 days at
100 °C, and surpassed the phase tramsition to phillipsite
after 15 days. Contrarily lower temperature of 70 °C
provided faujasite ocomming as a multiphasic product with
phillipsite. High temperature apparently leads 1o the forma-
tion of the denser phase, sodalite (FD—17.2 T atom/1000
113), whereas lower temperature favors the open framework
solid, fanjasite (FD— 13.3 T-atom/1000 f\s) compared to the
phillipsite case (FD—16.4 T-atom/1000 }3\3). With increas-
mg time, sodalite tends to surpass the phase transition to
more stable phillipsite at 100 °C via an unidentified phase.
This implies the metastability of the sodalite formed under
the studied conditions.

The presence of aluminosilicate framework in the zeoli-
tized solids was confirmed using IR spectroscopic tech-
nique. Every zeolitized solids show similar IR spsctum
showing vibrational band at 770 cm™ ' corresponding to the
vibration of Al-O fragment and at 1000 em™ ', a chamac-
teristic bands for tetrahedral Si04 and AlO4. Another bands
are observed at 1640 cm™ correspondmg to the deforma-
tion mode of vibration of HOH, and also a broad band at
3300-3600 cm™ ' due to the existence of OH group.

3.2, Exchangeable sodium and potassium ion contents in
zeolitized solids

The uptake of Na~ ions, which are exchangeable, in the
zeolitized solids was studied by determming the ion con-
tents in the solids after the treatments with sodium hydrox-
ide. The results are summarized in Table 1. The uptake of
sodium ions from the reaction mixture by the zeolitized
solids is evident although no concrete tendency can be
established with reaction temperature and time. The uptake
of the ion, however, comelates to the type of zeolite
formed. The amount of Na' ion incorporated in the
zeolitized solids is in the range between 1.30(2) and
3.14(6) mmol g~ ' in the phillipsite case, ascending with
rising solution concentration, compared to 0.75 mmol g~ '
in the untreated perlite. The uptake of Na' ions by the
solids identified as a mixture of phillipsite and fawasite is
more pronowunced than the pure phillipsite case; 2.85(2)—
4.45(3) mmol g~ ' suggesting the presence of faujasite
affords more Na® ions to take up. The highest Na* ion
content is found i the case of sodalite ie. 5.98(3) mmol
g !, and that containing an unidentified phase, 6.50(2)
mmol g~ : mplying this unknown product to be a porous
material with ion exchange capability.

The leaching of K* ion from the solid after the alkali
treatments is also evident (Table 1) 0.14(1)-0.77(1) mmol
g~ ' compared to 0,92 mmol g~ * in the starting perlite. The
faujesite and sodalite with higher contents of Na' ions
show more eloquent lose of the ion than the phillipsite, and
hence the better the uptake of Na' ions, the better the
losing of K" ion.

4. Conclusions

Selective conversion of perlite to commercially valuable
zeolitic solids, phillipsite and sodalite is shown to be
plausible via the inexpensive direct reaction with sodium
hydroxide solution by the manipulation of the synthetic
conditions. The formation of faujasite is also achieved,
although not selective but found with phillipsite. The
concentration of solution, reaction temperature and time
seemingly play important part in determining type of the
products. The significance of reaction temperature and time
is different depending on the concentration of the sohition
employed. The uptake of Na~ ions from the reactions by the
zeolitized products was determined and found to be the
highest m the products contaming sedalite suggesting the
possibility in further investigation on cation exchange
capability of these zeolites.
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ABSTRACT
The preparation of commercially valuable zeolitic material of faujasite type (FAU) from
the reaction of perlite and sodium hydroxide employing modified fusion technique is reported.
The starting material was fused with sodium hydroxide at 550 °C for 60 minutes prior to the
reaction in aqueous media under autogeneous pressure at low temperature of 70 °C. This
always led to the formation of faujasite type zeolite as the only crystalline product under the
conditions investigated; perlite:NaOH (by weight) 1:1 — 1:1.2, solid:liquid (by weight) 1:5 — 1:7
and reaction time 7 — 21 days. The amounts of exchangeable Na* ion occluded in the zeolitized

perlite suggest the material to be potential as a cation exchanger.

Keywords: minerals, X-ray diffraction, zeolitization, zeolite, ftaujasite

1. INTRODUCTION

Thailand has considerable mineral resour-
ces producing more than 50 different minerals
and processed mineral products in 2001. The
production of overall industrial minerals has
been increasing; 700 metric tons in 1997 to
9,915 metric tons in 2001 in the case of perlite
[1]- Most of these minerals are commercially
low in price due to the exploitation mostly as
raw materials. According to the policy of
sustainable exploration and development of
mineral resources of Thailand [2], a novel way
to increase value-added mineral products
needs to be explored.

Perlite is a rhyolitic glass making up of
more than 70% by weight of silica and 13%
of alumina occurring in various types and
forms depending on locations of formation.
There are three types of natural perlite found
in Thailand; banded, classical and pumicious,
all of which mostly found in Lop Buri pro-
vince of about one million metric tons in total
[3]. The conversion of perlite to zeolitic

materials occurring naturally under humid
atmosphere and low to medium temperatures
(75 = 250 °C) has been reported [4-5] and
hence revealed a novel way in enhancing the
commercial value of the mineral. Zeolites have
been applied successfully in the chemical
industry and environmental protection over
the last 35 years due to their remarkable
physical and chemical properties, which
include molecular sieving, adsorbing and
cation exchange capability [6-8]. The attempts
1o prepare zeolites from perlite in laboratories
have been developed continually leading to the
formation of various types of zeolites, for
example, gismondine, heulandite, zcolite-Pc
and zeolite-V [5,9]. The utilization of the
zeolitized materials though is limited according
to the uncontrolled variation in degree of
purity and selectivity due to the presence of
impurities in the starting materials which are
normally retained in the final product.

Here we report the conversion of perlite
to one of the most commercially valuable
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zeolitic material, faujasite (FAU), employing
an inexpensive and simply sodium hydroxide
treatment coupled with prior modified fusion
of the reaction mixture.

2. MATERIALS AND METHODS

The starting material, perlite, from
Lamnarai district, Lop Buri province, Thai-
land, was employed as — received in a powder
form with no prior pre-treatment in the
zeolitization experiments. The zeolitizations
were carried out by mixing the perlite powder
with sodium hydroxide pellets (Thasco, 98 %)
in a weight ratio of either 1:1 or 1:1.2. Each
solid mixture was then ground well using
mortar and pestle, before fusing at 550 °C for
60 minutes. The fused solid was transferred
into a Teflon beaker, where the water was
added. The amount of added water was varied
to be either five or seven times the weight of
the fused solid. The reaction mixture was
stirred at ambient temperature and pressure
for 6 hours, and then transferred to a closed
container with 18% filling factor. The reaction
was conducted under autogeneous pressure
at 70 °C for various durations between 7 to
21 days. The product was then recovered by
filtration and washing with didlilled water until
the pH of the filtrate was lowered than 8,
followed by rinsing with acetone before
leaving to dry in air. Powder X - ray
diffractometer (Siemen D500/D501, CuKoa,
Ni filter, A = 1.54 A) and scanning electron
microscope (JEOL JSM — 6335F) were used
to characterize the crystalline solid products
and to investigate the morphology of the
solids, respectively. The existence of zeolite
framework was confirmed by Fourier
Transform Infrared (FTIR) spectroscopy
(Nicolet 510).

The determinations of the exchangeable
alkali metal ions, Na* and K*, which were
found in the starting materials (X-ray fluores-
cent spectrometer, Horiba MESA-500W), and
also used in the zeolitization process in the
Na* case, were conducted on the zeolitized
solids employing atomic absorption spectro-
scopy (Shidmadzu AAG670). The zeolitized

Chiang Mai J. Sci. 2004;'31(1)

solids were treated with concentrated hydro-
chloric acid in the sample weight by solution
volume ratio of 1:10 at 80 °C for 4 hour prior
to the measurements. This was to confirm the
complete exchange of H" ions in the solution
with the occluded Na* or K' ions in the
zeolitized solids.

3. RESULTS AND DISUSSION

The perlite powder obtained from
Lamnarai District, Lop Buri province, which
is light grey in colour with elemental composi-
tion in weight percentage; SiO, 71.67, ALO,
13.45, Fe,0, 1.43,Na,0 2.33, K,0 4.31, TiO,
0.39, MnO, 0.06, H,O 5.16, is mostly
amorphous by powder X — ray diffraction as
shown in Figure 1. This is consistent with the
electron micrograph (Figure 2) showing no
distinguishing shape, but an aggregate of melt.
Porous fragments with no discrete shape can
be observed on the surface of the melt. This
may correspond to the porous solids altered
naturally from perlite [4,5], and hence the
peaks appearing in the powder X-ray pattern
(Figure 1). These peaks, though, could not be
identified due to the insufficient number of
the data.

The treatment of perlite under the
investigated conditions as summarized in
Table 1 always led to a formation of faujasite
type zeolite (FAU) as the only crystalline
product, suggesting the formation of FAU
zeolite from perlite can occur under a wide
range of conditions. Experiments conducted
under the conditions with reaction time and
termperature, and perlite to NaOH ratio of
less than 7 days, 70 °C and 1:1 by weight
respectively, however, led to less crystalline
products with unidentified peaks in the
powder X — ray diffraction patterns. Figure 3
shows a powder X — ray diffraction pattern
of the zeolitized solid identified as FAU
exemplifying the other products having the
same powder X — ray diffraction patterns,
although degree of being amorphous
indicated by noise signals in the powder X —
ray diffraction patterns may slightly varies.
Every peaks appearing in the powder X — ray
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Figure 1. Powder X — ray diffraction pattern of the perlite powder from Lamnarai district,

Lop Buri province, Thailand, the starting material for zeolitization experiments, suggesting a
very low crystallinity.

Figure 2. A scanning electron micrograph of Lamnarai petlite shows an aggregate of melt
with porous fragments located on the surface.
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Table 1. Summary of the conditions employed in the treatments of pelite with sodium
hydroxide employing modified fusion technique, and corresponding exchangeable Na* and
K* ion contents. The numbers in the brackets are the standard deviations.

Perlite:NaOH(s) | Solid:Liquid | Synthetic Time Ion Content (mmol.g")
(weight%) (weight%) (day) Na* K+

1:1.2 1:5 7 5.52(4) 0.389(4)

14 5.38(2) 0.396(5)

21 4.48(2) 0.417(4)

1.7 7 4.79(2) 0.402(4)

14 487(4) 0.423(3)

21 5.14(6) 0.453(6)

1:1 1:5 7 3.94(1) 0.422(5)

14 4.12(2) 0.449(6)

21 3.11(3) 0.439(4)

’1_:7 7 3.25(2) 0.496(5)

14 3.56(4) 0.498(I5)

21 3.60(5) 0.495(4)

diffraction pattern as shown in Figure 3 can
be indexed based on the cell parameters of
hydrated FAU of aabout 25 A [10], indicating
the only crystalline phase formed after the
treatments to be hydrated FAU. This is consis-
tent with the scanning electron micrographs
showing aggregates of well — defined cubical
crystals as illustrated in Figure 4.

The presence of aluminosilicate frame-
work in the zeolitized perlite was confirmed
using FTIR spectroscopic technique [11],
showing vibrational band at 770 cm™ which
corresponds to the vibration of Al - O frag-
ment, and at 1000 cm™! which is a characteristic
band for tetrahedral SiO, and AlO,. Other
bands are also observed at 1640 cm! corres-

ponding to the deformation mode of vibra-
tion of HOH, and also a broad band at 3300
— 3600 cm due to the existence of OH group.

FAU is a zeolitic material built up of
sodalite cages stacking up in a tetrahedral array
and forming a diamond lattice by linking
adjacent rings of 6 tetrahedra via sharing 6
oxygen atoms. The volumes enclosed by the
tetrahedral array of sodalite cages are super-
cages, which also stacked in a tetrahedral array
and connected by rings of 12 tetrahedra. The
faujasite structure hence contains two inde-
pendent 3D networks of cavities i.e. one of
sodalite cages and another of supercages, both
of which are interconnected by rings of 6
tetrahedra [12]. Due to the presence of these
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Figure 3. Powder X — ray diffraction pattern of zeolitized petlite identified as hydrated FAU

zeolite.

Figure 4. Scanning electron micrograph of zeolitized perlite showing an aggregate of well —

identified shape crystals.
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pore systems, FAU zeolite has been widely
investigated and applied as a cation exchanger.
The major exchangeable ion, i.e. Na* ion,
contents in the zeolitized solid yielded under
various investigated conditions were deter-
mined as preliminary assessment for cation
exchange capacity. The results along with the
amount of K* ions are summarized in Table
1. The Na“ ion contents in the prepared FAU
zeolite are varied between 3.94 (1) and 5.82
(4) mmol.g’, which agrees well with the
reported cation exchange capability of similar
zeolititc material prepared from low — grade
natural zeolite in Korea, 4.1 mmol.g™” [13]. This
study also indicates the uptake of Na' ion
from the reaction mixture and the loss of K*
ion, compared to 0.75 and 0.92 mmol.g" for
Na* and K* found in the starting perlite
respec-tively. It can be noticed that more
exchange-able Na* ion was found in the
zeolitized solids when the higher weight ratio
of perlite:NaOH, 1:1.2, was used, and the ion
contents, both Na* and K* ion cases, generally
increased slightly with increasing reaction time.
These suggest more ions may be able to
incorporate into the final zeolitic products if
the amount of the alkali reagc!'lt is increased,
or the reaction time is prolonged. The
retaining of the FAU framework of the acid
treated zeolitized samples were confirmed by
X-ray diffraction showing identical diffraction
patterns as those before the acid treatments.

4. CONCLUSIONS

Selective zeolitization of Lamnarai perlite
is shown to be plausible via the inexpensive
and simple treatment of perlite with sodium
hydroxide pellets with prior fusion, and FAU
zeolite results as the only crystalline solid
product. The formation of FAU zeolite from
perlite employing this modified fusion
technique can occur in a wide range of
treatment conditions. The exchangeable Na*
ion content in FAU petlite was preliminary
determined and shown to be potential for
further investigation as a cation exchanger.
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Abstract

A selective synthesis_of economically valuable zeolitic material, phillipsite, employing calcium
hydroxide under mild chemical conditions is reported. This is to provide a potential method in reducing the
amount of the waste from lignite power plant and the addition of economical value to the material. The fly ash
was first activated by calcination at high temperature, and then fused with calcium hydroxide. The water was
then added to the solid mixture before curing under saturated water vapor at low temperature. The treatment of
as — received fly ash with either calcium hydroxide or a mixture of calcium and sodium hydroxide following as
— described preparative procedure of phillipsite, but without prior calcination was also conducted, and led to the
formation of Hibschite hydrogarnet, which was also evidentially selective. The following parameters i.e. type
and amount of alkali reagent, the amount of added water, fusion temperature and reaction time were
investigated. Powder X — ray diffraction was used to identify the type of crystalline solid products, and
scanning electron microscope was employed to follow the alteration of solid morphologies. X — ray
fluorescence (XRF) and atomic absorption spectroscopy (AAS) were used to trace the chemical composition of

the solids and the calcium(II) ion content respectively.

Keywords: fly ash; zeolite; phillipsite; hydrogarnet; hibschite; adsorption behavior

1. Introduction

Global energy consumption has been continually increasing due to the rising of the population and
industrial growth. Thailand as an agricultural country has also the same tendency as other developing countries
transforming into agro-industrial base economics. Although various natural resources can be employed as fuel
in generating electricity, coal still plays an important role in most part of the world including Thailand, of which
lignite is the main resources. The exploration for lignite in Thailand commenced in 1917 and succeeded in 1953

when lignite resources has been found in Amphur Mae Moh, Lampang Province in the Northern part of
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Thailand. Currently Mae Moh power plant is operated with 13 units in operations to generate 2,625 MW
annually.[1,2] Lignite combustion causes about 25% ashes, which can be classified in to two types: 80wt% fly
ash and 20wt% bottom ash. Within 10,700 ton of fly ash by-product produced daily, about 3,500 ton is
exploited by selling to concrete and cement industry. Slight amount of fly ash is also spent in the agricultural
research.[3] It could be seen that more than half of the fly ash produced daily is still remained and thus
necessary to be discharged into fly ash ponds or landfills. This remainder can be accumulated and may lead to
environmental problem in the future due to the enrichment in potentially toxic trace elements, increased demand
for the storing land and also the cost of storage. Given the potential industrial value of elements present in the
fly ash, high silica and alumina content, other applications such as using as raw material for zeolitization,
should be investigated to enhance the value of the material and to recycle the high fly ash output, which is an
advantage in reducing the environmental risk from the ash itself.

Zeolites, the open — framework hydrated aluminosilicate with general formula
M,, 0.Al,0,.xSi0,.yH,0, occur both naturally and synthetically and are widely know for their industrial and
agricultural importance. The synthetic zeolites are of high purity and hence economic value, though high cost of
production may obscures their widespread uses. Naturally occurring zeolites, on the other hand, exist in poor
quality but cheap in price so as to apply in those applications requiring low grade materials. Potential
applications of the zeolites converted from fly ash have been formerly reported e.g. in waste water treatment [4],
ion exchanger and heavy metal and SO, sorption. [5-10]

Hydrogarnets are crystalline phases of calcium aluminumsilicates, Ca,AL[SiO,], [OH],, in which
silica units are partially or completely substituted by water existing as [(OH4)]4-. In nature, hydrogarnet
crystallizes in an environment rich in SiO,, Al,O, and water. There are three groups of hydrogarnets worldwide;
(1) typical hydrogarnets with isotropic euhedral cubic crystal grains e.g. hibschite from Czechoslovakia,
Bulgaria and hydrougrandite from China, (2) massive garnets as found in New Zealand, West Australia and (3)
vesuvianite mistaken for hydrogrossular such as those from Japan. Here in Thailand, there is no record of these
types of minerals. The applications of hydrogarnet materials are also mainly in cement and construction
industry. [11] Recently there was also a report of actual application as environmental friendly ceramic tiles,
which help stabilizing temperature and humidity in the building [12,13], though the concern of unfavorable
influence of its presence on the durability of concrete was also reported. [14]

It should be noted that the preparations of various zeolitic materials e.g. Na — X, Na — Y, hydroxyl
sodalite and even phillipsite [15-18], from fly ash have been reported consistently during the last decades. It is
however apparent to the authors that these experiments were conducted mostly with sodium hydroxide as the
major alkali reagent. The other alkali reagents have been scarcely reported especially calcium hydroxide due to
the significantly low solubility product constant in aqueous solution. The type of the final zeolitic products
though depends considerably on the sources of the starting materials and also the alkali reagent used in the

reactions and hence only a certain group of zeolites could be produced. Moreover those reported hitherto
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employing rather harsh conditions with poor product selectivity corresponding to the high impurities in the
starting materials.

Here the preparations of zeolitic materials of phillipsite type employing calcium hydroxide as both the
only and the principal alkali reagent via mild synthetic conditions are reported, along with a formation of rare
hydrogarnet, hibschite, which is also the most hydrated hydrogarnet. The solids were characterized by powder
X — ray diffraction whereas scanning electron microscope was employed to investigate the morphology. X — ray
fluorescence (XRF) and atomic absorption spectroscopy (AAS) were used to determine the chemical
compositions. The exchangeable cation contents of the typical zeolitized fly ash were also evaluated so as to
assess further investigation for the environmental and agricultural applications e.g. waste treatment and

controlled-released fertilizer respectively.

2. Experimental

The starting material, fly ash, was provided by the Electricity Generating Authorities Thailand (EGAT)
collected from the hopper of electrostatic precipitators at Mae Moh power station in Lampang Province,
Northern Thailand. The fly ash was first calcined at 880 °C in an open container, and then mixed and ground
well with either calcium hydroxide pallets (BDH, 95%) in 1 : 1.2 by weight, or a mixture of calcium and
sodium hydroxide in 1 : 0.60 : 0.60 by weight. The mixture was fused at various temperatures between 550°C to
750 °C, and cooled down to room temperature before stirring for 6 hours with water added three — to ten — times
the weight of solid. The reactions of the prepared mixtures were conducted in a closed container at 70°C for
varied durations from 7 to 21 days. The solid products were recovered by filtration and washing with water
followed by rinsing with acetone before drying at room temperature. Powder X — ray diffraction (Siemen
D500/D501, CuKQL, Ni filter, A=154 A) and scanning electron microscopy (JOEL JSM — 6335) were used to
characterize the crystalline solid products and to investigate the morphology of the solids, respectively. Similar
synthetic procedure was also conducted on as — received fly ash without the calcination prior to the synthesis.

Elemental compositions of the activated fly ash and selected solid products were determined by
energy dispersive X — ray fluorescence (XRF, Horiba MESA-500W) spectroscopy, compared to that of the
pristine fly ash. The exchangeable cation contents of calcium(II) ion was determined on the prepared phillipsite
identified by XRD using atomic absorption spectroscopy (Shimadzu AA — 680) with prior treatment with

concentrated hydrochloric acid.

3. Results and discussion

The fly ash obtained from Mae Moh power plant is made up of spherical particles (Figure 1(a)), which
are light brown in color. Some of these particles are opaque while some are hollow. The powder X-ray
diffraction pattern (Figure 2(a)) suggests low crystallinity and possibly a multiphasic solid composing of quartz,

hydrated calcium sulfate and aluminosilicates. The elemental compositions determined by X-ray fluorescence
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revealed high silica and alumina contents with SiO,/ALO, of ca. 2:1. Table 1 summarizes the results of

elemental analysis conducted on X-ray fluorescence spectrophotometer.

Table 1. Elemental compositions of fly ash and the activated ash compared to those of selected solids identified

as phillipsite and hibschite.

Chemical Composition (wt%)

Si0, ALO, FeO, CaO TiO, MgO0 NaO KO P, SO, LOI

fly ash 40.88 2049 11.66 12.89 0.59 128 099 4.00 0.16 2.00 426
activated flyash 41.92 2125 11.72 13.07 0.62 1.15 1.01 432 0.17 2.65 1.68
phillipsite 17.37 722 3.50 4388 025 0.67 1.69 077 0.13 1.50 22.16
Hibschite 16.05 6.54 293 4752 022 042 1.63 050 0.13 1.15 21.69

(a) (b)
Figure 1. Scanning electron micrograph of (a) pristine fly ash composing of spherical particles compared to that

of (b) activated fly ash showing slight melting on the surface after the fusion at 880 °C.
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Figure 2. Powder X — ray diffraction pattern of (a) mostly amorphous fly ash compared to the patterns of (b)
phillipsite and (c) hibshcite altered from the fly ash starting material.

The activation of the ash at 880 °C caused negligible difference in the powder pattern, but lower
crystallinity is apparent. This is consistent with the corresponding elemental analysis showing similar
Si0,/ALO, of ca. 2:1 although with significant lower loss on ignition (LOI), which is due to the lower water
content after the calcination. The scanning electron micrographs consistently revealed small degrees of melting
on the surface of the particles after the activation as shown in Figure 1(b).

The treatments of Mae Moh fly ash under the specified conditions led to the production of phillipsite,
hibschite, an unidentified phase or a mixture of these phases depending on type and amount of alkali reagents
used in the reactions, the amounts of added water, fusion temperatures and reaction times. The final solid
products obtained from various synthetic conditions characterized by powder X-ray diffraction are summarized

as a function of three parameters, the amounts of added water, fusion temperatures and reaction times, in Figure

3 and Figure 4 and will be discussed in details later.
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Figure 3. The Relative diagrams showing the influences of solid-to-liquid ratio, fusion temperature and reaction

time on types of the solid products obtained from the reactions of as-received fly ash with (a) calcium

hydroxide and (b) a mixture of calcium and sodium hydroxides at 70 °C; ® represents hibschite, 4 is a mixture

of hibschite and unidentified phases, and B is an unidentified phase.
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Figure 4. Relative diagram showing the influences of solid-to-liquid ratio, fusion temperature and reaction time
on types of the solid products obtained from the reactions of the activated fly ash with (a) calcium hydroxide
and (b) a mixture of calcium and sodium hydroxides at 70 °C; ® represents hibschite, Ais phillipsite, and B is

an unidentified phase.

It can be noticed that the zeolitic phillipsite and hibschite, each of which showed similar powder X-ray
diffraction patterns, can be selectively synthesized under certain conditions. Figure 2(b) illustrates the powder
X-ray diffraction pattern of the the product identified as phillipsite compared to that of the pristine ash in Figure
2(a) showing significantly higher crystallinity of the product. Every peak in Figure 2(b) can be fitted with the
standard powder pattern of phillipsite although noisy background is observed. This implies the presence of
glassy melt in the product coexisting with the crystalline phillipsite. This corresponds well with the electron
micrograph shown in Figure 5(a) showing crystal flacks cemented by glassy melt with no spherical particles of
the starting material. Comparing the elemental analysis results of the final product identified as phillipsite
(Table 1) with the theoretical formula, CaK, Na  Si,,Al, O, xH,O, the coexistence of phillipsite and the other
non-crystalline phase in the treated sample is confirmed. Elemental composition of the prepared phillipsite
yielded from the reaction of the activated fly ash with calcium hydroxide also revealed the increase of calcium

ion content, ca. 44 wt% CaO compared to ca. 13 wt% CaO of the activated fly ash, suggesting the uptake and

cooperation of calcium ion from reaction solutions into the final zeolitized products.
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(a) (b)
Figure 5. Comparison of scanning electron micrographs of (a) phillipsite and (b) hibschite ~dominated treated

— fly ash.

Figure 2(c) exemplifies the powder X-ray diffraction pattern of the prepared hibschite. Every peak in the
powder pattern shown can be indexed with the standard powder pattern of hibschite, which was hence
confirmed to be the only crystalline phase in the products. The hibschite is calcium rich. This is consistent with
the analyzed elemental composition as shown in Table 1, although the deviation from the weight percentages
calculated from the general formula of hibschite, Ca,AlL,(SiO,), (OH), [11], is apparent. This also suggests the
concurrent presence of the other amorphous phase. Electron micrographs taken on the prepared hibschite
(Figure 5(b)) reveals glutinous melt with porous surface with no spherical particles of the starting materials, and
hence complete collapse of the spherical particles.

The influences of the investigated parameters on the final products are closely correlated and
diagrammatically shown in Figure 3 and Figure 4. It is apparent from these diagrams that the lower the water
content, the higher the probability to yield selective product. The high water content in the reaction mixtures
with solid-to-liquid ratio of 1g : 10cm’ always led to the formation of unidentified phase, whereas the lower
water content resulted in the selective formation of either phillipsite or hibschite depending on the other
parameters. Hence the influences of other factors revealed only when the amount of water in the reaction
mixtures was kept low.

The reactions of the as-received fly ash with calcium hydroxide tended to give hibschite as a mixture
with other unidentified crystalline phase (Figure 3(a)) although the selective formation of hibschite can be
observed at certain conditions especially those when the fusion temperatures of 550 and 650 °C were employed
and the reactions were conducted for at least 14 days and 21 days respectively. The lower fusion temperatures
and shorter reaction times were on the other hand required for the formation of hibschite as an exclusive
crystalline product when a mixture of calcium and sodium hydroxide was employed (Figure 3(b)) implying the
favor of sodium hydroxide toward the formation of hibschite. This can be due to the better solubility and
stronger alkalinity of sodium hydroxide which prospering the presence of the hydroxyl group in the structure of

hibschite. The influences of fusion temperatures and reaction times were negligible to the type of the final solid
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products when the fly ash was used as-received without prior calcination, especially those with the addition of
sodium hydroxide.

The activation of fly ash by calcining at 880 °C in prior to the reactions led to the selective formation of
the zeolitic material, phillipsite, notably when 1g : 3 em’ solid-to-liquid ratio was employed, which otherwise
resulted in the formation of either hibschite or a mixture of hibschite and unidentified phase. (Figure 4(a)) In a
similar manner to the hibschite case, the fusion temperatures and reaction times showed no significant influence
on the type of the final solid products when the amount of water in the reaction mixtures was kept to the
minimal of 1g: 3 cm’, and calcium hydroxide was used as the only alkali reagent because the favor of sodium
hydroxide toward the formation of hibschite over phillipsite is still evidenced (Figure 4(b)). The addition of
sodium hydroxide to the reaction mixtures prohibited the formation of phillipsite, and on the other hand
prompted the formation of hibschite, which was also evidentially selective. The influence of sodium hydroxide
on the type of the products is more prominent than the activation of the starting material by calcination at high
temperature. The calcination of the starting material though was evidenced to be the only parameter providing
phillipsite as the exclusive crystalline product.

Regarding phillipsite as a zeolitic material, which is well known as a good cation exchanger, the
amount of exchangeable calcium ion, the richest cation in the prepared phillipsite, was determined. High
exchangeable calcium ion content of 6.9(9) mmol.g'], which is equivalent to 39 wt% CaO, or 89wt% of 44wt%
determined by XRF, suggest potential application as a cation exchanger.

In conclusion, the selective preparation of either phillipsite or hibschite from Mae Moh lignite ash is
shown to be plausible via the manipulation of the prior calcination and the presence of sodium hydroxide
respectively. The activated fly ash is likely to give phillipsite as the only crystalline product when the added
amount of water is kept to the minimum and calcium hydroxide is employed as the only alkali reagent. The as —
received fly ash under suitable synthetic conditions especially those with the presence of sodium hydroxide can
provide hibschite as an exclusive product. Other factors apparently influencing the type of the final products
under the investigation are the amount of water media. Too much water in the reaction mixture can lead to other
crystalline phases, which cannot be identified due to the lacking of number of diffraction peaks. The successful
preparation of either phillipsite or hibschite as a single phase from Mae Moh fly ash can lead to an alternative
way to enhance economical value of the ash, which is otherwise applied only in cement additives. The
possibility in environmental and agricultural applications of the prepared phillipsite as ion exchanger and

controlled-released fertilizer is now under investigation.
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