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Abstract

Using alumatrane and silatrane as sources of silica and alumina, respectively, and potassium hydroxide as the hydrolytic agent, a

very high purity K-loaded zeolite was synthesized for the first time, via sol–gel processing and microwave heating techniques.

Because of the bulky trialkoxyamine ligands, which shield the silicon and aluminium atoms, both alumatrane and silatrane are inert

to hydrolysis, and can therefore be investigated over a wide pH range. By fixing the composition at SiO2:0.1Al2O3:3K2O:410H2O

and the microwave heating temperature at 150 �C for 240 min, based on x-ray diffraction analysis, the synthesized product is a K–H
zeolite of hitherto unknown structure, designated as PPC-ZM-1. The Si:Al:K ratio of the synthesized product is 1.98:1:0.82, and the

polycrystalline morphology resembles flower petals. The Si:Al loading ratio, microwave heating temperature and K2O:SiO2 ratio

influence the morphology of the product. In addition, the K2O:SiO2 ratio also influences the microwave heating time to achieve

complete crystallinity. Prolonged heating after obtaining crystalline product results in a change of the polycrystalline morphology to

longer, more densely packed crystals.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Zeolites have been investigated extensively and ap-

plied as solid catalysts in the. petrochemical industry.

As well-defined microporous crystalline materials, they

have several advantages over conventional catalysts,

e.g., ease of recovery, enhancement of selectivity and

stability [1]. Their crystallographic structure features

ordered and well-defined pores and cages of molecular
dimension, in which water molecules and charge

compensating cations are generally located. The

structure, shape and chemical composition of the pores

and cages are important: for instance zeolite K–L is a

highly active and selective catalyst for chlorination of

aromatics [2], while zeolite K–Y with encapsulated
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Ru(II) complex can be used in visible light-induced
electron transfer reactions [3]. The type of encapsu-

lated alkali cation is also a key parameter to affect the

pore size and chemistry, for example zeolite LTA

containing sodium ion is used as a gas separation

membrane [4,5]. K-doped K-LTA zeolite shows fer-

romagnet (FM)-like transition properties, originating

in the 4s-electrons of the guest K-atoms, which are

delocalized as 1s and 1p electrons of quantum states
formed in the a-cages [6].
Zeolite synthesis is conventionally performed by

hydrothermal crystallization under alkaline conditions

using an amorphous aluminosilicate gel as the starting

material [7–11] or via hydrothermal conversion in

alkaline or neutral solution [12]. Combining hydro-

thermal crystallization with the microwave heating

technique provides many advantages, viz. use of a much
shorter reaction time, and access to a broad composition

range, small particle size, narrow particle size distribu-

tion and high purity [13–16]. To obtain highly active and
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selective materials with no toxic elements, especially for

use as a catalyst having special properties, e.g., selective

permeability, highly pure zeolites with controllable cat-

ion-loadings are required. For many cation-loaded ze-

olites, conventional ion-exchange methods are typically
employed [2,3], which results in some cation-impurity

and structural exchange during treatment, affecting the

catalytic and permeability properties. Both Murayama

et al. [17] and Gittleman et al. [18] found that the Kþ

cation retarded the crystallization rate and hinder the

aggregation of the amorphous gel by forming a double

layer around the silica particles, respectively. However,

zeolite L having the chemical composition as
K9[(AlO2)9(SiO2)27] � 22H2O, has been well established
and studied as catalysts since modified zeolite L exhibits

excellent catalytic properties [19].

K-loaded aluminosilicate gels obtained directly from

sodium aluminate and sodium silicate, silica alone, or fly

ash gave impure and non-unique crystalline aluminosi-

licates at very long times and high temperatures [17,20].

It has been demonstrated that the formation of ordered
mesoporous structure is assisted by the use of alkanol-

amine as a supramolecular template [18]. Sol–gel

chemistry based on atranes followed by conventional

crystallization is proposed as an optimal route to pre-

paring zeolites having uniform mesoporous structures

[21].

Silatrane and alumatrane complexes are a family of

organosilicate and organoaluminate compounds,
respectively, derived from the reaction of SiO2 or Al2O3
with trialkanolamines, such as triethanolamine or tri-

isopropanolamine [22,23]. These materials are hydro-

lytic stable in air for periods up to several weeks. For

this property and the supramolecular template reasons,

it is therefore of interest to explore the in situ synthesis

of Kþ-loaded zeolite, as a novel route to obtain zeolites
of high purity, with controllable cation loading, and
having highly uniform structure using both atranes as

precursors.

According to our previous results [24,25], silatrane or

silatrane mixed with alumatrane can be conveniently

used as starting materials for sol–gel processing. Both

silatrane and alumatrane have trialkoxyamine ligands

that can coordinate with the metal atom to form inor-

ganic–organic micelles, and to give moderately inert
complexes in aqueous solutions [26,27]. Using sodium

hydroxide as the hydrolytic agent, and treating the amor-

phous gel under hydrothermal conditions, crystalline

aluminosilicates or zeolites were obtained. ANA and

GIS zeolites were obtained using the same loading com-

position at different temperatures [25], while LTA was

produced at different loading composition [28]. All prod-

ucts were obtained with smaller particles, with narrow
size distribution, and fewer defects. In this paper, we

report the in-situ synthesis of Kþ-loaded zeolite, using
potassium hydroxide as the hydrolytic agent, and
employing the sol–gel process and hydrothermal treat-

ment of the gel, to produce crystalline aluminosilicate,

with high purity and narrow particle size distribution.
2. Experimental

2.1. Materials

Fumed silica (SiO2, surface area 473.5 m
2/g, average

particle size of 0.007 lm) and aluminum hydroxide hy-

drate (Al(OH)3, surface area 50.77 m
2/g), were pur-

chased from Sigma Chemical Co. and used as received.
Triethanolamine (TEA, N(CH2CH2OH)3), and triiso-

propanolamine (TIS, N(CH2CHCH3OH)3) were sup-

plied by Carlo Erba Reagenti and Fluka Chemical AG.,

respectively, and used as received. Ethylene glycol (EG,

HOCH2CH2OH) was obtained from J.T. Baker Inc. and

distilled prior to use. Potassium hydroxide (KOH) was

obtained from Carlo Erba Reagenti and was used as

received. Acetonitrile (CH3CN) was obtained from Lab-
Scan Co., Ltd. and distilled prior to use.

2.2. Materials characterization

Hydrothermal transformation behavior was analyzed

using differential scanning calorimetry (DSC) on a

Netzsch instrument: DSC200 Cell and TASC414/3

controller at a heating rate of 10 �C/min under nitrogen
atmosphere. For liquid and gel samples a high-pressure

gold cell was used with the sample size of 10–20 mg.

Simultaneous thermal analysis (STA) was also employed

for measuring the thermal stability and phase transfor-

mation of synthesized zeolite at a heating rate of 20 �C/
min under nitrogen atmosphere. The test was carried

out on a Netzsch instrument: STA409 EP. The sample

size for this measurement was in the range of 10–50 mg
using an alumina-crucible as the sample cell. Product

crystallinity was characterized using a Rigaku X-ray

diffractometer at a scanning speed of 5�/s, CuKa as a
source and CuKb as a filter. The working range was
2h ¼ 5–50�. SEM micrographs were obtained on a

JEOL 5200-2AE scanning electron microscope. Electron

Probe Microanalysis (EPMA) was used to analyze the

sample in micro-scale for both qualitative and quanti-
tative elemental analysis using the X-ray mode detector

(SEM/EDS; Energy Dispersive Spectroscopy) to obtain

product compositions. Hydrothermal treatment by

microwave heating technique was conducted using a

MSP1000, CEM Corporation (Spec. 1000 W and 2450

MHz) oven. Samples were heated in a standard Teflon-

lined digestion vessel (100 ml) sealed with a Teflon cap

using inorganic digestion mode with time-to-tempera-
ture program. The studied total volume of solutions was

�15 ml and studied temperature was in the range 149–
152 �C (set at 150 �C).
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2.3. Precursor synthesis

Following the method of Wongkasemjit [22,23], alu-

matrane and silatrane were synthesized directly from

inexpensive and widely available starting materials via
the Oxide One Pot Synthesis (OOPS) process, which is

the one step reaction. Silatrane was synthesized by

mixing 0.10 mol silicon dioxide and 0.125 mol trietha-

nolamine in a simple distillation set using 100 ml eth-

ylene glycol as solvent [22]. The reaction was carried out

at the boiling point of ethylene glycol under nitrogen

atmosphere for 10 h to remove water as by-product and

ethylene glycol from the system. Excess ethylene glycol
was removed under vacuum at 110 �C. The brownish
white solid was washed with dried acetonitrile for three

times. Approximately 95% yield of white powder prod-

uct was obtained. The product was designated SiTEA.

Similarly, alumatrane was synthesized by mixing 0.10

mol aluminum hydroxide and 0.125 mol triisopropa-

nolamine using 100 ml ethylene glycol as solvent [23].

The crude product was washed three times with dried
acetonitrile with �90% yield. The product was desig-

nated AlTIS.

2.4. Sol–gel process and microwave technique

Potassium aluminosilicate gel was prepared by the

sol–gel process using SiTEA and AlTIS as precursors

and potassium hydroxide as the hydrolytic agent. Gel
formation was studied at various ratios of SiO2:xAl2O3:

yK2O:zH2O (0:0106 x6 2, 06 y6 6 and 686 z6 1000),
as illustrated in Table 1 for a few samples. At high Si/Al

ratio (P 10), clear solutions were obtained because of

too basic conditions, resulting in fast hydrolysis and

efficient complex formation of potassium ion with am-

inoalkoxide ligand [27,29]. The ratio of H2O to SiO2 has

to be greater than 68 to obtain good dispersion. The
solution mixtures were aged for 8 h before transferring

to a Teflon lined vessel sealed with a Teflon cap con-

tained in a microwave oven model MSP1000, CEM
Table 1

Some examples of gel compositions and their hydrothermal treatment condi

Loading ratioa

SiO2 Al2O3 K2O H2O

1 1 3 410

1 0.5 3 410

1 0.25 3 410

1 0.1 3 410

1 0.01 3 410

1 0.0005 3 410

1 0.1 2 410

1 0.1 4 410

1 0.1 5 410

1 0.1 6 410

a Loading ratio is the reactant ratio for gel preparation.
Corporation, for hydrothermal microwave treatment.

Temperature measurement was conducted by inserting a

fiber optic temperature probe inside the vessel. The

probe was immersed into the solution mixture to con-

trol the temperature of the solution inside the vessel.
The mixtures were heated at various temperatures

and times. The obtained white precipitated products

were washed three times with distilled water. The result-

ing powders were characterized using SEM/EDS, XRD

and TGA, DSC. The SEM/EDS results indicated

that no carbon component was left in the synthesized

product.
3. Results and discussion

Using sodium hydroxide as hydrolytic agent [25,28]

alumatrane and silatrane were earlier successfully em-

ployed as starting materials for making Na-loaded ze-

olites. In this report potassium hydroxide is used in

place of sodium hydroxide. The first difference observed
is that the reaction starts from a clear solution, implying

that the potassium ion can form a stronger complex with

atrane [26,27]. After the hydrothermal treatment, a

white precipitated product was obtained. The XRD re-

sults of crystalline aluminosilicate product obtained in

this way for all formulations were the same, but different

crystal morphologies were obtained.
3.1. Effect of microwave heating temperature

According to the DSC results shown in Fig. 1, as

indicated by the single endothermic peak, the onset of

gel transformation occurs at 103.4 �C and the maximum
rate of transformation occurs at 107.8 �C. For a reactant
ratio fixed at SiO2:0.1Al2O3:3K2O:410H2O, crystalline

aluminosilicate product was obtained at microwave
heating temperatures 150 �C and higher, see Fig. 2. This
temperature is substantially higher than that where gel
tions

Hydrothermal condition

Temperature (�C) Time (h) Product obtained

150 10 –

150 10 –

150 4 PCC-ZM-1

150 4 PCC-ZM-1

150 4 PCC-ZM-1

150 4 PCC-ZM-1

150 6 PCC-ZM-1

150 2 PCC-ZM-1

150 3 PCC-ZM-1

150 4 PCC-ZM-1
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Fig. 1. Thermal analysis of sol–gel transformation of

1SiO2:0.1Al2O3:0.7K2O:410H2O to aluminosilicate using a high pres-

sure DSC cell at a heating rate of 10 �C/min.

Fig. 2. Crystal morphology of PCC-ZM-1 synthesized from

1SiO2:0.5Al2O3:3K2O:410H2O at hydrothermal conditions X �C/300
min: X ¼ (a) 130 �C, (b) 150 �C and (c) 170 �C.
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transformation occurs. Thus, at the gelation tempera-

ture, only amorphous aluminosilicate, requiring lower

conversion energy than crystalline aluminosilicate, will

be produced. The XRD pattern (Fig. 3) of the synthe-

sized product closely matches that of zeolite K–H,
having PDF#16-0692, K2Al2Si4O12 � xH2O, Si:Al:K¼
2:1:1, which is classified as an unknown structure type

(using Rigaku’s library software). We have designated

this zeolite as PPC-ZM-1. The Si:Al:K ratio of the

synthesized product was found from SEM/EDS to be

1.98:1:0.82, which is consistent with the formula of

zeolite K–H, except that the K/Al ratio is a little low.

One reason could be the presence of some octahedral
aluminum atoms, which are more stable, causing defects

in the framework (planar defects) and generating grains

or domains of different orientation in the polycrystalline

solid. Thus, very small needle-like crystals, as seen by

SEM, appear to self-assemble into hierarchical struc-

tures which resemble flower petals, as shown in Fig.

2(b). The synthesized product is thermally stable to

�600 �C, (Fig. 3). Above this temperature the crystal-
linity slowly decreases. The moisture absorption of the

synthesized product was 1.565 g H2O/g of the dried solid

(or 156% of the dried solid).

Increase in microwave-heating temperature results in

a finer, more crystalline morphology (Fig. 2), due to a

higher crystallization rate, and a higher rate of genera-

tion of new nuclei. Moreover, polycrystalline aggrega-

tion decreases, leading to smaller bundles and flower
petal sizes.
Fig. 3. XRD analysis indicates the thermal stability of PCC-ZM-1

synthesized from 1SiO2:0.1Al2O3:3K2O:410H2O at 150 �C/300 min.
3.2. Effect of Si:Al ratio in loading state

In this study, the Si/Al loading ratio was varied from

0.5 to 100 at a fixed SiO2:K2O:H2O ratio of 1:3:410,
with microwave heating temperature and time of 150 �C
and 300 min, respectively. For Si/Al ratios between 0.5



Fig. 4. Effect of Si/Al loading ratio on morphology of K-aluminosili-

cate synthesized from 1SiO2:XAl2O3:3K2O:410H2O at 150 �C/300
min, with Si/Al ratio of (a) 5 (b) 11, (c) 40 and (d) 95.

Fig. 5. Effect of K2O concentration on morphology of K-aluminosil-

icate synthesized from 1SiO2:0.1Al2O3:XK2O:410H2O at 150 �C/300
min: X ¼ (a) 2 (b) 3, (c) 4 and (d) 5.
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and 1, the synthesized product was wholly amorphous,
the first evidence of crystallinity being seen for a Si/Al

ratio of 2.0. The crystal morphology alters with

increasing Si/Al ratio (Fig. 4). As the Si/Al ratio in-

creases, denser structures and a higher number of

agglomerated particles are obtained, since the lower

alumina content induces a lower number of planar de-

fects, leading to a larger crystal size, and lower poly-

crystalline aggregation.
3.3. Effect of K2O concentration

The K2O:SiO2 ratio was varied from 1:1 to 6:1 while

keeping the formulation at SiO2:0.1Al2O3:410H2O and

the microwave temperature at 150 �C and heating time
at 300 min. PCC-ZM-1 was obtained at only K2O/SiO2



K2O/Si2O Ratio 

1 3

M
ic

ro
w

av
e 

H
ea

tin
g 

T
im

e 
(m

in
)

160

180

200

220

240

260

280

300

320

340

360

380

72 4 5 6

Fig. 6. Effect of K2O/SiO2 ratio on microwave heating time for com-

positions 1SiO2:0.1Al2O3:XK2O:410H2O (X ¼ 2–6) at 150 �C/300 min.

Fig. 7. XRD analysis indicates the crystallization kinetics of PCC-ZM-

1 synthesized from 1SiO2:0.1Al2O3:3K2O:410H2O at 150 �C/X min
(X ¼ 0–300 min).

Fig. 8. Effect of microwave heating time on morphology of K-alumi-

nosilicate synthesized from 1SiO2:0.0125Al2O3:3K2O:410H2O at 150

�C/X min: X ¼ (a) 180, (b) 240, (c) 300 and (d) 420 min.
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ratios above 2. Increasing K2O concentration influences

the crystal morphology of the synthesized product (Fig.

5). The material changes from amorphous to a semi-

crystalline morphology at a K2O/SiO2 ratio of 2,
exhibits flower petals at the K2O/SiO2 ratio of 3, and

transforms to a bundle like morphology at a K2O/SiO2
ratio of 4. The elemental morphological constituents

under all conditions consist of very fine needle-like

crystals. At K2O/SiO2 ratios >4, smaller and more

agglomerated bundle like textures were obtained. The

smaller particle size is ascribed to fast nuclei generation

due to rapid dissolution of amorphous aluminosilicate
gel at high metal hydroxide concentration [18]. Since the

crystal growth relies on conventional colloid chemistry,

involving the formation of organic–inorganic composite

micelles [26], too many potassium ions at the micellar

surface may introduce repulsive interactions, retarding

the polycrystalline agglomeration [30]. At high K2O

concentration the solubility of the various species may

also be higher, inducing the salting out of the zeolite,
and accelerating the formation of crystalline defects and

agglomeration.
Surprisingly, with increasing K2O/SiO2 ratio, the

microwave heating time required to produce full crys-
tallinity dropped from 6 h at the K2O/SiO2 ratio of 2–3

h at the K2O/SiO2 ratio of 4 and then started to increase

again at K2O/SiO2 ratios higher than 4 (Fig. 6). This is

because a too high Kþ-ion concentration retards the
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crystallization rate [17], as mentioned previously.

Moreover, at very high K2O content a re-dissolution of

the nanoparticles may take place, hence a minimum in

the K2O/SiO2 dependence of the heating time is ob-

served. In addition, the Si/Al ratio of the synthesized
product decreases from 1.98 to 1.77 as the K2O/SiO2
ratio increases from 3 to 5, because the higher pH values

cause a higher dissolution of Si [31].

3.4. Effect of microwave heating time

By fixing the reactant molecular ratio at SiO2:

0.1Al2O3:3K2O:410H2O (or the Si/Al ratio at 5) and
the temperature at 150 �C, the product completely
changes from amorphous to crystalline after heating for

240 min, as illustrated in Figs. 7 and 8. The nucleation

process appears to start at 180 min. Using silatrane and

alumatrane as precursors can prolong the nucleation

period and produce a narrow particle size distribution

(agglomerated particle size range of 0.34–43 lm with

average agglomerated particle size of �10 lm). Even
when the Si/Al loading ratio was increased from 5 to

100, a fully crystalline product was still produced in the

same time scale. Clearly, the crystallization rate does not

depend on the Si/Al loading ratio. This may be a con-

sequence of the organic–inorganic composite (micelle)

formation in the crystallization-state, causing metal–

oxygen condensation at the boundary of the organic

portion, followed by dehydration to give metal oxygen
linkage. Based on the SEM results, the morphology

changes from amorphous to semi-crystalline and at 180

min, and to crystalline at 240 min (Fig. 8). The crystal

size becomes larger whereas the polycrystalline mor-

phology becomes more finely divided with time. Many

crystals appear to be fused together probably due to the

initiation of new nuclei on the surface of the older

crystals, as well as dissolution followed by re-crystalli-
zation of the older crystals. However, the Si/Al ratio of

the synthesized product is essentially identical for all

fully crystallized materials.
4. Conclusions

Crystalline and highly pure potassium aluminosilicate
was successfully synthesized via the sol–gel process

and microwave heat treatment using silatrane and alu-

matrane as precursors and potassium hydroxide as

the hydrolytic agent. By fixing the reactant ratio at

SiO2:0.1Al2O3:3K2O:410H2O, flower-petal-like zeolite

K-H named PCC-ZM-1 was synthesized at a microwave

heating temperature of 150 �C for 240 min. Because of
the assistance of trialkoxyamine ligands during the
zeolite framework formation, very fine and uniform

needle-like single crystals are produced which appear to

aggregate into polycrystals. Due to the unique cation,
Kþ, content, the synthesized products are very hygro-
scopic and can absorb moisture up to 156% (1.565 g

H2O/g of dried solid). This product, having a very

narrow particle size distribution, is thus suitable as a

drying agent. Increase of the microwave heating tem-
perature from 150 to 170 �C, yields only pure PPC-ZM-
1, but with different polycrystalline morphologies.

Higher temperatures generate smaller particle size and

bundle-like morphologies. At different Si/Al loading

ratios, with the remaining components fixed at

SiO2:3K2O:410H2O, and at a microwave heating tem-

perature of 150 �C for 300 min, only PPC-ZM-1 is

produced. Increasing the K2O/SiO2 ratio leads to
smaller particles and bundle like product morphology

and also influences the required microwave heating

times. With increasing microwave-heating time, the

crystal size becomes larger and, the morphology be-

comes more dense and the product particles tend to be

smaller.
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