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Ultrasound enhanced geopolymerisation
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The feasibility of using ultrasound to enhance the geopolymerisation of metakaolinite/sand
and fly ash/metakaolinite mixtures was investigated. The introduction of ultrasonication
into the geopolymerisation systems increased the compressive strength of the formed
geopolymers and the strength increased with increased ultrasonication up to a certain
time. The dissolution of metakaolinite and fly ash in alkaline solutions was enhanced by
ultrasonication, hence releasing more Al and Si into the gel phase for polycondensation.
SEM analysis demonstrated that ultrasonication improved the distribution of the gel phase
in the geopolymeric matrices and strengthened the binding between the particle surfaces
and the gel phases. XRD patterns showed that ultrasonication enhanced the formation of
semi-crystalline to crystalline phases in the formed geopolymers. The 27Al MAS-NMR
spectra showed 27Al chemical shifts at around 55 ppm for the geopolymers synthesised
with and without ultrasonication, indicating that Al was tetrahedrally coordinated in the
form of Al(4Si). 29Si MAS-NMR studies showed that ultrasonication largely improved the
interlinkage between Si and Al species, increased the concentrations of polysialate species
and enhanced the ordering of the Si and Al tetrahedra in the gel phase in
geopolymerisation. Both 27Al and 29Si MAS-NMR spectra indicated an increased extent of
polymerisation between Al and Si species in the presence of ultrasonication. The thermal
analysis indicated that ultrasonication improved the thermal stability of the formed
geopolymers. The improved performance of the ultrasonically formed geopolymers in
terms of compressive strength and thermal stability could be attributed to the accelerated
dissolution of the Al—Si source materials, the strengthened bonds at the solid particle/gel
phase interfaces, the enhanced polycondensation process and the increased
semi-crystalline and crystalline phases. C© 2004 Kluwer Academic Publishers

1. Introduction
A geopolymer is a three-dimensional aluminosilicate
mineral polymer that contains a variety of amor-
phous to semi-crystalline phases. Geopolymerisation
can transfer aluminium and silicon containing materials
into a monolithic geopolymer with a high mechanical
strength and high fire, acid, water and bacterial resis-
tance. In the past two decades, aluminosilicate min-
erals, such as kaolinite and metakaolinite have been
applied in geopolymerisation to form products used
as bricks, high strength tools, high acid-resistance
moulds, ultrahigh efficiency filters, high temperature-
resistance composite materials, protective coating ma-
terials, water and fire resistance construction materials
and lightweight thermal insulation materials [1–5].

Alkali-activated alumino-silicate binders are formed
by reacting silica-rich and aluminium-rich solids with
a solution of alkali or alkali salts resulting in a mix-
ture of gels and crystalline compounds that eventu-
ally harden into a new strong matrix. According to
Davidovits [6], geopolymeric binders are the synthetic
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analogues of natural zeolitic materials and require much
the same hydrothermal conditions for synthesis. Reac-
tion times, however, are substantially faster than that
of the comparable zeolite resulting in an amorphous to
semi-crystalline product with some zeolite properties.
Ideally geopolymers consist of aluminium and silica
tetrahedra interlinked alternately by sharing all the oxy-
gen atoms. A polymeric structure of Al O Si bonds
is thus formed that constitutes the main building blocks
of the geopolymeric structure. Because of aluminium’s
four-fold coordination, other cations must be present
in the structure in order to keep structure neutrality
and this is usually done by Na+, K+, Ca2+ as well
as other metallic cations. The exact mechanism by
which geopolymers harden is still not fully understood
and most proposals in this regard involve dissolution
of Al Si oxides from solid surfaces, diffusion of dis-
solved Al Si complex from the solid surface into the
gel phase, condensation of gel phase and hardening
of the gel phase [7]. The overall rate of this polycon-
densation reaction, i.e., the setting or curing time of
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the geopolymer, is determined by all factors affecting
the individual steps, and will affect the final structure
and strength. Therefore, whatever factors affect those
steps mentioned above will affect the final mechanical
strength of the geopolymers. As the first step, dissolu-
tion has two major roles in geopolymerisation. First, it
is the necessary process whereby polysialate-forming
species are liberated from the starting materials sim-
ilarly to zeolite precursors [8, 9]. Second, it prepares
or “activates” the surface for surface binding reactions
which are hypothesised to significantly contribute to
the final strength of the structure. Depending upon the
quantities and nature of starting aluminium and silicate
sources, the extent of dissolution will vary and therefore
determine the chemical composition of the gel phase,
which controls the resultant bulk physical and chemical
properties of the final product [10]. In general, miner-
als with a higher extent of dissolution exhibited higher
ultimate compressive strengths [11].

Through the micro-structural studies of the crack-
ing surfaces of geopolymers, it has been shown that
fractures occasionally occur in the gel phase. Despite
its importance, little work has been focused on tailor-
ing the gel phase strength. The polycondensation step
is actually a sol-gel process, starting from molecular
precursors in solution, to making a condensed phase
[12, 13]. Referring to the polymerisation of alumi-
nosilicates in the synthesis of zeolite, suitably designed
aluminosilicate crystals could be obtained through the
nucleation and growth of the precursors such as
Al(OH)−4 and silicate monomer, dimer and larger
oligomer anions. The ordered arrays of the aluminosil-
icates may form an important sub-structure of the gel
phase, which could significantly contribute to the im-
provement of the gel phase strength, and hence the over-
all geopolymer strength. In conventional geopolymeri-
sation, the reaction conditions are, however, not manip-
ulated to yield ordered crystals evenly distributed in the
gel phase. The growth of the microscale crystals could
become macroscale aggregates without control.

Cavitation as a source of energy input for chemical
processes is increasingly being studied in various areas
such as synthesis and materials processing, chemical
and biological engineering, and waste disposal due to
its ability to generate localised high temperatures and
pressures (hot spots) under nearly ambient conditions
as well as high speed microjets [14, 15]. In a hetero-
geneous solid-liquid system, the collapse of the cavi-
tation bubble will have significant mechanical effects.
This effect can increase mass and heat transfer to the
surface by disruption of the interfacial boundary layers.
Ultrasound has been successfully coupled with the sol-
gel process in the synthesis of a wide range of nano-
and micro- particles [15]. During geopolymerisation,
dissolution and diffusion occur in the mixing process.
Effective Al Si particle contact and dissolution in so-
lution in a short time could result in efficient geopoly-
merisation. Mechanical mixing cannot satisfy this key
step. The present work therefore introduces ultrason-
ication into geopolymerisation, in an attempt to tailor
the dissolution and the polycondensation processes for
possible improvement in the microstructure of the final

products. The qualitative relationship between the mi-
crostructure and the performance of geopolymers will
also be discussed.

2. Experimental work
2.1. Materials
Metakaolinite (MetaStar 402) was purchased from
Commercial Minerals, Australia and had a particle size
of 50% less than 0.5 µm and 1% greater than 38 µm.
The metakaolinite sample contained SiO2 (54.78%),
Al2O3 (40.42%), K2O (2.72%) and trace amounts of
Fe, Ca and Mg. Fly ash (Gladstone) was obtained from
Pozzolanic Enterprises Pty. Ltd., Queensland, Australia
and had a particle size of 50% less than 8.47 µm and 1%
greater than 110 µm. The composition for the fly ash
was 46.2% SiO2, 30.3% Al2O3, 12.6% Fe2O3, 4.31%
CaO, 1.66% TiO2, 1.52% MgO, 0.92% P2O5 and trace
amounts of K, Na and Mn. Fine washed beach sand
(<2 mm) was used as a filler in the geopolymerisa-
tion of metakaolinite. Sodium silicate (Vitrosol N40)
and potassium silicate (Kasil 2236) solutions were sup-
plied by PQ Australia Pty. Ltd., Victoria, Australia.
The sodium silicate sample contained 8.7–9.1% Na2O
and 28.4–28.9% SiO2 and the potassium silicate sam-
ple contained 10.8–11.2% K2O and 24.2–24.8% SiO2.
Analytical grade chemicals and distilled water were
used throughout the geopolymerisation and chemical
analyses.

2.2. Leaching and geopolymerisation tests
Leaching was conducted with NaOH or KOH solution
in a 150 mL polypropylene beaker at a room tempera-
ture of 20◦C for a certain time using a magnetic stirrer.
100 mL of leaching solution was added to 50 g of the
solid samples. Leaching tests with ultrasonication were
conducted in a water bath of 20◦C using an ultrasonic
probe (UP200S ultrasonic processor, Sonotool S7, Dr.
Hielscher GmbH, 24 kHz, maximum power intensity
300 W/cm2). Samples were taken at certain intervals.
The samples were centrifuged, filtered and neutralised
by condensed HCl for the determination of the elemen-
tal concentrations of Al, Si, Fe and Ca in solutions by
ICP-OES (Perkin-Elmer Optima 3000). For geopoly-
merisation, Al Si minerals were dry mixed at specified
mass ratios for 5 min in a container by hand prior to the
addition of MOH and M2SiO3 solution (where M = Na
and/or K). After another 3 min of mixing with hand, the
slurry was subjected to ultrasonication with the ultra-
sonic probe for a desired amount of time. The slurry was
cooled in icy water to keep the slurry temperature rela-
tively constant during ultrasonication. For comparison,
a FRITSCH Vibratory Shaker was employed to conduct
the mixing of the slurry for the same amount of time.
The resulting paste was then transferred to a mould
(PVC cylinder mould of 28 mm in diameter × 55 mm
in height) and left in an oven for setting at 40◦C for
24 h. After being removed from the mould, the sample
was left at a room temperature of 20◦C for 10 days. The
compressive strength of each sample was tested using
a Tinus Tolsen Compressive Strength testing machine.
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Two or three samples of each condition were tested,
with average compressive strength values reported.

2.3. Analytical techniques
The elemental concentrations of Al Si materials were
determined by XRF (Siemens SRS 3000 sequential
X-ray fluorescence spectrophotometer). XRD (Phillips
PW1800) was used to identify the mineralogy of the
geopolymers synthesized with or without ultrasound.
The 29Si and 27Al MAS NMR responses were used to
detect the structural environment for Al and Si sited
in the geopolymers. The 29Si and 27Al spectra were
recorded at 59.61 and 18.18 MHz on a Varian 300/solid-
state spectrometer employing magic angle spinning at
6.9 kHz. The obtained NMR peaks were fitted us-
ing Gaussian lines. Geopolymer samples were pul-
verised and densely packed into a 7 mm zirconium ro-
tor. SEM/EDX analysis was the key tool for the inves-
tigation of fractured surfaces of geopolymers and for
the determination of elemental concentrations in gel
phases. A Phillips XL30 SEM coupled with an Oxford
energy dispersive spectrometer was employed for this
purpose. The particle size distribution of raw materials
was analysed by a Coulter LS 130 optical particle size
analyser. Modulated Differential Scanning Calorimetry
(MDSC 2920, Thermal Analyst 3000, TA Instruments)
was used to characterise the glass phase transforma-
tion in geopolymers. Heat flow was recorded from 0 to
750◦C at a temperature rate of 10◦C/min.

3. Results and discussion
3.1. Al Si mineral dissolution in the

presence of ultrasound
As stated above, the process of geopolymerisation starts
with the dissolution of Al and Si from Al Si source ma-
terials in alkaline solutions as hydrated reaction prod-
ucts, forming the [Mx (AlO2)y(SiO2)z·nMOH·mH2O]
gel. Metakaolinite was used as main or secondary
sources of soluble Si and Al in most previous studies on
geopolymerisation [16–19]. As an important industrial
by-product, fly ash was also used as a source of soluble
Si and Al in geopolymerisation [17–19]. The leaching
behaviour of these two Al Si materials in alkaline so-
lutions was investigated by Xu and Van Deventer [20].
However, the leaching of Al Si materials with ultra-
sonication has never been reported in the literature. The
leaching of metakaolinite and fly ash was conducted at
different alkaline concentrations in the presence and ab-
sence of ultrasonication. For comparison, leaching was
also conducted with magnetic stirring at two different
speeds of 400 and 800 min−1. The ultrasonic probe
was operated at a power intensity of 150 W/cm2. Fig. 1
shows the leaching result for metakaolinite. Metakaoli-
nite had a higher extent of dissolution with an increase
of NaOH concentration from 7.5 M to 10 M and Si had
higher concentrations in solutions than the correspond-
ing Al, in accordance with the observation of Xu and
Van Deventer [11]. The leaching curves for Al and Si
showed the same patterns (Fig. 1), indicating that Al
followed Si to dissolve and re-precipitate simultane-

Figure 1 Leaching of metakaolinite in the presence of ultrasonication.
Solution: 7.5 M or 10 M NaOH. U–with ultrasound; H–high speed mix-
ing (800 min−1); L–low speed mixing (400 min−1).

ously. Ultrasonication largely increased the leaching of
metakaolinite (Fig. 1). In the presence of ultrasonica-
tion, the Al and Si concentrations in solutions reached a
maximum at the first hour, then decreased with time and
gradually increased with a further increase in the leach-
ing time (Fig. 1). In the absence of ultrasonication, the
Al and Si concentrations in solutions reached a max-
imum at around 4 h, and afterwards slowly decreased
(Fig. 1). The maximum Al and Si concentrations were
lower in the absence of ultrasonication. In terms of the
very short time scale for the dissolution of metakaolinite
in geopolymerisation, it is expected that ultrasonication
could largely enhance the dissolution of metakaolinite
to release more Al and Si into the gel phase. Despite
being low in all the leaching systems, the Ca concentra-
tions were increased in the presence of ultrasonication.
The stirring speed did not show much effect on the dis-
solution of metakaolinite. This indicates that effective
mixing was not the only factor attributable to the en-
hanced dissolution of metakaolinite by ultrasonication.

The dissolution of metakaolinite followed chemical
hydration reactions, where the OH− anion reacted with
the Al Si solid surfaces to form Al(OH)−4 , OSi(OH)3,
divalent orthosilicic acid and trivalent orthosilicic acid
ions [21, 22]. The hydration reactions were followed
by cation-anion pair condensation interactions based
on Coulombic electrostatic attraction, where the M+
cations reacted with Al(OH)−4 and orthosilicic acid ion
species to form ion pairs of the MAl(OH)4 monomer
and silicate monomer, dimmer and trimer ions [21–
23]. At high concentrations, the silicate tetramer, pen-
tamer, hexamer, octamer, nonamer, and their com-
pounds would appear [24]. Therefore, Al and Si con-
centrations in solutions decreased after reaching cer-
tain levels, due to the formation of the MAl(OH)4
monomer and silicate monomer, dimmer and trimer
species. The aluminate and silicate species could pre-
cipitate on the particle surfaces, hindering the further
leaching of metakaolinite, as observed in the leaching
without ultrasonication. However, in the presence of
ultrasonication the dissolution appeared to continue af-
ter the decline of the Al and Si concentrations due to
the formation of aluminate and silicate species (Fig. 1).
This indicates that ultrasonication likely cleaned the
particle surfaces for further leaching.
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Figure 2 Leaching of fly ash in the presence of ultrasonication. Solu-
tion: 7.5 M or 10 M KOH. U–with ultrasound; H–high speed stirring
(800 min−1).

Ultrasonication also increased the leaching of fly ash,
as shown in Fig. 2. However, the extent of increase was
much smaller in comparison with the metakaolinite sys-
tem. The fly ash contained a substantial amount of Ca
and Fe, which were difficult to leach in alkaline solu-
tions. KOH was used instead of NaOH, and the latter
was shown to give a better leaching performance [11].
Similarly, a higher alkaline concentration favoured the
dissolution of fly ash.

It is well established that ultrasound driven cavitation
events cause chemical and physical effects in a liquid
medium [15]. Ultrasonic cavitation induces ‘hot spot’
effect, which generates localised high temperatures and
pressures. The ‘hot effect’ could directly occur at the
mineral surfaces, weakening the physical and chemical
bonds. In addition to the ‘hot spot’ effect, ultrasoni-
cation also causes mechanical effects, which can be
either ‘macroscopic’ induced by the acoustic stream-
ing or ‘microscopic’ induced by microjets [25]. The
mechanical effects could clean the solid particle sur-
faces and enhance the mass transfer at the solid/liquid
interfaces. As a consequence, ultrasonication en-
hanced the leaching of the Al Si minerals in alkaline
solutions.

3.2. Ultrasonication enhanced
geopolymerisation

Two geopolymerisation systems were investigated with
metakaolinite and fly ash as the main Al Si source ma-
terials. One employed metakaolinite as the main Al Si
source and fine sand as the filler, and the other employed
fly ash as the main Al Si source and metakaolinite
as the secondary Al Si source. A solid/liquid ratio of
2.84 was used in all the geopolymerisation systems,
and an ultrasonic power intensity of 300 W/cm2 was
employed. The compressive strength was tested after
10 days of curing at a room temperature of 20◦C and
an atmosphere pressure. Table I shows the compressive
strength of the geopolymers synthesised in the presence
of ultrasonication. The geopolymers synthesised with
varied times of shaking in the absence of ultrasonication
did not show any differences in compressive strength.
Therefore, only one strength value was reported for the
geopolymers synthesised without ultrasonication.

TABLE I Compressive strength of geopolymers synthesised with
ultrasonication

Compressive
strength

Condition (MPa)

60 g metakaolinite, Without ultrasonication 7.6
160 g sand 0.5 M Ultrasonication time (min)
Na2SiO3, 10 M NaOH 4 10.0

8 12.5
14 15.0
20 15.5

60 g metakaolinite, Without ultrasonication 15.8
160 g sand 2.5 M Ultrasonication time (min)
K2SiO3, 8 M KOH 1 22.0

3 24.3
5 24.5

225 g fly ash, 25 g Without ultrasonication 11.8
metakaolinite 2.5 M Ultrasonication time (min)
K2SiO3, 8 M KOH 1 13.4

3 18.5
5 19.1

200 g fly ash, 50 g Without ultrasonication 14.8
metakaolinite 2.5 M 3 min ultrasonication 23.2
Na2SiO3, 8 M KOH

As can be seen from Table I, the introduction of ul-
trasonication into the geopolymerisation systems in-
creased the compressive strength of the geopolymers
and the strength increased with an increase of ultrason-
ication up to a certain time. However, a prolonged ultra-
sonication no longer increased the compressive strength
of the formed geopolymers (Table I). This is likely
because the geopolymer paste became more viscous
after a prolonged ultrasonication, due to the polycon-
densation and hardening occurring simultaneously. The
condensed paste would hence hinder ultrasonic cavita-
tion. A higher sodium silicate concentration was benefi-
cial to the geopolymerisation of the metakaolinite/sand
mixture. As the secondary Al Si source, metakaoli-
nite enhanced the geopolymerisation of fly ash, as a
higher metakaolinite content gave a better compressive
strength of the formed geopolymer (Table I). This could
be explained by the fact that metakaolinite tended to
dissolve to a larger extent than fly ash.

It should be noted that the geopolymerisation and
ultrasonication were conducted under preset condi-
tions without optimisation for the specific systems.
The solid/liquid ratio, ultrasonic power and intensity,
and Al/Si ratio could affect the effect of ultrasonica-
tion on geopolymerisation. The use of ultrasonication
for the enhancement of geopolymerisation appeared to
be promising, with regard to improved performance
of formed geopolymers after a very short time of
ultrasonication.

Ultrasonication enhanced the dissolution of Al Si
source materials to release more Al and Si into the gel
phases, and hence improving the extent of geopolymeri-
sation. It was shown that a larger extent of the dissolu-
tion of source Al Si materials improved the compres-
sive strength of the formed geopolymers [11]. However,
dissolution alone could not have such a significant ef-
fect on geopolymerisation within a short period of ul-
trasonication. In general, the compressive strength of

574



(a)

(b)

Figure 3 Typical SEM images of the fractures of the geopolymers synthesised (a) without ultrasonication and (b) with ultrasonication. Geopolymeri-
sation condition: 160 g sand, 60 g metakaolinite, 10 M NaOH, 0.5 M Na2SiO3. qz–quartz.

geopolymers is determined by the filler particles (or
remaining Al Si particles), the gel phase and their
boundaries. It is expected that the mechanical effects
induced by ultrasonication could clean the remaining
particle surfaces, favouring the formation of a strong
bond between the particles and the gel. On the hand,
ultrasonication could modify the microstructure of the
gel phase in the formed geopolymers, as discussed
below.

3.3. Morphological studies of geopolymers
After compressive strength tests, the cracked geopoly-
mer samples were collected for SEM/EDX analysis.
The morphological studies were focused on the frac-
tured surfaces of the geopolymers. Typical SEM im-

ages of the fractured surfaces are shown in Fig. 3. Clear
boundaries appeared between the quartz particles and
the gel phase in the geopolymers synthesised without
ultrasonication, showing gaps or cracks between these
two phases (Fig. 3a). However, the interfaces appeared
to be blurred between the quartz particles and the gel
phase in the geopolymers formed with ultrasonication,
and no gaps or cracks were present at the interfaces
(Fig. 3b). The improved binding between the quartz
particles and the gel phase could be one of the important
factors attributable to the increase in the compressive
strength of the geopolymers synthesised with ultrason-
ication. The mechanical effects induced by ultrasonica-
tion could clean the sand particle surfaces, enhancing
the binding between the particle surfaces and the gel
phase. In addition, less cracks were present in the gel
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(a)

(b)

Figure 4 Typical SEM images of the gel phase in the geopolymers synthesised (a) without ultrasonication and (b) with ultrasonication. Geopolymeri-
sation condition: 160 g sand, 60 g metakaolinite, 10 M NaOH, 0.5 M Na2SiO3.

phases in the geopolymers synthesised with ultrason-
ication, indicating that the strength of the formed gel
phases was improved.

The gel phase appeared to be unevenly distributed
in the geopolymers synthesised without ultrasonica-
tion, as shown in Fig. 4a. This could induce unbalanced
stress in the gel phase, causing the decrease in the com-
pressive strength of the geopolymers. In contrast, the
gel phase was evenly structured for the geopolymers
formed with ultrasonication (Fig. 4b). This could be
achieved by the molecular-scale mixing in ultrasonica-
tion, due to the microjets and microstreams induced by
cavitation. EDX also indicated that the Al and Si con-
centrations in the gel phases increased with ultrasoni-
cation in the geopolymers synthesised with metakaoli-
nite. At 0.5 M Na2SiO3 and 10 M NaOH, the Al, Si and
Ca concentrations in the gel phase were respectively

13.58, 26.37 and 0.13% in the metakaolinite geopoly-
mer synthesised with 8 min ultrasonication, compared
to 10.03, 22.92 and 0.02% in that without ultrason-
ication. This further demonstrates that ultrasonically
enhanced dissolution of the Al Si minerals played a
significant role in the improved performance of the
formed geopolymers. In the fly ash system, the SEM
images showed that remaining fly ash particles be-
came smaller in the geopolymers synthesised with ul-
trasonication. In the 225 g fly ash/25 g metakaolin-
ite system, the remaining fly ash particles were about
6.8 µm in size in the geopolymer synthesised with
3 min ultrasonication, compared to 8.0 µm in that syn-
thesised without ultrasonication, based on the average
size of 30 particles with <10 µm. This also reveals
that ultrasonication enhanced the dissolution of fly
ash in the geopolymerisation. Similarly, ultrasonication
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improved the distribution of the gel phase in the
geopolymers as well as the binding at the particle/gel
phase interfaces.

3.4. XRD patterns of geopolymers
The geopolymer samples were crushed and milled in
a ring mill to fine powders for XRD analysis. The
polysialates resulting from the polycondensation of var-
ious alkali-alumino-silicates present in the gel phase
were actually X-ray amorphous materials. The XRD
patterns suggested however that polysialates consisted
of disordered frameworks of short-range order materi-
als with structures similar to those of feldspatic glass
or crystalline zeolites [6]. In the metakaolinite/sand
geopolymerisation system, quartz showed clear char-
acteristic peaks in the amorphous and semi-crystalline
phases dominated matrix in the XRD patterns of the
formed geopolymers. In comparison, the relative in-
tensities for the semi-crystalline phases increased to a
large extent in the XRD patterns of the metakaolin-
ite/sand geopolymers synthesised with ultrasonication.
This indicates that polysialate species tended to be more
regularly ordered in the geopolymerisation with ultra-
sonication. The presence of the short-range ordered
semi-crystalline phases could improve the strength of
the gel phases, and hence the overall strength of the
geopolymers.

Fig. 5 shows the XRD patterns of the geopoly-
mers synthesised with the fly ash/metakaolinite mix-
ture in the presence and absence of ultrasonication.
In the synthesised geopolymers, the quartz peaks be-
came higher in the relative intensities, and the mullite
peaks almost remained unchanged. Quartz and mul-
lite were relatively stable in alkaline solutions, while
the other crystalline phases in the fly ash dissolved
readily and formed amorphous and semi-crystalline
phases after geopolymerisation. As indicated in Fig. 5,
the peak intensities for the identified crystalline alumi-
nosilicate increased for the geopolymers synthesised
with ultrasonication. Similarly, the peak intensities for
the unidentified semi-crystalline phases also increased
for the geopolymers synthesised with ultrasonication
(Fig. 5). This suggests that ultrasonication could en-

Figure 5 XRD patterns for the geopolymers synthesised with or with-
out ultrasonication. Geopolymerisation condition: 200 g fly ash, 50 g
metakaolinite, 8 M NaOH, 2.5 M Na2SiO3.

hance the ordering of the polysialate species for the
formation of semi-crystalline to crystalline phases in
the gel phases, which likely contributed to the improve-
ment of the compressive strength of the geopolymers
synthesised with ultrasonication. The high-speed mi-
crojets and microstreams induced by ultrasonic cavita-
tion could increase the collision of Al and Si species
for the formation of polysialate species and enhance
the ordering of the polysialate species for the forma-
tion of small-scale ordered semi-crystalline and highly
regularly ordered crystalline materials. On the other
hand, the ‘hot spot’ effect could generate localised high
temperatures and pressures, which likely favoured the
forming and ordering of the polysialate species as well.

3.5. MAS-NMR spectra of geopolymers
The geopolymer samples for NMR analysis were sub-
jected to crushing and ring milling to fine powders. 29Si
and 27Al MAS-NMR studies present a powerful tool for
the structural analysis of aluminosilicate species [26].
It was shown that in aluminate anions, four-coordinated
aluminium (with respect to oxygen) resonated at
60–80 ppm, and that in silico-aluminates, four-
coordinated aluminium resonated at approximately
50 ± 20 ppm while six-coordinated aluminium res-
onated at approximately at about 0 ± 10 ppm from
[Al(H2O)6]3+ [27]. According to the Loewenstein alu-
minium avoidance principle, the environment of ev-
ery Al atom was Al(4Si) in alumino-silicate anions
[28]. 27Al MAS-NMR spectroscopy of all polysialates
showed 27Al chemical shifts in the range of 55 ppm
from [Al(H2O)6]3+, which indicated that the alu-
minium was of the AlQ4(4Si) type and was tetrahe-
drally coordinated [6]. The 27Al MAS-NMR spectra
showed 27Al chemical shifts at around 55 ppm for the
metakaolinite/sand geopolymers synthesised with and
without ultrasonication, as shown in Fig. 6. This means
that ultrasonication did not change the environment of
every Al atom, which was tetrahedrally coordinated
in the form of Al(4Si). However, the relative intensity
for the aluminium peak in the 27Al MAS-NMR spec-
trum was much higher for the geopolymers synthesised
with ultrasonication than those without ultrasonication
(Fig. 6). This indicates that the concentrations of the

Figure 6 27Al MAS-NMR spectra for the geopolymers synthesised with
and without ultrasonication. Synthesis condition: 160 g sand, 60 g
metakaolinite, 10 M NaOH, 0.5 M Na2SiO3, 8 min ultrasonication.
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Figure 7 29Si MAS-NMR spectra for the geopolymers synthesised with-
out ultrasonication. Synthesis condition: 160 g sand, 60 g metakaolinite,
10 M NaOH, 0.5 M Na2SiO3.

Figure 8 29Si MAS-NMR spectra for the geopolymers synthesised with
ultrasonication. Synthesis condition: 160 g sand, 60 g metakaolinite, 10
M NaOH, 0.5 M Na2SiO3, 8 min ultrasonication.

polysialate species were increased by ultrasonication.
In other words, the extent of polymerisation increased
in the presence of ultrasonication.

29Si resonated at −119, −114 and −110 ppm for
the geopolymers synthesised without ultrasonication
(Fig. 7), while a much broader resonance of 29Si ap-
peared in the MAS-NMR spectrum for the geopolymers
synthesised with ultrasonication, showing resonance
peaks at −119, −114, −110, −108 and −103 ppm
(Fig. 8). A previous study showed that the chemi-
cal shift 29Si in an amorphous or highly disordered
environment was increased by approximately 5 ppm
[28]. The resonances found for ‘disordered’ 29Si in
polysialates, namely −81.5, −87 and −94.5 ppm, re-
lated to ‘ordered’ 29Si chemical shifts of −86.6, −92,
−99.5 ppm which were assigned to Q(4Al), Q(3Al) and
Q(2Al), respectively [6]. In the present studies, the 29Si
resonances systematically shifted by about −10 ppm.
Therefore, the resonances of −119, −114, −110, −108
and −103 ppm for 29Si could be assigned to Q(0Al),
Q(1Al), Q(2Al), Q(3Al) and Q(4Al), respectively. As
a result, Si presented in the forms of Q(0Al), Q(1Al)
and Q(2Al) in the gel phase in the geopolymers syn-
thesised without ultrasonication, while appeared in the
more ‘ordered’ forms of Q(3Al) and Q(4Al) besides the
forms of Q(0Al), Q(1Al) and Q(2Al). This indicates
that the interlinks between Al and Si atoms increased,
and that the Si and Al tetrahedra were more regularly

ordered along the polymeric chains in the gel phases in
the geopolymers synthesised with ultrasonication. By
comparing Figs 7 and 8, it is clear that the relative in-
tensities for the 29Si resonances were much higher in
the geopolymers synthesised with ultrasonication than
those without ultrasonication, which suggests the pres-
ence of higher concentrations of the polysialate species
in the former ones, in agreement with the 27Al MAS-
NMR spectra (Fig. 6).

29Si and 27Al MAS-NMR studies showed that ultra-
sonication largely improved the interlinkage between
Al and Si species, increased the concentrations of the
polysialate species and enhanced the ordering of the Si
and Al tetrahedra in geopolymerisation. In other words,
the polycondensation of Al and Si species was im-
proved with ultrasonication. This is in accordance with
the above XRD studies, where more semi-crystalline
to crystalline phases were produced by ultrasonication.
The improvement of the polycondensation step would
play a dominant role in the enhancement of geopoly-
merisation with ultrasonication. The mixing at molecu-
lar levels due to high-speed microjets and microstreams
and localised high temperatures and pressures due to
the ‘hot spot’ effect could be the two major factors im-
proving the polycondensation of Al and Si species in
the geopolymerisation with ultrasonication.

3.6. MDSC studies of geopolymers
The geopolymer samples were pulverised for MDSC
analysis. A clear understanding of the glass phase
transformation in geopolymers would be fairly hard,
due to the complexity of the gel phase ranging from
highly disordered amorphous phase, to short-range or-
dered and regularly ordered semi-crystalline and crys-
talline phases. Fig. 9 shows the thermal analysis re-
sults with MDSC for the kaolinite/sand geopolymers
synthesised with and without ultrasonication. The max-
imum glass phase transformation point occurred at
661◦C for the geopolymer synthesised with ultrasonica-
tion, compared with 665◦C for the geopolymer formed
without ultrasonication (Fig. 9). The slight decrease in
the maximum glass phase transformation point could
indicate the increase in the concentrations of Ca and
Mg silicates in the gel phase [29]. This is in agreement

Figure 9 Thermal analysis for the geopolymers synthesised with and
without ultrasonication. Synthesis condition: 160 g sand, 60 g metakaoli-
nite, 10 M NaOH, 0.5 M Na2SiO3, 8 min ultrasonication.

578



with the leaching and SEM/EDX results, which showed
higher Ca and Mg concentrations in the gel phase in
the geopolymers synthesised with ultrasonication. Ac-
cording to the energy integral results between 550 and
720◦C, the energy involved in the glass phase trans-
formation was 168 J/g for the geopolymers synthesised
with ultrasonication, compared to 145 J/g for those syn-
thesised without ultrasonication (Fig. 9). This indicates
that ultrasonication improved the thermal stability of
the formed geopolymers.

4. Conclusions
• The dissolution of metakaolin and fly ash in al-

kaline solutions was enhanced by ultrasonication,
releasing more Al and Si for polycondensation.

• The introduction of ultrasonication into the
geopolymerisation systems of the metakaolin-
ite/sand and fly ash/metakaolinite mixtures in-
creased the compressive strength of the formed
geopolymers and the strength increased with an
increase in ultrasonication up to a certain time.

• SEM analysis demonstrated that ultrasonication
improved the distribution of the gel phase in the
geopolymer matrices and strengthened the binding
at the particle/gel phase interfaces. EDX results in-
dicated higher Al, Si and Ca concentrations in the
gel phases in the geopolymers synthesised with ul-
trasonication, in accordance with leaching results.

• XRD patterns showed that ultrasonication en-
hanced the formation of semi-crystalline to crys-
talline phases in the geopolymers, which likely
contributed to the improvement of the compressive
strength of the geopolymers synthesised with ultra-
sonication. Ultrasonication could improve the or-
dering of the polysialates to form semi-crystalline
to crystalline phases.

• The 27Al MAS-NMR spectra showed 27Al chem-
ical shifts at around 55 ppm for the geopoly-
mers synthesised with and without ultrasonica-
tion, indicating that Al was tetrahedrally coordi-
nated in the form of Al(4Si). The 27Al MAS-
NMR spectra demonstrated that the concentrations
of polysialates were increased by ultrasonication.
29Si MAS-NMR studies showed that ultrasonica-
tion largely improved the interlinkage between Si
and Al species, increased the concentrations of the
polysialate species and enhanced the ordering of
the Si and Al tetrahedra in geopolymerisation. In
other words, the polycondensation of Al and Si
species was improved with ultrasonication, in ac-
cordance with the XRD results.

• The thermal analysis of the formed geopolymers
indicated an increase in the ion concentrations such
as Ca and Mg in the gel phase in the geopoly-
mers synthesised with ultrasonication, in agree-
ment with the leaching and SEM/EDX results. As
a higher energy was required for the glass phase
transformation, the thermal stability of the formed
geopolymers was improved by ultrasonication.

• Ultrasonication increased the compressive strength
and thermal stability of the formed geopolymers

through accelerating the dissolution of the Al Si
materials, strengthening the bonds at the solid par-
ticle/gel phase interfaces, enhancing the polycon-
densation process and improving the formation of
semi-crystalline to crystalline phases.

• The localised high temperatures and pressures due
to the ‘hot spot’ effect and mechanical effects due
to acoustic streaming or microjets could contribute
to the accelerated dissolution of the source mate-
rials, the strengthened bonds at the solid/gel phase
and the improved polycondensation process.
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