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a b s t r a c t

Geopolymers are a new class of materials formed by the condensation of aluminosilicates and silicates

obtained from natural minerals or industrial wastes. In this work, the sol–gel method is used to synthesize

precursor materials for the preparation of geopolymers. The geopolymer samples prepared by our

synthetic route have been characterized by a series of physical techniques, including Fourier-transform

infrared, X-ray diffraction, and multinuclear solid-state NMR. The results are very similar to those

obtained for the geopolymers prepared from natural kaolinite. We believe that our synthetic approach can

offer a good opportunity for the medical applications of geopolymer.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Geopolymers are a new class of network materials with amor-
phous to semi-crystalline nature [1], which can be formed by the
condensation of aluminosilicates and silicates under alkaline
conditions. Geopolymers possess excellent mechanical properties,
fire resistance and chemical durability. Furthermore, it has also been
reported that geopolymers can be used for permanent encapsulation
of toxic metals [2,3]. As potentially revolutionary materials for a
number of applications, geopolymers have been under an active
investigation in recent years [4,5].

The key processes involved in the synthesis of geopolymers
include [6–8]: (i) the calcination of kaolinite to form the
metakaolinite; (ii) the dissolution and hydrolysis of metakaolinite
or similar aluminosilicate precursors to generate the species of
Al(OH)4

� and Si(On(OH)4�n); (iii) the condensation of these species
to build up the geopolymeric network. Since the pioneering work of
Davidovits [9], considerable research effort has been and continues to
be directed to this area, due to the wide range of potential applications
of geopolymers. The mechanistic aspect of the formation process of
geopolymer is also an interesting issue. The reactions between
ll rights reserved.

ee),

tu.edu.tw (J.C.C. Chan).
metakaolinite and alkaline silicate solutions have been studied by a
number of techniques, including thermal analysis [10,11], Fourier-
transform infrared (FT-IR), and solid-state nuclear magnetic
resonance (NMR) [12–14]. However, the mechanisms involved in
the processes of dissolution, hydrolysis and condensation remain
poorly understood.

The potential applications of geopolymers are not limited to
being used as construction materials. Composite materials formed
of geopolymer and calcium phosphate have been suggested as a
biocompatible synthetic bone replacement material [15–17].
Encouragingly, Oudadesse et al. have shown that there are no
aluminum ions released from their geopolymer samples after
soaking in simulated body fluid (SBF) or in vivo implantation in
rabbit thighbone [18]. However, typical starting materials for the
melt-quench preparation of geopolymers include industrial wastes
[3,14,19], calcined clays [10,20], melt–quenched aluminosilicates
[21], natural materials [22], or mixtures of these materials [23].
Therefore, it is very difficult to employ the conventional app-
roach to prepare geopolymers which can meet the stringent
requirements for medical applications. It is of great interest to
develop a synthetic protocol to prepare geopolymers with well
defined chemical composition. In this work, we have adopted the
sol–gel method for the preparation of geopolymers. The geopoly-
mer samples prepared from our sol–gel route have been char-
acterized by the X-ray diffraction technique (XRD), FT-IR, and
multinuclear (23Na, 27Al, and 29Si) solid-state NMR spectro-
scopy. The results show that the geopolymers prepared by our
synthetic approach have rather similar mechanical and spectro-
scopic properties to those prepared conventionally from natural
kaolinite.
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2. Experimental

2.1. Sample preparation

Crystalline natural kaolinite was obtained from Fluka. All other
precursors were obtained from Sigma-Aldrich Organics and used as
received without any purification.

Synthetic kaolinites: synthetic kaolinite (SK) was prepared
following the procedure reported earlier [24]. To prepare the
precursor for SK, 6 g of aluminum iso-propoxide (Al(iPO)3) and
16.35 mL of tetraethyl orthosilicate (TEOS) were added into 800 mL
of deionized (DI) water at regular time intervals. The solution was
further agitated for 24 h to complete the precipitation process. The
mixture was dried at 60 1C for 36 h and ground. Three samples
prepared with different time intervals for the reagent addition
(see Table 1) were used as precursor for an SK preparation, and they
are henceforth referred to as SKP-A, SKP-B, and SKP-C. For the
sample of SKP-D, the amount of Al(iPO)3 and TEOS was increased to
7.2 g and 19.62 mL, respectively. To prepare the SK samples, each
batch of the SKP sample (2.5 g) was then mixed with 10 mL of 0.1 M
KOH solution. The mixture was hydrothermally treated at 240 1C in
an autoclave with a duration varying from 48 h to one week. The SK
samples obtained were labeled on the basis of their heat treatment
duration. That is, the SK sample after hydrothermal treatment for
2 days is referred to as SK-2d. After the heat treatment, the product
was collected by suction filtration and dried at 60 1C for 24 h.

Activator solutions: the activator solution to be used for the
synthesis of the geopolymer was prepared by adding 10.96 g of
NaOH pellets into 100 g of pre-cooled sodium silicate solution,
resulting in an Na2O/SiO2 molar ratio of 0.7. The activator solutions
were well mixed for at least 24 h before use.

Geopolymer: each batch of the SK sample (2 g) was placed in an
alumina crucible and calcined at 700 1C for 10 h to form the so-
called meta-SK (MSK) compound. The sample was then cooled
down to room temperature at 1 1C/min. The target geopolymer was
prepared by blending 100 mg of MSK sample with the activator
solution on a Teflon plate to obtain the paste with the molar ratio of
Si:Al¼2.5:1. The mixture was then sealed and aged at 60 1C for
22 h, followed by air drying for another 24 h. The same procedure
was carried out for the preparation of other geopolymers from
different Si–Al sources.

2.2. Sample characterization

XRD analysis was performed on a PANalytical X’Pert Pro
diffractometer, using Cu-Ka radiation (l¼1.540598 Å). The FT-IR
spectra were measured on Nicolet Magna-IR 760 Fourier-transform
spectrometer.

Solid-state NMR: all the 23Na and 27Al NMR experiments were
measured on a Bruker Avance 400 NMR spectrometer equipped with
a commercial 4-mm probe, whereas 29Si NMR experiments were
carried out on Varian 300 Infinity Plus spectrometer, using a 7.5 mm
probe. The 23Na, 27Al, and 29Si magic-angle spinning (MAS) measure-
ments were carried out at frequencies of 105.5, 104.1, and 59.5 MHz,
respectively. All spectra were measured at room temperature. The
Table 1
Preparation conditions of SKP samples.

Addition time

interval (min)

Total amount of reactants

SKP-A 10 [1.2 g of Al(iPO)3+3.27 ml TEOS ]�5 times

SKP-B 30 [1.2 g of Al(iPO)3+3.27 ml TEOS ]�5 times

SKP-C 60 [1.2 g of Al(iPO)3+3.27 ml TEOS ]�5 times

SKP-D 10 [1.2 g of Al(iPO)3+3.27 ml TEOS ]�6 times
sample was confined to the middle one-third of the rotor volume,
using Teflon spacers. The spinning frequency variation was limited to
73 Hz using a commercial pneumatic control unit. Chemical shifts
were externally referenced to 1.0 M of Al(NO3)3 aqueous solution and
tetramethylsilane (TMS) for 27Al and 29Si, respectively. For the
measurements of the 27Al (I¼5/2) spectra, nonselective p pulses of
12 ms were calibrated on the solution standard, from which the flip
angle of the excitation pulse was set to fulfill the condition of
ðIþ1=2Þorf tprp=6. The recycle delays were set to 3 s. The spinning
frequency was set to 12 kHz. For the 29Si MAS experiments, all the
Bloch-decay spectra were measured at a spin rate of 4 kHz without
proton decoupling. The flip angle was set to p/4 (2.5 ms) and the
recycle delay was set to 30 s.
3. Results and discussion

3.1. Preparation of synthetic kaolinite

Table 1 summarizes the preparation conditions of four SKPs
to optimize the time interval for the addition of Al(iPO)3 and
TEOS. The 29Si MAS NMR spectra of the four SKP samples are
very similar and each spectrum has a single featureless signal
with a linewidth of 1500 Hz and the chemical shift is about
�100 ppm. The corresponding 27Al MAS NMR spectra have
two major resonances, which could be assigned to AlIV and AlVI

(see Supporting Information). The relative ratios of the signal
integrals of AlVI and AlIV are 1.92, 1.60, 1.78, and 1.38 for SKP-A,
SKP-B, SKP-C, and SKP-D, respectively.

Fig. 1 shows the 27Al and 29Si MAS NMR spectra of the SK-2d
samples. The 27Al and 29Si MAS NMR spectra of natural kaolinite
were also measured for comparison, from which the 27Al and 29Si
NMR signals at 0 and �92 ppm, respectively, could be taken as the
spectral markers of kaolinite (Fig. 1a). Interestingly, the 29Si spectra
of the SK-2d samples have rather distinctive features. From the 29Si
spectra, all the SK-2d samples contain a resonance at �92 ppm,
which provides an evidence for the formation of kaolinite. The line
shapes of the spectra of SK-B-2d and SK-C-2d are similar to each
other. According to the peak intensity at �92 ppm, we conclude
that the SK-D-2d sample has the lowest content of kaolinite. The
minor component at ca. �98 ppm is assigned to Q4(1Al), whereas
the very broad peak at �108 ppm is assigned to Q4(0Al) [25,26]. On
the other hand, the SK-2d samples show two resonances at 0 and
50 ppm in the 27Al MAS NMR spectra, which is similar to what have
been observed for the SKP samples. Nonetheless, the ratio of
AlVI/AlIV increased substantially after hydrothermal treatment,
which gives strong support to the scenario that the structural
transformation of an SKP (amorphous) produces kaolinite. In
addition, there are two minor peaks in the AlO4 region of the
27Al spectrum, which is quite similar to what have been reported
for pyrophyllite [27,28]. Accordingly, the peaks at 65 and 51 ppm
are assigned to the Q3(3Si) and Q4(4Si) units, respectively [25].
The more de-shielded peak, in particular, is assigned to the
hydroxylated aluminum tetrahedral layers [26]. The FT-IR
spectra of the SK-2d samples are shown in Fig. 2, together with
that measured for natural kaolinite. The spectrum of kaolinite has
two hydroxyl absorption bands at 3619 and 3694 cm�1, as well as a
characteristic band at 913 cm�1 due to the Al–OH vibration. Using
these spectral markers, it can be inferred that all the SK samples
contain kaolinite. Because the OH� bands are more resolved in the
samples SK-2d-A and SK-2d-D, apparently, the crystallinity of these
two samples are somewhat better.

Selected samples of SK-2d, SK-4d, and SK-7d were characterized
by XRD measurements (data not shown). The results indicate that
sample crystallinity is the best for the SK-7d samples. The character-
istic diffraction peaks of natural kaolinite are located at around



Fig. 1. 27Al (left column) and 29Si (right column) MAS spectra of (a) natural kaolinite, (b) SK-A-2d, (c) SK-B-2d, (d) SK-C-2d, and (e) SK-D-2d.

Fig. 2. FT-IR spectra of (a) natural kaolinite, (b) SK-A-2d, (c) SK-B-2d, (d) SK-C-2d,

and (e) SK-D-2d. The asterisks indicate the characteristic absorption of kaolinite, viz.

OH vibration bands at 3700 and 3620 cm�1, and the Al–OH absorption band at

920 cm�1.

Fig. 3. XRD patterns of (a) natural kaolinite (b) SK-A-7d, (c) SK-B-7d, (d) SK-C-7d,

and (e) SK-D-7d. The calculated pattern for kaolinite (JCPDS 140164) is shown in the

bottom.
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131 and 251 (2y), which correspond to the (0 0 1) and (0 0 2) planes,
respectively. These two peaks have been assigned to the layer
structure of kaolinite [29–32]. Fig. 3 shows the XRD patterns of the
SK-7d samples. Our SK-7d samples show a similar pattern to the
natural kaolinite, but with weaker intensities. From the linewidths of
the diffraction peaks, we conclude that the crystallinity of the samples
of SK-A-7d and SK-D-7d is slightly better than that of SK-B-7d and SK-
C-7d. This observation is consistent with the FT-IR data. In summary,
the time interval for the addition of the starting materials (Table 1) has
a great influence to the speciation of the product and the sample SK-A
has the best sample quality according to the NMR, FT-IR, and XRD
data. As a result, we will focus on the SK-A sample in the subsequent
discussion.

Fig. 4 shows the 27Al and 29Si MAS NMR spectra of the SK-A-2d to
SK-A-7d samples. The longer the heat treatment period, the more
the spectral features of the SK-A sample resemble those of the
natural kaolinite. Furthermore, the ratio of the AlVI/AlIV species
increases with the hydrothermal time. The relative amount of four-
and six-coordinated aluminum species extracted from the 27Al
MAS NMR spectra are plotted in Fig. 5. It is clearly shown that the
increase in the AlVI intensity mirrors the decrease in AlIV. Therefore,
we conclude that an appreciable amount of AlIV had been converted
to AlVI during the hydrothermal treatment. 29Si chemical shifts are
very sensitive to the change in the coordination of the silicon atom.
Usually, the Q0 species, which denote silicate ions with no bridging
oxygen atoms, have typical 29Si chemical shifts of about �65 ppm.
For each of the additional bridging oxygen, a shift of about 10 ppm
to the shielded region occurs [33]. That is, the 29Si chemical shift of
the fully polymerized silicon species (Q4) is about �110 ppm. In
addition, the substitution by an Al of each of the four silicons
surrounding the central Si would result in a shift towards the
deshielding region. In other words, the 29Si chemical shift of
Q4(nAl) will increase as the number n increases from 0 to 4. The
29Si MAS NMR spectra of our SK-A samples were deconvoluted.
Fig. 6a shows the experimental and the deconvoluted 29Si MAS
spectra of SK-A-7d, in which the line shape could be simulated,
using two Gaussian peaks. The chemical shifts of the two major
components are found to be �92 and �107 ppm, which can
be assigned to Q4(2Al) and Q4(0Al), respectively [26]. Fig. 6b plots
the relative signal integrals of the two components against the
hydrothermal period. As the period increases, the signal integral of
the peak component at �92 ppm increases at the expense of that at
�107 ppm. In comparison with the 29Si MAS NMR spectrum of an
SKP-A (see Fig. 4), we suggest that during the hydrothermal
treatment, the kaolinite framework, i.e. Q4(2Al)–AlO6 species, is
formed via the substitution of an Si by an Al in two steps.
Step 1: 2Q4(1Al)-Q4(2Al)+Q4(0Al).
Step 2: Q4(0Al)+2AlIV-Q4(2Al).
The first step accounts for the spectral difference between the
SKP-A and SK-A-2d samples, whereas the second step could



Fig. 4. 27Al (left column) and 29Si (right column) MAS spectra of the (a) natural kaolinite, (b) SK-A-7d, (c) SK-A-4d, (d) SK-A-2d, and (e) SKP-A.

Fig. 5. Relative amount of AlO4 and AlO6 obtained from the deconvolution of the
27Al NMR spectra of the SK-A samples. Minor effects due to the difference in

quadrupolar interaction are ignored.
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rationalize the minor spectral change, when the hydrothermal
treatment increases from 2 to 7 days (see Fig. 6b).
3.2. Preparation of geopolymer

3.2.1. Calcination of synthetic kaolinite

To prepare geopolymer, the SK samples must first be calcined at
700 1C for 10 h. The obtained MSK samples were characterized by
FT-IR, XRD, and NMR. After calcination, sample dehydration is
evident by the disappearance of the OH� stretching peaks at 3700
and 920 cm�1 (see Supporting Information, S-2). The XRD mea-
surements show that the metakaolinite sample, which was
obtained by calcinations of the natural kaolinite at 700 1C for
10 h, contains some residual crystalline phase. Similar results were
observed for the MSK-A-7d sample (see Supporting Information).
On the basis of the features observed in the 27Al MAS NMR
spectrum (Fig. 7), we find that the metakaolinite sample
contains four-, five-, and six-coordinated aluminum species. In
comparison, the AlO6 species is somewhat overrepresented in our
MSK-A samples. On the other hand, the 29Si MAS NMR spectrum of
metakaolinite exhibits a major resonance at �102 ppm and
another minor resonance at �108 ppm, which can be assigned
to a layer structure of Q3 and the residual quartz, respectively [26].
The line shapes of the spectra of the MSK-A series have
considerable dependence on the hydrothermal time. As shown
in Fig. 7, the 29Si MAS NMR spectra of MSK-A-4d and -7d can be
simulated by two Gaussian peaks, which are located at �102 and
�109 ppm, whereas the 29Si spectrum of an MSK-A-2d has three
different components at �92, �98, and �106 ppm. Overall, the
spectral features of the MSK-A-7d and metakaolinite are very
similar.

3.2.2. Synthesis and characterization of geopolymer

The geopolymer sample was prepared by mixing the MSK-A
samples with the activator solution. The mixture was then set at
60 1C for 22 h. As discussed above, the three MSK-A samples are
structurally different. Interestingly, the spectral properties of the
27Al and 29Si NMR spectra of the resulting geopolymers prepared
from the metakaolinite and MSK-A are almost the same. Further-
more, the microhardness was found to be approximately the same
for all the geopolymer samples (data not shown). Referring to Fig. 8,
the 27Al MAS NMR spectrum has a single resonance at around
57 ppm, which is readily assigned to tetrahedral aluminum species.
This result is in line with the expectation that most of the five- and
six-coordinated aluminum species of the MSK-A samples will
condense to form the three-dimensional geopolymer network,
which mainly comprises four-coordinate aluminum species. For
the 29Si MAS NMR spectra, the major resonance of the geopolymer
is located at �94 ppm, which can be assigned to Q4(1Al) and/or
Q4(2Al) species [26]. Recently, Lacaillerie and co-workers have
reported a systematic study on the geopolymer samples prepared
from pure kaolinite and from kaolin containing other minerals [26].
It has been concluded that kaolin containing as much as 30% of
secondary minerals, such as an illite can still be used to prepare
geopolymer. In another study of geopolymer prepared by the sol–
gel method (Si/Al ratio close to 1), the starting materials were dried
and calcined without any hydrothermal treatment [32]. Together
with our results, we believe that geopolymer can be formed from
different sources of aluminosilicate with a large variety of chemical
composition. Additional works are required to identify the key
steps in the preparation of geopolymer.
4. Conclusion

We have successfully developed a preparation protocol for
geopolymer. In our approach, the sol–gel method is used to prepare
the precursor material for the subsequent geopolymer preparation.
Although our synthetic kaolinite has somewhat different spectro-
scopic properties from the natural kaolinite, the geopolymer
prepared from both sources exhibit similar spectroscopic proper-
ties. Compared with the traditional approach that employed
natural kaolinite as the starting material, our synthetic approach
can prepare geopolymer with more diversified chemical composi-
tion. We believe that our synthetic approach can offer a good
opportunity for the medical applications of geopolymer.



Fig. 7. 27Al and 29Si MAS spectra of (a) metakaolinite, (b) MSK-A-7d, (c) MSK-A-4d, and (d) MSK-A-2d.

Fig. 8. 27Al and 29Si MAS spectra of the geopolymer samples prepared from (a) metakaolinite, (b) MSK-A-7d, (c) MSK-A-4d, and (d) MSK-A-2d.

Fig. 6. (a) Experimental and deconvolution 29Si spectra of an SK-A-7d. (b) Relative intensity of the signals at �92 ppm (’) and �106.9 ppm (K) obtained for the SK-A-2d to

SK-A-7d samples.
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