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bstract

series of geopolymers were prepared with varying ratios of sodium silicate, metakaolinite, NaOH and H2O and their porous properties, water
etention and mechanical properties were determined, to develop materials for counteracting heat island effects. Samples were prepared with the
olar ratios SiO2:Al2O3:Na2O:H2O of 3.66:1:x:y, where x = 0.92–1.08 and y = 14.2–19.5. The porous and mechanical properties of the geopolymers

howed a good correlation with the H2O/Al2O3 ratio (y); an increase in y produced an increase in the pore volume (from 0.26 to 0.46 ml/g), the
ore size (from 15 to 390 nm) and the water absorption (from 27.2 to 51.1%). The same increase in y decreased the bulk density (from 1.29
o 0.99 g/cm3), the bending strength (from 14.2 to <5 MPa) and the water retention. Thus, the H2O/Al2O3 ratio is the most important factor for

ontrolling the porous properties of these materials, since geopolymers with higher H2O/Al2O3 ratios are more porous and have higher water
bsorption rates, making them suitable as materials for surface cooling by water evaporation. Geopolymers with lower H2O/Al2O3 ratios are more
uitable for water retention applications, and have the advantage of higher mechanical strength.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Rising temperatures in big cities are presenting an increasing
roblem, especially in the summer. This effect arises from the
ncreasing amount of heat generated by human activity (vehi-
les, air conditioners, etc.,) and because of the increasing surface
reas covered by artificial materials with high solar absorption
apacity. For example, the average temperature in Tokyo has
ncreased 3–4 ◦C during the last 100 years. Related to this warm-
ng, the number of nights in which the temperature in Tokyo does
ot fall below 25 ◦C (known as “tropical nights”) has increased
rom 10–15 a decade or so ago to about 40 at present. This

arming phenomenon is called the “heat island effect”. As one
ossible method for counteracting the heat island effect, we
ave investigated a passive cooling system using evaporation

∗ Corresponding author. Tel.: +81 3 5734 2524; fax: +81 3 5734 3355.
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f water absorbed by porous ceramics.1,2 Porous ceramics pre-
ared from the clay minerals vermiculite and allophane1 showed
igh water absorption, a fast absorption rate and a slow rate of
ater release rate due to their unique porous microstructure.
y contrast, lotus-type porous ceramics prepared by extrusion
sing flammable fibers as the pore formers showed excellent
apillary lift and water evaporation properties resulting from
he controlled pore structure.2

Although the porous ceramics previously developed by our
roup show high water retention and good cooling effects due
o their excellent capillary lift of water, it would be of consid-
rable advantage if such porous ceramics could be prepared by
more environmentally friendly process without the need for
ring at high temperatures. Geopolymers are good candidates
or this purpose, since they are synthesized and hardened at

mbient temperatures by the formation of a framework struc-
ure of alkali aluminosilicate gel. The term geopolymer was
rst proposed by Davidovits3 to describe inorganic aluminosil-

cate polymers formed from geological materials (clays), and

mailto:okada.k.ab@m.titech.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.006
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any subsequent studies have been reported.4–8 The synthesis
s generally performed by reacting an alkali silicate solution
ith a solid aluminosilicate such as metakaolinite, fly ash, etc.,
nder alkaline conditions. The microstructure and mechanical
roperties are known to depend strongly on the chemical com-
ositions of the starting materials. A review by Duxson et al.5

ndicates a trend towards increased mechanical strength at higher
iO2/Al2O3 ratios and increased porosity at higher H2O/SiO2
atios. They also report that the microstructures of geopolymers
hange significantly at a SiO2/Al2O3 ratio of about 3; below this
atio, geopolymers were more highly porous whereas above this
atio they were largely homogeneous.5 A maximum compres-
ive strength of 70 MPa was observed at a SiO2/Al2O3 ratio of
.8.

In the present work, geopolymers were prepared by reac-
ion of sodium silicate and metakaolinite in alkaline solution at
emperatures close to ambient, using a range of Na2O/Al2O3
nd H2O/Al2O3 ratios. The porous properties, water absorption
nd water release, and the mechanical properties of the result-
ng geopolymers were determined to assess their suitability as

aterials for counteracting heat island effects.

. Experimental procedure

.1. Preparation of the geopolymers

The starting materials were sodium silicate solution
Na2O/SiO2 = 0.5, Kanto Chemicals, Japan) and metakaolinite
Al2Si2O7, prepared from Georgia kaolinite dehydroxylated at
00 ◦C for 24 h). These reagents were mixed with NaOH solu-
ion (Wako Chemicals, Japan) using a planetary homogenizer
ARE-250, THINKY, Japan) operated at 2000 rpm for 30 s. The
olar ratios SiO2:Al2O3:Na2O:H2O were 3.66:1:x: where x var-

ed from 0.92 to 1.08 and y varied from 14.2 to 19.5. Details of
he nine resulting samples and their measured properties are
isted in Table 1. The homogenized slurry was cast into an air-
ight container (34 × 34 × 10 mm3) which was half-filled with
ample and cured at 40 ◦C for 4 days. The low curing temper-
ture was chosen to avoid cracking.9 The geopolymer samples
ere then dried at 40 ◦C for 4 days.

.2. Characterization

The bulk densities of the samples were determined by
rchimedes’ Principle and the pore size distribution and pore
olume was measured by mercury intrusion porosimetry (Auto
ore IV 9520, Shimadzu, Japan) at a maximum injection pres-
ure of 200 MPa. The contact angle and surface tension used
or the calculation was 130o and 0.485 N/m, respectively. The
easurements up to such a high injection pressure may cause

ollapsing of pore structure of the samples during the Hg
orosimetry. If collapsing occurs during the measurements, the

ore size distribution curves should show some anomaly. No
nomaly was, however, observed in the curves and also the
amples kept the original shape after the experiments, indi-
ating effectiveness of the measurements. X-ray measurements Ta
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Na2O/Al2O3 ratio in samples with the same H2O/Al2O3 ratio.
Thus, the porous properties of these geopolymers can be varied
significantly by changing both the H2O/Al2O3 ratio (the major
K. Okada et al. / Journal of the Europ

ere performed using monochromated Cu K� radiation (XRD-
100, Shimadzu, Japan) to identify the phases formed. The
TA/TG curves were recorded up to 1000 ◦C at a heating rate
f 10 ◦C/min using a sample weight of about 15 mg (Thermo-
lus TG8120, Rigaku, Japan). Solid-state 29Si and 27Al MAS
MR spectra were obtained at 11.7 T using a Varian Unity
00 spectrometer and Doty MAS probe spun at 10–12 kHz.
he 29Si spectra were acquired using a 90◦ pulse of 60 �s and
recycle delay time of 100 s, and were referenced to tetram-

thylsilane (TMS). The 27Al spectra were acquired using a 15◦
ulse of 1 �s and a recycle delay time of 1 s and were ref-
renced to Al(H2O)6

3+. The microstructures of the samples
fter sputtering with Pt were observed using a SEM (JSM-
310, JEOL, Japan) at an accelerating voltage of 20 kV. The
our-point bending strengths of the samples were measured on
npolished test pieces (5 × 4 × 30 mm3) using a universal test-
ng machine (Autograph DCS-R-10TS, Shimadzu, Japan) at a
ross-head speed of 0.5 mm/min. The average bending strength
as obtained from measurements of 10 samples.

.3. Water retention properties

Water retention property measurements were carried out
y placing the samples in a desiccator in which the relative
umidity (RH) was controlled at 53% (25 ◦C) by the presence
f saturated Mg(NO3)2·6H2O solution. Samples thus equili-
rated for 24 h are designated humidity-saturated samples (W0).
he water absorption of the W0 samples was determined by

mmersing them in deionized water at 25 ◦C and weighing after
re-determined time intervals up to 24 h. The water absorbed
fter 24 h was defined as the water absorption (WA (%)). The
nitial water absorption rate (IWA (%/min)) was calculated from
he slope of the water absorption curves. Release of the absorbed
ater was measured by returning the sample to the desiccator at
H = 53% and re-weighing at intervals up to 12 days. The initial
ater release rate (IWR (%/day)) was calculated from the slope
f the water release curves.

. Results and discussion

.1. Geopolymers

The geopolymer products set and hardened without apparent
hrinkage, forming pale yellow-brown slabs with smooth sur-
aces. The XRD patterns of all the samples showed a halo at
5–30◦ 2� corresponding to typical X-ray amorphous gel struc-
ures. The measured bulk densities of the samples, shown in
ig. 1 as a function of the H2O/Al2O3 ratio, range from 0.99 to
.29 g/cm3 and clearly show a trend of decreasing bulk density
ith increasing H2O/Al2O3 ratio. This suggests that excess H2O

n the synthesis is not included in the framework structure of the
eopolymers and causes the bulk density of the porous matrix
o decrease. The pore size distributions (PSDs) of samples S19,

17 and R15 (Fig. 2) show a sharp increase in the cumulative
ore volume curve at pore sizes of 15 nm, 54 nm and 390 nm in
amples R15, N17 and S19 respectively. These pore sizes corre-
pond to an increase in the total pore volumes of 0.26–0.46 ml/g
ig. 1. Bulk density of the geopolymer samples as a function of their H2O/Al2O3

atio.

ith increasing H2O/Al2O3 ratios in these three samples. Thus,
lthough the microstructures of these samples may be similar,
heir pore sizes differ. The pore volumes and pore sizes of all nine
amples are shown in Fig. 3 as a function of their H2O/Al2O3
atio. The pore volumes increase with increasing H2O/Al2O3
atio, but are also slightly influenced by the Na2O/Al2O3 ratio,
s evidenced by the three samples where Na2O/Al2O3 = 1.08,
hich show lower pore volumes than the other series of samples.
he effect of the Na2O/Al2O3 ratio is seen more clearly in the
ore size results; although the three series of samples with differ-
nt Na2O/Al2O3 ratios show increased pore size with increasing
2O/Al2O3 ratio, the plots of these parameters (Fig. 3) are differ-

nt for the three series. The pore sizes increase with decreasing
Fig. 2. Cumulative pore volume curves of samples S19, N17 and R15.
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increase in WA with increasing H2O/Al2O3 ratios. Sample R15
ig. 3. Pore volumes and pore sizes of the samples as a function of their

2O/Al2O3 ratio.

ffect) and the Na2O/Al2O3 ratio (the minor effect). Since we
repared those samples by changing the concentration of NaOH
olution but fixing the dosages of water glass and metakaolinite,
he effect of NaOH concentrations is also taken into considera-
ion.

Since the geopolymer samples were X-ray amorphous, they
ere examined by 29Si and 27Al MAS NMR. The spectra of

ample N17 are shown in Fig. 4. The 27Al MAS NMR spectrum
hows a predominant sharp resonance at about 59 ppm, with a
race of a minor peak at 4 ppm. Very similar 27Al spectra were
lso recorded for all the other samples. The resonance at 59 ppm
orresponds to Al in 4fold coordination,10 confirming the pres-
nce of the AlO4 tetrahedra that compose the three-dimensional
etrahedral framework structure of geopolymer gels. The dis-
inct resonance at −90 ppm in the 29Si MAS NMR spectrum
Fig. 4) was also found in all the other samples. This resonance
s at a similar position but of narrower line width to the spec-
rum reported for a geopolymer with Si/Al = 1.65.6 This broad
9Si peak could contain four possible overlapping resonances
orresponding to Si Q4(mAl) species, where m = 1–4). The nar-
ow peak widths of the present samples suggest that the main Si
4(mAl) species may be m = 2 and 3. The similarity of the 29Si
nd 27Al MAS NMR spectra of all nine samples indicates that
heir structures are very similar, consistent with their identical

s
e
f

Fig. 4. 11.7T 29Si and 27Al MAS N
eramic Society 29 (2009) 1917–1923

iO2/Al2O3 ratio, and further, varying the Na2O/Al2O3 ratio
as a negligible effect on the structure.

The microstructures of the three samples S19 (the most
orous), N17 (of intermediate porosity) and R15 (the most
ense) are shown in Fig. 5a–c, respectively. The microstruc-
ures of N17 and R15 are similar, consisting of a homogeneous

atrix with dispersed platy particles (residual metakaolinite).
lthough the content of platy particles in these samples seems

rom the micrographs to be considerable, there is no indication
f the 5fold coordinated 27Al MAS NMR resonance at about
0 ppm arising from metakaolinite. By contrast, the microstruc-
ure of sample S19 consists of agglomerated fine particles and
ess platy particles than in the other two samples. The difference
n the microstructure of sample S19 by comparison with the two
ther samples may arise from the different amounts of H2O and
aOH used in their syntheses.
The mechanical strength of sample S19 was too weak to be

easured (<5 MPa), but the strengths of samples N17 and R15
ere found to be 9.8(13) MPa and 14.2(14) MPa respectively.
he numbers in the parentheses represent the standard deviation

n the last decimal places. These strengths are similar to those
eported by Luz Granizo et al.11 The trends in the strengths of
he present geopolymers are consistent with the other properties
f these samples (Table 1). The relatively low strengths suggest
he presence of large flaws and the possibility that defects are
ntroduced during the moulding of the precursor slurry. Bubbles
re likely to be included in the slurry during homogenization and
heir removal may require vacuum outgassing rather than simply
apping or vibrating the mould. The enhancement of mechanical
trength may be needed for some applications.

.2. Water retention properties

The relationship between the water absorption (WA) and
he H2O/Al2O3 ratio of the samples (Fig. 6) clearly shows an
hows the lowest value of WA (27.2%) and sample S19 the high-
st (51.1%). As explained above, the WA values are calculated
rom the amount of water absorbed from the sample saturated

MR spectra of sample N17.
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Fig. 5. SEM micrographs of fractured sur

t RH = 53% (W0) and not from the fully dry sample. Thus, the
ctual amounts of water in the samples are greater than the WA
alues. The water content of the W0 samples was measured by
G, which showed in all cases a steep weight loss at 200 ◦C

ollowed by a more gradual loss up to about 600 ◦C. The total
eight loss was very similar in all samples, ranging from 19%

n sample R15 to 21% in sample S19.

After the measurement of WA, the samples were placed in the

esiccator at RH = 53% and their water release property deter-
ined from their weight change. This release of absorbed water,

hown in Fig. 7 as a function of release time, occurs almost lin-

p
f
I
s

of samples S19 (a), N17 (b) and R15 (c).

arly with time except in the case of sample R15, and is almost
omplete in all the samples after 6–9 days. The release rates vary
rom sample to sample, being faster in the samples of higher
A. The water release curve of sample R15 is quite different in

hape from those of the other samples, possibly related to the
ery small pore size of this sample. Since the water absorption
nd release rates in these samples should correspond to their

ore sizes, both the IWA and IWR data are plotted in Fig. 8 as a
unction of the sample pore size. As expected, both the IWA and
WR values show good relationships with pore size, since the
amples with larger pore sizes have higher IWA and IWR values.
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Fig. 6. Water absorption of the samples as a function of their H2O/Al2O3 ratio.

Fig. 7. Water absorption values of the samples as a function of the release time
in a53% RH atmosphere.

Fig. 8. IWA and IWR values of the samples as a function of their H2O/Al2O3

ratio.
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In this study, the chemical compositions of the geopolymers
in terms of their H2O/Al2O3 and Na2O/Al2O3 ratios) were sys-
ematically varied, allowing the porosity and water retention
roperties to be adjusted over a relatively wide range of val-
es, especially by altering the H2O/Al2O3 ratio. Geopolymers
ynthesized with higher H2O/Al2O3 ratios are more porous,
heir larger pore size and higher pore volume giving them good
ater absorption and water retention properties but decreasing

heir mechanical strength. The limited mechanical strength of
his type of geopolymers may have restriction on some appli-
ations. By contrast, the geopolymers synthesized with lower
2O/Al2O3 ratios are denser, with smaller pore sizes and lower
ore volumes, resulting in better water retention and mechanical
roperties than materials with higher H2O/Al2O3 ratios. Thus,
he two types of geopolymers are suitable for different water
etention applications. The water absorption and capillary lift
roperties of geopolymers synthesized with higher H2O/Al2O3
atios could be enhanced by the introduction of pores generated
y thermal and/or chemical treatment of organic pore-forming
bers.

. Conclusion

Nine compositions of aluminosilicate geopolymers were pre-
ared with differing H2O/Al2O3 and Na2O/Al2O3 ratios and
heir porous and mechanical properties and water retention was
nvestigated. The following results were obtained:

1) The H2O/Al2O3 ratio exerts a major effect on the physical
properties; higher ratios result in increased pore volumes
and pore sizes, and therefore thus higher water absorption
ability, whereas lower H2O/Al2O3 ratios increase the bulk
density and mechanical strength.

2) At the lowest H2O/Al2O3 ratio used here (14.2), the highest
mechanical strength (about 14 MPa) was recorded.

3) The water retention properties of the samples depend on
their pore size, larger sizes giving both higher water absorp-
tion and water release rates. Thus, the slow water release
properties required in materials for remediation of heat
island effects will be better satisfied by geopolymers with
lower H2O/Al2O3 ratios.
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