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Development of a technique to prepare porous materials from glasses
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Abstract

A new technique to prepare porous materials has been developed for recycling of used glasses. Porous materials were produced from used
glass powders by hydrothermal reaction of glass powders with water at low temperatures followed by calcination at high temperatures for
expansion. The new technique does not require additional vesicants such as calcium carbonate, silicon carbide, and organic polymers that have
been used in the ordinary method. In this process, the water incorporated into the glass structure by hydrothermal treatment acts as a vesicant.
When the hydrothermally treated glass was heated at high temperatures around 700◦C, water was released as vapor from the softened glass to
f ystallization
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orm pores. The obtained porous materials had different pore structures that were determined by the sizes of raw glass particles. Cr
ccurred during the calcination of the hydrothermally treated glass powder.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Material recycling is a key for a sustainable develop-
ent in the world.1,2 As for the used glass bottles, the reuse

s the best way.3,4 Returnable glass bottles for milk, beer,
nd so on, are available, but after using several times, they
ecome wastes. Every year, Japan produces huge amount
f used glasses, which have potential to be recycled. More

han 2,500,000 tons of used glass bottles have been produced
very year since 1995.5 However, only around 60% of the
otal amount of used glass bottles was reused.5 The rest, col-
red glass bottles in particular, is hard to be efficiently reused

or glass production because of their complicated chemi-
al compositions and requirement of additional separation
n accordance with the colors.6 Therefore, the recycling of
olored glass bottles has been received increasing interest.

Porous materials have been received much attention
ecause of their wide range of pore properties for numerous
pplications such as building materials, adsorbents, catalyst

∗ Corresponding author. Tel.: +81 88 844 8352; fax: +81 88 844 8362.

supports, and thermal and noise insulators, and so o7–10

A wide range of porous materials were produced from u
glasses in both laboratory scale and industrial scale m
by calcinations of the mixture of glass powders and a
tional vesicants such as calcium carbonate, silicon car
organic polymers, and so on.11,12 During the calcinations
the gas, mainly CO2, generated by the thermal decom
sition of the vesicants or by chemical reactions, foam
the soften glass powders. However, this method bring
another serious environmental problem including the gl
warming caused by the disposal of CO2.13 Hydrotherma
reaction of glasses can result in the formation of pore
glasses.14–16The reaction of glasses with water under su
critical conditions becomes extremely active, so that the
mobility of ions and molecules results in a high rate of
Mn+/H3O+ion exchange reaction in glasses.17–19 The solu-
bility of silica or other components in glasses also incre
Therefore, the silica-matrix porous materials were prep
by one step under supercritical hydrothermal condition
450◦C.14,16 A subsequent heat treatment at around 100◦C
then resulted in the porous silica-matrix materials with c
E-mail address: yanagi@cc.kochi-u.ac.jp (K. Yanagisawa). talline phases.14,16However, strictly supercritical conditions
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usually are hard to be attained for industrial productions
with low cost. Hydrothermal hot-pressing combining of a
subsequent calcination at 700◦C is another kind of hydrother-
mal methods for preparing porous materials from used glass
powders at relatively low hydrothermal temperatures less
than 300◦C.20,21 A low density of 0.4 g/cm3 for porous
columns with a size less than 4 cm-scale were prepared using
much fine glass powders with grain size in the range of
39–45�m in the laboratory scale.22 However, the large scale-
preparation is hard to achieve because of the limitation of
a low production efficiency of hydrothermal hot-pressing
instruments.

In the present study, we develop a technology involv-
ing two steps, hydrothermal treatments of glass powders at
low temperatures and calcinations of hydrothermally treated
glass powders at high temperatures. In this process, the water
incorporated into the glass structure acts as a blowing agent.
This process has following characteristics: wide range of the
expansion temperature, low expansion temperature in com-
parison with the ordinary method, and production of large
porous materials with a fine structure.

2. Experimental
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diameter of 2.8 cm and height of 1 cm. A subsequent calcina-
tion was performed in a preheated electric furnace at 750◦C
for 30 min. The glass powder greatly expanded by the heat
treatment, and a porous block with low density of 0.35 g/cm3

was formed.

2.2. Characterizations

The crystalline phases of the samples were determined by
powder X-ray diffraction (XRD) with a Rigaku Rotaflex type
X-ray diffractometer (RAD-RC). The morphology and pore
structure of the raw glass powder, hydrothermally treated
glass powder, prepared porous materials were investigated
by a Scanning Electron Microscope (SEM, S-350, Hitachi
Ltd. Tokyo, Japan).

3. Results and discussion

3.1. Crystallization of glasses

Crystallinity is one of the most essential technological
properties in applications of various materials.23 Usually,
glass ceramics with finely disperse volume crystallization
can give enhanced mechanical and physicochemical prop-
e for
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r y
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g ed
b

.1. Sample preparation

A commercially available glass powder was purcha
rom Toyo System Plant Co., Ltd., Japan, which was
uced by milling of used glass bottles. The powder h
article size distribution as shown inFig. 1and a true densit
f 2.54 g/cm3. In a typical experiment, a mixture of the r
lass powder with 15 mass% of water was transferred i
eflon container with 80% volume filling, and then sealed
stainless steel autoclave. The autoclave was put into an

or heating and the hydrothermal reaction was conduct
00◦C for 6 h. The hydrothermally treated glass powder

ransferred into a stainless steel cylindrical case with i

Fig. 1. Particle size distribution of the raw glass powder.
rties. Therefore, a high crystallinity is very necessary
lass ceramics. The crystallinity of the samples was obse
y XRD patterns shown inFig. 2. A very broad peak
anging form 10◦ to 40◦ in Fig. 2A, indicates a mainl
morphous property of the raw used glass powder. C

ig. 2. XRD patterns of the raw glass powder (A); hydrothermally tre
lass powder (B); and at 200◦C for 6 h, and porous materials (C) obtain
y calcination of hydrothermally treated glass powders at 750◦C for 30 min.



K. Yanagisawa et al. / Journal of the European Ceramic Society 26 (2006) 761–765 763

talline calcium silicate, indicated by one, additionally, strong
diffraction peak shown inFig. 2A, is also contained in the
as received glass powder. After the hydrothermal treatment,
the powder still mainly consisted of amorphous materials
(Fig. 2B). Additional one strong diffraction peak shown in
Fig. 2B is due to the contained crystalline calcium sili-
cate in raw glass powder. However, after the heat treatment
of the hydrothermally treated glass powder at 750◦C for
30 min, we obtained porous materials with a certain crys-
tallinity indicated by the diffraction peaks shown inFig. 2C.
The crystalline components are mainly calcium silicate
(CaSiO3, JCPDS 39-1425) and cristobalite (SiO2, JCPDS
27-0088). The remaining broad XRD peak ranging from 15◦
to 40◦ indicates the existence of amorphous components in
the porous materials due to an incomplete crystallization
reaction.

3.2. Porous materials prepared from hydrothermally
treated glass powders

Expansion of the hydrothermally treated glass powder was
examined by putting the powders into the stainless steel cylin-
drical case. The powder volume is the same as that of the
case. Therefore, we can clearly observe the expansion of
the hydrothermally treated glass powder after calcination.
Fig. 3A and B show top-view and side-view photographs of
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shows the optical micrograph of surface morphology of the
polished porous material. We find that the solid net structure
of the porous material is made of three different types of pore
net structures which have been marked with arrows in the
inset ofFig. 3C. This is caused by the particle size distribu-
tion of the raw glass powder. For large glass particles, because
the reaction time is not long enough, the hydration reaction
proceeded only on the particle surface and no hydration reac-
tion occurred deep in the inner part of particles. Therefore,
the expansion reaction occurred only in the hydrated surface
layer of the particles, and the inner part still did not expand, as
shown by the area marked with letter “a” inFig. 3C. Accord-
ing to Fig. 1, glass particles with particle size of >0.3 mm
occupy over 20% of the total amount of the raw glass powder.
Thus, it is still observed that a broad XRD peak, ranging form
15◦ to 40◦ indicating the existence of amorphous compo-
nents, appears in the XRD pattern of the porous material (see
Fig. 2C). For glass particles with a middle size, the hydration
reaction occurred throughout the whole particle. As a result,
during the subsequent calcination, they totally expanded to
form the pore structure shown by the area marked with letter
“b” in Fig. 3C. For fine particles with size of < 100�m which
consisted of over 40% of the total amount of the raw glass
powder, they were totally hydrated and expanded by the calci-
nation. However, because of the much fine size, the expanded
glass particles stuck each other to form the porous net struc-
t
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he expanded sample with the case, respectively. Some
ores are observed on the surface of expanded porous
le (seeFig. 3A), and the height of expanded porous sam

s nearly double of the starting height of the hydrotherm
reated glass powder (seeFig. 3B). Because of the limita
ion of the stainless steel case wall, the glass powde
nly expand up out of the case. Therefore, the centre o
ydrothermally treated glass powder in the case expa
bviously, resulting in the formation of a mushroom-top-
art out of case.

Because the pores in the final porous materials belo
acropores, we can directly observe the pore morpho
f the polished sample with an optical microscope.Fig. 3C

ig. 3. Top-view (A) and side-view (B) photos of the sample with ca
icrograph of surface of polished porous materials, arrows marked w

rom totally expanded large glass particle, and the pore net formed fro
-
ure shown by the area marked with letter “c” inFig. 3C.
his kind of structure occupied the main part in the por
aterial.

.3. Pore structure and pore formation in expanded
orous materials

The pore structure was observed by SEM and the pos
ore formation process was investigated by compariso
orphologies and structures of glass particles at diffe
reparation stages.

Fig. 4A and B show SEM micrographs of the raw gl
articles and hydrothermally treated glass particles, re

wing the expansion of hydrothermally treated glass powders. (C) Isl
and c represent the large glass particle with unexpanded bulk, the poformed
lly expanded fine glass powders, respectively.
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Fig. 4. SEM micrographs of the raw glass powder (A); hydrothermally treated glass powder (B); porous materials (C) obtained by calcination of hydrothermally
treated glass powder, and structure of pore wall at a high magnification (D).

tively. It is observed that most of raw waste glass particles are
irregular particles with smooth surface (seeFig. 4A). How-
ever, after the hydrothermal treatment, the glass surface was
corroded and exfoliated fragments stuck on the surface of
the large glass particles (seeFig. 4B). Pores and slits also
appeared in glass particles because of the dissolution of the
glass, as shown inFig. 4B. Fig. 4C shows SEM micrograph
of the polished surface of the porous material. The average
diameter of large pores is around 300�m. The structure of
pore walls is further observed by SEM at a high magnification
as shown inFig. 4D. It is observed that pores with average
diameter around 25�m exist on the wall of large pores. This
indicates that the pores are of a kind of interpenetrating net-
works.

3.4. Other properties and extended preparation of
porous materials

The porous material obtained in this study has the follow-
ing characteristics: 0.35 g/cm3 of a bulk density, 1.94 g/cm3

of a true density, 85% of water adsorption, and 65% of open-
ing pore content. The porous materials with a large size can be
produced in industrial scale by using a large case in a contin-
uous furnace. At present, plates with 45 cm× 45 cm× 3 cm
in size could be obtained. The porous materials have high
m cut.
T d for
t form
fl

4. Conclusions

In the present study, porous materials were prepared from
used glass powders by two steps, hydrothermal reaction of
glass with water at low temperatures and calcination at high
temperatures for expansion. Water incorporated into the glass
structure by the hydrothermal reaction acts as a vesicant in
the latter calcination at 750◦C, resulting in the formation
of macropores. The porous materials with a large size of
60 cm× 40 cm× 3 cm can be industrially produced by using
a continuous furnace. These plates may be useful as light
weighted materials.
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