Available online at www.sciencedirect.com

sc.snce@n.“w E%E'\'S

e G
ELSEVIER Journal of the European Ceramic Society 26 (2006) 761765

www.elsevier.com/locate/jeurceramsoc

Development of a technique to prepare porous materials from glasses

Kazumichi Yanagisawa*, Ningzhong Ba@, Liming Sher?, Ayumu Ond&,
Koji Kajiyoshi?, Zully Matamoras-Veloz& Juan Carlos Rerih-Angele$

& Research Laboratory of Hydrothermal Chemistry, Kochi University, 2-5-1 Akebono-cho, Kochi 780-8520, Japan
b mstituto Tecnoldgico de Saltillo, Facultad de Metal-Mecdnica, Saltillo Coah 25000, Mexico
€ Centro de Investigacion y Estudios Avanzados del IPN, Saltillo Coah 29800, Mexico

Available online 10 August 2005

Abstract

A new technique to prepare porous materials has been developed for recycling of used glasses. Porous materials were produced from usec
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 aroa@dwater was released as vapor from the softened glass to

form pores. The obtained porous materials had different pore structures that were determined by the sizes of raw glass particles. Crystallization
occurred during the calcination of the hydrothermally treated glass powder.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction supports, and thermal and noise insulators, and st-6n.
A wide range of porous materials were produced from used
Material recycling is a key for a sustainable develop- glasses in both laboratory scale and industrial scale mainly
ment in the world-? As for the used glass bottles, the reuse by calcinations of the mixture of glass powders and addi-
is the best way:* Returnable glass bottles for milk, beer, tional vesicants such as calcium carbonate, silicon carbide,
and so on, are available, but after using several times, theyorganic polymers, and so A2 During the calcinations,
become wastes. Every year, Japan produces huge amounthe gas, mainly CQ generated by the thermal decompo-
of used glasses, which have potential to be recycled. Moresition of the vesicants or by chemical reactions, foams in
than 2,500,000 tons of used glass bottles have been produce¢he soften glass powders. However, this method brings us
every year since 1995However, only around 60% of the  another serious environmental problem including the global
total amount of used glass bottles was reus€He rest, col- warming caused by the disposal of && Hydrothermal
ored glass bottles in particular, is hard to be efficiently reused reaction of glasses can result in the formation of pores in
for glass production because of their complicated chemi- glassed#-16The reaction of glasses with water under super-
cal compositions and requirement of additional separation critical conditions becomes extremely active, so that the high
in accordance with the colofsTherefore, the recycling of  mobility of ions and molecules results in a high rate of the
colored glass bottles has been received increasing interest. M”*/H30%ion exchange reaction in glass€s!® The solu-
Porous materials have been received much attentionpility of silica or other components in glasses also increase.
because of their wide range of pore properties for numerousTherefore, the silica-matrix porous materials were prepared
applications such as building materials, adsorbents, catalystyy one step under supercritical hydrothermal conditions at
450°C.1416 A subsequent heat treatment at around 1@DO0
* Corresponding author. Tel.: +81 88 844 8352; fax: +81 88 844 8362. then resulted in the porous silica-matrix materials with crys-
E-mail address: yanagi@cc.kochi-u.ac.jp (K. Yanagisawa). talline phased*16However, strictly supercritical conditions
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usually are hard to be attained for industrial productions diameter of 2.8 cm and height of 1 cm. A subsequent calcina-
with low cost. Hydrothermal hot-pressing combining of a tion was performed in a preheated electric furnace afT50
subsequent calcination at 700 is another kind of hydrother- ~ for 30 min. The glass powder greatly expanded by the heat
mal methods for preparing porous materials from used glasstreatment, and a porous block with low density of 0.35 g/cm
powders at relatively low hydrothermal temperatures less was formed.

than 300°0C.2%21 A low density of 0.4 g/cr for porous

columns with a size less than 4 cm-scale were prepared Usin® 2. Characterizations

much fine glass powders with grain size in the range of

39-45umin the laboratory scal€: However, the large scale- The crystalline phases of the samples were determined by

preparation is hard to achieve because of the limitation of powder X-ray diffraction (XRD) with a Rigaku Rotaflex type

a low production efficiency of hydrothermal hot-pressing X-ray diffractometer (RAD-RC). The morphology and pore

instruments. structure of the raw glass powder, hydrothermally treated
In the present study, we develop a technology involv- glass powder, prepared porous materials were investigated

ing two steps, hydrothermal treatments of glass powders athy a Scanning Electron Microscope (SEM, S-350, Hitachi

low temperatures and calcinations of hydrothermally treated |_td. Tokyo, Japan).

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 3, Results and discussion

expansion temperature, low expansion temperature in com-

parison with the ordinary method, and production of large 3 ;7. Crystallization of glasses

porous materials with a fine structure.

Crystallinity is one of the most essential technological
properties in applications of various materigisUsually,

2. Experimental glass ceramics with finely disperse volume crystallization
can give enhanced mechanical and physicochemical prop-
2.1. Sample preparation erties. Therefore, a high crystallinity is very necessary for

glass ceramics. The crystallinity of the samples was observed
A commercially available glass powder was purchased by XRD patterns shown irFig. 2 A very broad peak,
from Toyo System Plant Co., Ltd., Japan, which was pro- ranging form 10 to 40° in Fig. 2A, indicates a mainly
duced by milling of used glass bottles. The powder has a amorphous property of the raw used glass powder. Crys-

particle size distribution as shownhiig. 1and a true density

of 2.54 g/cnt. In a typical experiment, a mixture of the raw

glass powder with 15 mass% of water was transferred into a J
Teflon container with 80% volume filling, and then sealed by \

a stainless steel autoclave. The autoclave was putinto an oven ‘ M“M
for heating and the hydrothermal reaction was conducted at ‘

200°C for 6 h. The hydrothermally treated glass powder was

transferred into a stainless steel cylindrical case with inner
. I B
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Diameter distribution (itm) Fig. 2. XRD patterns of the raw glass powder (A); hydrothermally treated
glass powder (B); and at 20C for 6 h, and porous materials (C) obtained
Fig. 1. Particle size distribution of the raw glass powder. by calcination of hydrothermally treated glass powders atZ5f@r 30 min.
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talline calcium silicate, indicated by one, additionally, strong shows the optical micrograph of surface morphology of the
diffraction peak shown irFig. 2A, is also contained in the  polished porous material. We find that the solid net structure
as received glass powder. After the hydrothermal treatment, of the porous material is made of three different types of pore
the powder still mainly consisted of amorphous materials net structures which have been marked with arrows in the
(Fig. 2B). Additional one strong diffraction peak shown in inset ofFig. 3C. This is caused by the particle size distribu-
Fig. 2B is due to the contained crystalline calcium sili- tion ofthe raw glass powder. For large glass particles, because
cate in raw glass powder. However, after the heat treatmentthe reaction time is not long enough, the hydration reaction

of the hydrothermally treated glass powder at 760for proceeded only on the particle surface and no hydration reac-
30 min, we obtained porous materials with a certain crys- tion occurred deep in the inner part of particles. Therefore,
tallinity indicated by the diffraction peaks shownfkig. 2C. the expansion reaction occurred only in the hydrated surface

The crystalline components are mainly calcium silicate layer of the particles, and the inner part still did not expand, as
(CaSiQ, JCPDS 39-1425) and cristobalite (SiQICPDS shown by the area marked with letter “a”fiig. 3C. Accord-
27-0088). The remaining broad XRD peak ranging frori 15 ing to Fig. 1, glass particles with particle size of >0.3mm
to 40 indicates the existence of amorphous components in occupy over 20% of the total amount of the raw glass powder.
the porous materials due to an incomplete crystallization Thus, itis still observed that a broad XRD peak, ranging form

reaction. 15° to 40 indicating the existence of amorphous compo-
nents, appears in the XRD pattern of the porous material (see

3.2. Porous materials prepared from hydrothermally Fig. 2C). For glass particles with a middle size, the hydration

treated glass powders reaction occurred throughout the whole patrticle. As a result,

during the subsequent calcination, they totally expanded to

Expansion of the hydrothermally treated glass powder was form the pore structure shown by the area marked with letter
examined by putting the powders into the stainless steel cylin- “b” in Fig. 3C. For fine particles with size of < 1Q0m which
drical case. The powder volume is the same as that of theconsisted of over 40% of the total amount of the raw glass
case. Therefore, we can clearly observe the expansion ofpowder, they were totally hydrated and expanded by the calci-
the hydrothermally treated glass powder after calcination. nation. However, because of the much fine size, the expanded
Fig. 3A and B show top-view and side-view photographs of glass particles stuck each other to form the porous net struc-
the expanded sample with the case, respectively. Some largeéure shown by the area marked with letter “c” kig. 3C.
pores are observed on the surface of expanded porous sanmFhis kind of structure occupied the main part in the porous
ple (seerig. 3A), and the height of expanded porous sample material.
is nearly double of the starting height of the hydrothermally
treated glass powder (séég. 3B). Because of the limita-  3.3. Pore structure and pore formation in expanded
tion of the stainless steel case wall, the glass powder canporous materials
only expand up out of the case. Therefore, the centre of the
hydrothermally treated glass powder in the case expanded The pore structure was observed by SEM and the possible
obviously, resulting in the formation of a mushroom-top-like pore formation process was investigated by comparison of
part out of case. morphologies and structures of glass particles at different

Because the pores in the final porous materials belong topreparation stages.
macropores, we can directly observe the pore morphology Fig. 4A and B show SEM micrographs of the raw glass
of the polished sample with an optical microscopig. 3C particles and hydrothermally treated glass patrticles, respec-

Fig. 3. Top-view (A) and side-view (B) photos of the sample with case, showing the expansion of hydrothermally treated glass powders. (C) 1§ the optica
micrograph of surface of polished porous materials, arrows marked with a, b and c represent the large glass particle with unexpanded bulk fadrenpdre net
from totally expanded large glass particle, and the pore net formed from totally 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 calcinatioreofrtafyroth
treated glass powder, and structure of pore wall at a high magnification (D).

tively. Itis observed that most of raw waste glass particles are4. Conclusions

irregular particles with smooth surface (déig. 4A). How-

ever, after the hydrothermal treatment, the glass surface was In the present study, porous materials were prepared from
corroded and exfoliated fragments stuck on the surface of used glass powders by two steps, hydrothermal reaction of
the large glass particles (sé#y. 4B). Pores and slits also  glass with water at low temperatures and calcination at high
appeared in glass particles because of the dissolution of thetemperatures for expansion. Water incorporated into the glass
glass, as shown iRig. 4B. Fig. 4C shows SEM micrograph  structure by the hydrothermal reaction acts as a vesicant in
of the polished surface of the porous material. The averagethe latter calcination at 75@, resulting in the formation
diameter of large pores is around 30@. The structure of  of macropores. The porous materials with a large size of
pore walls is further observed by SEM at a high magnification 60 cmx 40 cmx 3 cm can be industrially produced by using
as shown irFig. 4D. It is observed that pores with average a continuous furnace. These plates may be useful as light
diameter around 2pm exist on the wall of large pores. This  weighted materials.

indicates that the pores are of a kind of interpenetrating net-

works.
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