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Abstract

This work investigated the preparation of a humidity-controlling porous ceramic via sintering of a mixture of volcanic ash soil and waste glass at
800-815 °C for 5-10 min. The final products were analyzed to identify the porous and mechanical properties, the moisture adsorption—desorption
performance characteristics, and the adsorbed moisture amount. The most superior ceramic product, manufactured by mixing 30% weathered
volcanic ash and 70% waste glass, was sintered at 800 °C for 5 min. The porous properties included a BET surface area of 163.73 4+ 12 m%/g,
porosity of 52.08 £ 2.1%, and a pore size of approximately 9 nm in diameter. The total amount of water adsorbed by the superior ceramic product
was 0.047 cm®/g. In addition, the mechanical characteristics, including a bulk density of 1.34 & 0.2 g/em®, 2.61 + 0.1% shrinkage, 4.64 & 0.3%
ignition loss, and 6.58 + 0.4 MPa bending strength, are consistent with those of commercial porous ceramics. The leaching concentration of heavy
metals in the final products were all well below the TCLP regulation limits. Thus, the most superior products meet the standards for commercial

porous ceramics.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In residential construction technology, humidity and
ventilation control are essential, and they must be considered
during construction to prevent the building walls from retaining
moisture and growing mold [1]. To control the environmental
humidity in houses, various solutions have been employed,
such as the use of air-conditioning or pressed organic materials
in the walls [2-4]. However, these solutions have disadvan-
tages; the use of air-conditioning for long periods of time is
costly while the organic material used in the walls is flammable,
weak, and non-durable. In some cases, inorganic compounds,
such as calcium chloride, silica-gel, and clay-sand, have also
been used as wall materials for [5-7], but these materials
exhibit poor water adsorption-desorption ability, and are
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potentially harmful to human health [8]. Therefore, the
development of a low-cost, energy-efficient and safe ceramic
that incorporates inorganic materials for humidity control is
desirable.

Certain porous materials, such as diatomaceous earth,
sepiolite, silica gel, zeolite, and alumina gel, possess pore
properties that are able to carry out capillary condensation.
Recently, these materials have been recently used to control
humidity and reduce energy consumption [9-14]. These
mesoporous materials usually have a high specific surface
area, significant porosity, and an appropriate pore structure,
which enhance their ability to control the humidity in the
environment. The relationship between the porous structure of a
material and the capillary condensation mechanism is
illustrated by the Kelvin equation:

P —2)/VL 1
In(— ) =—=2"L—
Py RT 1.

where, P/P, is the relative pressure of vapor in equilibrium with
a meniscus having a radius of curvature r., y and Vi are the
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surface tension and liquid molar volume of liquid adsorption,
respectively. R is the gas constant, and 7 is the absolute
temperature [15]. To form the sorption isotherm of a material,
the material is placed in an environment where both the
temperature and the humidity are appropriately controlled.
The equilibrium moisture content is measured at each value
of the ambient relative humidity. In addition, the adsorption
behavior is limited by the capillary condensation mechanism,
and at a specific level of humidity, the equilibrium absorption
ability is proportioned to the accumulative pore volume with a
diameter smaller than that determined by Kelvin’s equation.
Thus, to manufacture good porous mechanical ceramics that
can control humidity, the pore size of the raw materials should
be in the appropriate range of mesopore.

Weathered volcanic ash soil is quite common in the areas
that have volcano activities. The main component of the
weathered volcanic ash soil is allophane. This material has
many specific properties, and it recently been of interest by
many researchers [16-22]. The molecular structure of
allophane contains chain-rings of linked silicate and tetrahedral
or octahedral aluminates (four or eight oxygen atoms arranged
at the points of a triangular pyramid or parallelepiped around a
central silicon or aluminum atom) [18]. The diameter of the
structure is in the range of 3.5 nm to 5 nm [19]. In addition, the
structure has a low bulk density of 0.5 g/cm® [20] and large
specific surface area of 2210 m*/g [19]. With specific proper-
ties, allophane can be used to produce porous ceramics that are
low-cost with well-defined porosity, low density, and high
thermal stability.

Therefore, the objective of this paper is to study the ability of
using natural porous materials (weathered volcanic ash soil),
which have a large proportion of mesopores and which are
abundant in deposit, mixed with waste glass to produce new
porous ceramics that can control environmental humidity.
Different sintering conditions and characteristics of the new
ceramics will be studied.

2. Experimental

The materials, including weathered volcanic ash and waste
glass, were collected from a material supplier in Taipei City
(Taiwan). The materials were dried at 105 °C for 24 h and
were then ground using a wet ball-mill machine for 24 h. The
materials were then dried again at 105 °C. The powders were
then passed through 0.075 mm sieves and were carefully
stored in desiccators for subsequent experiments. The fine
powders of waste glass and weathered volcanic ash were
mixed together at various ratios (Table 1) to obtain a mixed
powder: waste glass — weathered volcanic ash (GA). The

Table 1
The ratios of waste glass and volcanic ash in the mixed powders (wt%).

Green samples (GA) Waste glass Weathered volcanic ash

G60A40 60 40
G70A30 70 30
G80A20 80 20

mixed powders were then pressed uniaxially at 32 MPa and
were molded into a green compact of 50 mm in diameter and
6 mm in height. The green compacts were dried at 100 °C and
were then sintered in the electric-heated furnace at 800 °C and
815 °C for 5 to 10 min, respectively. All of the samples before
analyses were dried at 105 °C for 24 h and were stored in
desiccators.

The characteristics of the initial materials and the products
were determined by using various techniques. The chemical
analysis was performed using the ICP-AES. The XRD pattern
was recorded using an X’ Pert PRO. The particle size distribution
of the raw material were determined using a laser particle size
analyzer (Rise-2006) with PEG-10000 (polyethylene glycol;
molecular weight: 10,000 g mol™") as an organic dispersing
agent. Nitrogen isotherms were determined using an ASAP 2010
Machine to analyze the pore size distribution. The surface area
was measured using the BET method. The moisture isotherm and
equilibrium moisture content of final products were determined
at 23 °C by using a TEREHY-HRT-80FA Machine and the
ASTM-1498-01 method [23]. Prior to testing the moisture
adsorption, each test specimen was dried to a constant mass. The
RH values were achieved either in the climatic chamber and were
controlled to increase from the lowest values (10% RH) to the
highest values (98% RH). For each RH value, the constant mass
isreached if in five successive weightings, with 24 h intervals, the
change of mass is less than 0.1% of the specimen mass, until the
equilibrium is reached at each RH. The full sorption curve is
completed when eleven values (RH) are selected. For the
desorption process, the fully saturated specimen in a weighing
cup was placed at the highest RH (98%RH). The whole
procedure as described in the adsorption process was repeated
until the measurement was completed at the lowest RH. The
equilibrium moisture content at each RH value was calculated
from the measured difference between the constant saturated
mass and the dry weight of the specimen. The calculation of the
moisture content, v (g g~ '), using the mean values of the mass of
the test specimens at each RH: v = (m — my)/mg; where, m is the
mean mass of the specimens at equilibrium, and m, is the mean
mass of the dry specimens.In addition, the bending strength was
measured with a Twin Column Testing Machine (LR5KPlus)
using the ASTM C1674-08 method [24] on 3 test pieces for each
body by a three-point loading test with a span of 24 mm and a
crosshead speed of 0.1 mm/min. Losses on the ignition of the
final products were determined in accordance with the
procedures outlined in test methods ASTM D7348-08 [25].
The calculation of the Ignition Loss was as follows, % = (A/
B) x 100, where A is weight loss at sintering temperature, and B
is weight of moisture fire sample used. The bulk density of the
specimens was determined by Archimedes’s immersion tech-
nique; the specimens were kept in boiling water for 3 h according
to the ASTM C20-00(2010) method [26]. The geometry
(diameter and thickness) of the sintered products was measured
using a digital caliper to determine the apparent volume of the
sintered product, V1. The volume shrinkage can be calculated
using the equation: v = [(Vo—V1)/V1] X 100%, where v is the
volume shrinkage, Vj is the volume of the green sample and Vris
the apparent volume of the sintered product.



D.-H. Vu et al./Ceramics International 37 (2011) 2845-2853 2847
Table 2
Chemical compositions of the raw materials (wt%).
Materials SiO, Al,O3 Na,O K,O MgO CaO TiO, Fe,03 7r0O, MnO P,0Os Sum
Waste glass 66.44 1.63 14.29 0.96 0.52 10.71 0.02 0.09 0.07 0.23 0.34 95.3
Volcanic ash 47.01 19.48 1.58 0.77 0.35 2.31 0.19 1.90 0.60 0.11 0.15 74.45

Note: 4.7 wt% and 25.55 wt% are the H,O components in waste glass and volcanic ash soil, respectively.

3. Results and discussion
3.1. Characteristics of the initial materials

Chemical analysis of the initial materials (Table 2) indicates
that the main chemical components are SiO, (47.01%) and
Al,O5 (19.48%) in the weathered volcanic ash soil and SiO,
(66.44%) in the waste glass. In addition, there are small
amounts of oxides of K, Mg, Ca, Ti, Fe, and so forth in both the
volcanic ash soil and the waste glass. These results confirm that
both volcanic ash and waste glass contain metallic iron, which
can be used as a source material for producing ceramic. The
XRD pattern of weathered volcanic ash soil shows two strong,
broad reflections at 3.42 A and 2.25 A (Fig. 1A). These features
indicate that allophane is the main component in weathered
volcanic soil. This interpretation is similar to that of Lindner
[19] and Opiso [22]. The XRD pattern of waste glass shows a
large hump between 20° and 35° of 26, indicating the presence
of a large number of amorphous phases in the sample (Fig. 1B),
which is consistent with the findings of Das [27] and
Tulyaganov [28]. These results indicate that weathered
volcanic ash soil is a potential natural porous material for
preparing porous ceramics in which waste glass is an adhesive
agent. It is believed that the mixture of these materials would
create new ceramics that have interesting porous properties.

The particle size distribution in the raw materials is shown in
Fig. 2. The particle size distribution of the weathered volcanic
ash exhibits a high peak at a particle size of 6 pm, and 90 wt%
of the particles range in size from 2 to 15 wm. The waste glass
particle size distribution exhibits a high peak at a particle size of
25 pm, and 90 wt% of the waste glass particles are less than
30 um in size. Significantly, the particle sizes of the raw
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Fig. 1. XRD patterns of the weathered volcanic ash (A) and the waste glass (B).
(Number units: Angstroms).

materials are homogenous; the homogeneity of the mixture is of
prime importance to improve not only mechanical milling but
also chemical processing, i.e., pore formation and co-
precipitation processes, of the ceramic products. These findings
further support the proposal of S.J. Kang [29]. The densities of
the volcanic ash and waste glass are 0.55 + 0.05 g/cm’ and
231 £ 0.2 g/lem®, respectively, while the porosities of the
volcanic ash and waste glass are 75 3% and 20 & 1%,
respectively.

3.2. Characteristics of the porous ceramics

3.2.1. Porous properties

Nitrogen adsorption-desorption isotherms of the final
ceramic products at sintering temperatures of 800 °C and
815 °C for 5-10 min are shown in Fig. 3. On the basis of the
IUPAC classification system, all of the isotherms display Type
IV behavior that is characteristic of mesopores present in the
structures of these products [15]. In addition, the results of pore
size analyses conducted using nitrogen adsorption measure-
ments confirm that the pore sizes of all of the ceramics are
distributed mainly in the range of 7-10nm under the
experimental conditions at 800 °C and 815 °C (Fig. 4). The
BET surface areas and the porosity data for these mesoporous
ceramics are summarized in Table 3. The BET surface areas
range from 22.21 + 3.0 to 418.88 & 15 m?/g, and the porosity
ranges from 29.91 £ 1.5 to 54.53 & 1.6%. These data tend to
gradually decrease as the sintering temperature increases from
800 °C to 815 °C. These data also decrease as the amount of
waste glass in ratio of the raw materials increases. The effects of
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Fig. 2. Particle size distribution in the raw materials.



2848 D.-H. Vu et al./Ceramics International 37 (2011) 2845-2853

40
A 4
—*— GB0A40 &
—=— G70A30 o:
o301 —-a—680a20 7
t h
=
8 20
(=1
8
L o
[+1]
€ 10
S
Quereo?
[
0.0
Relative Pressure (P/Po)
15
&
~ —e—G60A40 :
T 0] —®—GT70A30 i
e —a—G80A20 B
B S
= o
= bu'd
g ~HH
< & G
o 954 o0 K
£ o g
s o .&,9"{}%‘
> op BIA N
apmadtaiA”
0@ Ll I 1 Ll
0.0 0.2 0.4 06 08 10

Relative Pressure (P/Po)

Volum e Adsorbed(cm’g?)

25
B
— e — G60A40 ¥
2019 —w—G70A30 7
—a—(G80420 >
L
15 9
J
a;/ ﬁ'
00-'. [
10 4 o ’r d
o p,f'"rr 7
al p}’; ey A
5 o P Nty ). Y
_ P 5 }¢4}4
i ot R
Oﬂm T ¥ T T
0.0 02 04 0.6 08 1.0
R elative Pressure (P/Po)
15
D
. —*— GBOA4D i
B 1] ——C70A30 b
S —4—G80A20 <
3 i
2 1 ?
3 9
= [ ]
<, o
g o
=] fed
i & 0330,
Dp =02
ﬁm:u-c.&&m-
0 T T T T
0.0 0.2 04 06 08 10

Relative Pressure (P/Po)

Fig. 3. Nitrogen isotherms of the final ceramic products sintered at 800 °C for 5 min (A), 800 °C for 10 min (B), 815 °C for 5 min (C), and 815 °C for 10 min (D).

(Filled symbols: adsorption; empty symbols: desorption).
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Fig. 4. Pore size distribution in the final ceramic products sintered at 800 °C (A) and 815 °C (B).

sintering temperature and time on the pore diameters present in
the final products were also examined by SEM analysis. Fig. 5
shows SEM images of the representative G70A30 product at
different temperatures and holding times. The observed

porosity of these materials may be explained by sintering
theory [29]. According to this theory, the densification and
subsequent shrinkage of a compacted powder are achieved by
the transport of material from the contact area between grains
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Table 3
Porous and mechanical properties of the final ceramic products.
Sintering temp./time Samples Porous properties Mechanical properties
(°C/min)
BET Surface Porosity (%) Bulk Density Bending Shrinkage Ignition
Area (m*/g) (g/cm?) strength (MPa) (%) loss (%)
800/05 G60A40 418.88 £ 15 5453+ 1.6 127£03 556 £0.5 243+£0.2 544 £05
G70A30 163.73 £ 12 52.08 £ 2.1 1.34+£0.2 6.58 +£ 0.4 2.61 +£0.1 4.64+03
G80A20 76.89 £9 51.65+23 1.39£0.3 6.68 £0.4 354+03 352+0.1
800/10 G60A40 161.32 £ 9.1 5310+ 1.1 1.33+£0.2 599 +0.3 255+03 544402
G70A30 100.82 £+ 10 4897+ 1.8 1.34 £0.1 642 +£04 2.69£0.2 453+02
G80A20 58.58 £ 6.2 37.00 £ 2.2 1.54+03 8.02+£0.2 543 +0.1 348 £0.1
815/05 G60A40 88.10 £ 7.1 5411+ 1.5 1.28+0.3 6.3+0.3 271+0.3 544 £0.2
G70A30 68.82 + 6.7 50.18 £ 1.7 1.40£0.2 691 £0.3 273+£0.2 449 +02
G80A20 4575+ 6.0 4765+ 1.9 141 +0.1 7.26 £0.5 3.02£0.1 3.40£0.1
815/10 G60A40 64.54£7.0 5149 £2.1 141 £02 7.05£03 3.58 £0.15 592+03
G70A30 28.13 £4.3 4632+ 1.6 144+ 0.1 7.58 £0.2 494 +0.21 481 +0.3
G80A20 2221+3.0 2991 £ 1.5 1.75£0.3 9.58 £0.2 7.93 £0.27 376 £0.2

through a thin liquid film to the off-contact neck region in final
state sintering. This process results in a continuous reduction in
pore size and a continuous change in grain shape that should
become increasingly anhedral until the pore is completely
eliminated. The contact flattening theory contains some
inherent problems, such as the continuous reduction in pore
size as the sintering time increases (from 5 to 10 min). Thus, the

G70A30-815-5 C

maximum pore size and the frequency of large pores in the pore
size distribution should decrease continuously as the sintering
time increases. However, this change in the pore size
distribution has not been observed in real sintering experiments.
Instead, the frequency of small pores decreased and that of large
pores remained constant until final densification was achieved
(at 800 °C and 815 °C). Another problem with the above theory

GT70A30-815-10 D

Fig. 5. SEM images of the G70A30 products sintered at 800 °C for 5 min (A), 800 °C for 10 min (B), 815 °C for 5 min (C), and 815 °C for 10 min (D).
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is the proposal that a continuous change in grain shape occurs
during densification. A continuous grain shape change implies
that a driving force for the shape change is available as long as
pores are present in the compact. In general, all of the results
affirm that the final ceramics products have a mesoporous
structure that has the ability to absorb and desorb environmental
humidity [15].

3.2.2. Moisture adsorption—desorption properties

The moisture isotherms of the final ceramics products are
shown in Fig. 6. On the basis of the IUPAC classification system
[15], the shapes of the moisture isotherms belong to the Type IV
class. Type IV isotherms usually possess a hysteresis loop, in
which the lower and upper branches are adsorption and
desorption behavior, respectively [30]. In the initial part of the
isotherm (from 0% to 11% relative humidity, RH), the
adsorption process is restricted to the outside of the ceramics.
When the relative humidity rises to 55%, capillary condensa-
tion commences within the finest pores. At 95-100% relative
humidity, the empty pores are filled with water, and the
ceramics reach a saturated state. Conversely, the decrease in the
amount of adsorbed water from 90% to 40% relative humidity
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in the desorption isotherms was attributed to the evaporation of
water from the mesopores. This behavior suggests that the value
for relative humidity at which the capillary condensation and
evaporation processes occur are related to the size of the
capillaries in porous materials by the Kelvin equation [31].
Using the Kelvin equation, the pore diameters in a ceramics
material that will cause capillary condensation to occur at 55%
and 95% relative humidity were calculated to be 3.5 and
40.8 nm, respectively. A comparison of these calculated values
the pore sizes obtained from the pore size distribution analysis
(7-10 nm) shows that capillary condensation can occur in most
of the pores in these porous ceramics, according to the
definition provided by Gregg and Sing [15]. However, the
moisture adsorption ability of these samples was dependent of
the ratio of the initial materials and their properties. This ability
increases as the specific surface area, porosity, and allophane
content of the samples increase. Because the absorption values
increase as the capillary upswing of the isotherm moves to
larger relative pressures and becomes steeper, the hysteresis
loops become more pronounced as the ability of the ceramic to
control the humidity increases [32]. On the basis of these
results, the incorporation of allophane in silica-based materials
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Fig. 6. Water adsorption - desorption isotherms of the final ceramic products sintered at 800 °C for 5 min (A), 800 °C for 10 min (B), 815 °C for 5 min (C), and

815 °C for 10 min (D). (Solid lines: adsorption; dashed lines: desorption).
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increased the moisture adsorption ability of the final porous
ceramics.

3.2.3. Equilibrium adsorption ability

The equilibrium adsorption abilities of the ceramic products
are shown in Fig. 7. Effective pore volumes (vertical axis) were
calculated using the BET method with multiform pore shapes.
The adsorbed volumes (horizontal axis) were measured from
the moisture isotherms. The relationship between the two
volume values is derived using the Kelvin equation on the basis
of pore diameter. The equilibrium adsorption ability of each
sample was determined for seven RH values, including 33, 40,
55, 65, 75, 85 and 95%. Because the occurrence of capillary
condensation is intimately connected to the curvature of a
liquid meniscus, there are geometric constraints on cluster
formation with monolayer adsorption at small RH values, and
the difference between the effective pore volume and the
adsorbed volume is slight. These findings further support the
proposal of Do and Do [33]. Thus, RH increased, and the
adsorbed moisture continuously increased through the “multi-
layer” region until the diversified pore system was filled via
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capillary condensation, the definition of which is presented by
Gregg and Sing [15]. All of the samples exhibited a trend in
which the adsorbed volume was higher than the effective pore
volume because the effective pore volumes determined from
the BET results included micropores and mesopores. The
moisture first diffused from the environment into the
micropore, then the mesopore, and then part of the macropore
or larger pore. Thus, the adsorbed volume of moisture is always
larger than the effective volume at the equilibrium state. These
results are consistent with those of other studies [13,16] and
suggest that the final ceramic products ability to control
humidity stems from the capillary condensation mechanism.

3.2.4. Other mechanical properties

Some additional mechanical properties of final products are
shown in Table 3. The results showed that the bending strengths
of all of the porous ceramics are higher than 6 MPa, except for
those generated at 800 °C for 5 min, with 60% waste glass and
40% weathered volcanic ash. These values satisfy the Japanese
Industrial Standard (JIS) for the bending strength test. When the
waste glass contents, sintering temperature and holding time
increase, the values of bending strength also increases; the
ignition loss decreases as the waste glass content in the products
increases. However, the effects of sintering temperature and
holding time on ignition loss and bulk density are slight. Some
researchers have described the influence of particle size
homogeneity on the kinetics of sintering. Zhao and Harmer
[34,35] theoretically and experimentally analyzed the influence
of the particle size distribution and homogeneity on the
sintering kinetics. They found that particle size homogeneity
leads to a decrease in grain growth and to a subsequent increase
in the sintering rate and decrease in the densification. In
addition, Patterson and co-authors [36,37] have experimentally
shown that the particle size distribution and homogeneity
influence the integral shrinkage. Here, an increase in the
sintering rate is a characteristic for large particles if the particle
size inhomogeneity increases. The non-monotonous depen-
dence of the densification on various particle sizes with a
minimum in the intermediate region is a characteristic for small
particles. In this study, the results in Fig. 2 show that 75 wt% of
the waste glass particles are homogenous and ranges in size
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Fig. 8. Relationship between the porosity and mechanical characteristics: (A) Bending strength and (B) shrinkage.
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Table 4

TCLP leaching concentrations of heavy metals in the raw materials and the final products (mg/l).

Sintering temp./time (°C/min) Sample Pb Cd Cr Cu Zn

800/05 G60A40 0.18 N.D. N.D. 0.3 0.26
G70A30 0.21 N.D. N.D. 0.19 0.25
G80A20 0.27 N.D. N.D. 0.16 0.27

800/10 G60A40 0.19 N.D. N.D. 0.29 0.25
G70A30 0.2 N.D. N.D. 0.2 0.25
G80A20 0.25 N.D. N.D. 0.14 0.27

815/05 G60A40 0.17 N.D. N.D. 0.31 0.26
G70A30 0.2 N.D. N.D. 0.21 0.26
G80A20 0.26 N.D. N.D. 0.13 0.24

815/10 G60A40 0.18 N.D. N.D. 0.28 0.25
G70A30 0.2 N.D. N.D. 0.2 0.25
G80A20 0.26 N.D. N.D. 0.15 0.26

Waste glass 0.31 N.D. N.D. N.D. 0.26

Volcanic ash N.D. N.D. N.D. 0.7 0.27

Regulatory (US EPA) 5 1 5 15 -

N.D.: Values are below equipment detection limit (Zn: 0.005 ppm, Pb: 0.009 ppm, Cu: 0.005 ppm, Cr: 0.006 ppm, Cd: 0.008 ppm). US EPA: United States

Environmental Protection Agency.

from 9 to 25 pwm. However, 20 wt% of the waste glass particles
are quite fine and are less than 9 pm in size. This fineness is
linked to inhomogeneities in the waste glass and is a factor that
affects the physical properties of final ceramic products. Thus,
the waste glass contents in the samples increase as the glass
fineness ratio increases, and the density, bending strength and
shrinkage values of the porous ceramics also increase.
Furthermore, according to sintering theory [29], the density,
bending strength and shrinkage values increase as the porosity
decreases. The relationship between the porosity and the
mechanical characteristics of the porous ceramic can be studied
by identifying the values that limit the measured porosity, if
any, to substitute for the specific weight absorption and
hardness requirements [38]. The results of these studies are
shown in Fig. 8, including the relationship between the porosity
and bending strength with regression coefficient of R* = 0.89
(Fig. 8A). As expected, the porosity decreases as the bending
strength increases. The relationship between the porosity and
the shrinkage of the porous ceramics used in this study is also
shown in Fig. 8B. A linear relationship with R* = 0.88 can be
observed with data points scattered near the region of higher
porosity. In general, all of the mechanical properties affirm that
all of the final ceramics products satisfied the standards for
commercial ceramics.

The leaching concentrations of heavy metals, which are based
on the TCLP test, are shown in Table 4. The results indicate that
leaching concentrations of Pb increase and those of Cu decrease
as the waste glass component in the final ceramic products
increases. However, the leaching concentration of Zn changes
only slightly for almost all products. In general, the leaching
concentrations of heavy metals in the final products are all well
below the regulatory limits of the US EPA, indicating that the
final products are safe if used as construction materials.

The selection of the best ceramic product should satisfy two
basic conditions: high water adsorption ability and good
mechanical characteristics that meet or exceed the necessary

standards, especially bending strength values. Therefore, on the
basis of all the observed features of these ceramic products, the
G70A30 sample sintered at 800 °C for 5 min is clearly the most
superior ceramic product.

4. Conclusion

This study investigated the feasibility of generating
humidity-control porous ceramics by sintering a mixture of
volcanic ash and waste glass. The sintering conditions,
including sintering time, sintering temperature, and various
ratios of the initial materials, were tested. The final products
were analyzed to identify the moisture isotherms, the
equilibrium moisture contents, and the porous and mechanical
properties.

The results showed that the adsorption—desorption moisture
capacities and mechanical properties of the final products are
significantly effected by the amount of weathered volcanic ash in
the ratio of raw materials and the sintering conditions (sintering
temperature and holding time). The porous ceramics produced in
this study exhibit excellent performance as a humidity-
controlling building material with adjustable properties, and
they could be used for building applications in the near future.
The TCLP leaching concentrations of heavy metals in the final
products are lower than those prescribed by regulations.

The experimental conditions for manufacturing porous
ceramics that exhibit the best properties are: 30% weathered
volcanic ash, 70% waste glass, a sintering temperature of 800 °C
and holding time of 5 min. The properties of this ceramic product
include a BET surface area of 163.73 + 12 mZ/g, 52.08 £2.1%
porosity, and a pore size of approximately 9 nm in diameter. The
total amount of adsorbed water was 0.047 cm3/g. Furthermore,
the mechanical characteristics are also appropriate for use as a
commercial porous ceramic with a bulk density of 1.34 4+ 0.2 g/
cm3, 2.61 & 0.1% shrinkage, 4.64 + 0.3% ignition loss, and
6.58 + 0.4 MPa bending strength.
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