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a  b  s  t  r  a  c  t

A  Microwave  Melting  Reactor  (MMR)  was  designed  in  this  study  which  improved  the  microwave  adsorp-
tion of  sewage  sludge  to  prepare  glass–ceramics.  Differential  scanning  calorimetry  (DSC),  X-ray  diffraction
(XRD),  and  scanning  electron  microscopy  (SEM)  were  used  for  the  study  of crystallization  behavior  and
microstructure  of the  developed  glass–ceramics.  DSC  and  XRD  analysis  revealed  that  crystallization  of
the  nucleated  specimen  in  the  region  of  900–1000 ◦C  resulted  in  the  formation  of  two  crystalline  phases:
anorthite  and  wollastonite.  When  the  crystallization  temperature  increased  from  900  to  1000 ◦C,  the
tetragonal  wollastonite  grains  were  subjected  to tensile  microstresses,  causing  the  cracking  of  crys-
tal.  Al  ions  substituted  partially  Si  ions  and  occupied  tetrahedral  sites,  giving  rise  to  the  formation  of
icrowave
ouble-layer reactor

anorthite.  The  relationship  between  microwave  irradiation  and  crystal  growth  was  studied  and  the
result  indicated  that  the microwave  selective  heating  suppressed  the  crystal  growth,  giving apparent
improvements  in  the  properties  of  the  glass–ceramics.  The  glass–ceramics  products  exhibited  bending
strength  of  86.5–93.4  MPa,  Vickers  microhardness  of  6.12–6.54  GPa  and  thermal  expansion  coefficient
of  5.29–5.75  × 10−6/◦C.  The  best  chemical  durability  in  acid and  alkali  solutions  was  1.32–1.61  and
0.41–0.58 mg/cm2, respectively,  showing  excellent  durability  in alkali  solution.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

One of the main environmental problems is the safe disposal of
he huge amount of sewage sludge that is produced every day in
astewater treatment plants [1].  Among the methods of the treat-
ent of sewage sludge, glass–ceramics preparation seems to be

 promising one for converting sewage sludge into novel mate-
ials that possess attractive mechanical and chemical properties
2]. Sewage sludge containing large amounts of CaO, SiO2, and
l2O3 can be a good raw material for glass–ceramics production.
y controlling the initial composition and by suitable heat treat-
ent, a variety of crystalline phases will be obtained [3].  They

xhibit bending strength, Vickers microhardness, fracture tough-
ess, chemical durability and thermal shock resistance superior
o those of glass, and in some cases traditional ceramics [4,5]. It

hould be noted that the chemical energy of the organic compo-
ents in sewage sludge could be recovered during the prepared
rocedure of glass–ceramics as an auxiliary energy source. The
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chemical energy in sewage sludge can be recovered during the pre-
pared procedure of glass–ceramics as an auxiliary energy source,
reducing the emission of CO2 which is favorable to Kyoto Proto-
col [6].  Other advantages of this technology are the possibility of
immobilizing heavy metal ions (held in the framework of glass or
encapsulated into the crystallization phase) [7],  the large reduc-
tion of volume (vary between 40 and 90%), and the flexibility of
treatment procedure (which may  accept different types of sewage
sludge, either municipal or industrial) [8].  Preparing glass–ceramics
by the conventional technology is an energy-intensive process,
with the process temperature as high as about 1300 ◦C and the
process time required as several hours [9].  Economic analysis of a
glass–ceramics preparation system which can process 0.5–1.0 ton
of sewage sludge per hour showed that the operating costs of this
unit ranged from US$100–420 per ton, including labor, fuel and
maintenance [10]. Another critical point in glass–ceramics prepara-
tion is the difficulty in controlling the size and the type distributions
of the crystals due to the thermal inertia of the conventional heating
[11].

To overcome these drawbacks, microwave heating has been

developed as an alternative technology for the preparation of dense
structural glass–ceramics, which is characterized by shorter reac-
tion time, reduced energy consumption, and suppressed crystal
size. It was found that the treatment temperature was decreased

dx.doi.org/10.1016/j.jhazmat.2011.09.045
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hittianyu@163.com
dx.doi.org/10.1016/j.jhazmat.2011.09.045
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ig. 1. A schematic of the microwave preparation reactor assembly: (1) microwav
ith  fuzzy logic algorithm; (6) power governor; (7) infrared radiation thermomete

rom 1300 ◦C to 1000 ◦C when a glass–ceramics was  sintered from
arium aluminosilicate glass in microwave field [12]. It was also
eported that an abrasion resistant glass–ceramics was devel-
ped from the MgO–Al2O3–TiO2 system in 20 min  by microwave
eating [13]. Moreover, more uniform and strong bonding was
bserved in the glass–ceramics prepared by microwave, indicat-
ng that microwave energy suppressed the grain growth in crystal
hase due to a fast heating rate and apparent low-temperature
rystallization [8].

Sewage sludge is a poor receptor of microwave energy to achieve
he temperature necessary for preparing glass–ceramics. It has
een proved that microwave-induced preparation is possible, if
n effective receptor is added into the raw sludge. The temper-
ture of sewage sludge can achieve 1200 ◦C in microwave field
hen it was homogeneously blended with microwave receptor,

uch as graphite and char [9].  However, there are fundamental dis-
dvantages of this method when it is applied in glass–ceramics
reparation. The chemical composition of the samples shows
ncontrollable changes in virtue of adding microwave receptor,

eading to the poor properties of the products. In addition, the
icrowave receptor could not be recovered due to the encap-

ulation of silicate matrix in the glass–ceramics, increasing the
perating cost of the procedure. Attempts termed as “hybrid
icrowave sintering” were also made to set around the sample

irectly to initially heat the material at room temperature [14].
owever, the temperature of sewage sludge could not reach high

nough owing to the significant reflection loss on the interface
etween microwave receptor layer and the air surrounding it.

To solve these problems, a new Microwave Melting Reactor
MMR) was designed in this study for preparing glass–ceramics
ity; (2) Microwave Melting Reactor (MMR); (3) waveguide; (4) magnetron; (5) PC

from sewage sludge. In MMR,  microwave absorption of sewage
sludge can be improved by the double-layer structure and the
required temperature can be achieved in a very short of time, usu-
ally in a few minutes. A wave-transparent layer was introduced
into the MMR  system to decrease the reflection coefficient of the
interface between the air and the MMR.  Another important prop-
erty of the powder was the low thermal conductivity which could
give the sample a good heat insulation quality. The double-layer
structure in MMR  provides the even distribution of temperature
and electromagnetic field in the samples, favoring the produc-
tion of glass–ceramics with desired qualities. Further researches
presented in this paper were focused on: (1) investigating the influ-
ence of heat-treatment schedule on the crystallization behavior
and microstructure of the microwave-prepared glass–ceramics, (2)
defining the evolution of crystallization in microwave field which
were hardly found by applying the conventional procedures, and
(3) gaining an insight into the chemical and physical properties of
the glass–ceramics prepared by microwave in comparison to that
obtained from conventional process.

2. Experimental

2.1. The design of MMR

The 2.45 GHz microwave furnace, which consisted of a rect-
angular multimode cavity, a continually adjustable power supply

(0.50–2.7 kW), a temperature controlling system, and a Microwave
Melting Reactor, was  used for microwave heating experiment.
As shown in Fig. 1, the Microwave Melting Reactor (MMR)  con-
sisted of a wave-absorbing layer and a wave-transparent layer. The
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Table 1
Chemical characteristics of sewage sludge.

Proximate analysis (wt.%)

Aa Va Caa,b Oc Ha,b Na,b Sa,b

24.50 75.50 39.40 24.43 5.71 4.75 1.18

Heavy metal content in dry sewage sludge (ppm)

Cr Cd Cu Pb Zn Fe Ni

143 4.75 138 59.9 700 10,200 38.7

A: ash content; V: volatile matter content.
72 Y. Tian et al. / Journal of Hazar

ave-transparent layer is the surface layer which plays an impor-
ant role in avoiding the reflection loss of the incident wave on
he front surface between the reactor and air. The wave-absorbing
ayer beneath it absorbed the incident wave transmitted through
he wave-transparent layer and transformed the electromagnetic
nergy to thermal energy. In terms of optimizing the MMR  perfor-
ance, the material properties and the thickness of each layer are
ost important parameters to design the reactor structure.
Active carbon, a well known microwave receptor, was filled in

he microwave-absorption layer. The material filled in microwave-
ransparent layer was selected according to the expression for
eflection coefficient as given in Eq. (1) [15]:

 =
∣
∣
∣

�2 − �1

�2 + �1

∣
∣
∣ (1)

here R is the reflection coefficient, �1 and �2 are the character-
stic impedances of the air and the material filled in microwave-
ransparent layer, respectively. It is clear that the value of �2
hould be close to the value of �1 for decreasing the reflection
oefficient of the incident wave. Based on the results of our pre-
iminary experiments, ferric oxides mixed with aluminum oxides
Fe2O3/Al2O3 = 1:1) were adopted as the materials filled in the

icrowave-transparent layer. Before filled into the microwave-
ransparent layer, the Fe2O3 and Al2O3 grains were ground using

 mill to obtain a mixed powder with particle size ≤75.0 �m.  The
ixture powder had the properties of both lower characteristic

mpedance and higher microwave transmission rate, decreasing
he reflection coefficient of the interface between the air and the

MR. Another important property of the powder is the low thermal
onductivity which gives the sample a good heat insulation quality.

The thicknesses of microwave-transmission layer and
icrowave-absorption layer were determined according to

he penetration depth (DE, depth of the microwave energy pene-
rates into a material). DE can be calculated by the Fresnel formula
8]:

E = �0

�
√

εrtgı
(2)

here �0 is the length of electromagnetic wave in vacuum, εr is the
aterial dielectric constant, and tgı  is the dielectric loss tangent.
ccording to the calculation of Eq. (2),  both the optimal thicknesses
f microwave-transmission layer and microwave-absorption layer
ere determined as 2 mm.  The glass preparation from sewage

ludge has been carried out to test the behavior of MMR  in
icrowave heating. It was observed that the temperature of the

pecimen required for preparing glass was reached (1300 ◦C) and
arent glass was prepared successfully in this reactor.

.2. Parent glass production

Sewage sludge used in experiments was collected from urban
astewater treatment plants in Harbin, China. Selected chemical

haracteristics and the heavy metal contents of this sludge are given
n Table 1. The dehydrated sewage sludge (moisture content was
9.8%) which contained small hard particles were crushed in a mor-
ar and then heated at 1000 ◦C until the sludge samples reached
onstant weight to remove the volatile components. Sewage sludge
ust be mixed with additives to lower the melting temperature

rom its melting around 1500 ◦C. In our experiments, CaO and waste
lass were used as effective additives. The chemical compositions
f the sewage sludge, waste glass and raw materials were exam-
ned by X-ray fluorescence spectroscopy (XRF) and the results are

hown in Table 2, indicating that the formed glass should be in the
iO2–CaO–Al2O3 ternary phase system. Fig. 2 shows the phase dia-
ram of the CaO–Al2O3–SiO2 system. The chemical compositions of
aw materials for preparing glass–ceramics could be located in the
a Dry base.
b Ash free basis.
c Calculated by difference.

wollastonite–anorthite subsystem (the region marked by hatching
in Fig. 2). The batch composition, prepared by mixing 52.0 wt.% of
the raw sludge with 21.0 wt.% of CaO and 21.0 wt.% of waste glass,
was  chosen on the basis of the eutectic composition (CaO 38.0,
Al2O3 20.0 and SiO2 42.0 mass%) [16].

Additionally, 6.0 wt.% TiO2 were added to the base glass compo-
sition as nucleating agents. Mixtures obtained above were melted
by microwave processing and conventional processing respec-
tively. In the microwave process, glasses were prepared by melting
sewage sludge in a corundum crucible at 2000 W microwave power
for 10 min  and then cooled naturally to room temperature. In the
conventional process, glasses were prepared by melting the mix-
ture in an alumina crucible at 1450 ◦C for 2 h after which melts
were preheated at 600 ◦C to reduce thermal shock. The results of
XRD analysis for sewage sludge, parent glasses obtained from these
two  different heating processes are shown in Fig. 3.

2.3. Glass–ceramics production

It is important to determine nucleation and crystal growth
temperatures precisely for effective conversion of glasses to
glass–ceramics. Differential scanning calorimetry analysis (DSC)
is performed using a calorimeter (STA449C, NETZSCH) with �-
Al2O3 as standard sample. The glass powders are heated from
room temperature to 1100 ◦C with the rate of 10 ◦C/min in order to
detect the nucleation and crystallization temperatures. According
to the results of DSC, heat-treatment schedule for the microwave-
produced parent glass should include a nucleation stage at 760 ◦C
for 30 min  followed by a crystal growth stage at different tem-
peratures (900 ◦C, 950 ◦C and 1000 ◦C) for 60 min  in microwave
irradiation. For conventional glass, sample should be held at
nucleation temperature (820 ◦C) for 90 min  and then heated to
crystallization temperature (1000 ◦C) for 120 min in electric fur-
nace. Fig. 4 shows the processes of glass–ceramics preparation by
microwave and conventional methods. The types of the crystalline
phases were characterized by X-ray with Cu K� radiation (XRD:
P|max-��, Rigaku, Japan). The step length was 0.02◦ with scan-
ning speed of 5◦/min in the range of 10–90◦ (Cu Ka = 1.5418 A). The
schemes of glass–ceramics preparation by microwave and conven-
tional heating are shown in Fig. 4.

2.4. Methods to evaluate glass–ceramics properties

Several techniques were used to evaluate the properties of
glasses and glass–ceramics. The morphology of the crystalline
phases made in thermal glass treated was  investigated using a scan-
ning electron microscope (SEM, S-4700, HITACHI). Archimedes’

method was employed to measure the apparent density of the
glass–ceramics. Hardness and fracture toughness were measured
by an indentation method using the Vickers indenter. Vickers
hardness was measured with loads of 100–1000 g with loading
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ig. 2. Phase diagram of the CaO–Al2O3–SiO2 system. The chemical compositions o
AS2 anorthite).

imes of 10 s. Bending strength was obtained from a four-point
ethod with spans of 20 and 40 mm at a cross-head speed of

00 mm/min, as designated by American Society of Testing Mate-
ials (ASTM) E855-90 [17]. The thermal expansion coefficient
20–400 ◦C) was measured by TMA  with a heating rate of 10 ◦C/mm
n atmosphere. Chemical durability was measured following the
esignation of American Society of Testing Materials (ASTM) C279-
8 [18]. First, powdered specimens were prepared in particle sizes
f 4.75–6.75 mm.  20.0 g specimen powder was  then immersed
nto 100 ml  of 1 mass% H2SO4 (about 0.10 mol/l) or 1 mass% NaOH
0.25 mol/l) and boiled on a hot plate for 48 h. The specimens were
ehydrated and acid/alkali durability was estimated by measuring
he weight loss of powders.

.5. Methods of heavy metal leaching tests

Leaching tests of sewage sludge and glass–ceramics were sub-
ected to the toxicity characteristic leaching procedure (TCLP)

ethod according to the US Environmental Protection Agency [19].
he sludge and glass–ceramics samples were manually crushed
<9.00 mm)  and placed in a flask. The extraction solution consisted
f acetic acid diluted in distilled water with a pH value of 4.93.
xtraction fluid was added into the flask to keep a liquid-to-solid
atio of 20. The flask is tightly closed and stored at 25 ◦C for 18 h.
he resultant solutions were filtered through 0.6 �m filters and the
oncentration of heavy metals in the solution was  determined by
CP. A Perkin Elmer A Analyst 200 ICP operated at 13.56 MHz  (using
r and N2 gases) was used for the measurements.

. Results and discussion
.1. Thermal analysis of the parent glass

The glass transition temperature (Tg) and crystallization tem-
erature (Tc) of the parent glasses prepared by microwave process
age sludge correspond to the eutectic point marked by hatching (CS, wollastonite;

and conventional process were determined from the DSC traces
as shown in Fig. 5. The DSC profiles from the different processes
showed different individual properties with regard to peak posi-
tion and intensity. For the glass prepared by microwave process,
an intense exothermic peak (Tc) was observed at 969.5 ◦C which
was  attributed to crystallization from the parent glass. In the case of
conventional heating, Tc peak was  clearly evident at about 985.1 ◦C.
Apparently, microwave irradiation gave rise to the lower tempera-
ture of Tc. It was  also noted that the exothermic peak of microwave
prepared glass had higher intensity than that of conventionally
prepared glass, demonstrating that microwave irradiation played
an important role in enhancing bulk heterogeneous crystalliza-
tion. The important differences between the DSC curves of the two
glass samples may  be attributed to the less required energy for
crystallizing when microwave was used in the preparation of the
glass–ceramics. Crystallization was  a process to consolidate par-
tial glass into strong crystal phases by supplying sufficient thermal
energy to overcome the energy barrier between the glass and the
crystal. The principle of microwave heating was  to apply an elec-
tromagnetic field to the sludge samples, causing violent agitation
in atoms thus raising the product’s temperature. The atoms with
continual rapid motion decreased strength of the bonds within the
glass network or directly precipitated from glass as nuclei, resulting
in the reduction of energy barrier for crystallization.

It must be noted that the glass transition temperatures Tg were
difficult to determined due to their weak peaks in the DSC curves
of both microwave and conventional prepared samples. Weaker
intensity of Tg peak for microwave-prepared glass probably asso-
ciated with its higher crystallization capability. When glassy phases
transformed to crystalline phase(s), the molecular rearrangement
phenomenon occurred preceding glass crystallization i.e. precrys-

tallization stage [20]. Regarding the kinetics, heating absorption
was  necessary in this stage, which was  called the activation energy
of crystallization (E). The heating absorption was recorded in the
DSC curve as endothermic peak and the corresponding temperature
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Fig. 3. XRD patterns for sewage sludge, parent gla
as Tg [21]. The increased heat absorption during precrystal-
ization stage resulted in the higher intensity of the Tg peak,
ndicating the lower crystallization capability of the parent glass.
n the contrary, decreased heat absorption caused insignificant Tg

ig. 4. The scheme of glass–ceramics preparation by microwave and conventional
eating in the present study.
ained from conventional and microwave heating.

peak, suggesting the higher crystallization capability of the parent
glass.

3.2. XRD analysis of the glass–ceramics

X-ray diffraction analysis (XRD) was carried out to identify
the crystalline phases in both the conventional and microwave-
processed samples crystallized at 1000 ◦C. For the conventional
samples, there was only one major crystalline phase, anorthite,
which had intensive XRD lines at 23.4, 24.3 and 28.6 Å (Fig. 6(a)). For
the microwave samples, XRD measurement showed the precipita-
tion of anorthite as a major crystalline phase and the precipitation
of a small amount of �-spodumene solid solution in all the
glass–ceramics after the heat treatment (Fig. 6(b)–(d)). The dis-
appearance of wollastonite phase in conventional sample might
be explained by thermal inertia of the conventional process which
prolonged the duration at high temperature for molten glass, lead-
ing to early phase separation and crystallization in glass phase.
Furthermore, the X-ray diffraction lines for microwave sample
were progressively sharper and more distinct. This behavior might
be related to the microwave irradiation, which was  believed to

decrease the viscosity of the glassy matrix phase and enhance crys-
tallization as discussed above.

To design the optimized heat-treatment schedule of microwave
process, XRD patterns of microwave glass–ceramics obtained at
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Fig. 5. DSC curves (heating rate 10 ◦C/min) corresponding: (1) parent glass prepared by microwave heating; (2) parent glass prepared by conventional heating, respectively.

Fig. 6. XRD patterns of the glass–ceramics obtained from (a) conventional process and microwave process at (b) 900 ◦C, (c) 950 ◦C and (d) 1000 ◦C.
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Fig. 7. SEM micrographs of the glass–ceramics obtained from conventional process and microwave process (a: conventional-prepared sample; b: microwave-prepared
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ample at 900 C; c: microwave-prepared sample at 950 C; microwave-prepared sa

ifferent crystallization temperature were also studied. The XRD
esults of microwave-prepared samples at 900, 950 and 1000 ◦C
uggested a consecutive transformation of the parent glass into
rystalline phases. The X-ray pattern of the sample obtained at
00 ◦C is basically composed of low intensity peaks of wollas-
onite (CaSiO3). A further temperature increase to 950 ◦C enhanced
he intensity of the wollastonite peaks and weakly new phase
f anorthite (CaAl2Si2O8) was observed. When the glasses were
rystallized at 1000 ◦C, the prepared sample was predominantly
omposed of anorthite with residual glassy phase, implying that
he main crystalline phase had changed from wollastonite to
northite. From the figure, it was obvious that the anorthite
eak intensity was a function of crystallization temperature.
he peak intensity increased while crystallization temperature
ncreased, indicating a temperature dependence of anorthite crys-
allization. According to the theory of stable energy of glass
tructure unit [22], the crystallization process of CaO–Al2O3–SiO2
ystem was assumed in this paper. At 900 ◦C, the free Ca2+

as prone to unite [SiO4] in order that wollastonite was first

ormed in glass–ceramics [23]. When the temperature reached
000 ◦C, the structure unit Ca[SiO4] was forced to rearrange and
nite [AlO4] to form anorthite as the main crystalline phase in
lass–ceramics.
 at 1000 C).

3.3. SEM analysis of the glass–ceramics

The microstructural features of both conventionally and
microwave processed glass–ceramics crystallized at 1000 ◦C were
analyzed by SEM as shown in Fig. 7. To determine the influ-
ence of crystallization temperature on microwave-processed
glass–ceramics, the SEM micrographs of microwave processed
samples crystallized at 900 ◦C and 950 ◦C are also exhibited in
Fig. 7. It appeared that microwave process produced finer sized
crystallites in the glass–ceramics than that evolved by the conven-
tional heat treatment process. The results revealed that rapidity
of microwave method avoided undesirable grain growth and pro-
vided a finer and uniform microstructure, which was an attractive
feature for the processing of glass–ceramics. The similar results
might be found in other literatures [12,14].  Mahajan et al. [24]
reported that high-density ceramic materials were obtained in 4 h
of cycle time for microwave sintered sample whereas it took 22 h
for conventional method.

It should also be noticed that the heat-treatment schedules

had significant effect on the microstructure of glass–ceramics
obtained from microwave process. For sample crystallized at
900 ◦C, needle-like wollastonite-2 M crystal grains were observed.
When the crystallization temperature increased to 950 ◦C, not only
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Table 2
Mineral chemical composition of sewage sludge, waste glass and resulting glass–ceramics (wt.%).

Sample SiO2 Al2O3 MgO CaO K2O Na2O TiO2 Fe2O3 P2O5 Others

Sewage sludge 47.62 18.34 2.50 7.91 2.74 1.33 0.81 8.29 7.16 3.29
Waste  glass 70.63 3.25 – 10.66 – 15.44 – 0.02 – –
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Glass–ceramics 39.62 10.21 1.30 27.34 

he amount of crystal grains increased but also the length of the
rain became short, suggesting that wollastonite-TC appeared. The
onversion process of the wollastonite phase was also described
y Toya et al. [25]. They considered that the crystalline phase
ormed at 900 ◦C was wollastonite-2 M (the low temperature
hase of CaSiO3), gradually transforming to wollastonite-TC (the
igh temperature phase of CaSiO3) at ≥950 ◦C, the vicinity of the
hase transition temperature. When the crystallization tempera-
ure increased to 1000 ◦C, the glass–ceramics reached an almost
tationary microstructure consisting of flake-like crystals. Accord-
ng to the results of XRD, these crystals should attribute to anorthite.

Based on the SEM results, a particular process model of
lass–ceramics preparation from sewage sludge by microwave
eating was developed. During the fabrication of parent glass, the

nteraction between air and hot glass might induce the occur-
ence of active radicals (for example Si–OH) and hetero-matters
for example silica gels) on the surface of glass [12]. It has been
eported that the active radicals and hetero-matters could act as
he nuclei and bring the nucleation energy lower [26–28].  Accord-
ngly, under the synergetic actions of the above factors, the surface
f glass would be homogeneously nucleated and then preferentially
eposited wollastonite-2 M as initial crystals. During microwave
rocess, the microwave power was absorbed by parent glass itself
nd hence, the rise of heat content in the bulk of glass took place at

 faster rate compared to that of the near surface region. Thus, the
emperature of the bulk was much higher than that of the surface,
eading to a latent heat release from bulk to the surface. Under
he effect of latent heat release during crystal growth, the initial
rystals did not grow evenly in all directions. Instead, the growth
ould be orientated along directions with lower latent heat release

mpact. When primary dendrite crystals grew along the surface
rientation, the impact of latent heat release was  so weak that
rystallization grew faster and the crystallite size became larger.
arger crystallite size led to decrease in their bonding area and
hereby, the extent of reinforcement to the glass matrix decreased,
ausing the decrease of the measured hardness. Therefore, the
lass–ceramics obtained at 900 ◦C had slight poor mechanical prop-
rty.

In fact, the wollastonite-2 M phase was thermodynamically
nstable but kinetically favorable and as a result, this phase
ppeared first. When the crystallization temperature reached
50 ◦C, wollastonite-2 M was replaced by the slower growing,
ut thermodynamically favored wollastonite-TC phase. Since the
ollastonite-TC crystals grew perpendicularly to interface between

he surface and bulk, the effect of latent heat release became
tronger, and then, the crystallization proceeded slower and the
rystalline size became finer. The area fraction enhancement of fine
rystallites provided more rigidity and localized strong bonding
hich could cause an apparent increase in the hardness value of the

lass–ceramics. When the crystallization temperature increased to
000 ◦C, hydrostatic compressive microstresses developed in crys-
al phase owing to the much higher latent heat release from the
ulk to the surface. The tetragonal wollastonite grains were sub-
ected to tensile microstresses, causing the cracking of the Si–O
ond. Al ions substituted partially Si ions in the structure of wollas-
onite and occupied sites, giving rise to the formation of tetrahedral
northite.
.42 3.92 6.42 4.31 3.72 1.74

3.4. Physical and chemical properties

The various properties of the resultant glass–ceramics obtained
from conventional process and microwave process with differ-
ent crystallization temperatures are listed in Table 3. The bending
strengths of the microwave processed glass–ceramics ranged from
86.5 to 93.3 MPa, showing no apparent relationship with the
crystallization temperature. These bending strengths were rela-
tively higher compared with those prepared using conventional
method (70.2 MPa), which might be attribute to the differences
in the microstructures among the specimens. Undesirable grain
growth was  avoided in microwave process for its high heating
rate and negligible thermal inertia which provided a finer and
uniform microstructure [29]. Therefore, crystalline distribution
in a microwave-processed sample was  roughly uniform, and the
impressed pressure value on every microscopic part was  almost
the same.

In addition, the fine, compact and homogeneous distribution of
crystals in microwave samples also led to remarkably higher val-
ues of Vickers’ microhardness than that of conventional ones. The
highest one, which was generated at 950 ◦C and did not increase in
number at higher temperature, was close to 6.54 GPa, thus being
comparable to that of commercial glass–ceramics for applications
in the building industry [30].

The chemical durability of glass–ceramics was  important if the
materials were to be considered as a potential building material.
The weight losses of the microwave processed glass–ceramics after
leaching in acid and alkali solutions were in the range of 1.32–1.61
and 0.41–0.58 mg/cm2, respectively. The weight losses in acid were
higher than those in alkali, indicating higher chemical durability of
the microwave processed glass–ceramics to alkali than to acid. The
weight losses of the conventionally processed glass–ceramics after
leaching in acid and alkali solutions were 1.20 and 0.91 mg/cm2

for acid and alkali, respectively. The glass–ceramics obtained from
microwave process thus had slightly lower chemical durability
to acid but significantly higher durability to alkali than the con-
ventional ones. This difference might be due to the differences in
crystalline amount of the glass–ceramics samples from different
processes. The weight loss in acid solution was  well known to be
generated by selective leaching of the crystalline CaSiO3 phases
which were more soluble in acid than the glassy matrix [22]. Since
the crystalline phase in microwave samples consisted of wollas-
tonite (�-CaSiO3 and �-CaSiO3) with lower durability in acid, the
degree of leaching increased and resulted in a slight lower chemi-
cal durability to acid [25]. By contrast to the slightly lower chemical
durability to acid, microwave processed glass–ceramics exhibited
excellent durability to alkali leaching. This might be due to the low
glass content in the microwave sample, which was more soluble in
alkali than in acid.

The thermal expansion coefficients of the microwave
glass–ceramics ranged from 5.29 × 10−6/◦C to 5.75 × 10−6/◦C,
a little lower than that of the sample obtained from conven-
tional process (6.21 × 10−6/◦C). The present thermal expansion

was  also lower compared to the values reported for various
glass–ceramics, giving the present materials an enhanced ability
to suppress thermal stress in applications involving building
materials.
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Table 3
Physical and chemical properties of the glass–ceramics obtained from conventional process and microwave process at different crystallization temperatures.

Property Microwave-prepared glass–ceramicsa Conventional glass–ceramicsa Commercial glass–ceramicsb

900 ◦C 950 ◦C 1000 ◦C

Bending strengths (MPa) 86.5 ± 0.2 93.4 ± 0.2 91.6 ± 0.4 70.2 ± 0.2 82.0
Vickers’ hardness (GPa) 6.12 ± 0.05 6.54 ± 0.03 6.41 ± 0.02 6.28 ± 0.03 5.80
Acid  weight loss (mg/cm2) 1.61 ± 0.02 1.53 ± 0.03 1.32 ± 0.02 1.20 ± 0.01 1.32
Alkali weight loss (mg/cm2) 0.41 ± 0.01 0.53 ± 0.01 0.58 ± 0.01 0.91 ± 0.02 1.00
Thermal coefficient (×10−6/◦C) 5.75 ± 0.03 5.31 ± 0.01 5.29 ± 0.04 6.21 ± 0.03 6.70

a The presented value (mean value ± standard deviation)is average of five results.
b Data from Ref. [30].

Table 4
TCLP results of the glass–ceramics samples.

TCLP results (mg/l) Cu Pb Zn Cd Cr As

Sewage sludge 8.21 2.11 22.21 0.451 1.54 –
Glass–ceramics (900 ◦C) – 0.00537 1.21 0.00213 – –
Glass–ceramics (950 ◦C) – – – – – –
Glass–ceramics (1000 ◦C) – – – – – –
Regulatory standard of EPA 50.0 3.00 50.0 0.300 1.50 1.50
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.5. Leaching characteristics of heavy metals

TCLP results of the developed glass–ceramics are given in
able 4. Any heavy metal concentration could not be detected
n the extraction solutions of the samples prepared at 950 and
000 ◦C, while small concentrations of Pb, Zn and Cd ions which
ere lower than the limits suggested by EPA [19] were detected

n the extraction solutions of samples prepared at 900 ◦C. Con-
equently, heavy metals were sufficiently stabilized by preparing
lass–ceramics, according to the US EPA standards. It seemed
hat high bonding strength of anorthite was responsible for this
ehavior. During the crystallizing process, the nuclei formed at
he preferred sites and absorbed ions from the silicate matrix.
eavy metal ions, such as Zn2+ and Pb4+, replaced Si4+ or
l3+ ions and held in the crystalline phase through the bond-

ng strength of crystal systems. Correspondingly, the stabilities
f heavy metals strongly depended on the type of the crystal
hich had different bonding strength. The bonding strength of

northite systems could reach 189.45–208.62 × 104 kJ/mol [31],
hile the value of wollastonite was only 2.75–5.75 × 104 kJ/mol

32]. Anorthite which consisted in the 950 and 1000 ◦C sam-
les was an ideal crystalline matrix for the immobilization
f heavy metals in the production of glass–ceramics materi-
ls.

. Conclusion

The presented MMR  with double-layer structure was used
or preparing glass–ceramics from sewage sludge. Glass–ceramics
ased on CaO–Al2O3–SiO2 system was developed successfully.
ttractive physical and chemical properties of the microwave-
rocessed glass–ceramics were observed, such as higher bending
trengths (86.5–93.4 MPa) and lower thermal expansion coeffi-
ient (5.29 × 10−6/◦C). The leaching tests of heavy metals in the
lass–ceramics showed that 950 and 1000 ◦C samples which con-
ained anorthite as main crystal immobilized the heavy metal ions
ffectively. A model of crystal growth in the microwave field was

eveloped in this study and the results indicated that microwave
eating generated a latent heat release, which suppressed the
rystals growth, causing an improvement in the glass–ceramics
roperties.
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