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Glass-ceramic from sewage sludge ash
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Glass-ceramic was produced by adding limestone to sewage sludge incinerated ash. Black

glass was produced by melting a blended ash batch at 1450 °C. For nucleation, this glass was

reheated at 800 °C for 1 h, and reheated at 1100 °C for 2 h to form glass-ceramic. The main

components of sewage sludge incinerated ash are SiO2 and Al2O3 . Because small amounts

of Fe2O3
, sulfur and carbon are included, the addition of limestone alone can generate the

crystal nucleant, FeS, to form anorthite (CaO · Al2O3 · 2SiO2) crystal. The glass-ceramic

showed superior characteristics of high strength and acid resistance for use in construction

materials.
1. Introduction
The wastewater generated from our daily lives, and
industrial wastewater, are treated at the sewage treat-
ment plant, and the clean treated water is discharged
into the river. Most of the sewage sludge is landfilled
after reducing the volume by incineration. At present,
the sewered population in Japan is about 50%, and
400000 ton sewage sludge incinerated ash is generated
annually. In the future, the increase in the sewered
population will be accompanied by an increase in the
volume to be treated. For the Tokyo Metropolitan
area, whose sewered population reached 100%, about
60 000 ton sewage sludge incinerated ash are gener-
ated annually, costing 8000 yen/ton to landfill.

In Tokyo, securing a new site for landfill disposal is
becoming difficult, so converting sewage sludge incine-
rated ash into a resource has been an emergency
theme for the administration. To date, the following
technology effectively to use sewage sludge incinerated
ash has been developed [1].

1. After forming the sewage sludge incinerated ash
by pressing, interlocking brick is made by baking.

2. Sewage sludge incinerated ash is granulated then
fired to generate voids to make a lightweight aggreg-
ate.

3. Slag is formed by melting sewage sludge incine-
rated ash at a high temperature for use as concrete
aggregate or lower roadbed materials.

However, these technologies face problems with
cost and quality, so a highly useful technology with
added value is favoured.

Vitrification is effective for reducing the volume of
waste, making waste non-hazardous, and creating
a resource from waste. If glass-ceramic can be produc-
ed, then a higher value added use can be obtained. Up

to now, a number of reports [2—6] have been pub-
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lished on glass-ceramics using waste materials such as
coal ash, iron and steel slag; however, very few reports
have appeared on glass-ceramics using sewage sludge
incinerated ash.

This study focused on the main components of
sewage sludge incinerated ash, which are silicic acid
and alumina, as well as the components for nuclea-
tion. Based on this idea, the production of glass-ce-
ramic using sewage sludge incinerated ash as the main
material has been attempted.

2. Experimental procedure
A sample was taken from the organic sewage sludge
incinerated ash from the dewatered cake with poly-
mer. Tables I and II show the chemical composition
and particle-size distribution of incinerated ash which
is a very fine yellowish brown powder. Fig. 1 shows
the measured results using thermogravimetry and dif-
ferential thermal analysis. Industrial calcium carbon-
ate (limestone), dolomite, silica sand under 200 mesh,
and soda ash were used as conditioning materials for
component control.

Conditioning materials such as limestone were
blended in different ratios of 200 g incinerated ash,
then mixed for 30 min in the automatic ceramic mor-
tar to make blended ash batch samples (batches). Each
batch was placed in a covered 130 cm3 SSA-H
alumina crucible, then melted in the silicon carbide
electric furnace. The temperature increased at 10 °C
min~1, and was kept at 1400 °C, then a 250 g batch
was remelted five times, at 1450 °C for 2 h. The cover
was sealed and a reducing atmosphere was main-
tained. After refining for 1 h at 1300 °C, the glass was
allowed to flow over the iron plate. The temperature

of the obtained original glass was increased at
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TABLE I Chemical composition of sewage sludge incinerated ash

Component (wt %) Component (wt %)

SiO
2

48.2 TiO
2

1.8
Al

2
O

3
18.7 MnO

2
0.4

Fe
2
O

3
8.5 P

2
O

5
5.6

Na
2
O 0.6 ZnO 0.5

K
2
O 0.9 CuO 0.2

CaO 4.1 S 2.6
MgO 1.9 C 0.3

Others 5.6

TABLE II Grain-size distribution of sewage sludge incinerated
ash

Grain size (lm) (wt %)

'125 0.0
62—125 6.2
31—62 22.2
16—31 22.1
7.2—16 16.2
(7.2 33.3

Figure 1 TG—DTA curves of sewage sludge incinerated ash.

10 °C min~1, and maintained for 1 h at 800 °C for
nucleation and then held at 1000—1200 °C for 1—8 h to
promote crystallization.

After annealing, the manufactured original glass
and glass-ceramic were analysed using X-ray diffrac-
tion, differential thermal analysis, scanning electron
microscopy, and thermodilatometry. Hardness was
based on the Japan Industrial Standard M-0302 using
a sample of 20 mm diameter and 40 mm height. Acid
resistance was tested for the amount of weight reduc-
tion after being kept for 650 h at 25 °C in a 1% H

2
SO

4
solution using a 15 mm]15 mm]10 mm sample.

3. Crystallization process
By melting sewage sludge incinerated ash containing
a limestone additive, CaO—Al

2
O

3
—SiO

2
-type glass is

formed. Sewage sludge incinerated ash contains iron,
sulfur, and carbon. As iron and sulfur are assumed
to form many kinds of compounds, assuming that

those compounds exist as ferric oxide or sodium
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sulfate, iron sulfide is generated as shown in Reactions
1—3 in the melting and heat-treatment processes.

Na
2
SO

4
PNa

2
O#SO

3
(1)

SO
3
#3CPS#3CO (2)

2Fe
2
O

3
#4SP 4FeS#3O

2
(3)

For sulfur and carbon to remain in the glass,
melting should occur in a reducing atmosphere. That
is, as shown in Fig. 2, iron sulfide colloid is formed
when the sulfur bonds with iron at a low temperature
of about 800 °C during the heat-treatment process.
For crystallization of CaO—Al

2
O

3
—SiO

2
-type glass,

iron sulfide works [7] effectively as a nucleant. When
the temperature increases further to a high temper-
ature above 1100 °C, a columnar crystal, anorthite
(CaO ·Al

2
O

3
· 2SiO

2
), etc., generates homogeneous

nucleation in the glass. The glass-ceramic with homo-
geneous nucleation and columnar crystals is known to
exhibit very high strength. The formation model of the
crystallization process is shown in Fig. 3.

4. Results and discussion
Sewage sludge incinerated ash and the batch melted
easily, producing a shiny black glass. The black colour
was due to the iron, sulfur and carbon in the incine-
rated ash. Because this glass contained a large volume
of iron and its viscosity was low, the crucible tended to

Figure 2 Relationship between crystal growth and temperature.

Figure 3 Schematic illustration of the crystallization process of

glass.



corrode easily, so the amount of alumina in the ac-
quired glass-ceramic was found to increase from
1%—2% more than the calculation.

In the oxidizing atmosphere of the electric furnace,
keeping open the cover of the crucible or having
a space between the cover and the crucible caused the
sulfur and carbon to oxidize and vaporize, so that
even when the glass was heat treated, crystal nuclea-
tion of iron sulfide did not occur. In this case, crystals
precipitated from the surface of the glass and grew
inwards. Such crystals undergoing orientation showed
low strength, because they cracked easily when ham-
mered. Microscopic examination showed cavities in
the fracture surface of the glass-ceramic.

When the crucible was sealed completely, the
melted glass was kept in a reducing atmosphere and
crystal nucleation of iron sulfide was generated by
heat treatment. As a result, by precipitating homo-
geneous crystals all over the glass, a glass-ceramic
could be obtained. The glass exhibited a high strength,
because hammering did not break the glass easily.

For crystal nucleation of iron sulfide to occur,
maintaining the temperature at 800 °C for 1 h was
sufficient. Crystal nucleation was found to occur only
on slow cooling and increasing the temperature. P

2
O

5
is known remarkably to promote the speed of crystal
nucleation [8], and because sewage sludge incinerated
ash also contains a few per cent of P

2
O

5
, crystal

nucleation can be assumed to occur quickly. Heat
treatment for 2—4 h at 1100 °C was required for crystal
precipitation and sufficient crystal growth. When heat
treatment was over 8 h, various crystals other than
anorthite precipitated, and cavities developed with
increasing crystallization; therefore, the strength of
glass-ceramic tended to decrease. Fig. 4 shows the
conditions suitable for heat treatment.

When the weight per cent of limestone additive was
less than 30% of the sewage sludge incinerated ash,
the precipitation would be deficient in anorthite crys-
tal. When the limestone additive was over 70%, crys-
tals would begin to precipitate in the melting or
refining stage, so moulding would be difficult. When
limestone additive was 40%—60%, crystals did not
start to precipitate before moulding, therefore a
glass-ceramic with a high strength of 30%—50% cry-
stallinity was obtained by heat treatment. X-ray dif-
fraction showed anorthite to be the main crystal of
this glass-ceramic, but also showed precipitation of
small quantities of other unidentified crystals.

When limestone alone was added to the sewage
sludge incinerated ash, crystallization occured easily,
because the ratio of network formation oxide (such as
silicic acid) was small and the viscosity low, therefore,
under different heat-treatment conditions from those
in Fig. 4, brittle glass-ceramic was formed. When ob-
serving the cross-sectional diagram, crystals other
than anorthite precipitated from the surface, decreas-
ing the fluidity of the glass, and a void, were generated,
together with internal crystal growth.

When an appropriate amount of silica sand was
added together with the limestone, a stable, high-
strength glass-ceramic was produced even under

changing heat-treatment conditions. When there was
Figure 4 Heat-treatment schedule.

surplus silica sand, the viscosity increased and crystal
formation was not processed, but by adding a small
amount of soda ash, the viscosity became the right
consistency to form good-quality glass-ceramic.

When using dolomite conditioning material instead
of limestone, the same tendency of crystallization as
with limestone was confirmed. When 40%—60% dolo-
mite dosage was added to sewage sludge incinerated
ash, a high-strength glass-ceramic was produced with
30%—50% crystallinity. X-ray diffraction showed pre-
cipitated crystals to be anorthite, diopside, and for-
sterite, all being prismatic. When hammered or cut
with a diamond cutter, it was found that the glass-
ceramic was higher in strength and hardness than that
produced with a limestone additive.

Table III shows examples of proper conditions of
component control. When plotting the main compo-
nents CaO, Al

2
O

3
, SiO

2
of conditions 1—3 on the

equilibrium diagram for three components [9], it was
found that all fit into the region of anorthite, as shown
in Fig. 5, on the condition that the three components
totalled 100%.

5. Properties of glass-ceramics
The results of the characteristic test are given below
when producing a glass-ceramic tile using condition
1 of controlled composition in Table III, which is the
lowest cost for raw material, that is, with a 2 : 1 pro-
portion of sewage sludge incinerated ash and lime-
stone.

The chemical composition of the developed product
is shown in Table IV and the main components are
silicic acid, alumina and lime. From the small amount
of silicic acid and phosphoric acid as oxide, totalling
42.1%, it can be considered that alumina, iron and
titanium also work effectively for network formation.
From the X-ray diffraction chart of Fig. 6, the main
crystal can be confirmed to be composed of anorthite
with a crystallinity of about 40%. When all the
alumina, (the smallest amount of the three main com-
ponents) is assumed to migrate to the anorthite crys-
tal, then the crystallinity is about 40%; however,

a number of unidentified crystals other than anorthite
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TABLE III Examples of good batch composition (weight ratio)

Material 1 2 3 4 5

Sewage sludge
incinerated ash 100 100 100 100 100
Limestone 50 50 60
Dolomite 50 60
Silica sand 10 30 20
Soda ash 10 10

Figure 5 Phase equilibrium diagram of the CaO—Al
2
O

3
—SiO

2
system.

TABLE IV Chemical composition of glass-ceramic

Component (wt %) Component (wt %)

SiO
2

37.7 TiO
2

1.4
Al

2
O

3
14.6 MnO

2
0.3

Fe
2
O

3
6.7 P

2
O

5
4.4

Na
2
O 0.5 ZnO 0.4

K
2
O 0.7 CuO 0.2

CaO 25.1 S 2.0
MgO 1.5 C 0.2

Others 4.4

should exist. The highest peak in Fig. 6 is presumed to
be overlapping of a number of crystal peaks, such as
apatite.

From the thermal expansion curve of Fig. 7, the
glass-ceramic compared to the original glass showed
a smaller thermal expansion coefficient, and showed
no change even at high temperature. That is, crystal-
lization greatly improved the heat resistance and
thermal shock resistance, due to the low thermal
expansion coefficient of the anorthite crystal at
40]10~7 °C~1, and the high melting point of
1550 °C.

Fig. 8 shows the photograph of the fractured section
of glass-ceramic taken with the scanning electron
microscope. Numerous prismatic crystals (anorthite),
0.5 lm]0.5 lm]2 lm are entangled and precipi-

tated.
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Figure 6 Powder X-ray diffraction pattern of glass-ceramic 1.

Figure 7 Thermal expansion curves of glass-ceramic 1.

Figure 8 Scanning electron micrograph of glass-ceramic 1.

Fig. 9 shows the glass-ceramic tile sample. Shiny
black original glass becomes brown glass-ceramic on
heat treatment. The uneven surface was due to the
shrinkage accompanying crystallization. On polishing
this dark-coloured material, a beautiful marble-like
pattern appeared. This can add a high-value to a high-
quality material for construction.

Table V shows the physical and chemical properties
of the development product compared with natural
stone. The developed product shows especially high

strength and superior acid resistance.



Figure 9 Experimentally made tile. (a) Original glass, 1; (b) glass-
ceramic 1, (c) polished glass-ceramic 1.

TABLE V Properties of glass-ceramic and natural stone

Item Glass-ceramic Granite

Modulus of rupture (kg cm~2) 500 150
Density (g cm~3 ) 3.0 2.7
Moh’s hardness 6 5—6
Thermal expansion coefficient
(10~7 °C~1) 67 50—150
Acid resistance (wt loss %) 0.1 1.0
1% H

2
SO

4
25 °C, 650 h

Water absorption (%) 0.00 0.35

6. Conclusions
1. A glass-ceramic with homogeneous anorthite

prismatic crystal was formed by blending an ash batch
sample of 100 wt% sewage sludge incinerated ash
with 50wt% limestone.

2. This glass-ceramic was high in strength and su-
perior in acid resistance, and has been shown to be

a good material for construction purposes.
3. From the batch substituting dolomite for lime-
stone, a glass-ceramic that is high in strength and
superior in acid resistance also was obtained. The
main homogeneous crystals were anorthite, diopside,
and forsterite.

4. Without adding a crystallization catalyst, iron,
sulfur, and carbon were contained in sewage sludge
incinerated ash, therefore crystal nucleation of iron
sulfide was possible when melted in a reducing atmo-
sphere.

5. When adding a small amount of silica sand to the
batch, the network formation oxide increased, there-
fore promoting easier glass-ceramic formation.
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