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bstract

In order to investigate the effect of sintering temperature on the characteristics of sludge ceramsite and find an optimal sintering temperature,
ried sewage sludge, clay, and water glass were mixed at ratios of dried sewage sludge/clay = 33% and water glass/clay = 15%. Then these mixtures
ere heated to 850, 900, 950, 1000, 1100, and 1200 ◦C for production of sludge ceramsite. The sludge ceramsite were characterized by DTA-TGA,
EM-EDS, XRD, and XRF. The results indicate that the differences in thermal behaviours are caused by the compositional and structural variations;

he ceramsite sintered at 1000 ◦C has more uniformly distributed finer pores (0.5 �m < pore size < 10.0 �m), while the ceramsite sintered at other

emperatures has less pores and rougher surfaces. The main crystalline phases of ceramsite are quartz and kyanite below 1000 ◦C; kyanite is the
ain crystalline phase at 1000 and 1100 ◦C, and most of the crystalline phases are mullite at 1200 ◦C. It is therefore concluded that sintering

emperature has a significant effect on the characteristics of sludge ceramsite, and that 1000 ◦C is the optimal sintering temperature.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Due to rapid urbanization and implementation of more strin-
ent effluent criteria in recent years, sewage sludge is now being
enerated in an ever-increasing amount. While conventional
isposal options, such as landfill, application to farmland and
orestry, incineration, and sea dumping are used to treat sewage
ludge [1,2], its high content of organic substances has caused
uch concern about leachate contamination, and these organic
atters may lead to excessive propagation of microorganisms

3–5], and so the ultimate disposal of excess sludge has been
nd continues to be one of the most expensive problems encoun-
ered by wastewater utilities, e.g. the treatment of excess sludge

ay account for 25–65% of the total plant operation cost [6].
tringent environmental legislation has caused dramatic change

n ways and means used to dispose sludge [7]. For example,
ewage sludge could be directly used in agriculture as fertilizer
few years ago, but this is now hampered by the legal criteria
or its high content of heavy metals [8].
Another frequently used method for disposal of sludge is ther-

al treatment [9–13], which involves incineration, gasification,
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nd pyrolysis. It is now generally accepted that sewage sludge
s a resource with much potential for beneficial applications
ther than direct disposal and it can be used for production of
ctivated carbon through pyrolysis under controlled conditions
nd/or through chemical treatment. Several recent investigations
how the feasibility of this conversion because almost any car-
onous material can be used as a precursor for preparation of
ctivated carbons [14–16].

Solidification/stabilization (S/S) technologies (disinfec-
ions, reduction of leaching of heavy metals, decomposi-
ion/stabilization of persistent organic compounds, etc.) are the
rocesses designed to improve waste-handling, decrease the
urface area to inhibit heavy metals from being transferred or
eached, reduce the solubility of contaminant compounds, and
etoxify hazardous constituents [12,17]. They are widely used
or treating both inorganic and organic waste materials. Some
ork has been done on the special properties of glass–ceramics
ade from sewage sludge ash [3,18]. Sewage sludge ash has

een compacted and heated at different temperatures to produce
range of sintered ceramic materials [19,20]. In addition to the

ilicon and aluminum-rich characteristics, sewage sludge also

xhibits a significant specific surface area and cation-exchange
apacity. The conversion of sewage sludge into lightweight
ggregates for production of concrete has been investigated by
everal researchers [21,22]. Properties of lightweight sludge ash

mailto:xgr@hit.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.04.121
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Table 1
General physicochemical characteristics of clay

Chemical composition (wt.%)

SiO2 Al2O3 Fe2O3 TiO2 K2O Na2O CaO MgO H2O

≤65.0 ≥25.0 ≤2.5 ≤1.2 ≤1.2 <0.4 <0.5 <0.5 <10.0

Physical properties
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article size (�m) Plastic index Linear shrinkage (%) Moisture (%)

5 4.0 8.5–12.0 ≤15.0

ggregates were also investigated by Bhatty and Reid [23], who
eported concrete with moderate strength could be produced
y using pelletized or slabbed lightweight coarse aggregates
intered at a temperature between 1050 and 1110 ◦C.

A new effective approach to the usage of sewage sludge is
o produce lightweight ceramsite. Ceramsite, which contains
norganic components, such as Al2O3, SiO2, Fe2O3, FeO, CaO,

gO, Na2O, and K2O, has been used as construction materials,
or example cement mortars, concrete mixtures, bricks, as fine
ggregate in mortars and ceramic materials, or as filter media in
eactors for treating municipal/industrial wastewater/secondary
ffluent in wastewater treatment plants [24]. Desirable properties
an be achieved by controlling the initial ceramsite composition
nd applying a suitable heat treatment. This study aims at the
reparation of suitable sludge ceramsite used as filter media with
ignificant specific surface area and coarse surface.

As an artificial lightweight aggregate, the production of
ludge ceramsite involves the processes of bloating and sintering
uring heat treatment. The main purpose of the present work is
o investigate the influence of different sintering temperatures on
he characteristics of sludge ceramsite made with dried sewage
ludge as an additive, and to find an optimal sintering temper-
ture for ceramsite, as well as to establish effective parameters
or evaluation.

. Materials and methods

The ceramsite under study was made of (1) clay as the skele-

al material with physicochemical characteristics as shown in
able 1; (2) water glass Na2SiO3 with modulus of 3.2; (3) dried
ewage sludge with chemical characteristics as shown in Table 2.
et sewage sludge was obtained from lab’s activated sludge

c
T
f
i

able 2
hemical components analyses of dried sewage sludge (wt.%)

hemical components analyses

iO2 Al2O3 Fe2O3 CaO MgO

6.28 6.35 5.15 4.10 1.67

hemical elements analyses

n Fe Mn Si Cu
.19 4.30 0.17 16.3 0.045

Na K Al Ni
.25 0.56 1.15 6.66 0.22
Materials 150 (2008) 394–400 395

eactor used for treating domestic wastewater, and dried sewage
ludge was made by drying it at 105 ◦C until it reached invariable
ass. Dried sewage sludge consisted of 35% inorganic matter

n the forms of metal and non-metalic oxide and salt, and 60%
rganic matter in the form of dead bio-solid and 5% water con-
ent. Dried sewage sludge, clay, and water glass are the initial
aw materials for ceramsite production and the optimal ratios
f dried sewage sludge/clay, and water glass/clay are 33 and
5%, respectively [24]. These three raw materials were mixed
sing YK-60 pelletizing machine (made in China) to pelletize
aw ceramsite with particle sizes of 5–8 mm and the samples
ere dried at 110 ◦C in a blast roaster for 24 h. The heating of

amples started at 20 ◦C, heated at a rate of 8 ◦C/min in a muffle
urnace, and the samples were soaked at 200, 550, 800 ◦C, and
reset temperature for a duration of 10 min, and then these were
aturally cooled until they reached room temperature.

Powder XRD patterns of ceramsite were recorded on a
/max-� � X-ray diffractometer with 50 mA and 40 kV, Cu K�

adiation. Major elements of ceramsite were analysed using a
hilips PW 4400 XR spectrometer (XRF). SEM-EDS analy-
es were conducted using S-570 scanning electron microscope
nd TN-5502 X-ray energy dispersive spectrum. The thermal
ehaviours of samples were examined by DTA-TGA using a
RY-2P simultaneous DTA-TGA analyser while the samples
ere heated at a rate of 8 ◦C/min from 20 to 1150 ◦C in air. Sam-
les weighed from 4 to 10 mg in mass, and they were put into
Pt–Rh crucible with 20 taps. All curves were evaluated using

he TA-instruments software. The second derivative differential
hermal curve was used for determination of peak temperature.

. Results and discussion

.1. Thermal behaviour analyses

The thermal behaviours of the raw material mixtures (clay,
ried sewage sludge, water glass) is examined by DTA-TGA
nd compared with the thermal behaviours of clay alone, dried
ewage sludge alone, and their mixture mixed at a ratio of
ludge/clay = 33 wt.%.

It can be seen from Fig. 1 that the DTA curve of clay does not

hange much from 20 to 463.2 ◦C and has little weight loss in
G analysis. An endothermal change is observed in DT analysis

rom 463.2 to 524 ◦C with 4.9% weight loss. Exothermal change
s observed in DT analysis from 700.1 to 899 ◦C with 0.82%

P2O5 K2O Others Carbonaceous matter

1.65 1.12 <0.89 <62.90

Ca Mg Co Cr
4.14 1.58 <0.01 0.034
C S N Others
61.20 0.06 1.55 <0.60
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Fig. 1. DT and TG analyses of clay.

eight loss and from 942 to 990 ◦C with 0.72% weight loss,
espectively. The weight loss fluctuates as investigated in TG
nalysis due to silicate hydrates gradually dehydrating and it is
lso reported that silicate hydrates dehydrate gradually over a
ide temperature range up to 800 ◦C [25].
The exothermic peaks, endothermic peaks, and correspond-

ng weight losses of sludge shown in Fig. 2 are due to an
xothermic change at a temperature in the range of 87–327.7 ◦C,
ehydration of silicate hydrates, and release of CO with 32.2%
eight loss; an endothermic change at a temperature in the

ange of 327.7–399.8 ◦C, reaction of carbonous materials with
1.3% weight loss; an exothermic change at a temperature in the
ange of 399.8–482 ◦C, the release of CO2 with 14.6% weight
oss; an endothermic change at a temperature in the range of
82–1100 ◦C, some phase changes, and formation of crystalline
hases with 12.2% weight loss.

It can be seen from Fig. 3 that thermogravimetric (TG) and
ifferential thermal (DT) plots of the mixture of clay and sludge
re closely interrelated. DT diagrams for mixture of clay and

◦
ludge show an endothermic peak at 215 C, due to evaporation
f adsorbed water. Exothermic peak signals at 315.3 ◦C cor-
espond to H2O loss from the mixture of clay and sludge. The
eep peak at 601 ◦C, corresponding to the decomposition of car-

Fig. 2. DT and TG analyses of sludge.

a
a
e
(

F
(

ig. 3. DT and TG analyses of mixture of clay and sludge (sludge/clay of 33%).

onous materials, is associated with 20.1% weight loss in TG
nalysis.

The thermal analysis of the mixture of clay, sewage sludge,
nd water glass at ratios of dried sewage sludge/clay = 33%
nd water glass/clay = 15% indicates that there is a substantial
eight loss at 530 ◦C indicated by a definite endothermic peak,
hich suggests the decomposition of carbonous materials as

hown in Fig. 4 and with the weight loss of 18.8% in TG anal-
sis. Endothermic change is observed from 286.3 to 1100 ◦C in
acroscopic view, which should be attributed to the crystalliza-

ion of mullite, quartz, kyanite, etc., but probably sometimes the
xothermic and endothermic reactions are interchanged from
86.3 to 1100 ◦C in microscopic view.

The differences in thermal behaviours of the four samples
Figs. 1–4) are due to the changes in compositions and
tructures of the mixtures [25]. The formation of crystals
s accompanied by relatively abundant glassy phases at a
emperature above 950 ◦C [18]. And the eutectic point of the
ixture can be reduced by the reaction of water glass and
ir (Na2O·nSiO2·xH2O + CO2 → Na2CO3 + nSiO2 + xH2O↑),
nd by the dispersion of alkali metal oxide (i.e. Na2O,
tc.) originating from the decomposition of Na2CO3
Na2CO3 → Na2O + CO2↑) in the heating process. This

ig. 4. DT and TG analyses of mixture of clay, sludge, and water glass
sludge/clay of 33% and water glass/clay of 15%).
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Fig. 5. Pictures of sludge ceramsite sinter

s the reason why water glass was added as a component in
he sludge ceramsite making process [24]. 950–1100 ◦C can
e considered as the optimal range of eutectic point for the
ixture.

.2. Morphological structures analyses

The appearance of sludge ceramsite sintered at different sin-
ering temperature (850, 900, 950, 1000, 1100, and 1200 ◦C)
as shown in Fig. 5. It can be seen from the photograph that

he colours of the samples are different from each other chang-
ng from dark to wine-coloured. Then the samples were gilt
ith porous Pt and their surface morphology was examined by

EM-EDS.

As shown in Table 3, Na, Al, Si, K, Ca, Ti, and Fe are all
etectable on the surface of ceramsite. There are some differ-
nces in the contents of detectable elements on the surface of

able 3
lementary analysis on surface of ceramsite (wt.%)

intering
emperature (◦C)

Elements

Al Si K Ca Ti Fe Na

850 12.21 65.05 3.39 1.11 4.23 14.00 –
900 14.15 62.92 3.75 2.27 2.84 14.07 –
950 11.84 62.23 3.46 2.28 2.61 16.05 1.51
000 11.78 44.99 4.68 6.97 4.08 25.78 1.71
100 11.34 46.24 4.22 6.87 3.54 26.00 1.79
200 12.18 50.59 4.10 5.97 4.18 21.36 1.61

o

q
f
t
c
b
c
r
i
e

t
m
t

850, 900, 950, 1000, 1100, and 1200 ◦C.

eramsite sintered at different temperatures. The contents of Si
nd Al are higher at a temperature below 1000 ◦C, and those of
e, Ca, Ti, K, and Na are higher at a temperature above 950 ◦C,
hich suggests that the kinetics of reaction of glassy phases may
e higher near the quartz (SiO2) or kyanite (Al2SiO5) grains, and
ts viscosity may be lower in comparison with the glass embed-
ed in the mullite (Al2O3·SiO2)-rich zone. The results indicate
intering temperature has a significant effect on the distribution
f elements in ceramsite.

EDS analyses show that quartz content decreases in the range
f sintering temperature (850–1200 ◦C) as other crystals form
ust under the surface of the ceramsite and quartz species go
urther under the surface of the ceramsite, which indicates that
intering temperature has a significant effect on crystalline phase
f ceramsite.

It can be seen from Fig. 6(a, 850 ◦C) that the enrichment of
uartz on the surface of ceramsite is accompanied by rough sur-
aces and big pores. This phenomenon occurs due to the sintering
emperature (850 ◦C) being relatively low for the production of
eramsite. Fig. 6(b, 900 ◦C) shows that there are a large num-
er of quartz crystals on the surface of ceramsite and kyanite
rystals in a subsurface region of ceramsite and an intermediate
egion with less albite (NaAlSi3O8) between quartz and kyan-
te crystals, and that is where an incomplete-glassy phase is
mbedded.
It can be seen from Fig. 6(c, 950 ◦C) that the surface struc-
ure of ceramsite is very rough and has tiny pores, and the

icrostructure of ceramsite consists of a network of quartz crys-
als embedded in an incomplete-glassy phase. The reason may
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The crystalline phases of ceramsite sintered at different sin-
tering temperature (850, 900, 950, 1000, 1100, and 1200 ◦C)
are as shown in Table 4. Although the analysis was conducted
using an XRD pattern database (International Centre for Diffrac-

Table 4
Crystallographic and glass phases in sludge ceramsite

Sintering
temperature (◦C)

Major constituents Minor constituents

850 Quartz (SiO2) Anorthoclase ((Na,
K)AlSi3O8)

Kyanite (Al2SiO5)

900 Quartz (SiO2) Albite
(NaAlSi3O8)

Kyanite (Al2SiO5)
Sodium silicate (Na2Si2O5)

950 Quartz (SiO2) Mullite
(Al2O3·SiO2)

Kyanite (Al2SiO5)

1000 Kyanite (Al2SiO5) Mullite
(Al2O3·SiO2)

Quartz (SiO2) Sillimanite
(Al2SiO5)

Albite (NaAlSi3O8)

1100 Kyanite (Al2SiO5) Mullite
(Al2O3·SiO2)

Albite (NaAlSi3O8)
Quartz (SiO2)

1200 Mullite (Al2O3·SiO2) Albite
Fig. 6. Scanning photomicrographs of ceramsit

e that the formation of a bubbled microstructure due to the
oftening of the glassy phase together with evolution of gases
enerated by the decomposition of inorganic phases appears
ithin the material [20]. The coarsening of quartz crystals as

intering temperature increases is one of the detectable char-
cteristics of ceramsite, and totally different microstructures
f ceramsite can be observed at a sintering temperature above
50 ◦C.

It can be clearly seen from Fig. 6(d, 1000 ◦C) that there
s a matrix containing a large number of isolated, approxi-

ately spherical pores, typically 0.5–10 �m in diameter. The
icrostructure of ceramsite has more uniformly distributed

mall pores (0.5 �m < pore size < 10.0 �m), interconnected with
uartz and other crystals. It could be explained that the pores
orm as the residual glassy phase viscosity falls to a level when
as-forming inorganic decomposition reactions can produce the
bserved pores [26].

It can be seen from Fig. 6(e, 1100 ◦C) that the densely com-
acted microstructures in ceramsite are due to the formation of
lassy phases at 1100 ◦C. The decrease in the viscosity of glassy
hase in the region enhances the diffusion of kyanite species
rom the subsurface region to the upper surface region.

Irregular crystals form at 1100 ◦C as shown in Fig. 6(e)
hile relatively regular crystals of glassy structures crystallize

t 1200 ◦C as shown in Fig. 6(f). The relatively low-density
eramsite produced by heating at 1200 ◦C appears to be hard
nd has a glassy surface. However, it is still an open ques-
ion as to why this crystallization process of mullite occurs in
he surface of ceramsite. It seems to be reasonable to assume
hat most of the volatile components (carbonate and alkaline

xides) of glassy phases tend to evaporate from the surface of
eramsite, thereby, originating a gradient concentration of crys-
als that may be favourable to the nucleation of mullite in this
egion.
ace at 850, 900, 950, 1000, 1100, and 1200 ◦C.

.3. Crystalline phases and chemical composition analyses
(NaAlSi3O8)
Quartz (SiO2) Sillimanite

(Al2SiO5)
Kyanite (Al2SiO5)
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Table 5
Chemical components analyses of ceramsite sintered at 1000 ◦C (wt.%)

SiO2 Al2O3 Na2O Fe2O3 P2O5 CaO TiO2

64.46 19.52 6.98 2.41 2.23 1.23 1.14

K MnO
1 0.04
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2O MgO ZnO
.03 0.59 0.09

ion Data, ICDD), no other crystalline phases matched sufficient
eaks to be positively identified. The major crystalline phase
t 850 ◦C is quartz (SiO2) and kyanite (Al2SiO5) as shown in
ig. 7. Mullite (Al2O3·SiO2, mullite 1:1), quartz (SiO2) and
yanite (Al2SiO5) are the main crystalline phases of ceramsite
t 1200 ◦C as shown in Fig. 7(f).

The changes in crystallization temperature do not have any
ffect on the formation of crystals and the major crystalline
hases remain almost unchanged as shown in Fig. 7(a–c). It
an be also seen from Fig. 7 that no major crystalline transfor-
ation and/or crystalline phase occur at a sintering temperature

elow 1000 ◦C, and quartz (SiO2) and kyanite (Al2SiO5) are the
ain crystals.
The amount of mullite increases until it becomes a major

rystalline phase as sintering temperature increases as shown
n Fig. 7(d–f). Kyanite crystals are major crystalline phases
hen the crystallization temperatures are 1000 and 1100 ◦C,

nd a major portion of crystals is mullite crystal at 1200 ◦C. The
icrostructures of ceramsite sintered at 1200 ◦C also confirm the

ormation of several indistinct crystalline phases in ceramsite as
hown in Fig. 6(f).

Mullite has already been formed at 950 ◦C, as one of minor
rystalline phases, co-existing with quartz and a small amount of
yanite. As the sintering temperature increases, the intensity of
RD peaks of mullite increases, while other crystalline phases

end to decrease. As the total amount of quartz decreases, albite
nd mullite derived from kyanite dissolution either remain in
lassy phase or are used to nucleate other crystals in ceramsite
t a sintering temperature above 950 ◦C. Accordingly, although

hese crystalline phases (mullite 1:1, quartz, and kyanite) appear
t 1200 ◦C, there is still the residual of albite in ceramsite as
hown in Fig. 7(f).

ig. 7. XRD patterns of ceramsite at 850, 900, 950, 1000, 1100, and 1200 ◦C.

R

CuO BaO
0.03 0.03

It can be seen from the results above that the main crys-
alline phases of ceramsite almost do not change in the range
f 1000–1100 ◦C and kyanite, quartz, and albite are the main
rystalline phases of ceramsite at both 1000 and 1100 ◦C. The
orphological structure of ceramsite sintered at 1000 ◦C is

etter than that of ceramsite sintered at 1100 ◦C, so taking cost-
aving and lower energy consumption into account, 1000 ◦C
an be considered as the optimal sintering temperature for using
ried sewage sludge as an additive to make ceramsite. Chemical
omposition of the ceramsite sintered at 1000 ◦C is analysed by
RF and tabulated in Table 5.

. Conclusions

Differences in thermal behaviours are caused by different sil-
cate contents and structures of the mixtures, and the mixture of
lay, sewage sludge, and water glass mixed at the ratios of dried
ewage sludge/clay = 33% and water glass/clay = 15% has the
ppropriate physical and chemical properties for the production
f ceramsite. Glassy and liquid phases occur at a temperature
bove 900 ◦C because the transformation of fine quartz particles
nd presence of alkaline silicates in ceramsite enhance the reac-
ion kinetics and increase chemical communication during the
intering reaction stage of ceramsite. Temperature of 1000 ◦C
s appropriate for the production of sludge ceramsite and the
amples prepared can satisfy the requirements for filter media
sed for water/wastewater treatment. It also indicates that ceram-
ite made with sewage sludge, as an additive is a comparatively
ustainable sludge disposal application.
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