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bstract

In this study, artificial lightweight aggregate (LWA) manufactured from recycled resources was investigated. Residues from mining, fly ash
rom an incinerator and heavy metal sludge from an electronic waste water plant were mixed into raw aggregate pellets and fed into a tunnel
iln to be sintered and finally cooled rapidly. Various feeding and sintering temperatures were employed to examine their impact on the extent of
itrification on the aggregate surface. Microstructural analysis and toxicity characteristic leaching procedure (TCLP) were also performed. The
esults show that the optimum condition of LWA fabrication is sintering at 1150 ◦C for 15 min with raw aggregate pellets fed at 750 ◦C. The rapidly
itrified surface envelops the gas produced with the increase in internal temperature and cooling by spraying water prevents the aggregates from

inding together, thus forming LWA with specific gravity of 0.6. LWA produced by sintering in tunnel kiln shows good vitrified surface, low water
bsorption rate below 5%, and low cylindrical compressive strength of 4.3 MPa. In addition, only trace amounts of heavy metals were detected,
aking the LWA non-hazardous for construction use.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the earthquake forces that influence civil engineering
tructures and buildings are proportional to their mass, reducing
he mass of the structure or building is of utmost importance
o ensure its resistance against earthquake disaster. Lightweight
tructural design can also help reduce the overall construction
osts [1]. One way to reduce the mass or dead weight of a struc-
ure is to use lightweight concrete in the construction. Kilic et
l. [2] had successfully produced lightweight concrete with bulk
ensity of 176.5 MPa and cylindrical compressive strength of

0 MPa. Synthetic lightweight aggregate (LWA) manufactured
rom recycled resources has replaced natural sand and stone in
reen construction. Widely applied to high-rise structures and

∗ Corresponding author. Tel.: +886 2 2362 5373; fax: +886 2 2392 8830.
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mployed as partition wall material, LWA is not only lightweight
nd fire resistant, but also has good insulation against heat and
ound [3,4].

LWA was first manufactured from clay and shale sintered in a
otary kiln in 1917. Under high-temperature heating, certain ele-
ents present in the raw materials expand, thus forming a hard

itrified layer on the surface [5]. Since then, sintering of LWA has
ainly been performed in a rotary kiln. Sintering sewage sludge

sh (SSA) at 1040–1100 ◦C, Bhatty and Reidt [6] had success-
ully manufactured LWA with bulk density of 0.8–1.4 g/cm3 in
arge quantity and at low cost. Ramamurthy and Harikrishman
7] observed that the properties of sintered aggregates depend
n the type of binder and its dosage, and that there is signifi-
ant improvement in strength and reduction in water absorption

hen bentonite is added to the sintered aggregates.
Previous studies have described the manufacturing of LWA

sing natural materials such as clay, shale, perlite, vermiculite,
nd polystyrene. For example, non-self bloating clays have been

mailto:d90541003@ntu.edu.tw
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Table 1
Chemical composition of mining residues, heavy metal sludge, and incinerator
fly ash

Composition Mining
residues

Heavy metal
sludge

Incinerator
fly ash

Phase oxides (%)
SiO2 56.3 45.1 30.3
A12O3 14.4 13.0 10.3
Fe2O3 6.8 4.8 12.0
CaO 5.1 19.6 33.9
MgO 4.2 0.9 1.2
K2O 1.6 1.2 0.3
Na2O 1.4 2.1 1.5
Others 10.2 13.3 10.5

Anions (%)
Sulfate <0.2 0.8 3.2
Chloride <0.2 1.3 5.4
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Fluoride <0.2 <0.2 <0.2
Phosphate <0.2 <0.2 1.6
Nitrate <0.2 <0.2 <0.2

mployed to produce LWA with bulk density ranging between
.16 and 0.85 g/cm3 and cylindrical compressive strength within
he range of 0.78–14.4 MPa [8]. LWA with bulk density of
.9–1.1 g/cm3 has also been manufactured using Neapolitan Yel-
ow Tuff [9]. Besides natural resources, waste materials such as
y ash [7,10], glass [11,12], and SSA [13–16] have also been
ecycled into LWA through sintering.

Research on physical properties of synthetic LWA and
ightweight concrete manufactured using recycled materials
egan in the 1970s. In general, artificial LWA has a unit weight
anging between 0.67 and 2.1 g/cm3, and shows properties of
igh porosity, low density, high water absorption, low compres-
ive strength, and low elastic modulus. The aggregate examined
n this study is LWA with unit weight below 0.60 g/cm3. Partition
alls made of LWA show specific gravity of around 0.8 [17].
WA made from SSA [18,19] containing heavy metals can meet

he leaching standard for hazardous industrial wastes as specified
y the EPA, ROC [20]. In Taiwan, as much as 6.3 × 104 met-
ic tonnes of mining residues, 4.1 × 105 metric tonnes of heavy

etal sludge, and 1.5 × 105 metric tonnes of incinerator fly ash
ere produced per year. Currently, the majority of heavy metal

ludge and incinerator fly ash are treated by solidification and
ubsequent landfill disposal. As yet, there is insufficient data to

2

i

able 2
otal and leaching concentration of heavy metal sludge and fly ash

eavy metal Total concentration (mg/kg)

Heavy metal sludge Fly ash of incinerator

ead (Pb) 8.4 1800.0
admium (Cd) 5.0 65.0
opper (Cu) 95.0 1163.0
inc (Zn) NDb 9312.0
otal Chromium (Cr) 228 261.6
hromium (Cr VI) 135 204.7
rsenic (As) ND ND
ercury (Hg) ND ND

a Ref. [20].
b ND (<0.002 mg/L).
ous Materials 144 (2007) 52–58 53

lear the long-term risk of heavy metal leakage by this method.
urrently, several scientists around the world are working on

he laboratory production of LWA using clayey raw materials
nd/or pulverized fuel ash (PFA) or sewage sludge and reservoir
ediments. Other authors tried to treat these wastes, but not in
articular to produce LWA from them.

The goal of this study is to determine the effects of recy-
led resources and heating temperature on properties related to
loating effect. Residues from mining, fly ash from an incinera-
or and heavy metal sludge from an electronic waste water plant
ere recycled into LWA. Mining residues were used instead of
redge sludge from reservoirs because of their stable chemical
omposition and low water content. The results of this study
rovide useful information on co-treating of waste and recycled
esources as lightweight aggregates.

. Materials and methods

.1. Materials

Table 1 shows the chemical composition of mining residues,
eavy metal sludge, and incinerator fly ash employed in this
tudy. The toxicity characteristic leaching procedure (TCLP)
as adopted to determine the leaching concentrations of heavy
etals from the sludge, fly ash, and lightweight aggregates.
able 2 displays the analysis results of the total concentrations
nd leaching concentrations of the fly ash and heavy metal
ludge used [20].

.1.1. Mining residues
The residues employed in this study come from a mine in

ualien, Taiwan. The mine mainly produces shale, bentonite,
nd white clay. Hence, the composition of the mining residues
esembles that of shale. As shown in Table 1, the residues
omprise mainly silicon dioxide (SiO2), followed by aluminum
xide (Al2O3) and iron oxide (Fe2O3) as well as trace amounts
f calcium oxide (CaO), magnesium oxide (MgO), potassium
xide (K2O), and sodium oxide (Na2O).
.1.2. Fly ash
The fly ash (APC residue) used is from the municipal waste

ncinerator in Taipei, Taiwan. As seen in Table 1, the fly ash

Leaching concentration (mg/L)

Heavy metal sludge Fly ash of incinerator Regulationa

0.5 6.3 5.0
ND 1.8 1.0
45.2 6.1 15.0
ND 22.4 No Limitation
6.9 8.3 5.0
4.5 7.2 2.5
ND ND 5.0
ND ND 0.2
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s composed of CaO, followed by SiO2. However, hazardous
eavy metals including zinc (Zn), copper (Cu), chromium (Cr),
nd lead (Pb) are also present as shown in Table 2.

.1.3. Heavy metal sludge cake
The sludge that was produced from the coagulation and sed-

mentation of etching and pickling wastewater, using an anionic
olymer as a flocculant, was taken from a printed circuit board
actory in Taiwan. The sludge materials used in this study were
retreated by chelating extraction (using 0.1 M EDTA). These
ludge materials comprise heavy metal hazardous wastes includ-
ng Cr and Cu, as seen in Table 2.

.2. LWA preparation

Fig. 1 shows the schematic profile of the tunnel kiln for sin-
ering LWA. The manufacturing process includes raw material
reparation, drying, pulverizing, mixing, pelletization, sintering
nd cooling. The tunnel kiln is a counter flow kiln because the
onveyer sintering system loaded with pellets travels through
he kiln (intermittently) in the opposite direction. The tunnel
iln consists of four main zones; pre-heating, feeding, sinter-
ng and cooling zones, each 0.5–3 m long. The pellets entering
he pre-heating and feeding zone encounter the hot gases from
he downstream sintering zone. Thus, the pellets are heated at
50 ◦C and conduce to the rapidly vitrified surface. The pellets
ontinue on to the sintering zone where natural gas is introduced
o heat the product to the temperature required to motivate the
ssential transformation that yields LWA. Then, the hot product
oves on to the cooling zone, where it gives off some of its

eat to the cooling air as it passes in the opposite direction. This
ools the sintered LWA down to the intended exit temperature
60 ◦C), while the cooling air temperature rises.

.2.1. Mixing
The waste raw materials collected were oven dried at

05 ◦C until reaching constant weight. The raw materials were
ulverized and sieved to <0.075 mm (sieve #200), and stored
n glass containers pending analysis. After going through sieve
200, the mining residues, fly ash and heavy metal sludge

ere mixed at a weight ratio of 50%:25%:25%. The analysis
f composition showed that the pellets comprised mainly
iO2 (47%), followed by A12O3 (13%) and CaO (17.5%),
hich matches the chemical composition of expandable LWA.

Fig. 1. The schematic profile of the tunnel kiln for sintering LWA.
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Fig. 2. Ternary plot of LWA.

ig. 2 shows the region of admixture in the SiO2–Al2O3–CaO
ernary plot. As seen in Fig. 2, the pellets match the chemical
omposition of expandable LWA.

.2.2. Pelletization
Water and starch at weight percentage of 16 and 0.5%, respec-

ively, were added to the mixture of mining residues, fly ash, and
eavy metal sludge as binder for pelletization. The principles of
otary pelletization can be summarized in the following steps:
1) the fine raw material is continuously added to the rotary and
etted by a fine water spray; (2) due to the rotating propelled

ction of the rotary, the moistened material forms small seed
ype particles; (3) the seed particles then “snowball” into larger
articles until they discharge from the rotary. Basically, typi-
al applications range from disposal to recycling of fine or hard
aterials. The operating conditions of the granulation step were

t 15 min, 25 ◦C, and 15 rpm in the rotary pelletization machine.
aw pellet aggregates of 3–7 mm diameter were made in a rotary
elletization machine and then dried to contain water of 1, 5, and
0%. The role of water is to help to form cavities inside pellets
hrough the gasification of water in high pre-heating processes.
owever, the pellets would burst in high pre-heating processes
hen the content of water was more than 10%.

.2.3. Sintering
Sintering can enhance the porosity and strength of ceramic

articles while reducing the water absorption rate. To achieve
he best result, the particle size and shape, distribution of voids,
s well as extent of vitrification must be well controlled. Hence,
he sintering temperature is the main determinant of the unit
eight of the LWA sintered.
Dried aggregate pellets were fed directly through the raw

aterial inlet at temperatures of 750, 850, and 950 ◦C and sin-
ered at 1050, 1100, 1150, 1200, and 1250 ◦C for 5, 15, and
5 min into LWA.
.2.4. Cooling
The sintered LWA was rapidly quenched under sprayed water

o below 240 ◦C and cooled under ambient air.
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Table 3
Specific gravity achieved at different feeding and sintering temperatures

Specific gravity Sintering temperature(◦C)

1050 1100 1150 1200 1250

Feeding temperature (◦C)
750 0.97 0.80 0.61 0.66 0.73
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the water in the crystals is rapidly released in large quantity, caus-
ing the pellets to burst and thus increasing the rate of defects.
For raw aggregate pellets fed at ambient temperature, their small
size (diameter below 10 mm) causes the temperature at the cen-
S.-C. Huang et al. / Journal of H

.3. Analyses

The characterization of the recycled resources was performed
ccording to the following chemical and physical measurement
ethods:

hysical and chemical measurement methods
Chemical composition ICP-AES (inductively coupled plasma

optical emission spectroscopy)
TCLP tests NIEA R201.13C (Taiwan)

echanical tests
Bulk density ASTM C127
Cylindrical compressive
strength

NIEA R207.22C (Taiwan) [21]. Polarizing
microscope, Olympus/Topcon-BX60

Microstructural changes SEM (scanning electron microscope), JEOL
JSM-6300F

To evaluate the reproducibility of the results, all experiments
ere measured using triplicate samples.

. Results and discussion

.1. Effect of feeding and sintering temperature

Fig. 3 displays the curves of sintering temperature for raw
aterials fed at different high temperatures. When fed at 850 ◦C

nto the tunnel kiln, raw aggregate sintered pellets have their
urfaces rapidly vitrified, thus enveloping the gas produced in
he process. Increase in temperature will lead to the follow-

◦
ng: (1) vaporization of sulfur materials at 400 C, (2) release
f water from crystals in the clay at 600 ◦C, (3) formation of
O2 from carbon compounds at 700 ◦C, and (4) gas produced
nder reaction of Fe2O3 at 1100 ◦C. The reactions involved are

ig. 3. Sintering temperature for raw materials fed at different temperatures.

F
s

F
t

850 0.88 0.65 0.48 0.72 0.85
950 – – – – –

epresented by 6Fe2O3 → 4Fe3O4 + O2 and FeS2 → FeS + S,
+ O2 → SO2, and 2FeS + 3O2 → 2FeO + 2SO2. Owing to the

ow thermal conductivity, the LWA has the greatest amount of
as produced when heated at 1150 ◦C for 10 min.

When the feeding temperature is too low, the raw aggregate
ellets will experience temperature increase, both internal and
xternal, during sintering. The surface is not completely vitri-
ed when gas is produced, making it possible for gas to escape.
his not only increases porosity but also water absorption, thus
ndermining the engineering properties of the LWA thus man-
factured. On the other hand, at feeding temperature of 950 ◦C,
ig. 4. Relationship between sintering duration and specific gravity at different
intering temperatures.

ig. 5. Relationship between water content and specific gravity at different sin-
ering temperatures for 15 min.
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er to rise together with the kiln temperature. As a result, all the
nternal gas is released before the surface becomes completely
itrified, thus affecting the quality of the LWA produced. Our
esults reveal that the lowest specific gravity of LWA is fab-
icated at sintering of 1150 ◦C for 15 min with raw aggregate
ellets fed at 750 ◦C. The rapidly vitrified surface envelops the
as produced with the increase in internal temperature result-
ng in a specific gravity of 0.6, shown in Table 3. As can be
een in Table 3, at feeding temperature of 850 ◦C, the LWA sin-

ered at 1150 ◦C has specific gravity below 0.5. Further increase
n feeding temperature to 950 ◦C leads to rapid vaporization of

oisture, causing the pellets to burst.

h
g
t

Fig. 6. SEM images of sintered L
ous Materials 144 (2007) 52–58

.2. Effect of sintering duration

Fig. 4 shows the specific gravity of LWA sintered at dif-
erent temperatures and for different duration. As can be seen,
pecific gravity is the highest when sintering is performed for
min. Such short duration does not allow the reaction to com-
lete and the gas produced is not sufficient to create voids in the
ggregates. Hence, the LWA has specific gravity of 1.12–1.24,
hich resembles that of raw aggregate pellets. On the other

and, sintering for 25 min causes total melting of the aggre-
ates and the specific gravity quickly increases to 1.42, far from
hat required of LWA. Our results reveal that the lowest spe-

WA (SG: specific gravity).



azardous Materials 144 (2007) 52–58 57

c
1

3

r
i
c
g
t
s
a
s

3

d
a
t
s
a
s
a
s
a
b
v

w
t
c

d
g
g
l

i
r
r
r
t
h
a

3

a
4
a
h
r
L
a

Fig. 7. Relationship between cylindrical compressive strength and sintering tem-
perature.

Table 4
TCLP results of heavy metals

Sintering temperature (◦C) Leaching concentration (mg/L)

Cr (III) Cr Cd Cu Pb

1050 3.49 13.20 0.11 0.94 0.02
1100 2.10 4.32 0.02 0.65 ND
1150 0.03 0.19 NDa 0.16 ND
1
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ific gravity of 0.48 can be achieved by sintering at 1150 ◦C for
5 min.

.3. Effect of water content

Fig. 5 plots the relationship between water content in the dried
aw aggregates and specific gravity achieved at different sinter-
ng temperatures for 15 min. As can be seen, the three curves are
lose to each other, implying that there is no difference in specific
ravity obtained for aggregates containing 1, 5, and 10% mois-
ure. They all show a decrease in specific gravity with increasing
intering temperature, but then rise again when melting occurs
t high temperature. In summary, water content does not play a
ignificant role in determining the specific gravity of the LWA.

.4. Microstructure of LWA

Fig. 6(a)–(i) shows SEM images of LWA under various con-
itions. As seen in LWA sintered at 1150 ◦C (Fig. 6(a)), there are
bundant pores present in the center, which are even and with
hin boundary, while away from the center, the pores become
maller and more densified. Comparing the images in Fig. 6(b)
nd (c) reveals that the higher the sintering temperature, the
maller and fewer the pores. The size and quantity of pores
re the chief determinants of water absorption rate. Our results
how that LWA sintered at high feeding temperature had a water
bsorption rate ranging from 4 to 9%. Water absorption rate
elow 10% indicates that the surface of the LWA has been well
itrified.

Besides better porosity, the aggregate surface also is glossier
hen vitrification is more complete at higher sintering tempera-

ure. As shown in Fig. 6(d)–(f), the color of the vitrified surface
hanged from yellowish to shiny brown.

Fig. 6(g)–(i) shows the amount of pores formed in LWA of
ifferent specific gravity. As can be seen, the higher the specific
ravity, the fewer the pores formed. Hence, LWA with specific
ravity of 0.5 meets the engineering requirements for making
ightweight partition walls.

Fig. 6(j)–(l) are images of LWA sintered at different feed-
ng temperatures with deposits thus formed. Elemental analysis
eveals that the deposits were CaO. Feeding at high temperature
esulted in immediate vitrification with no air pores formed. As a
esult, gas from the raw materials could not escape; when cooled,
he gas formed string deposits in the voids. It was found that the
igher the feeding temperature, the greater the deposition of CaO
nd the more densified the LWA.

.5. Mechanical and chemical properties of LWA

The LWA obtained in this study has bulk density between 0.2
nd 0.8 g/cm3 and cylindrical compressive strength ranging from
.3 to 7.5 MPa, shown in Fig. 7. As can be seen, LWA sintered
t 1050 ◦C had not fully expanded while that sintered at 1250 ◦C

ad aggregates melted with less voids formed. Both conditions
esulted in higher cylindrical compressive strength than that of
WA sintered at the optimum temperature of 1150 ◦C, which
chieved the lowest cylindrical compressive strength of 4.3 MPa.
200 ND 0.05 ND ND ND
250 ND 0.11 ND ND ND

a ND (<0.002 mg/L).

Table 4 shows the TCLP results of the LWA manufactured in
his study. As can be seen, the higher the sintering temperature,
he smaller the amount of heavy metals leached. At sintering
emperature exceeding 1150 ◦C, only trace amounts of Cr(VI),
r and Cu were detected but not Cd and Pb; and at 1250 ◦C,

here were no leached heavy metals detected, implying that the
WA thus fabricated is non-hazardous for construction use.

. Conclusions

The object of this study is to recycle mining residues, incin-
rated fly ash, and heavy metal sludge into LWA. The results of
hese experiments have led us to conclude the following:

1) The LWA fabricated in this study has a unit weight of
0.5–1.6 g/cm3 and specific gravity of 0.5, which meet the
requirements for use in making lightweight partition walls.

2) TCLP results show that less heavy metals leach with increas-
ing sintering temperature. Above sintering temperature of
1150 ◦C, the aggregates made from heavy metal sludge
become non-hazardous with only trace amounts of heavy
metals detected and meet the requirements of the Environ-
ment Protection Agency of Taiwan.

3) Sintering in a tunnel kiln with raw aggregate pellets fed at
high temperature can rapidly vitrify the surface of the aggre-
gates, thus producing LWA. Fabricating artificial aggregates

through the recycling of waste resources not only provides
a practical alternative to the shortage of natural aggregates,
but also offers an ecological solution to waste management,
both contributing to resource recycling.
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