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We  use  sewage  sludge  and  river  sediment  to produce  lightweight  aggregate  (LWA).
We  investigate  the effects  of  K on  the  stabilization  of  heavy  metals  in  LWA.
Minimum  heavy  metals  leachability  can  be obtained  at  K between  0.175  and  0.2.
Heavy  metal  solidification  rates  above  95% in  acidic  solutions.
LWA  can  be used  as  an environmentally  safe  material  for  civil  engineering.
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a  b  s  t  r  a  c  t

The  primary  goal  of  this  research  is  to  investigate  the  stabilization  of  heavy  metals  in  lightweight  aggre-
gate  (LWA)  made  from  sewage  sludge  and  river  sediment.  The  effects  of the sintering  temperature,  the
(Fe2O3 +  CaO  +  MgO)/(SiO2 + Al2O3) ratio (K ratio),  SiO2/Al2O3 and  Fe2O3/CaO/MgO  (at  fixed  K  ratio),  pH,
and  oxidative  conditions  on the  stabilization  of  heavy  metals  were  studied.  Sintering  at  temperatures
above  1100 ◦C  effectively  binds  Cd, Cr,  Cu  and  Pb  in the  LWA,  because  the  stable  forms  of  the  heavy
eywords:
ightweight aggregate
ewage sludge
iver sediment
eavy metals

metals  are strongly  bound  to  the  aluminosilicate  or silicate  frameworks.  Minimum  leachabilities  of Cd,
Cr, Cu  and  Pb  were  obtained  at K ratios between  0.175  and  0.2. When  the  LWA  was  subjected  to rigor-
ous  leaching  conditions,  the  heavy  metals  remained  in  the  solid  even  when  the  LWA  bulk  structure  was
broken.  LWA  made  with  sewage  sludge  and  river  sediment  can  therefore  be used  as  an  environmentally
safe  material  for  civil  engineering  and other  construction  applications.
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. Introduction

Typical sewage sludge disposal methods, such as landfill,
ncineration, and agricultural applications, have become subject
o increasing public opposition and stricter regulatory pressure
ecause of groundwater pollution, odor emissions, soil contamina-
ion and heavy metal pollution [1–8]. Heavy metal pollution affects
he use of sewage sludge [9]. Heavy metals such as Cu, Cd, Pb, Hg and
r are found at relatively high concentrations in sewage sludge [10].
he total heavy metal content of sewage sludge is about 0.5–2.0%

w metadata, citation and similar papers at core.ac.uk
dry weight), and in some cases may  be as high as 4% (wet weight),
articularly for metals such as Cd, Cr, Cu, Pb, Ni and Zn [11]. There-
ore, land application of contaminated sludge releases heavy metals

∗ Corresponding author. Tel.: +86 451 86282559; fax: +86 451 86282559.
E-mail addresses: xgr@hit.edu.cn, xgr099@outlook.com (G. Xu).

304-3894   ©  2013 The Authors. Published by Elsevier B.V. 
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into the soil when the sludge organic matter decomposes [12]. Fur-
thermore, biomagnification of these heavy metals through the food
chain affects human health and the environment [13]. In develop-
ing countries, sludge is often disposed of in open fields because
of the shortage of appropriate disposal facilities, resulting in seri-
ous problems because of heavy metals leaching into groundwater,
surface water and soil [14].

In recent years, various protocols for removing or stabilizing
heavy metals in sewage sludge have been studied to minimize
potential risks to human health and the environment. Heavy metal
concentrations in sewage sludge can be reduced by chemical
extraction, bioleaching, electrokinetic processes and supercritical
fluid extraction [15]. An effective method for decreasing heavy
metals leaching from sludge is stabilization, which can be achieved
using physicochemical reactions at high temperatures or pressures.
Re-use and environmental “neutralization” of waste are among the

Open access under CC BY-NC-ND license.

brought t

provided by Elsevier - 
current energy-efficient and environmental-friendly methods for
waste treatment [16].

Using sludge to make lightweight aggregates (LWAs) or ceram-
ics is a promising solution because it not only avoids secondary

 license.
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ollution, but also adds value to the sludge by transforming it
nto a useful material [17–24]. LWA  production methods have
dded sewage sludge or sewage sludge ash to clay. However, these
ethods require large quantities of clay, which is nonrenewable

esource, and excessive exploitation will lead to its depletion, and
ay  also lead to the destruction of arable land. The manufacture

f clay bricks is currently prohibited in China. This has prompted
esearch into clay substitutes for the production of LWA  to con-
ribute to both the sustainable development of natural resources
nd the protection of the environment.

River sediment contains SiO2, Al2O3, Fe2O3, CaO and MgO, which
re the main components of LWA. Previously we verified that LWA
roduced with sewage sludge and river sediment is an effective
nd feasible way of reusing this “waste” [25]. To the best of our
nowledge, there have only been a few studies investigating the
ffectiveness of heavy metals in LWAs made from sewage sludge
nd river sediment. Therefore, the objectives of this study were to:

evaluate the safety of LWA  made using sewage sludge and river
sediment as primary materials,
assess the effect of sintering temperature and K ratio on the sta-
bilization of heavy metals,
assess the effect of the oxidative conditions on leaching behavior,
assess the effect of pH and H2O2 on the leachability of heavy
metals,
investigate the heavy metal forms present in the LWA, and
analyze the solidification mechanism and establish effective
parameters for evaluating the application of LWA.

. Materials and methods

.1. Materials

Sewage sludge was obtained from the Wenchang Wastewater
reatment Plant in Harbin, China. River sediment was  obtained
rom the Hejiagou River, which flows through Harbin. Na2SiO3 with

 modulus of approximately 3.2 was used. Sewage sludge and river
ediment were dried to constant weight at 105 ◦C, then ground
nd passed through a 0.154 mm sieve. The chemical characteris-
ics of the sewage sludge and river sediment are shown in Table S1
Supporting Information).

.2. Methods

.2.1. Preparations of LWA
Ten grams of sewage sludge, river sediment and sodium sili-

ate mixture, at a mass ratio of 1:1:0.1 (w/w/w), were mixed with
 mL  of water [25]. The mixture was then made into 6–10 mm pel-

ets and dried at room temperature (25 ◦C) for at least 5 days. The
amples were dried further at 110 ◦C in a blast roaster for 24 h. The
amples were then prepared by heating from an initial tempera-
ure of 25 ◦C at a rate of 8 ◦C min−1 in a muffle furnace, with 10-min
onstant temperature periods at 200 ◦C, 600 ◦C and 800 ◦C. Finally,
eparate samples were baked at the test temperatures (950, 1000,
050, 1100, 1150, and 1200 ◦C) for 30 min, before being allowed to
ool naturally to room temperature. The samples were stored in a
esiccator before analyzing their physical properties and leacha-
ility. The LWA  production process is shown in Fig. S1 (Supporting
nformation).

To investigate the effectiveness of the solidification of heavy
etals (Cr, Cd, Pb and Cu) in the sewage sludge and river sedi-

ent during the production of LWA, a solution of heavy metals

K2CrO4, Cd(NO3)2, Pb(NO3)2 and Cu(NO3)2·3H2O) was added to
he raw materials during the LWA  pellet production. The contents
f Cd, Cr, Cu and Pb were determined from analysis of activated
Materials 260 (2013) 74– 81 75

sludge at different locations in China as shown in Table S2 (Sup-
porting Information). The simulated heavy metal concentrations
in the raw materials (sewage sludge and river sediment mixed, at
mass ratio 1:1) were: Cd 50 �g g−1; Cr 1000 �g g−1; Pb 1000 �g g−1

and Cu 500 �g g−1.

2.2.2. Characterization of LWA
(1) Chemical analysis

The chemical components of sewage sludge and river
sediment were determined using a Philips PW 4400 XR spec-
trometer (X-ray fluorescence, XRF, PANalytical, Amsterdam, the
Netherlands). Powder X-ray diffraction (XRD) spectra of LWA
were recorded on a D/max-�� X-ray diffractometer at 50 mA
and 40 kV, Cu K� radiation (Rigaku, Japan).

(2) Heavy metal leaching test
The toxicity of the aggregate samples was  determined using

a modified method based on the toxicity characteristic leach-
ing procedure [19], a standard method for determining waste
leachability, and an update of the hazardous waste extrac-
tion procedure provided by the US Environmental Protection
Agency. The leaching test was conducted on a solution pre-
pared at a liquid–solid ratio of 1 L 200 g, and stirred at 110 rpm
for 24 h. The supernatant was analyzed using a PerkinElmer
Optima 5 300 DV inductively coupled plasma atomic emission
spectrometer (ICP-AES, Waltham, MA,  USA).

3. Results and discussion

3.1. Effect of sintering temperature on the stabilization of heavy
metals

To gain a better understanding of the effect of heat treatment
on the leaching characteristics of heavy metals in LWAs, the LWAs
were broken into pieces of different diameter (D): (1) unbroken
LWA, (2) 2 mm  ≤ D ≤ 5 mm and (3) D ≤ 2 mm

The data presented in Fig. 1 show that the leachable Cd, Cr,
Cu and Pb contents in the three different diameter LWA  sam-
ples decreased significantly as the sintering temperature increased
from 950 to 1050 ◦C. The leachable Cd and Cr contents in the LWA
samples of each diameter changed only slightly at sintering tem-
peratures above 1050 ◦C. The leachable Cu and Pb contents also
only changed slightly at temperatures above 1100 ◦C. Increasing
the sintering temperature above 1100 ◦C only had a minor influ-
ence on the leachability of the four heavy metals. We  also observed
that the smaller diameter (2 mm ≤ D ≤ 5 mm and D ≤ 2 mm)  sam-
ples prepared at temperatures between 950 and 1050 ◦C had more
leachable heavy metals, but this difference was less pronounced in
samples prepared above 1050 ◦C.

Samples prepared between 950 and 1050 ◦C had relatively
“loose” internal structures and semi-developed crystalline phases,
so the heavy metals were not completely incorporated into the LWA
and were easily leached. Sintering temperatures above 1050 ◦C pro-
moted the generation of a liquid phase followed by a crystal phase.
This resulted in more efficient heavy metal solidification, with the
heavy metals being locked inside the crystalline structures, even
when the LWA  samples were broken. Solidification of heavy metals
was consistently observed for LWAs sintered above 1050 ◦C.

XRD analyses identified the form of the heavy metals in the LWA
and transformations of heavy metals that occurred in the heating
process (Fig. 2A). The major mineral phases in the sintered samples
were quartz (SiO2), albite (Na(AlSi3O8)) and hematite (Fe2O3).
The data shown in Fig. 2B illustrate that heavy metals in the LWA
were in stable forms, and that the main compounds were Cd2SiO4,
Cr2O3, CuO and PbCrO4. The formation of Cd2SiO4 reveals that Cd
could enter liquid–solid phases and combine with silicate in the
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 the leachabilities of heavy metals.

Cr and Pb by consuming the Pb2+ and CrO4
2− present in the raw

materials [24].
The results reveal that high temperatures accelerate the forma-

tion of CuO, Cd2SiO4, Cr2O3, PbCrO4 and PbSi2O3, and that heavy
metals solidify in the LWA. The heating process had a significant
effect on heavy metal solidification, which occurred at 1100 ◦C.

3.2. Effect of acid–basic oxides on the stabilization of heavy
metals

As shown in Table S1 (Supporting Information), sewage sludge
and river sediment are mainly composed of acidic (SiO2 and Al2O3)
and basic (Fe2O3, CaO and MgO) oxides. During the LWA  production
process, SiO2 and Al2O3, the framework silicate and aluminosilicate
compounds that control the viscosity of the material at high tem-
peratures, determine the overall crystalline quality and control the
crystallization rate. Basic oxides, MgO, CaO, or Fe2O3 can lower the
melting points of raw material components and promote the for-
mation of sinter materials at low temperatures. Therefore, varying
the amount of acidic or basic oxides in sludge influences the LWA
properties.

Previous studies on ceramsites made from wastewater treat-
ment sludge and drinking-water treatment sludge indicated that K
ratios [(Fe2O3 + CaO + MgO)/(SiO2 + Al2O3)] had a significant effect
on the ceramsite properties. The K ratio was identified as an
important controlling parameter for optimizing the production
of ceramsite [19,20]. Controlling the ratio of the components in
the LWA  production process is important, but this is difficult to
achieve as the components of sewage sludge and river sediment
vary according to season or district. In this study, the K ratio was
controlled during the production of the LWA  from sewage and
river sediment, and its effect on the physical characteristics of the
LWA was  investigated. Figs. S2–S3 (Supporting Information) indi-
cate that LWAs with higher bulk density and apparent density,

lower water absorption and solubility in hydrochloric acid could
be obtained at K ratios between 0.15 and 0.3. Therefore, K ratios
have a significant effect on the compressive strength, morphology
and crystalline phases of LWAs. Because the solidification of heavy
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Fig. 3. Effect of K ratios on t

etals in the LWA  is closely associated with the physical structure
f the LWA, K ratios inevitably influence the leachability of heavy
etals. The effects of SiO2/Al2O3 and Fe2O3/CaO/MgO on the sta-

ilization of heavy metals in the LWA  when the K ratio was fixed
t 0.2 were also investigated (the level of the K ratios can be dis-
retionarily selected because the main aim of this test was  to find
ut how SiO2/Al2O3 and Fe2O3/CaO/MgO affected the stabilization
f the heavy metals in the LWA). Simulated ratios of SiO2/Al2O3 or
e2O3/CaO/MgO were prepared by adding a range of oxides (SiO2,
l2O3, Fe2O3, CaO and MgO) to the raw materials.

.2.1. Effect of K ratios on the stabilization of heavy metals
The results of the tests to examine the impact of K ratios on

he stabilization of heavy metals are presented in Fig. 3. As K
atios increased from 0.125 to 0.35, the leachable Cd, Cr, Cu and Pb
ontents in the three sample sizes first decreased slightly, and then
ncreased. Metal leachabilities were lowest when the K ratios were
etween 0.175 and 0.2. Variation in the heavy metal leachability
as mainly caused by changes in LWA  physical characteristics at
ifferent K ratios. When the K ratios are low (such as K = 0.125) and
he SiO2 and Al2O3 contents are relatively high, the LWA  skeleton
s “loose” and the compressive strength is weak, because the high
iO2 and Al2O3 contents increase the sintering temperature. This
eans that weak physical bonds are formed between the heavy
etals and the other LWA  compounds, and the heavy metals leach
ore readily. In contrast, when the K ratios are higher (such as

 = 0.3–0.35), i.e., Fe2O3, CaO and MgO  contents are relatively high,
iO2 and Al2O3 contents are relatively low, so there are insufficient
aterials to form the LWA  skeleton. Thus, heavy metals cannot

ompletely solidify within the LWA  because of expanded structures
nd semi-developed crystalline phases. This results in relatively
igh leachability of heavy metals. It should be noted that Cr6+ can
eplace Ca2+ and can solidify in the silicate matrix [26]. In this test,
he CaO content in the raw material increased as the raw material K
atio increased, meaning that more Ca2+ was able to be substituted
y Cr6+ in the silicate matrix, theoretically resulting in relatively
ow Cr6+ leachability. However, the leachable Cr contents increased
s K increased from 0.175 to 0.35, which was in contrast to the
esults from the theoretical analysis. The stronger reducing condi-
ions created by the increased K ratio and higher basic oxide (Fe2O3,
K ratio

chabilities of heavy metals.

CaO, and MgO) content are disadvantageous for reducing Cr6+ to
Cr3+ [26], thereby resulting in surplus Cr6+. Because Cr3+ combines
to form stable compounds with other chemical structures more
easily than Cr6+, Cr6+ will leach more easily than Cr3+, resulting in
relatively high Cr leachability with increasing K ratio. We  conclude
that the K ratio is an important parameter in the LWA  production
process.

XRD analyses were conducted to investigate the mineralogical
compositions of the LWAs. From Fig. S4(A) (Supporting Informa-
tion) quartz, albite-anorthite, kyanite and hematite were the major
crystalline phases in the LWA  at K ratios of 0.15, 0.2, and 0.35.

The XRD results shown in Fig. S4(B) (Supporting Information)
show that Cd2SiO4, Cr2O3, CuO and PbCrO4 were the main heavy
metal forms in the LWA  at the three different K ratios (cf Fig. 2B).
The crystallization of these heavy metals means that Cd, Cr, Cu and
Pb could permeate into the aluminosilicate or silicate matrix in the
LWA  during the sintering process [27]. This heat-induced trans-
formation to a crystalline state is advantageous for the long-term
stability of the metals, and the crystalline solids have an improved
capacity to bind heavy metals [28].

We  conclude, from XRD analyses, that varying the K ratio had no
obvious effect on either the main crystalline phase or the dominant
heavy metals in the LWA. However, the heavy metal solidifying
efficiencies were strongly enhanced by crystallization and chemical
incorporations within the aluminosilicate or silicate frameworks
during the sintering process.

3.2.2. Effect of SiO2/Al2O3 and Fe2O3/CaO/MgO on the
stabilization of heavy metals

The curve shown in Fig. 4 shows that the leachability of Cd, Cr,
Cu and Pb varies with the SiO2/Al2O3 ratio. The leaching curves for
Cd and Cr were similar: leaching decreased first and then increased
sharply as the SiO2/Al2O3 ratio decreased from 5:1 to 0.67:1. The Pb
leaching increased comparatively slowly when the SiO2/Al2O3 ratio
was above 2:1. Minimal Cd, Cr and Pb leaching was recorded when
the SiO2/Al2O3 ratio was between 3:1 and 2:1. Because SiO2 and

Al2O3 have high melting points, the excessive content of either SiO2
or Al2O3 increased the eutectic point of the raw materials when
the SiO2/Al2O3 ratio was greater than 4:1 or less than 1:1, mean-
ing that the LWAs could not be completely sintered at 1100 ◦C. As a
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Fig. 4. Effect of SiO2/Al2O3 on the leachabili

onsequence, the LWA  properties were poorer, the ability for chem-
cal bonds to form between heavy metals and the other components

as weak, and more heavy metals were leachable.
It can be seen from Fig. 4 that the leachability of Cu, which was

lightly different from the leachabilities of Cr and Cd, first decreased
nd then slightly increased as the SiO2/Al2O3 ratio changed from
:1 to 0.67:1. This phenomenon was associated with the chang-

ng LWA  physical properties at different SiO2/Al2O3 ratios, similar
o the reason for the variations in Cd, Cr and Pb leaching results,
ut may  also be attributed to the special reaction between Cu and
he other LWA  components. As the Al2O3 content increases (i.e.,
iO2/Al2O3 decreases), more Al3+ can be substituted by Cu2+, which
hen solidifies in the silicate crystal structure, thereby preventing
u leaching (which mainly occurs in the presence of weak chemical
onds when the Al2O3 content is higher).

Heavy metal leaching tests were conducted using LWA  made
ith different Fe2O3/CaO/MgO ratios (Fig. 5). As the Fe2O3 content
ecreased (i.e., the Fe2O3/CaO/MgO ratio decreased), the leacha-
ility of Cd, Cu and Pb first slowly fluctuated (at ratios between
.5:2.3:1 and 3:2:1) and then dramatically increased (at ratios
etween 3:2:1 and 1.2:1.8:1), while the leachability of Cr first
ecreased and then increased significantly. These results suggest
hat a higher Fe2O3 content favors the solidification of Cd, Cu and
b. This may  be because Fe2O3 can lower the eutectic points of
he LWA  components, and can fully react with either silicates or
luminosilicates to form fine mineral groups with comparatively
ow eutectic points at a sintering temperature of 1100 ◦C. This phe-
omenon can enhance the formation of the liquid phase and lower
he sintering points of the raw materials [27]. These reactions help
o produce LWAs that have stable skeleton structures, a reduced
umber of cracks and bigger pores. They also promote full physico-
hemical interactions between the heavy metals and the silicate or

luminosilicate matrix, and improve the solidification efficiencies
f heavy metals.

The leachability of Cr differed from that of the other three metals
t Fe2O3/CaO/MgO ratios between 6.5:2.3:1 and 3:2:1. This may
 heavy metals in LWAs (with K ratio of 0.2).

have been caused by oxidation/reduction reactions during the LWA
sintering process at higher temperatures. As the Fe2O3 content
increases, more Fe3+ can be reduced to Fe2+, restricting the reduc-
tion of Cr6+ to Cr3+. The leachability of Cr is fully controlled by Cr6+

compounds in the raw materials [28], so higher Fe2O3 contents
may  have dramatically influenced the Cr solidification and leaching
behaviors.

3.3. Effect of pH on leaching behaviors

Heavy metal leaching tests were conducted on LWA  sintered
at 1100 ◦C using leaching solutions with different pH and H2O2
contents to investigate the stabilization of heavy metals in LWA
under rigorous conditions.

Fig. 6 shows that the maximum heavy metal leachabilities were
obtained at pH 1, and that the leachability of the four heavy metals
substantially decreased as pH increased from 1 to 2. Minimal
changes in leachability were observed when the pH was above
3. The smaller diameter (2 mm ≤ D ≤ 5 mm and D ≤ 2 mm)  samples
clearly showed higher leachabilities than the unbroken LWA  at pH
1.

The leaching tests indicate that low pH had a significant effect on
the mobility of heavy metals in the LWA, similar to what has been
reported in previous studies [19]. The acidic leaching solution (pH
1) caused the leachate to first corrode the LWA  surface, affecting
the stability of the heavy metals in the LWA  and leading to heavy
metal leaching. This phenomenon was  more evident in the LWAs
with diameters less than 2 mm.  However, the results indicated that
the solidification efficiency of heavy metals was above 95% even
when the LWAs were broken (such as D ≤ 2 mm)  and when they
were saturated with acid solution. This implies that strong chemical

bonds were formed in the LWA, and the residual amounts of heavy
metals in the sintered LWA  were efficiently immobilized within the
silicate or aluminosilicate matrix, making heavy metals difficult to
leach, and limiting harmful effects on the environment.
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Fig. 5. Effect of Fe2O3/CaO/MgO ratio on the leachabilities of heavy metals in LWA  (with K ratio of 0.2).
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.4. Effect of the oxidative condition on leaching behaviors

To investigate the effect of oxidative condition on the stabi-
ization of heavy metals in LWAs, leaching solutions with H2O2
oncentrations of 0.5, 1, 2, 3, 4 and 5 mol/L were prepared and leach-
ng tests were conducted. Fig. 7 shows leachability data for Cd, Cr,
u and Pb in the three different sizes of LWAs outlined earlier at
2O2 concentrations increasing from 0.5 to 5 mol/L. The smaller
iameter (2 mm  ≤ D ≤ 5 mm and D ≤ 2 mm)  samples had a slightly
igher leachable content than the unbroken LWA  at >4 mol/L H2O2.

This leaching test indicates that heavy metals were firmly solid-
fied in LWAs because the heavy metals in the porous surface were
resent in stable forms, and remained stable even when the LWAs
ere broken. At H2O2 concentrations above 4 mol/L, the leachate

radually corrodes and slowly destroys the LWA  surface, which
esults in higher heavy metal leachability and reduces the solid-
fication efficiencies of Cd, Cr, Cu and Pb. However, the heavy metal
olidification efficiency was greater than 98% even when the LWAs
ere broken (such as D ≤ 2 mm),  especially in a strong oxidizing

olution (5 mol/L H2O2).
The higher heavy metal solidification rate under oxidative

onditions is because Al3+ can substitute Si4+ in the network tetra-
edron. Therefore, Al2O3 can enter the silica network as AlO4

4+

etrahedra, replacing some of the SiO4
4+ groups. As a +4 valence in

he tetrahedron is replaced by Al with a +3 valence, cations must
upply the additional electrons required to produce electrical neu-
rality [29]. Therefore, a large number of cations, including Cd, Cr, Cu
nd Pb, enter the LWA  structure in the sintering process to provide
he necessary electrons [27,30]. These results indicate that most
eavy metals can be solidified in the crystalline LWA  structures,
nd are kept in the structures even when the LWAs are exposed to
igorous leaching conditions.

. Conclusions

We  conclude that the sintering temperature, acid–basic oxides,

H and oxidative conditions influence the leaching behavior of
eavy metals in LWAs. Higher LWA  sintering temperatures are
dvantageous for the stabilization of heavy metals, and heavy
etals in LWAs are in the stable forms Cd2SiO4, Cr2O3, CuO and
2 2

he leachabilities of heavy metals.

PbCrO4. Cd, Cr, Cu and Pb leachabilities are lowest at K ratios
between 0.175 and 0.2, and heavy metal solidification rates remain
above 95% in acidic solutions and above 98% in strong oxidative
H2O2 solutions. Heavy metals can be stabilized in LWAs, preventing
their release and secondary pollution of the environment.
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