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a b s t r a c t

The feasibility of immobilizing Pb-Zn sludge by sewage sludge ash under thermal conditions was
investigated. Sewage sludge ash was found to crystallochemically incorporate Pb into crystalline apatite
(Ca5.5Pb4.5(PO4)6(OH)2) and stabilize Zn into spinel (Zn(Al0.5Fe1.5)O4). The influences of temperature,
treatment time and Ca/Pb molar ratio on phase transformation of Pb and Znwere examined to determine
the optimal incorporation conditions. The amount of Pb incorporated into Ca5.5Pb4.5(PO4)6(OH)2 peaked
at 1000 �C, and then decreased with increasing temperature. The immobilization of Zn into Zn(Al0.5Fe1.5)
O4 was enhanced with increased treatment temperature from 800 �C to 1000 �C and became steady with
a further increase of temperature. The most effective treatment time was determined to be 3 h before
Ca5.5Pb4.5(PO4)6(OH)2 decomposed with prolonged treatment time. The growth of Ca5.5Pb4.5(PO4)6(OH)2
and Zn(Al0.5Fe1.5)O4 initially increased with an increase in the Ca/Pb molar ratio, reached maximum at a
Ca/Pb molar ratio of 9.2/4.5 and dramatically decreased with a further increase of Ca/Pb molar ratio.
Prolonged leaching experiments demonstrated the superiority of the sintered mixture of Pb-Zn sludge
and MSS ash in stabilizing Zn and Pb. Overall, the present study hinted the feasibility for the beneficial
use of sewage sludge ash in immobilizing hazardous Pb-Zn sludge.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Contamination of soil, groundwater and surface water by haz-
ardous metals is of significant concern due to their toxicity, non-
biodegradable properties, accumulative behaviors and diverse
sources. Available data from the International Lead and Zinc Study
Group estimated that more than 10 million tons of Pb and Zn were
consumed globally in 2015, among which 45% of Pb and 43% of Zn
were consumed in China. Wastewater generated from the in-
dustries engaged in nonferrous smelting, mining and electroplating
is the main source of hazardous metals (Liang et al., 2012; Leal
Vieira Cubas et al., 2014). Techniques to remove hazardous metals
from wastewater and to treat metal-containing effluents often
include chemical precipitation, electrochemical treatment, ion
ering, The University of Hong
tive Region, China.
exchange, coagulation, adsorption and membrane filtration
(Alvarez et al., 2007; Chen et al., 2009a, b; Nanseu-Njiki et al., 2009;
Alyüz and Veli, 2009; Athanasiadis and Helmreich, 2005; El Sam-
rani et al., 2008; Guo et al., 2010; Danis and Aydiner, 2009).

However, these treatments often result in large amounts of
sludge laden with hazardous metals (Gupta and Subas, 2009).
Hazardous metals-containing sludge is often disposed of in
controlled landfills, but may contaminate soils, groundwater and
surface water due to leaching of hazardous metals (Renou et al.,
2008; Zhang et al., 2013; Danthurebandara et al., 2015). In addi-
tion, the limited number of landfills has prompted the urgency to
develop effective and economical treatment technologies. Pb-Zn
sludge was demonstrated to be a suitable aggregate for mortars
(Argane et al., 2016) and pigments (Li et al., 2014). To prevent the
re-entry of hazardous metals into the environment, hazardous Pb
and Zn in sludge should be converted into an insoluble and
harmless forms (Scarinci et al., 2000; Rossini and Bernardes, 2006;
Li et al., 2007; Zhang, 2013). In this regard, thermal treatment offers
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such an advantage, which incorporates hazardous metals into
environmental-friendly mineral composites with lower leaching
rates than the original materials (Chen et al., 2009a, b; Ndiba et al.,
2008; Shih et al., 2006). Previous studies showed that stabilizing
hazardous metals (e.g., Pb, Zn, Ni and Cu) into aluminum-rich
ceramic matrices can greatly reduce metal leachability via the
formation of mineral structures (Shih et al., 2006; Tang et al., 2011a,
2011b; Lu et al., 2013). However, the production of precursor ma-
terials (e.g. Al2O3, Fe2O3, kaolin and mullite) used for the immobi-
lization of these hazardous metals usually requires manufacturing
process. Recycling sewage sludge ash as a precursor of materials for
the immobilization of hazardous metals in sludge can encourage a
more sustainable use of natural resources and also provide eco-
nomic incentives (Lin et al., 2009).

Wastewater treatment plants continuously produce huge
amounts of sewage sludge (Rio et al., 2005), with more than 30
million tons of dry sludge generated annually worldwide (Melero
et al., 2015; Krüger and Adam, 2015). Incineration of sewage
sludge has been increasingly used in recent years as direct use of
sludge in agriculture has caused concerns about food safety
(Fullana et al., 2004; Herzel et al., 2015). Incineration can reduce the
amount of waste by approximately 70% in mass and 90% in volume;
however, residual sewage sludge ash is also produced as another
form of waste (Krüger and Adam, 2015). To convert sewage sludge
ash into usable products, several recent studies evaluated the
feasibility of using sewage sludge ash as a raw material for pro-
duction of bricks, tiles (Chen and Lin, 2009; Lin et al., 2008;
Anderson, 2002), lightweight aggregates (Cheeseman and Virdi,
2005; Chiou et al., 2006), cementitious materials (Li et al., 2012;
Husillos-Rodríguez et al., 2013; Lam et al., 2010; Donatello et al.,
2010) and ceramics or glass ceramics (Devant et al., 2011; Tian
et al., 2011; Donatello and Cheeseman, 2013; Smol et al., 2015).

The major elements in sewage sludge ash are Si, Al, Ca, Fe and P,
generally in the crystalline forms of quartz (SiO2), whitlockites
(Ca3(PO4)2), hematite (Fe2O3) and amorphous phase(s) (Mahieux
et al., 2010; Donatello and Cheeseman, 2013; Lynn et al., 2015;
Wu et al., 2015), offering the opportunity to create mineral com-
posites for stabilizing hazardousmetals. Thus, production of quality
ceramics from sewage sludge ash (e.g., outdoor decoration, fur-
nishings, architectural ceramic, sanitary ceramic and etc.) can result
in sustainable use of natural resources and also lead to substantial
economic incentives. If hazardous metals can be stabilized with the
use of sewage sludge ash, a promising waste-to-resource strategy
may be developed to reduce environmental hazards and the
burden of waste management at the same time. To this end, the
present study was conducted to evaluate the feasibility of using
sewage sludge ash as an agent for stabilizing hazardous metals in
manufacture of ceramic materials. The immobilization efficiency of
Pb-Zn sludge with sewage sludge ash was determined to delineate
the potential mechanistic processes of Pb-Zn incorporation. The
leaching behavior of the sintered samples was then examined to
assess the benefits of adopting the waste-to-resource strategy.

2. Materials and methods

2.1. Materials and their characterization

Pb-Zn sludge produced from mining activities was collected
from Jiangsu Province of China, homogenously mixed, passed
through a 2-mm sieve and dried at 60 �C overnight before being
stored in tight plastic containers made of high density polyethylene
and polypropylene with the capacity of 1.0 L. Its chemical compo-
sitionwas analyzed with X-ray fluorescence (XRF) (JEOL JSX-3201Z)
in three replicates and is displayed in Fig. S1 of the Supplementary
data (SD). The contents of crystalline and amorphous phases were
identified by quantitative X-ray diffraction (XRD) (SD Fig. S2).
Municipal sewage sludge was collected from the Shatin Sewage

Treatment Works in Hong Kong, China, dried at 105 �C for 24 h and
heated at 900 �C for 0.5 h, which was used as sludge incineration
ash. The treated sludge was ground by ball milling into homoge-
nous fine particles, which were examined by XRD to determine
their initial crystal phases (SD Fig. S3) and analyzed by XRF (JEOL
JSX-3201Z) to obtain elemental composition (SD Fig. S4).

2.2. Thermal reaction

To examine the transformation patterns of Pb and Zn during
thermal treatment, Pb-Zn sludge and sewage sludge ash were
mixed with different Ca/Pb ratios, homogenized by ball milling and
pressed into pellets with a diameter of 20 mm and a thickness of
approximately 5 mm. The pressure to produce pellets was held at
650 MPa for 1 min at room temperature (23 ± 0.5 �C) to ensure
consistent compaction of the samples. The pellets were transferred
to a muffle furnace and heated at temperatures ranging from 800 to
1100 �C in the air. The dwelling time of sintering ranged from 0.25
to 10 h.

2.3. X-ray diffraction analysis

After thermal treatment, sludge pellets were air-quenched,
weighed and ground into powders with particle sizes less than
10 mm for XRD analysis. The X-ray diffraction datawere recorded on
a Bruker D8 Advance X-ray powder diffractometer equipped with a
Cu Ka X-ray tube and a LynxEye detector. The diffractometer was
operated at 40 kV and 40 mA, and the 2q scan ranged from 10� to
80� with a step size of 0.02� and a scan speed of 0.3 s/step. Phase
identification was performed with Eva XRD Pattern Processing
software (Bruker, Germany) by matching the powder XRD patterns
with the standard powder diffraction database published by the
International Centre for Diffraction Data. The crystalline phases
found in the products include whitlockite [(CaMg)3(PO4)2; PDF
(Powder Diffraction File) #13-0404], quartz (SiO2; PDF #86-1630),
hematite (Fe2O3; PDF #89-0599), palmierite (K2Pb(SO4)2; PDF #85-
0782), sanidine (K(Si3Al)O8; PDF #25-0618), Zn aluminium iron
spinel (Zn(Al0.5Fe1.5)O4; PDF #82-1048), leucite (KAlSi2O6; PDF
#38-1423), hydroxylapatite (Ca10(PO4)6(OH)2; PDF #09-432), cal-
cium phosphate (Ca3(PO4)2; PDF #09-0169), Pb phosphosulfate
(Pb4(PO4)2SO4; PDF #83-0044) and Pb-substituted hydroxyapatite
(Ca5.5Pb4.5(PO4)6(OH)2; PDF #79-0685).

2.4. SEM-EDS analysis

Fired sludge pellets were polished with submicrometer dia-
mond lapping film and coated with gold for scanning electron
microscopic (SEM) characterization (magnification ranging from
20� to 45000�). All SEM analyses were performed on a Hitachi S-
4800 SEM system equipped with a secondary electron detector to
obtain morphological information and a backscattered electron
detector for energy dispersive spectroscopy (EDS).

2.5. Leaching test

The toxicity characteristic leaching procedure (TCLP) designed
by the United States Environmental Protection Agency was used to
assess the potential hazards of metal-bearing materials (US EPA,
1998; 1992). Acetic acid was used as the leaching fluid to simu-
late the presence of organic materials in municipal landfill leachate
(MacKenzie et al., 2000; Halim et al., 2004). Because short-term
TCLP results may lead to misclassification of products (Kosson
et al., 2002), extending the duration of the standard leaching
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procedure should be more useful for assessing the long-term
leaching behavior of metal-bearing materials in the environment.
The treated and un-treated sludge samples were tested under a
prolonged leaching procedure to evaluate the leachability of haz-
ardous Pb and Zn.

The prolonged leaching procedure was modified from the SW-
846 Method TCLP-1311, with a pH 2.9 acetic acid solution (extrac-
tion fluid #2) as the leaching fluid. Each leaching vial was filled
with 10mL of TCLP extraction fluid and 0.5 g powders of the treated
and un-treated sludge samples. Three duplicates were subject to
leaching test. The leaching vials were rotated end-over-end at
60 rpm for 0.75e23 d. At the end of each agitation period, the
leachates were passed through 0.2-mm syringe filters and pH was
measured. Upon leaching, the concentrations of Pb and Zn in the
leachates were determined with an inductively coupled plasma-
atomic emission spectrometer (Perkin Elmer Optima 3300DV,
Norwalk, CT, USA) with a detection limit less than 0.1 mg L�1 (van
de Wiel, 2003).
2.6. Rietveld refinement

Rietveld refinements for quantitative analysis of phase compo-
sitionwere processed with the TOPAS (version 4.0) crystallographic
program. To monitor the refinement quality, the derived reliability
values are provided in SD Tables S1, S2 and S3. A refinement
method with CaF2 as the internal standard (De La Torre et al., 2001;
Magallanes-Perdomo et al., 2009; Rendtorff et al., 2010) was used to
quantify the amorphous content in samples possibly containing
amorphous or poorly crystalline phases. Scans were collected from
10� to 110� 2q-angle, with a stepwidth of 2q¼ 0.02� and a sampling
time of 0.5 s per step.
3. Results and discussion

3.1. Effects of temperature on Pb and Zn incorporation efficiency

Fig. 1 shows the XRD patterns for the mixture of Pb-Zn sludge
and MSS ash (with a Ca/Pb molar ratio of 5.5/4.5) heated at
800e1100 �C for 3 h. The peak intensity of Zn(Al0.5Fe1.5)O4
Fig. 1. XRD patterns of sintered lead-zinc sludge and MSS ash with Ca/Pb molar ratio of
5.5/4.5 at temperatures of 800e1100 �C for 3 h.
gradually increased with increasing temperature from 800 �C to
1000 �C, indicative of continuous incorporation of Zn into
Zn(Al0.5Fe1.5)O4 within the temperature range. For stabilization
reactions of Pb, an intermediate Pb-eulytite phase was observed at
the temperature range of 800e950 �C. The initial formation of Pb-
substituted hydroxyapatite (Ca5.5Pb4.5(PO4)6(OH)2) was found at
900 �C. The increase in the peak intensity of Ca5.5Pb4.5(PO4)6(OH)2
indicated its crystal growth with increasing temperature from
900 �C to 1000 �C. This was in contrast to a reduction in the amount
of the intermediate Pb-eulytite at 800e950 �C, implicating that
Ca5.5Pb4.5(PO4)6(OH)2 was the more favorable Pb-hosting phase at
higher temperatures than Pb-eulytite. The formation of
Ca5.5Pb4.5(PO4)6(OH)2 highlighted the influence of phosphorous
(e.g., biomass) and Ca-containing compounds on the fate of Pb
incorporation at high temperatures (900e1000 �C). The peak in-
tensity of the Ca5.5Pb4.5(PO4)6(OH)2 phase declined as the temper-
ature increased to 1100 �C. This apparently signaled the beginning
of the decomposition of Ca5.5Pb4.5(PO4)6(OH)2, which was expected
to occur at around 1200 �C (Liao et al., 1999; Bunsiri et al., 2012). It
was also reported that the substitution of Ca by Pb in the
Ca5.5Pb4.5(PO4)6(OH)2 crystal may result in lowered decomposition
temperature (T~onsuaadu et al., 2011).

Apparently Zn and Pb were transformed to Zn(Al0.5Fe1.5)O4 and
Ca5.5Pb4.5(PO4)6(OH)2 by thermally treating Pb-Zn sludge with MSS
ash. To quantitatively evaluate the incorporation efficiency of Zn
and Pb, the transformation ratios of Zn(TRZn) and Pb(TRPb) were
determined with quantitative XRD results. TRZn and TRPb are
defined as follows:

TRZn ¼ ½ðmT0 �wtZn1 � ðMWZn=MWZn1ÞÞ=ðmT �wtZnÞ�
� 100% (1)

TRPb ¼ ½ðmT0 �wtPb1 � ðMWPb=MWPb1ÞÞ=ðmT�wtPbÞ� � 100%

(2)

where mT0 is the weight of the thermally treated residues; wtZn1
and wtPb1 are the weight per cents of Zn(Al0.5Fe1.5)O4 and
Ca5.5Pb4.5(PO4)6(OH)2, respectively, obtained by quantitative XRD;
MWZn, MWPb, MWZn1 and MWPb1 are the molecular weights of Zn,
Pb, Zn(Al0.5Fe1.5)O4 and Ca5.5Pb4.5(PO4)6(OH)2, respectively; mT
represents the weight of the Pb-Zn sludge used for the treatment
and the values of wtZn and wtPb are derived from the XRF results for
the initial raw materials.

The compositions of both crystalline and amorphous phases in
the products of thermally treated Pb-Zn sludge with MSS ash at
800e1100 �C for 3 h are provided in SD Fig. S5. The TRZn and TRPb
values were quantified based on the QXRD method by the CaF2
internal standard. The TRZn value reached 30% at 800 �C, and the
incorporation of Zn into Zn(Al0.5Fe1.5)O4 was nearly 100% at 1000 �C
(Fig. 2). Increased temperature can facilitate the incorporation of Zn
into the Zn(Al0.5Fe1.5)O4 in the products. Similarly, TRPb value
increased from 7% to 73% as the temperature was raised from
850 �C to 1000 �C (Fig. 2). The underlying mechanism for the for-
mation of Zn(Al0.5Fe1.5)O4 and Ca5.5Pb4.5(PO4)6(OH)2 is probably
through interfacial reactions between the metals and hosting re-
actants (hematite, whitlockite and amorphous phase(s)) in MSS
ash. The efficiency of interfacial reactions is strongly influenced by
the diffusion process between the reactant molecules (Kukukova
et al., 2009). Contact of the metals with the hosting reactants
from MSS ash was insufficient at 800e900 �C, but was greatly
enhanced by higher temperatures (900e1000 �C), resulting in the
formation of abundant Zn(Al0.5Fe1.5)O4 and Ca5.5Pb4.5(PO4)6(OH)2.
The TRPb curve reflected a dramatic decrease in the amount of Pb
incorporated into Ca5.5Pb4.5(PO4)6(OH)2 at 1100 �C, probably



Fig. 2. Effect of temperature on the transformation efficiencies of Zn and Pb by sin-
tering lead-zinc sludge and MSS ash mixtures with Ca/Pb molar ratio of 5.5/4.5 at
800e1100 �C for 3 h.
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suggesting thermal decomposition of Ca5.5Pb4.5(PO4)6(OH)2 above
1000 �C. To determine the optimal temperature for Pb stabilization,
the effect of Pb evaporation was evaluated at 1000e1100 �C.
According to the sample weight and XRF data, Pb contents in the
1000 �C and 1100 �C treated products were consistent with their
initial compositions, indicating no volatilization of Pb at high
temperatures. Thus,1000 �C can be considered as themost effective
temperature for stabilizing Zn and Pb into Zn(Al0.5Fe1.5)O4 and
Ca5.5Pb4.5(PO4)6(OH)2 mineral structures.
Fig. 3. Scanning secondary electron micrographs of the polished surfaces of the lead-
zinc sludge/MSS with Ca/Pb molar ratio of 5.5/4.5 treated at (a) 850 �C and (b) 1000 �C
for 3 h.
3.2. Influence of temperature on product microstructure

The formation of Zn(Al0.5Fe1.5)O4 and Ca5.5Pb4.5(PO4)6(OH)2 and
the textural change of the ceramic matrix under thermal reduction
was examined through characterization of the heat-treated prod-
ucts by SEM and EDS. Fig. 3(a) shows the porous product micro-
structure resulting from the sludge mixture with a Ca/Pb molar
ratio of 5.5/4.5 treated at 800 �C for 3 h. The EDS suggested that Pb
existed in white-color grains, Fe was enriched in gray regions and
the darker-color matrix was enriched by Si (SD Fig. S6). The product
grains appeared tightly associated with each other in the sample
with a Ca/Pbmolar ratio of 5.5/4.5 treated at 1000 �C (Fig. 3(b)). The
EDS (SD Fig. S7) presented the chemical compositions of the three
distinct areas and the result indicated that the white grains are
presumably the Ca5.5Pb4.5(PO4)6(OH)2 phase, the gray regions are
potentially the Zn(Al0.5Fe1.5)O4 phase and the darker matrix is
KAlSi2O6 phase. Together with the XRD results (Fig. 1), the product
microstructure and elemental distribution further confirmed the
presence of Ca5.5Pb4.5(PO4)6(OH)2 (Pb-rich white grains) and
Zn(Al0.5Fe1.5)O4 (Fe-rich gray regions).
Fig. 4. Values of TRZn and TRPb varying with treatment time when lead-zinc sludge and
MSS ash with Ca/Pb molar ratio of 5.5/4.5 were sintered at 1000 �C for 0.25e10 h.
3.3. Effects of time and Ca/Pb ratio on Pb and Zn incorporation
efficiency

Rietveld refinement was applied to the XRD patterns of the
sintered samples to quantitatively determine the transformation
efficiency of Zn and Pb (SD Figs. S8 and S9). The time-dependent
transformation ratios of Zn (TRZn) and Pb (TRPb) is displayed
Fig. 4. Upon sintering for 0.25 h, the TRZn value reached 20%, and
increased to 95% as heating time was extended to 3 h. The trans-
formation of Zn into Zn(Al0.5Fe1.5)O4 was close to completion with
heating time extended from 3 to 10 h. The TR values of Pb trans-
formation into the Ca5.5Pb4.5(PO4)6(OH)2 phase increased gradually
from 10% in the first 0.5 h to 72% after 3 h. With treatment time
increased to 3 h, Ca5.5Pb4.5(PO4)6(OH)2 became the predominant
Pb-hosting crystalline phase (SD Fig. S8). The result may suggest



Fig. 6. The temporal variability of (a) pH values; (b) Pb concentrations and (c) Zn
concentrations in leachates from lead-zinc sludge/MSS ash before and after sintering at
800 �C and 1000 �C for 3 h.
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that the prolonged sintering time (3 h) enabled a more intensive
interaction between Pb and the hosting-reactants, allowing the
enhanced molecular transport to overcome the diffusion barrier in
the products and promote the formation of Ca5.5Pb4.5(PO4)6(OH)2.
However, the decomposition of Ca5.5Pb4.5(PO4)6(OH)2 led to a
decrease of TRPb with a further increase of treatment time. There-
fore, a favorable treatment time of 3 h can be used for the effective
incorporation of Pb into Ca5.5Pb4.5(PO4)6(OH)2 in the system.

The effects of Ca/Pb molar ratio on the TRZn and TRPb were
examined by sintering the mixtures of Pb-Zn sludge and MSS ash
with different Ca/Pb molar ratios at 1000 �C for 3 h. An increase of
Ca/Pb molar ratio from 3.7/4.5 to 9.2/4.5 led to an increase of TRZn
value from 76% to 98% (Fig. 5). However, a dramatic decrease (from
98% to 39%) in Zn incorporation efficacy occurred with increasing
Ca/Pb molar ratio from 9.2/4.5 to 22.1/4.5. Similarly, TRPb was
enhanced by decreased Ca/Pb molar ratios (3.7/4.5e9.2/4.5), and
reached the maximum efficiency of 87% with a Ca/Pb molar ratio of
9.2/4.5. In addition, a dramatic decrease from 87% to 6% for TRPb
also occurred with an increase of Ca/Pb molar ratio from 9.2/4.5 to
22.1/4.5. Apparently a Ca/Pb molar ratio of 9.2/4.5 was optimal for
incorporating the Pb into Ca5.5Pb4.5(PO4)6(OH)2 and the Zn into
Zn(Al0.5Fe1.5)O4. As the efficiency of interfacial reactions is often
influenced by the encountering rate between reactant molecules
(Klaewkla et al., 2011), sufficient contact of the metals with the
hosting-reactants in MSS ash can be achieved with a Ca/Pb molar
ratio of 9.2/4.5. The values of TRZn at 98% and TRPb at 87% can be
achieved with a Ca/Pb molar ratio of 9.2/4.5 at 1000 �C for 3 h.

3.4. Leaching behavior of sintered products

To compare the strategies for stabilizing Zn and Pb under
different thermal conditions, the non-heated and two treated
samples were selected to determine their differences in Pb and Zn
leachability. The pH of each leachate after prolonged leaching is
shown in Fig. 6(a). The pH values in the leachates from raw and
800 �C heated sludge mixtures increased in the first 18 h, while
those in the leachates from 1000 �C heated mixtures remained
similar to initial values throughout the entire leaching period. The
increase in leachate pH was likely due to the dissolution of crystal
cations through ion exchange with protons in the acidic solution,
accompanied by destruction of the crystal structure. Therefore, the
small pH change in the leachates from the 1000 �C heated mixtures
Fig. 5. Effect of Ca/Pb molar ratio on the transformation rates (TR) of Zn and Pb. The TR
values were plotted for the 1000 �C and 3 h sintered lead-zinc sludge and MSS ash
with different Ca/Pb molar ratios.
suggested that they had stronger resistance against acid attack than
the raw and 800 �C heated sludge mixtures.

Fig. 6(b) summarizes the concentrations of Pb2þ leached from
the non-heated, 800 �C and 1000 �C heated samples. The concen-
tration of Pb2þ leached from the non-heated sample was nearly
17 ppm, approximately 2 and 7 times greater than those from the
800 �C and 1000 �C heated samples, respectively. Because the Pb-
eulytite phase was the major Pb hosting base in the 800 �C heat-
ed product, the difference in Pb2þ concentrations suggests that the
Ca5.5Pb4.5(PO4)6(OH)2 crystal structure possesses higher intrinsic
resistance to acid attack than the Pb-eulytite phase. The concen-
trations of Zn2þ leached from the non-heated samples were as high
as 1800 ppm, more than 6 and 10 times greater than those for the
leachates from 800 �C to 1000 �C heated samples, respectively, at
the end of the leaching period (Fig. 6(c)). This corroborated the
stability of Zn(Al0.5Fe1.5)O4 in prolonged leaching and the trans-
formation of Zn to Zn(Al0.5Fe1.5)O4 spinel as a highly effective
strategy of Zn stabilization.

The current results also showed that leaching of Zn2þ and Pb2þ

from treated samples mostly occurred in the first day. In practical
applications, treated samples may be first washed with acid for a
short time before they can be safely used as ceramic materials.
Therefore, this strategy provides a possible waste-to-resource
technique of employing MSS ash for the effective immobilization
of hazardous metals in Pb-Zn sludge.
4. Conclusions

The present study explored the potential for immobilization of
Zn and Pb in Pb-Ze sludge into Zn(Al0.5Fe1.5)O4 and Ca5.5Pb4.5(-
PO4)6(OH)2 structures by thermal treatment with sewage sludge
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ash. Overall, 87% of Pb and 98.7% of Zn in sludge were transformed
to Ca5.5Pb4.5(PO4)6(OH)2 and Zn(Al0.5Fe1.5)O4 at 1000 �C after 3 h of
sintering. The leachability was lower with 1000 �C heated samples
than with untreated samples over a long leaching duration. These
results highlighted the feasibility for stabilizing Pb-Zn sludge from
mining activities by industrial thermal treatment processes (e.g.,
incineration and kiln). Furthermore, the utility of sewage sludge
ash to incorporate hazardous metals into mineral phases hinted the
potential economic use of sludge ash as a ceramic precursor to
immobilize hazardous metals under thermal conditions, which is
also able to reduce the environmental hazards of Pb-Zn sludge.
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