
 

 

  
Abstract—This study investigated a strategy of blending 

lead-laden sludge and Al-rich precursors to reduce the release of 
metals from the stabilized products. Using PbO as the simulated 
lead-laden sludge to sinter with γ-Al2O3 by Pb:Al molar ratios of 1:2 
and 1:12, PbAl2O4 and PbAl12O19 were formed as final products 
during the sintering process, respectively. By firing the PbO + γ-Al2O3 
mixtures with different Pb/Al molar ratios at 600 to 1000 °C, the lead 
transformation was determined through X-ray diffraction (XRD) data. 
In Pb/Al molar ratio of 1/2 system, the formation of PbAl2O4 is 
initiated at 700 °C, but an effective formation was observed above 750 
°C. An intermediate phase, Pb9Al8O21, was detected in the temperature 
range of 800-900 °C. However, different incorporation behavior for 
sintering PbO with Al-rich precursors at a Pb/Al molar ratio of 1/12 
was observed during the formation of PbAl12O19 in this system. In the 
sintering process, both temperature and time effect on the formation of 
PbAl2O4 and PbAl12O19 phases were estimated. Finally, a prolonged 
leaching test modified from the U.S. Environmental Protection 
Agency’s toxicity characteristic leaching procedure (TCLP) was used 
to evaluate the durability of PbO, Pb9Al8O21, PbAl2O4 and PbAl12O19 
phases. Comparison for the leaching results of the four phases 
demonstrated the higher intrinsic resistance of PbAl12O19 against acid 
attack. 
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I. INTRODUCTION 

HE contamination of wastewater and soil with lead ions 
from the discharge of industrial wastewater is a world wide 

environmental problem. Lead is widely used in lead batteries, 
oil-based paints, mining, plating, hot dip galvanizing, petroleum 
refining, and pigment industries, paper and pulp, electrodes in 
electrochemistry and chemical industries [1]-[3]. Available data 
from International Lead and Zinc Study Group estimated that a 
significant amount of lead consumption was reaching more than 
9 million tons in 2010. Lead is nonbiodegradable and highly 
toxic to human being, which causes severe damage to the 
kidneys, liver, and the nervous and reproductive systems of 
humans [4]. Therefore, hazardous metals must be removed from 
wastewater before they can be discharged into environment. 
Physicochemical treatment for lead removal from wastewater 
and soil commonly included precipitation, coagulation, 
reduction, ion exchange, and membrane processes [5]-[9].  

However, these treatments produce large amounts of 
hazardous metal-laden sludge, which requires additional 
treatment.  

 
Xingwen Lu is with the Department of Civil Engineering, The University of 

Hong Kong, Pokfulam Road, Hong Kong, Hong Kong SAR, China (phone: 
852-285-91968; fax: 852-285-98987; e-mail: xingwen@ hku.hk).  

Kaimin Shih is with the Department of Civil Engineering, The University of 
Hong Kong, Pokfulam Road, Hong Kong, Hong Kong SAR, China (phone: 
852-285-91973; fax: 852-255-95337; e-mail: kshih@hku.hk). Kaim: 
author@lamar. colostate.edu). 

 

 
In many regions of the world, traditional disposal methods 

(e.g., landfills) no longer accept hazardous metal waste [10]. 
Consequently, metal stabilization strategies have been sought to 
replace traditional disposal methods and safely reuse the sludge. 
Previous studies have reported that nickel and copper sludge 
can be incorporated into aluminate and ferrite structures in 
ceramics through a well-controlled sintering process, 
significantly reducing product leachability through the intrinsic 
properties of the product phases [11]-[14]. Incorporating 
lead-laden sludge may be a promising strategy to stabilize the 
hazardous metal and largely reduce the risk of their 
environmental hazard. 

Studies have shown that the calcining of lead oxide (PbO) on 
γ-Al2O3 produces the various phases of nonalead octaaluminium 
oxide (Pb9Al8O21), lead aluminate (PbAl2O4) and lead 
dodecaaluminate (PbAl12O19) [15], [16]. However, the 
incorporation mechanism and phase transformation pathway 
have not been discussed in detail. The recent published 
PbO-Al2O3-SiO2 equilibrium phase diagram also confirmed the 
presence of Pb9Al8O21, PbAl2O4 and PbAl12O19 [17]. These 
equilibrium studies have provided the opportunity to observe 
the potential interaction between PbO and aluminum-rich 
precursors under industrial sintering processes. Therefore, 
incorporating lead-laden sludge into ceramic sintering may be 
able to initiate a beneficial phase-transformation process to 
further stabilize lead-containing waste.  

In this study, γ-Al2O3 was evaluated as possible ceramic 
precursors to react with lead oxide, which is often the 
lead-containing phase produced by heating lead-laden sludge. 
The incorporation experiment was firstly conducted by heating 
powder mixtures of PbO and precursors at 600 to 1000 °C in a 
3-h short-sintering scheme. Secondly, the influence of time on 
phase transformation mechanism was analyzed on certain 
temperatures. Finally, three potential lead phases (Pb9Al8O21, 
PbAl2O4 and PbAl12O19) in the products were prepared 
separately and leached by an acetic acid solution (pH 2.9), 
which is similar to the leaching fluid used in toxicity 
characteristic leaching procedures (TCLP), for up to 23 days to 
characterize the intrinsic stabilization effect of lead in these 
three product phases.  

II. EXPERIMENTAL METHODS 

A. Materials 

PbO powder was purchased from Sigma Aldrich. The phase 
composition of the PbO powder was identified by X-ray 
diffraction (XRD) method as a mixture of α-PbO (litharge) and 
β-PbO (massicot) phases. HiQ-7223 alumina powder was 
obtained from PURAL SB powder fabricated by Sasol with an 
average particle size ~45 µm and identified as boehmite 
(AlOOH) by XRD, which was then converted to the γ-Al2O3 
precursor upon thermal treatment at 650 °C for 3 h [18], [19].  
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B. Methods 

Lead incorporation efficiency was determined by firing lead 
oxide mixed with γ-alumina. Raw materials were prepared by 
mixing PbO and Al-rich precursors with molar ratios of Pb:Al = 
1:2 and 1:12 to a total dry weight of 60 g. The mixing process 
was carried out by ball milling the powder in water slurry for 18 
h. The slurry samples were then dried, homogenized again by 
mortar grinding, and pressed into 20-mm pellets at 650 MPa to 
ensure consistent compaction of the powder sample for the 
sintering process. The pellets were firstly sintered at targeted 
temperatures from 600 to 1000 °C and then quenched in air to 
room temperature.  

C. XRD Analysis 

To identify the potential phases responsible for metal 
incorporation during sintering, pelletized samples were fired in 
a high-temperature furnace under air atmosphere in the heating 
conditions. Phase transformation during sintering was 
monitored by a Bruker D8 Advance X-ray powder 
diffractometer equipped with Cu Kα1,2 X-ray radiation and a 
LynxEye detector. The 2θ scanning range was 10° to 80º, the 
step size was 0.02º, and the scan speed was 0.3 s step-1. 
Qualitative phase identification was executed by matching the 
powder XRD patterns with those retrieved from the standard 
powder diffraction database of the International Centre for 
Diffraction Data (ICDD PDF-2 Release 2008). Five 
lead-containing crystalline phases were found in the products: 
α-PbO (ICDD PDF #77-1971), β-PbO (ICDD PDF #05-0561), 
Pb9Al8O21 (ICDD PDF #73-1875), PbAl2O4 (ICDD PDF 
#83-1016), Pb3(CO3)2(OH)2 (ICDD PDF # 73-4362) and 
PbAl12O19 (ICDD PDF #80-1174). 

D. Prolonged TCLP Test  

As an important goal of this study was to distinguish the 
leaching characteristics of different Pb-bearing phases, 
single-phase samples were considered preferable in the leaching 
experiment. Single-phase Pb9Al 8O21, PbAl2O4 and PbAl12O19 
were fabricated from samples of PbO + γ-Al 2O3 with Pb/Al 
molar ratios of 9/8, 1/2 and 1/12, respectively. The leaching 
experiments for PbO, Pb9Al 8O21, PbAl2O4 and PbAl12O19 were 
conducted by a method modified from the U.S. Environmental 
Protection Agency’s SW-846 Method 1311: Toxicity 
Characteristic Leaching Procedure (TCLP), with an acetic acid 
solution (extraction fluid #2, pH 2.9) used as the leaching fluid. 
Each leaching vial was filled with 10 mL of leaching fluid and 
0.5 g of the powder sample and rotated end-over-end at 60 rpm 
for 0.75 to 23 days. At the end of each agitation period, the 
leachates were filtered using 0.2-µm syringe filters, the pH was 
determined, and the concentrations of lead were derived by 
inductively coupled plasma atomic emission (Perkin-Elmer 
Optima 3300 DV). 

III.  RESULTS AND DISCUSSION 

A. Mechanisms of Incorporating Lead into PbAl2O4 
Structure  

Lead can be incorporated into the PbAl2O4 structure by 
sintering PbO with Al-rich precursors (e.g., γ-Al 2O3). This 
result is qualitatively demonstrated by the XRD diffraction 
pattern of the product sintered at 600-1000 °C for 3 h (Fig. 1). 
The result showed that when sintered at 700 °C, the formation of 
crystalline PbAl2O4 phase was first observed. The thermal 
reactions between PbO and Al2O3 can be expressed by the 
following equations according to the observed XRD pattern.  
 

PbO + γ-Al2O3 → PbAl2O4        (1) 
 

The reported formation temperature of PbAl2O4 was at 600 
°C with 1-2 months of dwelling time [20]. Therefore, this 
difference may suggest that the formation of PbAl2O4 at 
temperatures below 700 °C is largely limited by the prevailing 
slow diffusion, although it is thermodynamically feasible at 
temperatures above 600 °C. The solid-state reaction is affected 
by both thermodynamic constraint and kinetic process. Below 
700 °C, the PbAl2O4 phase formed by the short sintering scheme 
might only be limited at the grain boundary of reactants, and this 
small quantity in the sample was not reflected in the XRD 
results. The intensities of PbAl2O4 peaks were weak in the 700 
°C sintered samples, but the substantial formation of PbAl2O4 in 
the system was detected at temperature of 750 °C. The findings 
may indicate the energy needed to overcome the major diffusion 
barrier in the system. As the intensity of the PbAl2O4 phase 
increased when the sintering temperature increases, a 
significantly higher intensity of PbAl2O4 signal was achieved at 
750 °C, and no Bragg reflection of α-PbO or β-PbO phase was 
observed when the temperature was above 800 °C. An 
intermediate product of Pb9Al8O21 was found when the sintering 
temperature was around 750 °C, but its Bragg diffraction peaks 
disappeared in the sample sintered at 900 °C. Increasing the 
sintering temperature to 950 °C results the completing lead 
transformation to PbAl2O4 in the Pb/Al of 1/2 system.  
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Fig. 1 The XRD patterns of the PbO + γ-Al2O3 system with a Pb:Al 
molar ratio of 1:2 when sintering at temperatures between 600 and 

1000 °C for 3 hours. The result shows the formation of PbAl2O4 and 
Pb9Al8O21 in the system 

 
The effect of the reaction time on the lead stabilization by the 

formation of PbAl2O4 was investigated at temperatures of 700 
°C (Fig. 2a) and 800 °C (Fig. 2b) for 0.25 to 10 hours.  

The X-ray diffraction patterns of 700 °C sintering indicated 
that no reaction between PbO and γ-Al2O3 was found when the 
treatment time is less than 3 h. With the increase of thermal 
treatment time, PbAl2O4 and Pb9Al8O21 co-existed in the 
products, but only the peak intensities of Pb9Al8O21 were 
significantly increased during the sintering process. The 
formation of Pb9Al8O21 may probably initiate by the reaction 
between PbO and γ-Al2O3 in a non-equilibrium system due to 
the lower temperature.  

Due to the efficiency of a homogeneous reaction generally 
depends on the encountering rate between reactant molecules 
[21], the low temperature was not able to provide sufficient 
contact, and hence the formation of Pb9Al8O21 appeared and 
increased in the products. At higher temperature (800 °C), more 
intensive interaction between reactants was achieved.  

Even with the short sintering time (0.25 hour), PbAl2O4 was 
observed as the dominate crystal phase in the sintered samples. 
But the prolonged thermal treatment time cannot achieve the 
completive transformation of lead into PbAl2O4.  

Therefore, to more effectively achieve the formation of 
PbAl2O4, the temperature of a short sintering scheme should be 
higher than 800 °C. 

 
Fig. 2 The XRD patterns of the PbO + γ-Al 2O3 system with a Pb:Al 

molar ratio of 1:2 when sintering at temperatures of 700 and 800 °C for 
different hours 

B. Mechanisms of Incorporating Lead into PbAl12O19 
Structure 

When the PbO molar content in the PbO-Al2O3 system was 
lower than 50%, PbAl12O19 was the only product phase reported 
in equilibrium experiments [17], [22]. Therefore, a potential 
thermal reaction of incorporating lead by γ-Al2O3 precursor at 
lower lead level is described by Eq. (2): 

 
PbO + 6 γ-Al2O3 →PbAl12O19       (2) 

 
Fig. 3 presents the XRD patterns of the 600-1000 °C sintered 

PbO + γ-Al2O3 mixtures with a Pb/Al molar ratio of 1:12, and 
shows that the peaks of the PbAl12O19 phase appeared when the 
sintering temperature exceeded 950 °C. The lowest temperature 
at which PbAl12O19 was observed after a short sintering scheme 
was about 200 °C higher than that derived from the equilibrium 
experiment carried out by [22]. Similarly, this discrepancy can 
be explained by the shorter sintering time and the potential 
diffusion barrier created by the newly formed PbAl12O19 layer 
between the PbO and γ-Al2O3 grains.  
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At 1000 °C, substantial growth of PbAl12O19 phase was found 
and PbAl12O19 was the only lead-containing phase in the 
product. However, an intermediate phase, hydrocerussite 
(Pb3(CO3)2(OH)2), formed in the products sintered at 
temperatures between 700 °C and 950 °C. Pb3(CO3)2(OH)2 was 
identified as a common lead corrosion product by other studies 
[23], [24].  

Thus, the formation of poor crystalline Pb3(CO3)2(OH)2 
phase was probably due to the instability of product phase(s) 
sintered at 700-950 °C, which might be vulnerable to the attack 
of CO2 and moisture in the air during sample quenching.  

Nevertheless, when sintered at 1000 °C, the significant 
conversion to the PbAl12O19 phase completely eliminated the 
formation of Pb3(CO3)2(OH)2 in the product and PbAl12O19 was 
found to be the only lead-containing phase in the sample. This 
result confirms the potential of forming PbAl12O19 to 
incorporate lead into the aluminum-rich ceramics for systems 
with lower Pb/Al ratios. 
 

 
Fig. 3 The XRD results of products sintered from the PbO + γ-Al 2O3 
samples with a Pb:Al molar ratio of 1:12 at temperatures between 600 

and 1000 °C for 3 hours 
 

Time influence to the crystal growth of PbAl12O19 was 
examined at temperatures of 950 and 1000 °C by observing the 
reaction of PbO and γ-Al 2O3 with Pb/Al molar ratio of 1/12 (Fig. 
4). Starting from 950 °C, the unstable thermal treatment 
products can be easily attack by CO2 and moisture for the 
formation of hydrocerussite under short sintering time (0.25-3 
H).  

The initiation of poor crystalline PbAl12O19 phase from 
sintering the PbO + γ-Al2O3 mixture could be observed under 3 
h sintering, and the significant increase of PbAl12O19 was found 
with the increasing treatment time.  

At 1000 °C, the formation of hydrocerussite started to appear 
with the short sintering time, but significant growth of the 
PbAl12O19 phase clearly occurred with the increase of reaction 
time from 50 to 180 min. Therefore, longer sintering time and 
higher temperature enabled more intensive interaction between 
reactants to the significant increase of PbAl12O19. 

 
Fig. 4 The XRD patterns of the PbO + γ-Al 2O3 system with a Pb:Al 

molar ratio of 1:12 when sintering at temperatures of 950 and 1000 °C 
for different times. 

C. Lead Leachabilities of Product Phases 

Because Pb9Al8O21, PbAl2O4 and PbAl12O19 are the potential 
lead-containing phases in the sintered products, their 
differences in lead leachability must be taken into account to 
optimize the lead stabilization strategy. This study thus 
prepared single-phase samples to determine their intrinsic 
leachability and leaching behavior in a prolonged (23-d) 
leaching experiment. The single-phase Pb9Al8O21 sample was 
obtained by sintering the PbO + γ-Al2O3 mixture with Pb/Al 
molar ratio of 9/8 at 800 °C for 24 h, pure phase PbAl2O4 was 
prepared from the sintered the PbO + γ-Al2O3 mixture with 
Pb/Al molar ratio of 1/2 and the single-phase PbAl12O19 sample 
was obtained from the PbO + γ-Al 2O3 mixture with Pb:Al molar 
ratio = 1:12 sintered at 1000 °C for 3 h. In addition, the property 
of PbO powder used in sintering the raw material was also 
examined by the leaching experiment to compare it with those 
of aluminate phases.  

The pH values of PbO, Pb9Al8O21, PbAl2O4 and PbAl12O19 
leachates during the 23 d leaching are shown in Fig. 5a, 
revealing significant pH increases of the PbO, Pb9Al8O21 and 
PbAl2O4 leachates.  
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Within the first few days, the pH of the PbO and Pb9Al8O21 
leachates increased from 2.9 to 9.4 and 8.1, respectively. 
Similarly, the pH of the PbAl2O4 leachate increased in the early 
part of the leaching period from 2.9 to 6.3, and the pH was then 
maintained at approximately 6.5 throughout the rest of the 
leaching period. In contrast, the pH of the PbAl12O19 leachate 
remained relatively stable throughout the entire leaching period. 
The leachate pH increase may be due to the dissolution of 
cations through ion exchange with protons in the solution, 
which may be accompanied by the destruction of crystals 
initiated by the acidic leaching fluid. Therefore, these results 
suggest a substantially higher intrinsic resistance of PbAl12O19 
toward acidic attack, compared with PbO, Pb9Al8O21 and 
PbAl2O4. The leaching of solids is likely dominated by surface 
reactions and is therefore expected to be proportional to the 
sample surface area. The BET surface areas of the powder 
samples were 0.51 m2/g for PbO, 0.48 m2/g for Pb9Al8O21, 0.63 
m2/g for PbAl2O4 and 3.76 m2/g for PbAl12O19. As the same 
weight was used for each sample in this experiment (0.5 g), the 
total lead content in the sample, subject to the different lead 
phases, should also be normalized to compare leached lead from 
the solid. Fig. 5b summarizes the amounts of leached lead 
normalized to the surface area and total lead content of the 
tested samples. The normalized lead concentrations in PbO 
leachates were about 1.5 times greater than that of Pb9Al8O21 
leachate, 3 times larger than that of PbAl2O4 and four orders of 
magnitude higher than that from PbAl12O19 leachate at the end 
of the experiment, indicating that the formation of PbAl12O19 is 
the preferred stabilization mechanism for incorporating lead in 
ceramic products. 

 

 
Fig. 5 The pH values (a) and the normalized lead concentrations (b) of 

the leachate samples of PbO, Pb9Al8O21, PbAl2O4 and PbAl12O19 

IV.  CONCLUSION 

The sintering of lead-laden waste with the Al-rich precursors 
widely used for ceramic products may result in significant lead 
hosted by the PbAl2O4 and PbAl12O19 structure with different 
Pb/Al molar ratios during the sintering process in this study. 
Although intermediate phases is sometimes achieved in 
ceramics at low sintering temperatures (e.g. < 950 °C), it is 
worthwhile to identify the crystal structure hosting the targeted 
metal(s) and promote a superior metal stabilization mechanism 
to enhance product safety. A lower Pb/Al molar ratio (e.g. 1/12) 
and attainable sintering temperature (1000 °C) is suggested to 
facilitate the preferred lead speciation into the PbAl12O19 
structure when incorporating lead- laden sludge into ceramics. 
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