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Abstract

Lead recovery from lead zirconate (PbZrO3) ceramics was investigated using a wet ball-mill treatment in H2SO4 aqueous solution. Subsequently
crystalline �-zirconium phosphate (�-Zr(HPO4)2·H2O) was synthesized using a hydrothermal technique in order for the resource recovery of
zirconium in the wastewater after the wet ball-mill treatment. A wet ball-mill treatment in 4.5 M H2SO4 aqueous solution for 24 h was capable
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f converting more than 99.9% of the Pb initially included in the PbZrO3 to solid state PbSO4 with a purity of 98%. On the other hand, the Zr
n the PbZrO3 was dissolved into the acidic solution during the treatment. The Pb and Zr metal elements coexisting in PbZrO3 were successfully
eparated by the wet ball-mill technique. Then, resource recovery of zirconium in the wastewater was examined. Crystalline �-Zr(HPO4)2·H2O
as synthesized by hydrothermal treatments in 3.1–12.5 M H3PO4 aqueous solutions at temperatures of 120–240 ◦C for a duration of 70 h. The
ydrothermally prepared powders were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM), and then they were
lso evaluated in terms of cation exchange capacity (CEC) measurement and thermogravimetric (TG) analysis.

2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, serious attempts to minimize the use of lead
nd substitute other lead-free materials in place of lead-based
aterials in products have been made, because lead, when con-

ained in the human body, is a hazardous heavy metal. However,
large number of lead-containing products, such as lead accu-
ulators, lead glass, solder and lead-based electronic devices,

ave been produced and consumed as yet. Some lead-containing
astes from industries and households have been landfilled with-
ut recovering lead in the products or recycling it as a resource.
pecifically, lead-based electronic materials are widely used in
lectronic devices, and lead discharge after the usage seems to
e inevitable even in the future due to their superior properties
1–3]. It is important to develop the lead-condensation and sepa-
ation technology as a recyclable form from other metals, which
re included in lead-based electronic ceramics and the electronic
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devices, as well as the separation technology of lead-containing
parts in products. We reported that a wet ball-mill treatment in
H2SO4 aqueous solution at room temperature was applicable to
preferable recovery of lead from lead-based electronic ceram-
ics such as Pb(Zr0.52Ti0.48)O3 and (Pb0.9La0.1)(Zr0.52Ti0.48)O3
[4,5]. Both of the dissolution of PZT and PLZT into the H2SO4
solution and the formation of water-insoluble PbSO4 precipitate
were efficiently progressed by the pulverization and mechanical
activation of the powder during the ball-milling. Through this
treatment, more than 99.9% of lead originally included in these
ceramics was successfully converted into high purity PbSO4 [4].
However, other metal components such as zirconium and tita-
nium still remained in the wastewater after the treatment.

Layered tetravalent metal hydrogen phosphates with the com-
position M(HPO4)2·H2O (M = Zr, Ti, etc.) have attracted much
attention because of their excellent properties as cation exchang-
ers [6–12], acid catalyst [13–15] and host material for interca-
lating polar molecules [16]. The crystalline �-Zr(HPO4)2·H2O
was mainly prepared using a pure starting material through two
different routs. The first is a reflux method, in which gelati-
nous precursor is firstly prepared and then crystallized in a hot
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.10.033
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H3PO4 aqueous solution [6,8]. The other method is a precipita-
tion method using HF solution, where the gelatinous precursor
is dissolved into a HF solution and then the solution is slowly
evaporated in order to deposit the phosphate [17]. The phosphate
obtained from the HF solution is highly crystallized and is larger
grained in comparison with that prepared by reflux method.

In the present research, lead zirconate (PbZrO3), which was
expected to show the similar behavior to PZT and PLZT, was
treated by the wet ball-mill technique in H2SO4 aqueous solu-
tion to recover lead separately into a solid state of PbSO4.
Subsequently, �-zirconium phosphate (�-Zr(HPO4)2·H2O) was
hydrothermally synthesized in order for the resource recovery of
zirconium in the wastewater. In addition, some properties of the
hydrothermally prepared phosphates such as cation exchange
capacity (CEC) and its thermal behavior were evaluated in com-
parison to those of the reported phosphates prepared from pure
materials.

2. Experimental procedure

2.1. Wet ball-mill treatment of PbZrO3 and hydrothermal
synthesis of α-Zr(HPO4)2·H2O

Commercially available sintered PbZrO3 (Kojundo Chemi-
cal Lab Co., Ltd., Japan) was used as a model material for the
wet ball-mill treatment. First, a sintered compact was precrushed
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Microstructure observation was performed by a scanning elec-
tron microscope (SEM; JSM-6330F, JEOL) equipped with an
energy dispersive spectrometer (EDS; JED-2140, JEOL). Quan-
titative analyses of Pb and Zr dissolved in the filtrate were
performed by inductively coupled plasma atomic-emission spec-
troscopy (ICP-AES; 3300DV, Perkin-Elmer, Japan). Specific
surface areas were calculated from the amount of N2 gas
adsorbed at the temperature of liquid nitrogen by one-point
BET method (MS-21, Quantachrome) in He–30%N2 (N2 par-
tial pressure, P/P0 = 0.30). Cation exchange capacity (CEC) of
the prepared phosphate was measured through a titration curve,
which was acquired as follows. First, 0.1 g of the phosphate was
equilibrated with the 50 mL of 0.1 M NaCl with stirring and then
the pH of the suspension was recorded using a digital pH meter
(HORIBA, D-21). Next, a constant volume of 0.01 M NaOH
solution was poured using a micropipette into the solution dur-
ing the stirring process, and the pH was recorded when the pH
drift was less than 0.01/min. The titration was continuously car-
ried out until the final pH of the solution reached 8–9. All of the
titration operations were conducted in a thermostatic bath regu-
lated at 27 ◦C. High-temperature XRD patterns were acquired in
the temperature range from room temperature to 1000 ◦C in air
holding for 5 min at each temperature. TG and DTA was carried
out under flowing O2–N2 (O2; 20 ml/min, N2; 80 ml/min) at the
heating rate of 10 K/min in the temperature range from room
temperature to 1000 ◦C.
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sing an agate mortar and pestle. The powdery sample (approx-
mately 5.5 mmol) was charged into a polypropylene container
ith a volumetric capacity of 50 ml together with ZrO2 balls (φ
mm, weight ratio of the sample/ZrO2 = 1/50), and then 4 ml
f 4.5 M H2SO4 was poured into the container. The container
as rotated with a constant speed of 300 rpm for durations of
–48 h. After the ball-mill treatment, samples and balls were
reated with sonication in 100 ml of 0.5 M H2SO4 to disperse
he solids attached on the balls into the solution. Then, the solid
esidues and solution were separated by filtration under reduced
ressure with a membrane filter (<0.45 �m).

Zirconium ions in the filtrate were used as zirconium resource
or the hydrothermal synthesis of crystalline �-Zr(HPO4)2·H2O.
irst, 0.3 M H3PO4 solution was slowly added into the wastew-
ter while vigorously stirring in order to obtain amorphous
irconium phosphate. After stirring for 1 h, the white precipi-
ate was collected in the filtration process, washed with deion-
zed water and dried at 110 ◦C for 24 h. Amorphous phosphate
as crystallized using a hydrothermal technique. Approximately
.3 g of the dried sample and 30 ml of H3PO4 aqueous solution
3.1–12.5 M) were enclosed into an autoclave lined with Teflon
ith a volumetric capacity of 50 ml. The autoclave was heated in

he temperature range of 120–240 ◦C for 70 h. After hydrother-
al treatment, the solid residues were collected through filtra-

ion, washed with deionized water and finally dried at 50 ◦C for
4 h.

.2. Characterization

The raw material and the treated samples were identified
y powder X-ray diffraction (XRD; RINT2500H, Rigaku).
. Results and discussion

.1. Recovery of lead from PbZrO3 using a wet ball-mill
reatment

Fig. 1 shows XRD profiles of (a) PbZrO3, and the specimens
fter a wet ball-mill treatment with 4.5 M H2SO4 aqueous solu-
ion for (b) 5 and (c) 24 h. XRD profile in Fig. 1(a) is the PbZrO3
odel material used in the present study. The ball-milled sample

or 5 h in Fig. 1(b) was composed of PbZrO3 and orthorhombic
bSO4. The PbZrO3 peak intensity gradually decreased with

ncreasing treatment time. XRD profiles in Fig. 1(c) showed

ig. 1. XRD profiles of the (a) PbZrO3 model material and the specimens after
wet ball-mill treatment with 4.5 M H2SO4 aqueous solution for (b) 5 and (c)
4 h.
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Table 1
Purities of the recovered PbSO4 calculated from ICP results

Time (h) Initial contents (mg) Dissolution (%) Converted mass (mg) PbSO4 (mass%)

Pb Zr Pb Zr PbSO4 ZrO2

5 1136.7 500.4 0.07 26.3
24 1137.1 500.6 0.06 96.9 1663.2 20.1 98.8
48 1137.2 500.7 0.06 96.5 1663.2 22.3 98.6

that the milled samples were mainly composed of PbSO4 phase
without PbZrO3 phase. The analysis of the filtrate by ICP-AES
in Table 1 showed that the dissolution of Zr gradually increased
and reached around 97%, while the dissolution of Pb ion into the
filtrate was less than 0.07% under the whole treatments, which
indicates that most of Pb exists in the solid phase, i.e., PbZrO3 or
PbSO4 phase. More than 99.9% Pb was recovered as solid state
of PbSO4 by the ball-mill treatment with 4.5 M H2SO4 solution
for 24 h. The effect of the wet ball-mill treatment on the decom-
position of PbZrO3 is briefly stated here. PbZrO3 is pulverized
into a fine powder, and the particles are well dispersed in the
solution during the wet ball-mill treatment. The mechanically
activated PbZrO3 particle easily undergoes an acidic solvent
attack and begins to dissolve into the acidic solution. The dis-
solved lead component readily precipitated into a solid state of
PbSO4. The rotation of the reaction container and the collision
between the ball and specimen during the treatment are effec-
tive to automatically remove the PbSO4 adhered to the specimen
surface and to continuously expose the fresh specimen surfaces.
As a result, treatment efficiency for the conversion of PbZrO3 to
PbSO4 was enhanced using a combination of mechanical work
and chemical reaction. The purity of the recovered PbSO4 after
ball-mill treatments for durations of 24 and 48 h is also listed
in Table 1. Purity of PbSO4 in the solid residue was estimated
from a comparison between the initial contents and dissolution
amounts of Pb and Zr, taking into account that both elements
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the Pb still remained in the wastewater. The small amount of
Pb decrease was probably caused by co-precipitation or cation
exchange ability of amorphous zirconium phosphate. As a result,
the suitable H3PO4 amount was determined to be 3.2, at which
a relatively large amount of zirconium could be reclaimed by a
smaller addition of H3PO4.

The amorphous zirconium phosphate was crystallized by
hydrothermal treatments in 3.1–12.5 M H3PO4 aqueous solu-
tions at 120–240 ◦C. The zirconium species initially deposited
were in an amorphous form, and the deposits gradually crys-
tallized in �-Zr(HPO4)2·H2O with increasing hydrothermally
treated time. Fig. 3 shows XRD patterns of solid residues as-
prepared by hydrothermal treatments in 6.2 M H3PO4 for 70 h at
varied temperatures. The solid residues were mainly composed

F
a

Fig. 3. XRD profiles of the solid precipitates obtained by hydrothermal treatment
in 6.2 M H3PO4 for a duration of 70 h at various temperatures.
xist in the residue as a form of PbSO4 and ZrO2. The purity
f PbSO4 was calculated around 98.6–98.8%. A similar value
as also confirmed by a complete analysis of the solid residue
sing ICP-AES as 66.9 mass% of Pb and 0.8 mass% of Zr, which
uggested 98 mass% of PbSO4.

.2. Hydrothermal synthesis of α-Zr(HPO4)2·H2O for
esource recovery in wastewater

First, an aqueous solution of H3PO4 was added into wastew-
ter discharged after the wet ball-mill treatment to collect amor-
hous zirconium phosphate, which was used for the subsequent
ydrothermal crystallization. The amount of added H3PO4 aque-
us solution was optimized to reclaim a larger amount of zirco-
ium resource from the wastewater. Fig. 2 shows the variation of
esidual metal ion ratios in the wastewater after H3PO4 addition.
he residual Zr ion ratio markedly decreased with an increasing
3PO4 amount up to 3.2 in H3PO4/Zr molar ratio, at which more

han 99% of Zr precipitated as amorphous zirconium phosphate.
urther the H3PO4 addition was not effective to precipitate zirco-
ium ions. On the other hand, no serious decrease in the residual
b ion ratio could be observed, which indicated that most of
ig. 2. Variation of the residual metal ion ratios for (�) Pb and (�) Zr in wastew-
ter after wet ball-mill treatment for 24 h with varied H3PO4 addition.
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Fig. 4. SEM micrographs of �-Zr(HPO4)2·H2O prepared by hydrothermal treatment in 6.2 M H3PO4 at various temperatures. The processing temperatures are (a)
120, (b) 160, (c) 200 and (d) 240 ◦C, respectively.

of monoclinic �-Zr(HPO4)2·H2O phase. For the treatment in
the solvent of the lowest concentration of 3.1 M at the lowest
temperature of 120 ◦C, the hydrothermal condition was insuffi-
cient to crystallize amorphous phase in �-Zr(HPO4)2·H2O phase
since only the weak and broad peaks could be observed in the
XRD pattern. While with increasing treatment temperature and
H3PO4 concentration, the obtained phosphate showed higher
crystallinity and larger crystallites since the diffraction peaks
sharpened and FWHM (full width of half maximum) became
smaller.

Fig. 4 shows typical SEM micrographs of solid residues as-
prepared after hydrothermal treatments in 6.2 M H3PO4 solution
for various temperatures. All of the solid residues consisted of
fine plate-like particles. As the treatment temperature increased
from 120 to 240 ◦C, the particle size increased from nearly sub-
micron to 4 �m and the thickness of the particles also increased.
Hydrothermal treatments under higher temperature and higher
H3PO4 concentration lead to recrystallization and grain growth
of the deposits that resulted in the formation of a thick plate-like
phosphate particle.

CEC of �-Zr(HPO4)2·H2O prepared by hydrothermal treat-
ment under various conditions can be estimated from titration
curves, which are shown in Fig. 5. The titration curves of
the phosphates prepared by hydrothermal treatments at a fixed
temperature of 200 ◦C in H3PO4 with varied concentrations
in Fig. 5(a) drew a similar curve for each other. The curves
c
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group with strong interaction with crystal water and the strong
acid site is free P–OH [15]. Furthermore, the fully crystal-
lized �-Zr(HPO4)2·H2O exhibits definite zero slope in titration
curve since one solid-solution phase is formed. The curves also
exhibit two inflections in the pH range around 4–5 and 7–8,
which indicate the first and second end points of the following
reactions,

ZrH2 + Na+ + OH− ↔ ZrNaH + H2O (1)

and

ZrNaH + Na+ + OH− ↔ ZrNa2 + H2O, (2)

respectively. The first and the second end points occur at
approximately 3.2 and 6.5 meq/g, respectively. CEC of �-
Zr(HPO4)2·H2O prepared in this study was 6.5 meq/g, nearly
corresponding to the theoretical CEC of 6.6 meq/g. Simi-
lar curves could be acquired in the phosphates prepared by
hydrothermal treatments at 240 ◦C.

In contrary to the titration curves of the phosphates hydrother-
mally prepared at 200 ◦C in Fig. 5(a), significant differences
were observed in the titration curves of the phosphates after
hydrothermal treatment in 6.2 M H3PO4 aqueous solution
at various temperatures, as shown in Fig. 5(b). The differ-
ence would come from the inconsistency in the crystallinity
of �-Zr(HPO ) ·H O due to the formation of one or more
s
Z
t
d
p

onsisted of two plateaus, each plateau corresponding to the
xchange of 1 mol of a hydrogen ion with a sodium ion per
ol of phosphate, because the crystalline �-Zr(HPO4)2·H2O

as two types of acid sites with a remarkably different acid
trength from each another, in which the weak acid site is P–OH
4 2 2
olid-solution phases with a variable composition in the �-
r(HPO4)2·H2O [8], which cause the non-zero slope in the

itration curve. The CEC tended to decrease along with the
ecreasing treatment temperature, which seemed to own small
article size and the existence of amorphous phases. Pb ion was
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Fig. 5. Titration curves of �-Zr(HPO4)2·H2O prepared by hydrothermal treatments: (a) in various H3PO4 concentrations at 200 ◦C and (b) in 6.2 M H3PO4 at various
temperatures.

not detected by ICP-AES analysis of the solution in the pH
ranges of 3–8 during the titration.

The thermal behavior of �-Zr(HPO4)2·H2O was examined by
high-temperature XRD and TG–DTA. Typical high-temperature
XRD patterns at various temperatures are shown in Fig. 6. The
thermal transformation sequence was mostly the same between
the samples when the calcination temperature was lower than
600 ◦C, as reported thermal transformation [18]. By heating up
to 200 ◦C, anhydration of crystal water occurred, which resulted
in the formation of Zr(HPO4)2 (� phase) through Zr(HPO4)2 (�
phase). Further heating from 600 up to 1000 ◦C lead to the dis-
tinctly difference in thermal transformations among the samples.

Upon increasing the heating temperature, the diffraction peaks of
� phase were gradually weakened and completely disappeared
at 700 ◦C on the sample prepared at 120 ◦C in 12.5 M H3PO4, the
peaks of � phase still remained in the sample prepared at 200 ◦C
in 6.4 M H3PO4. When the calcination temperature was 900 ◦C,
sharp peaks of cubic ZrP2O7 phase appeared for the sample pre-
pared at 120 ◦C, but the ZrP2O7 phase was not formed for the
sample prepared at 200 ◦C. The difference in the crystallization
behavior of ZrP2O7 most likely came from the differences in the
grain size [19], as seen in Fig. 4.

Typical TG–DTA curves of �-Zr(HPO4)2·H2O are shown
in Fig. 7. Weight loss attributed to desorption of the surface

F ared
H

ig. 6. High-temperature X-ray diffraction patterns of �-Zr(HPO4)2·H2O prep

3PO4 at 200 ◦C.

by hydrothermal treatments: (a) in 12.5 M H3PO4 at 120 ◦C and (b) in 6.2 M
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Fig. 7. TG–DTA curves of �-Zr(HPO4)2·H2O prepared by hydrothermal treat-
ments: (a) in 12.5 M H3PO4 at 120 ◦C and (b) in 6.2 M H3PO4 at 200 ◦C.

adsorbed water which started below 100 ◦C and subsequently
TG–DTA curves showed broad endothermic peak with weight
loss at around 150 ◦C in both samples. Generally, the endother-
mic peak is ascribed to the formation of the anhydrous phase of
�-ZrP according to the reaction [18,19]

�-Zr(HPO4)2 · H2O → �-Zr(HPO4)2 + H2O. (3)

The anhydration of crystal water accompanied the change of
interlayer distance from 7.56 of � phase to 7.41 Å of � phase.
The amount of the weight loss of the sample prepared at 120 ◦C
was also larger than that of the prepared sample of 200 ◦C.
The second sharp endothermic peak without weight loss is
then observed at 220 ◦C associated with enantiotropic change
of phase described as [18]

�-Zr(HPO4)2 → �-Zr(HPO4)2. (4)

Further heating lead to the formation of ZrP2O7 with the loss of
constituent water,

�-Zr(HPO4)2 → ZrP2O7 + H2O. (5)

All phases formed through the transformation from �-
Zr(HPO4)2·H2O to ZrP2O7 was confirmed by high-temperature
XRD as shown in Fig. 6. Theoretical weight loss from �-
Z
e
a

4. Summary

We attempted to develop a non-heating lead recov-
ering method in lead-based electronic ceramics by new
mechanochemical technique. Pb and Zr contained in PbZrO3
ceramics were successfully separated using a wet ball-mill treat-
ment with a 4.5 M H2SO4 aqueous solution, in which Pb was
reclaimed in a solid state of PbSO4 and Zr was dissolved into
filtrate. The purity of reclaimed PbSO4 was around 98.6–98.8%.
Subsequently, a useful chemical �-Zr(HPO4)2·H2O were syn-
thesized using a hydrothermal technique in order for the resource
recovery of zirconium contained in the wastewater discharged
after wet ball-mill treatments. Highly crystallized and larger
grained �-Zr(HPO4)2·H2O could be synthesized by hydrother-
mal treatment of H3PO4 aqueous solutions at 200 and 240 ◦C
for 70 h. Cation exchange capacity measurement and ther-
mal transformation examination revealed that the obtained �-
Zr(HPO4)2·H2O had similar properties in comparison with the
prepared pure materials.
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