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Fig. 1. SEM images of the samples synthesized in the presence (A) and absence (B) of EDTA by γ-irradiation. The inset in (A) shows the image of the sample at higher
magnification.

Fig. 2. X-ray photoelectron spectra (A) and XRD patterns (B) of the obtained samples synthesized in the presence (a) and absence (b) of EDTA by γ-irradiation.
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sample was deposited on a piece of glass, the powder X-ray diffraction
(XRD) pattern was recorded on a D/MAX-PC2500 diffractometer with
Cu Kα radiation (λ¼0.154056 nm) and the X-ray photoelectron
spectrum (XPS) was collected on a Kratos Axis Ultra spectrometer
with monochromatized Al Kα radiation.
Fig. 3. SEM image of the sample synthesized by the addition of 4 mmol/L Pb(NO3)2
into the irradiated mixed solution (pH¼1.0) of 4 mmol/L EDTA and 4 mmol/L
K2S2O8.
3. Results and discussion

Fig. 1A presents the SEM images of the obtained sample. It can
be seen that the product is composed of rod-like microcrystals,
with an average length of ca. 5 μm. From the SEM image at higher
magnification (inset, Fig. 1A), most of the end of the microcrystals
is triangle, with an average side length of ca. 500 nm. In other
words, the microcrystals are prismatical, whose average aspect
ratio is ca. 10. The related XPS analysis (curve a, Fig. 2A) shows that
the binding energies of Pb 4f, S 2p and O 1s are 139.15, 168.15 and
531.15 eV, respectively, close to the values of Pb2+ and SO4

2�

reported in the literature (Moulder et al., 1992). Furthermore, the
analysis result also exhibits the presence of Pb, S and O in the ratio
of 1.0:1.0:4.1, close to the stoichiometry of PbSO4 within experi-
mental error. Thus, it can be deduced that PbSO4 was generated.
The corresponding XRD pattern (curve a, Fig. 2B), which is
consistent with the orthorhombic PbSO4 structure, further demon-
strates the generation of PbSO4.

In our experiment, when the solution was irradiated by γ-rays,
the water molecules absorbed the irradiation energy and gener-
ated many reactive species, such as hydrated electrons (e�aq), H and
dOH (Eq. (1)) (Buxton et al., 1988):

H2O -
irradiatede�aq; H; dOH; ⋯ ð1Þ

Then, dOH was eliminated by EDTA (Buxton et al., 1988; Sahul, 1987),
with a rate constant of 4.0�108 L mol�1 s�1, and the reducing



Fig. 4. SEM images of the samples synthesized at the different dose rate: (A) 110 Gy/min, and (B) 300 Gy/min.
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species, especially e�aq, reduced S2O8
2� ions to SO4

2� ions (Eq. (2)),
with a rate constant of 1.2�1010 L mol�1 s�1 (Buxton et al., 1988).

S2O
2�
8 þ e�aq-SO2�

4 þ SO�
4 d ð2Þ

Thus, the controlled release of SO4
2� and the following generation of

PbSO4 could be realized.
To explore the effect of the controlled release of SO4

2� on the
formation of PbSO4 microcrystals, a control experiment was per-
formed, in which the mixed solution (pH¼1.0) of 4 mmol/L K2S2O8

and 4mmol/L EDTA was irradiated under N2 atmosphere. Then,
4 mmol/L Pb(NO3)2 solution was added into the solution and mixed
rapidly. The mixture was left to stand under static conditions away
from light at room temperature for 100 min to obtain the sample for
SEM characterization. The SEM image (Fig. 3) shows that the obtained
product is also composed of prismatical microcrystals. However, the
distributions of their side length and aspect ratio become large
obviously. Thus, it can be concluded that the controlled release of
SO4

2� is important to the formation of PbSO4 microcrystals.
Besides, dose rate was used to adjust the controlled release of

SO4
2� . Generally, the higher dose rate lead to the higher reduction rate

of precursors, much more crystal nucleus and the smaller particle size.
However, in our experiment, when the dose rate increased from
60 Gy/min to 110 Gy/min, the obtained PbSO4 particles are also
prismatical microcrystals, but with a larger distribution of their side
length and aspect ratio (Fig. 4A). Besides, the middle of some
microcrystals swells slightly (Fig. 4A). When the dose rate increased
to 300 Gy/min, some prismatical microcrystals with a low aspect ratio,
as well as some plate-like and irregular microcrystals were generated
(Fig. 4B). The side length of the first two kinds of microcrystals is
evidently larger than that of the prismatical microcrystals formed at
the dose rate of 60 Gy/min (Figs. 1A and 4B). This is different from the
normal phenomena, suggesting that there are other factors in con-
trolling the formation of PbSO4 prismatical microcrystals besides the
controlled release of SO4

2� .
In the morphology and size control of BaSO4, amino-carboxylate

additives were found effective (Chen et al., 2008; Uchida et al., 2000).
In this experiment, EDTA, one of the most common amino-carboxylate
additives, was used. To investigate its effect, we carried out another
control experiment, in which EDTA was not added. The obtained
product is composed of plate-like microcrystals, with a height of 0.8–

4 μm and a wide-distributed side length (Fig. 1B). The results of XPS
and XRD analyses (curves b, Fig. 2) validate that the product is still
PbSO4. Moreover, the microcrystals belong to orthorhombic system
determined by XRD analysis (curve b, Fig. 2B). In addition, when an
aqueous solution containing 4.0 mmol/L Pb(NO3)2, 4.0 mmol/L K2S2O8

and 8.0 mmol/L EDTAwas irradiated, no PbSO4 precipitation appeared.
When the pH value was adjusted to 1.0, to weaken the coordination
ability of EDTA, there was still no any sedimentation. This situation did
not change until the concentration of EDTAwas reduced to 4.0 mmol/L
at the pH value of 1.0. Therefore, it is reasonable to deduce that EDTA
plays an important role in the formation of prismatical PbSO4

microcrystals.
In the irradiation course, it may be the controlled release of SO4

2�

and the controlled release of Pb2+ through the dissociation of Pb-
EDTA complex that retard the generation of PbSO4. Furthermore, it
may be the adsorption of EDTA on some special crystal faces of PbSO4

nuclei that lead to the growth of PbSO4 nuclei along some particular
directions, resulting in the formation of prismatical morphology.
However, this selective adsorption of EDTA may be weaker. With
the increase of dose rate, the generation of PbSO4 becomes quicker,
and the action of EDTA becomes weaker gradually. Hence, it is not
difficult to understand the generation of the prismatical microcrystals
with a low aspect ratio, as well as the plate-like and irregular
microcrystals at the dose rate of 300 Gy/min. Besides, the higher
solubility is propitious to the ripening of PbSO4 within a short time,
resulting in the formation of microcrystals. With respect to BaSO4, the
materials with very low equilibrium solubility over a wide range of pH
values, the molecular redissolution–crystallization events are sup-
pressed to a great extent (Meldrum and Colfen, 2008), so the ripening
need much longer time (Chen and Shen, 2010) and nanoparticles
could be reserved.
4. Conclusions

The prismatical PbSO4 microcrystals were successfully synthesized
by precipitating Pb2+ ions with SO4

2� ions, which were generated
from the reduction of K2S2O8 in the presence of EDTA under N2

atmosphere by γ-irradiation. It was found that EDTA and the con-
trolled release of SO4

2� play important roles in the formation of the
microcrystals. It is believed that the result reported herein will not
only help understanding the effect of irradiation on the formation of
inorganic particles, but also make the syntheses of micro- and nano-
crystals more abundant.
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