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Leaching of Lead and Connectivity of Plumbate Networks in Lead

Silicate Glasses

Megumi Mizuno, Masahide Takahashi,* ™ Taigo Takaishi, and Toshinobu Yoko*
Institute for Chemical Research, Kyoto University, Kyoto 611-0011, Japan

The formation of a plumbate network in binary lead silicate
glasses was examined based on the leaching behavior of Pb** in
lead silicate glasses over a wide composition region. The effec-
tive diffusion coefficient of Pb*>" at 40°C was on the order of
10~'7 m?/s for PbO <35 mol% glasses, and increased three or-
ders of magnitude for 35-50 mol% PbO contents. Such a steep
composition dependence is considered to be because of changes
in the medium or longer range structure. That is, it is proposed
that the plumbate network forms a percolative 3D network in
the composition region to form diffusion paths for the lead ions.
In addition, the present results indicate that the lead ion exists
as a network former over the entire glass forming composition
range of the binary silicate glasses.

I

LEAD-CONTAINING glasses have been one of the special mate-
rials for human beings, being used as crystal glass tableware
and ornaments for several hundreds of years. After the indus-
trial revolution, they found a great number of applications as
soldering and sealing glasses for electronic devices, and optical
glasses, because of their excellent stability against devitrification,
high refractive index, and low melting temperature. From the
view point of environmental protection, however, the toxicity of
lead compounds has now become one of the urgent issues. Many
attempts to replace lead with other elements have been made,
but most of them could not solve this problem as other heavy
metal ions, which may have a problem similar to lead ions in
nature, are still used. It is important to understand the leaching
process of the lead ions from lead glasses into aqueous solutions
and find ways to minimize it. Also, it may show a clue of de-
veloping substitute materials that meet the requirements of
society.

Lead silicate glasses, PbO-SiO,, are also interesting from the
viewpoint of structural chemistry because these glasses exhibit
thermal, optical, and mechanical properties different than other
silicate glasses, and they form a thermally and chemically stable
glass over a wide composition range. Various experimental tech-
niques have been used to investigate the local structure of lead
jons, such as IR spectroscopy,’ Raman spectroscopy,l*3
NMR,**® electron spin resonance,” X-ray photoemission spec-
troscopy (XPS),® X-ray diffraction methods,” ! neutron dif-
fraction methods,'? extended X-ray absorption fine structure,
and molecular dynamics.'*

In recent years, the present authors have reported detailed
studies of lead silicate glasses over a wide composition region
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mainly based on X-ray and neutron radial distribution function
(RDF) analyses and XPS.'®> As a consequence, the first Pb-Pb
correlation peak was clearly observed at 0.38 nm not only in the
high lead region but also in the low lead region, and the Pb—Pb
and Pb-O correlation lengths did not change over the entire
composition range. These results indicated that the local struc-
ture around the lead atoms in the high lead glasses is also found
in the low lead ones, which contradicted the network modifier
model, which assumes that the Pb>* ion takes a sixfold coordi-
nated structure, previously proposed in the low lead region.'?
Therefore, based on the fact that the Pb—O coordination number
was 3 in the high lead region and the Pb—Pb correlation length
was about 0.38 nm, we proposed a new structural model, which
states that lead atoms are linked to another lead by sharing an
edge via two oxygens to form a Pb,O,4 polyhedron unit (Fig. 1).
As the formal charge of oxygen in the basic unit is the same as
that in the SiO, tetrahedra, the unit is incorporated into the sil-
icate network as a network former without disturbing the charge
balance of the neighboring silicate network. The Pb,O4 unit has
a large free volume around the lead atoms because of the exist-
ence of the lone electron pairs. In the high lead region, the basic
units are three-dimensionally linked to each other to form the
glass network.

However, it has not been clarified whether all the Pb atoms in
lead silicate glasses behave as a network former. In other words,
the existence of a certain amount of Pb as a network modifier
cannot be ruled out. The linking manner of such basic units in
the medium lead region is also interesting. Conventional spec-
troscopic methods mainly provide information about the short-
range structure depending on its wavelength, and are not suit-
able for investigating the medium- and long-range structures
related to the linking manner of the basic units.

In the present study, we investigated the leaching behavior of
Pb>* from lead silicate glasses for a wide variety of composition
ranges in acidic solutions. A difference in the leaching behavior
is expected to be because of the different short-, medium-, or
long-range structures of the plumbate networks. A traditional
leaching test is used to determine how much the harmful metal
ion in tableware glasses is corroded in water or other solu-
tions.'®!” Here, the network connectivity of the Pb,Oy trigonal
pyramids in lead silicate glasses was investigated based on the
leaching behavior of lead ions in acidic solutions. A change in
the network structure with lead content is discussed based on the
diffusion of the Pb>" ions.

11

Lead silicate glasses of xPbO—(100—x)SiO, (x = 25, 33, 40, 45,
50, 66, and 70 mol%) were prepared. A mixture of reagent grade
PbO (Nacalai Tesque, Kyoto, Japan) and SiO, (Wako, Osaka,
Japan) was melted in a Pt—Rh crucible and then quenched in ice
water. The obtained glasses were crushed into pieces using an
alumina mortar and pestle. The sample powders with an average
diameter of 138 um were immersed in 0.1N HNOj solution at
40°C for a given time. The diameter was estimated by a laser
scattering technique (LA-300; Horiba, Kyoto, Japan) and direct
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Fig. 1. Structural model of lead silicate glass in the low lead region.

observations with an optical microscope (BXS51; Olympus,
Tokyo, Japan). The ratio of the total surface area (S) to the
solution volume (V) was fixed at S/¥=91.2 m~! by assuming
each glass particle is spherical. The Pb>* concentration in the
leaching solution was measured by inductively coupled plasma
atomic emission spectrometry (ICP-AES, ICAP-500; Jarrel Ash,
Tokyo, Japan). Moreover, we also examined the samples before
and after leaching by means of XPS using MgKa radiation
as the X-ray source (ESCA-850; Shimadzu, Kyoto, Japan),
2Si CP/MAS NMR (CMX400; JEOL, Tokyo, Japan), and an
optical microscope.

III. Diffusion Coefficient

When lead silicate glass is soaked in an aqueous solution, lead ion
leaching is known to proceed by different mechanisms;'®2! the
ionic diffusion by ion exchange (Pb*"(glass)«— 2H*(aqueous so-
lution)) and the dissolution of the glass matrix. In addition, the
formation of gel layer on the glass surface® and the activity change
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Fig.2. Time dependence of the extracted Pb>* concentration in the
supernatant liquid, ¢*,: (a) at x = 33-70, (b) at x = 33-40, (c) at x = 40—
70. (b) and (c) are shown as a function of 7'/,
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in the leaching solution,?® which possibly take place depending on
the experimental conditions, may affect the leaching behavior.

In the present experimental conditions, it can be assumed that
the leaching solution was dilute enough, the diffusion layer
thickness was much thinner than the particle radius, and glass
dissolution could be negligible during the initial stage of the
leaching experiments. Therefore, the lead concentration in the
glass at a distance y from the glass—solution interface is given by
Fick’s second law

(&), 5 2()) ®

where D is the diffusion coefficient, and ¢® the lead concentra-
tion in the diffusion layer in the glass. From Eq. (1), the con-
centration of lead ion in the solution, ¢*, is obtained,'®**

¢ :;cga—?/ocgdy 2

where ¢§ is the lead concentration of the initial glass, a the
thickness of the diffusion layer, S the total area of the sample
powder, and ¥ the solution volume. ¢® can then be solved using
Egs. (1) and (2) as

S ,/DN\"?
s—p2 (2 3
¢ VCO(TC> 3)

In the present study, the time dependence of ¢® was fitted by Eq.
(3) to obtain the D values.

IV. Results and Discussion

(1) Lead Leaching of Lead Silicate Glasses

Figure 2(a) shows the time dependence of the extracted Pb>" ion
concentration in the solution, which obviously increases with the
increasing PbO compositions in the xPbO—(100—x)SiO, glass.
The extracted Pb>* concentration varies in proportion to '/ for
glasses of x =33-40. On the other hand, it does not obey the
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Fig.3. O-ls-binding energy of low lead glass of x=25: (a) before
leaching (solid line, measured; dotted lines, deconvoluted) and (b) after
leaching for 3 h.



2910 Journal of the American Ceramic Society—Mizuno et al.

Q' Q® Q@ ot

_ N

-40 —60 -80 -100 -120 -140
o/ppm

Fig.4. »°Si NMR spectra of x = 707%1ass: 2Si MAS NMR (a) before

and (b) after leaching for 3 h, and (c) ©"Si CP/MAS NMR after leaching
for 3 h.

square root law for glasses of x>40. Therefore, we classify our
glass samples into two types, x = 3340 in the low lead region
and x =45-70 in the high lead region for convenience.

Figure 2(b) shows the square root time dependence of the
extracted lead ion concentration for the low lead silicate glasses,
which show a linear relation passing through the origin, indi-
cating that the rate-determining step of Pb leaching is the dif-
fusion process. The O-1s XPS spectra of the samples x =25
before and after 3 h of leaching are shown in Fig. 3. The profiles
of the O-1s core electron spectra changed after 3 h of leaching.
Two peaks were found in the O-1Is spectra before leaching,
which are ascribed to the bridging oxygens in Si—O-Si (532 eV)
and the non-bridging oxygens in Pb—O-Si or Pb—O-Pb (530 eV).
On the other hand, only one peak was observed after leaching
and its spectral profile was almost the same as that of the higher
energy component present before leaching. In other words, the
bridging oxygens remain unchanged and the non-bridging oxy-
gens bonded to the lead disappeared from the glass surface after
leaching for 3 h. This indicates that the lead leaching out of the
present glasses takes place via ion diffusion. For the samples in
which all the lead ions were removed from the surface by ion-
exchange, it has been recognized that the Pb leaching follows
only one diffusion process. If several lead leaching processes
proceed at the same time, the slope of the line should change
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Fig.5. 2°Si MAS NMR spectra of x = 33 glass: (a) before and (b) after
leaching for 3 h.

somewhere or the line should not pass through the origin.
Therefore, we can say that the local environment of lead ions
is very similar to each other in the low lead region.

The extracted lead ion concentration for the high lead glass
samples are plotted versus the square root of time as shown
in Fig. 2(c). The time dependence of the Pb** concentration
obeyed the square root law only during the early stage (<40
min) and then gradually deviated downward from the square
root law with the increasing leaching time. Such a decline in the
diffusion rate is generally thought to be caused by the formation
of a diffusion barrier, for example, a silica gel layer, at the sur-
face, the reduction of the lead concentration in the bulk glass, or
the saturation of specific ions in the leaching solution. Concern-
ing the lead ion concentration in the present leaching solution, it
was undoubtedly dilute enough and the diffusion layer was lim-
ited only at the surface of the glass particles.

29Si MAS and CP/MAS NMR spectra of the x = 70 and 33
glasses are shown in Figs. 4 and 5, respectively. Figure 4(a)
clearly shows that before leaching the main peak was principally
composed of the Q' unit for the x =70 glass. (Q" (n=0-4), n
indicates the number of bridging oxygens per silicon.) After
leaching (Fig. 4(b)), the Q' peak significantly decreased, but also
the Q% Q°, and Q? peaks appeared. As shown in Fig. 4(c), the
Q* Q*, and Q? units were observed in the *’Si CP/MAS spectra
after leaching. The CP/MAS spectra provided information for
only the local vicinity of the OH group, that is, the dissolved
Si—OH. This means that the SiO,-rich gel layer formed not only
at the surface but also in the bulk glasses. The formation of the
gel layer was observed in all the samples of x>45. Therefore, it
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TableI. Diffusion Coefficient of Pb*" in xPbO—(100—x)SiO,
Glasses (x = 25-70) Measured at 40°C in 0.1V HNO;

X D (m?%/s)

25 1.21x 107"
33 201 x107Y
37 2.13x 10716
40 8.53x 10716
45 7.25%1071°
50 2.85%x 10714
70 298 x 10714

is concluded that the decline in the leaching behavior is caused
by the gel formation. On the other hand, Fig. 5 shows the 2°Si
MAS NMR spectra of the low lead glass (x = 33) before and
after leaching. As both spectra were very close to each other in
shape and composed of the Q*, Q°, and Q? peaks, and it is clear
that no gel layer was formed in the low lead region.

(2) Plumbate Network Formation in Lead Silicate Glasses

The meaningful diffusion step is, therefore, restricted to the early
time period in the high lead region. In such cases, the diffusion
coefficient D was determined, e.g., for the first 40 min for the
x > 45 glass. The obtained diffusion coefficients D are shown in
Table I and Fig. 6. The D value was as low as 10~'7 m?/s in the
low PbO region, but sigmoidally increased to 107"°-107"* m?/s
in the medium composition region (x = 35-50). In this compo-
sition region, it has been reported by the latest X-RDF analysis
that the short range structure of the lead silicate glass does not
change with the composition.'> We can say that the structural
change deduced from the present leaching test originates from
the change in the manner of the network connectivity. The
Pb,O, unit, which is the proposed local structure in Takaishi
et al.,"® is connected to each other to form the Pb*>* diffusion
paths in the glasses beyond the medium lead compositions, re-
sulting in a drastic increase in D. That is, in the low PbO region,
the basic Pb,Oy4 units exist in the silicate framework. In other
words, the silicate network surrounding a Pb,O4 unit as a dif-
fusion barrier, giving rise to a very small D, was observed. When
the lead content increases, the distance between these units be-
comes shorter, resulting in an increase in mobility. In the region
of x = 35-50, the units start to be connected to each other and

-13 T T |

‘....---.-conooloaco-n-.

|

14 ¢ -
o

£
3
¥
-

< 45 | 2 —
£ 4
S i
o i
= e
16 5" -
"’.5
g
-
17 ®- —
| l | | |
20 30 40 50 60 70 80

PbO mol%

Fig.6. Diffusion coefficient of Pb*" in xPbO—(100—x)SiO, glasses
(x =25-70) measured at 40°C in 0.1V HNOs.
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form Pb** diffusion paths and the diffusion coefficient increased
by several orders of magnitude because of the percolation tran-
sitions of the PbO networking. The diffusion paths become wid-
er in the higher PbO region, providing even higher diffusion
coefficients.

These results again prove that Pb,O,4 units are embedded in
the silicate framework even in the low PbO glasses, not as
a network modifier, but as a network former. In Fig. 7, we
propose the medium- and long-range model structures. In the
low lead region, lead mainly exists at only one kind of site. The
RDF data showed that Pb behaves as a network former even in
this region. Therefore, it can be concluded that there is almost
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Fig.7. The structural model of lead silicate glasses: (a) the low lead
region, x <35, (b) the medium lead region, 35<x<50, and (c) the high
lead region, x> 50.
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no lead existing as a network modifier, but the basic Pb,O4 unit
is embedded in the silicate network. These characteristic com-
positional dependencies of the diffusion coefficient do not ap-
pear in the other thermal or mechanical properties. This is, to
the best of our knowledge, the first report to show a large change
in the thermal diffusion coefficient of the Pb** ion which is be-
cause of the change in the medium and long range structures of
the plumbate network in lead silicate glasses.

V. Conclusion

Based on the leaching behavior of lead ions in silicate glasses, we
obtained several new insights into the short-, medium-, and
long-range structures of the lead silicate glasses. In the low lead
silicate glasses (x<35), isolated plumbate units exist in the sil-
icate network. The extraction of lead from the glass is then ef-
fectively depressed. In the high lead silicate glasses (x> 50), the
lead atoms construct a glass network. In the medium lead sil-
icate glasses (x = 35-50), a unique structure exists as 3D per-
colative plumbate. In the low lead region, the existence of only
one kind of lead is revealed by only one diffusion process.
Therefore, it is concluded that lead acts only as a network
former and no network modifier exists even in the low lead re-
gion. The absence of non-bridging oxygen in the lead silicate
glasses over the entire composition causes the high potential of
glass formation irrespective of the composition.
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