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A diffusive model of Pb?* release by
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A diffusive model for the release of Pb?*, both from granulates and from glazes deposed
on majolica, was obtained by means of electron paramagnetic resonance (EPR)
measurements on lead—ceramic glazes doped with CuO, of variable composition due to
the substitution of the K* ion with Li*, Na*, Rb*, TI* or Cs* ions, and through the
definition of empirical parameters related to composition and to ionic radii. In the case of
majolica-deposed glazes, the different emission values were attributed to ionic migration

across the glass—biscuit interface.

1. Introduction

In previous studies on the relationship between
Pb?* release and composition of ceramic glazes
doped with Cu®* as chromophorous ion a series of
glazes characterized by a variable [Na*}/[K*] ratio
were examined by electron paramagnetic reso-
nance (EPR).

A strict dependence of the relative population
of Cu** jons in different symmetry sites (Dgp,, Cap)
on the [Na*]/[K*] ratio was observed. The amount
of Pb** released by the various glazes was found to
be directly proportional to the number of Cu®*
ions in C,y, sites.

Glaze composition was taken into account
through the definition of a parameter ¢ [1] which
is a function of the ionic radii and of the cationic
molar content. This parameter proved to be
linearly correlated both with Pb?* release and with
the population of lower symmetry sites occupied
by Cu®*. The results obtained were in agreement
with the hypothesis of Warren [2] in accordance
with which alkaline and alkaline-earth icns with
higher ionic radii should exert a stronger destabil-
izing effect on the network, causing a greater Pb%*
release.

In this context, the studies have been extended
to include glazes doped with CuOQ and character-
ized by the partial or total substitution of the K*
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ion not only by the Na' ion but also by Li*, Rb*,
TI" or Cs* ions.

2. Experimental details

Starting from a base composition (FB1) three frits
were prepared [1] for each M* substituent, with a
ratio:

n = [MT[([M™] + [K*])

of 5(FB2), 4(FB3) and $(FB4), respectively. The
frits of controlled composition were prepared as
previously described [3] using highly purified re-
agents. The cationic molar contents of the differ-
ent frits are reported in Table I, together with the
adopted nomenclature.

High purity CuO at a 2% concentration was

TABLE I Molar cationic composition of the unfired
glazes examined. M * indicates the cation substituting for
K*,ie. Li*, Na*, T1* or Cs*

Ion FB1 FB2(M) FB3(M) FB4(M)
X 0.0752 0.0501 0.0251 0
M+ 0 0.0251 0.0501 0.0752
Sit* 0.5937 0.5937 0.5937 0.5937
Pb?** 0.0753 0.0753 0.0753 0.0753
Zn** 0.0381 0.0381 0.0381 0.0381
Ca®* 0.1010 0.1010 0.1010 0.1010
B* 0.2005 0.2005 0.2005 0.2005
APt 0.2730 0.2730 0.2730 0.2730
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then added to the frits according to the usual pro-
cedure. ILead release measurements were pet-
formed both on granulates and on glazes applied
to a ceramic support of classical composition
(majolica) [4] at a temperature of 1000°C. Lead
release values were measured with the acid-attack
method [5] and are listed in Table II.

EPR measurements in the X-band were per-
formed at room temperature on glazes fired at
various temperatures in the range between 500° C
and 1100° C.

As revealed by the disappearance of the EPR
Cu?* signal due to undissolved CuO, at a firing tem-
perature of 1000°C all the samples proved to be
in a state of total cationic insertion. Under these
conditions using computeraided numerical
methods [6—8] the best-fit values of the experi-
mental spectra parameters were determined.

3. Results and conclusions

The EPR measurements of Cu** in FB powdered
samples (granulates) were interpreted on the basis
of a singledon approximation in the crystal field
{6, 9, 10]. The resonance spectrum of all the
samples was interpreted as the overlapping of the
following signals (see for example Fig. 1):

Signal a: a symmetric signal (g =2.12 £ 0.03,
AH = (158 £12) x 107*T, attributable to Cu?*
ions in octahedral trigonally-distorted (C,gy), or
lower, symmetry sites®;

Signal b: a non-symmetric signal with g, =
2325+0.007, g, =2.081 £0.002, AH= (122
11)x107%T, AH, =(74+4)x 107*T and a par-
tially resolved hyperfine structure with 4 = (132
+12)x 1077T, 4, <4,;

Signal ¢: a non-symmetric signal with g, =
223+003, g,=2054+£0.005, AH;=(296+
13)x 10™*T and AH, = (81 £ 6) x 107*T.

Signals resulting from Signals b and ¢ were attri-
buted to Cu®* ions in sites with an octahedral tetra-
gonally-distorted symmetry (D4n).

The differences between the spectra of differ-
ent samples were essentially accounted for by
differing percentages of Dy, and Cy, sites and by
poorly relevant variations ranging around the
above-quoted values in the line-width of the com-
ponent signals.

A discussion of the features affecting the line-
widths and line-shape of Cu?" in doped lead glazes
by alkaline substitution is reported in [6].

The percentage of sites with either Cy, or lower

*g is the spectroscopic factor and AH is the line-width.

symmetry, n(C,y), as obtained by the numerical
analysis of the EPR spectra, are reported in Table
II. According to these data, for each substituent a
linear dependence of the lead release, mpp, (in
ppm), on the n(C,n) can be envisaged. Such
relationship holds true both for the lead release of
the granulates, mpy,, as already observed in pre-
vious works [1, 6, 11}, and for the lead release of
majolica-deposed glazes, mpy,. The best-fit coef-
ficients were calculated by linear regression analy-
sis. In Table II the slopes k(M*) and k'(M™") of
these straight lines and the correlation coefficients
r' and r are reported for the granulates and
majolica-deposited glazes, respectively.
The values of the two parameters,

Mpy /k(M+)
mpy, [K' (M),

)
2
were found to be linearly correlated in a statistically
significant way (r, 7' > 0.99) for the entire set of

constituents according to the linear equation (see
Fig. 2a)

and HMpp

i

’
Hpp

with regard to the majolica-deposited samples, and
according to the linear equation (see Fig. 2b)
with regard to the granulates.

As for the substituent ion Na*, the already
established [1] linear dependence (Table II) of

n(Cay), Hpy, and ppy, on the parameter ¢ according
to the equations

n(Cy,) = 263¢— 38.5, (5).
pp, = 263¢ — 384 ©)

and
Upy = 262¢ —38.2 )

was obtained.

For the Li*, Rb*, TI' and Cs* substituents, our
experimental data indicated an increase of mipy.
mpy, and therefore an increase of upy and Upp,
with the value n of the substitution, contrary to
that which is observed with the Na" - K* substi-
tution. On this basis, we attributed a stabilizing
character to the Na*ion and a destabilizing charac-
ter to the other substituents
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Figure 1 (a) Derivative of the electron paramagnetic resonance (EPR) experimental spectrum (continuous line) measured
at room temperature for Cu®* ion 2% concentrated in a Na*FB2 glaze fired at 1000° C and its simulation (e); (b) Com-
ponent signals, shown at the same amplitude, used to simulate the experimental spectra. In the case of the above-cited
Na*FB2 sample, Signal a (+), Signal b (4) and Signal c (w) (see text) were summed by means of weights, normalized to

the areas, 5%, 46% and 49% respectively.

Another parameter, £*, (Table-IT) defined as
¥ M1 " M) r [K*] — rage [M7] ]
T o rr re[K] - rag[M7] )
M>]
5
J

i

>

£ =
(®)

proved to be linearly correlated with #(Csp), Upn
and up, for all the destabilizing substituents,
according to the equations (see Fig. 3)

n(Cyp) = 58.0¢—7.15;
Hpp = 60.42 - 7.67,

©)
(10

*T; Zj summations are extended to all bi- and trivalent cations, respectively, listed in Table I, and r represents the

ionic radius, according to Spedding and Gschneider [12].
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Figure 2 Linear relationship be-
tween {(a) upp, and (b) u'pp and
the relative population #(C,,)

— g of C,, or lower symmetry sites
at a 2% CuO concentration. The
lines of best-fit, computed by
linear regression analysis, are
shown.
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upp = 53.8& —6.86. (11)

Moreover, our experimental data indicated that,
n(Cy) being the same, myp, and mp, increased
exponentially with |Ar| = [r((M™) —r(Na®)|, fur-
ther proving the stabilizing character of Na*. While,
according to Warren [2], an increase of mp, and

mpy, with 1 could be predicted only when r(M*) >
H(K™); in this work an almost identical effect was
also observed for the Li* ion, even though r(Li") <
r(K*).

Such dependence of lead release on |Ar| can be
explained by attributing to the destabilizing sub-
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Figure 3 Linear dependence of £
on 7(C,n), pph, upb at a 2%
CuO concentration. The lines of
best-fit, computed by the
method of least squares, are
shown.

stituent ions the ability to create lower symmetry
sites in the network with a consequent formation
of interstices with dimensions (and thus total
cross-sections, S) increasing with |Ar|, i.e., they
favour the easy and stable insertion in the network
of small ions, like Cu?*, but do not favour the in-
sertion of larger jons such as Pb%*. Therefore, at
higher [Ar| values the diffusion of Pb?" is favoured
and, as a consequence, the n(C,,) value being the
same, a higher emission is obtained.
In fact, starting from the relations:

dmpy

KO = G Cm

(12)

and
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KMy = ——= (13)
a correspondence can be established between
Equations 1 and 2 and the diffusion law at con-
stant D, in the direction z = an(Cy,),

dg de
— =—=D—S 14
dr dz (14)

assuming ,

q = mp, O g = Mpy, (15)

Tdc 1 T
e . OL I ()

ulVo
D ="— 17
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where o represents the mean length of the intesti-
ces along the z-direction, § is the total cross-
section, T is the diffusion time and V is the
volume of the sample. The mean value (1/7)
Jok(£)dt corresponds to the measured values
k(M*) and k'(M*). If the meaning of a per cent
ratio between the volume of interstices and V is
attributed to u and u’, the quantity uV/(ST) is
proportional to the mean diffusion rate along z;
thus D, which is proportional to the product of
the mean diffusion rate and the mean free path, ¢,
has the properties of a true diffusion coefficient.
For Equations 6 and 7 and Equations 10 and 11
the parameters ¢ and £ have the same meaning as u
and u'.

On the other hand, for a given destabilizing sub-
stituent, when the value n of the substitution is
increased, an increase in the value of n(C,y) is
obtained; by normalizing with Equations 1 and 2,
Equations 3 and 4 are obtained, which are valid
for all the substituents.

The lower emission and lower k(M) values of
the majolica-deposed glazes compared with those
of the granulates, can be ascribed to glass—biscuit
interactions. This fact, and the decrease of mpy
and k(M™) with |Ar|, suggests a migration of the
substituent cation from the glass to the biscuit
with a reduction of the lower symmetry sites (and
a consequent reduction of Pb?* release) followed
by a rearrangement of the network and a decrease
of k(M*) with respect to k'(M*); the higher the
[Ar| values the more hindered are these migrations.
In fact, in the case of the Cs* substituent, no
important differences were observed between the
release properties of granulates and deposed glazes.

Tl-containing granulates showed an anomalous
behaviour (see Table II), probably dependent on
oxidation to TI** by reaction with atmospheric
oxygen during firing. The presence in the network
of even low amounts of tri-valent ions (TI**)
should cause a drastic decrease in Pb%* emission,
similar to that which has been observed [13] to
result from the addition of small amounts of tri-
valent ions together with CuQO in FB glazes.

In this study, the validity of the already estab-
lished relationships for the binary substitution of
alkaline cations [1] has been confirmed, and their
applicability was extended to other substitutions.
In addition, a parameter, £, was defined applicable

to destabilizing substituent ions, which is formally
equivalent to the parameter { [1] applicable to
stabilizing substituent ions. To both parameters,
which are proportional to Pb®* release, the mean-
ing of a per cent ratio between the volume of the
interstices associated with the Cy, sites and that of
the sample was attributed; the parameters can be
directly obtained from the composition of the
glazes and allows their Pb?* release to be predic-
ted.

The strong glass—biscuit interaction, already
hypothesized [14, 15] was interpreted to result
from a migration of substituent ions. The import-
ance of this phenomenon was directly related to
the decrease of |r(M™)—r(Na")|, the stabilizing
effect of the Na* ion having been demonstrated.
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