





RELEASE OF LEAD FROM TYPICAL
CANADIAN POTTERY GLAZE FORMULATION

by

D.H.H. Quon* and K.E. Bell¥*¥*

ABSTRACT

The release of lead from ceramic foodware into contained
foods or beverages has been known to cause lead poisoning in Canada
and elsewhere and is the subject of international concern. A study
has been undertaken in the Mineral Sciences Laboratories, CANMET, to
assess the instability of typical Canadian pottery glazes under condi-
tions simulating those encountered in domestic use. The objective of
this study is to examine the mechanisms of Pb release and stabiliza-
tion as a contribution to the development of stable, safe glazes.

Lead release from glasses melted from typical glaze composi-
tions in contact with 4% acetic acid was studied as a function of
reaction time. It was shown that the amount of Pb released was de-
pendent on glaze composition, with high release occurring in glasses
containing higher concentrations of Pb0O and B203 and lower concentra-

tions of A120 and Ca0. The addition of CuO, as a colourant, was

3
found to increase the quantity of Pb released. The reported inhibit-
ing effect of chromate additions was examined: BaCrOu was found to

be a less effective Pb-release suppressant than Cr in the Cu-bear-

0
ing glazes, attributed to greater modification of tieBglass structure.

The kinetics for the release of Pb into solution show linear
dependence with respect to the square root of leaching time, indicat-
ing that the process is diffusion-controlled and therefore sensitive

to structural changes resulting from variations in glass composition.

¥Research scientist and *%*head, Ceramic Section, Mineral Processing
Laboratory, Mineral Sciences Laboratories, CANMET, Energy, Mines and

Resources Canada, Ottawa.
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LA LIBERATION DU PLOMB DES PIECES
CANADIENNES DE POTERIE GLACEE

par

D.H.H. Quon¥* et K.E. Bell*¥

RESUME

La libération du plomb des plats de céramique dans les ali-
ments ou les breuvages qu'ils contiennent est &4 la source des empoi-
sonnements par le plomb qui ont eu lieu au Canada et ailleurs et est
un sujet d'intérét international. Une étude a été entreprise aux
Laboratoires des sciences minerales du CANMET afin d'évaluer 1'insta-
bilité des glagures de poterie typique canadienne soumise 4 des usages
domestiques. Le but de cette étude est d'examiner les méeanismes de
libération et de stabilisation de Pb afin de contribuer a la mise au

point de glagures stables et sfires.

-

Le plomb 1libéré des verres fusionnés & partir des composi-

tions de glagures typiques en contact avee de l'acide acétique 4% a
été étudié en fonction du temps de la réaction. Il a été démontré que
la quantité de Pb libéré est fonction de la composition de la glagure;
une libération plus abondante de Pb se produit lorsque les pidees con-
tiennent des concentrations plus élevées de PbO et B,0, et des concen-

273
trations plus basses de Al,0, et Ca0. L'addition du CuO comme colo-

rant est la cause d'une pluszélande libération de Pb. De plus, on a
examiné 1'effet inhibiteur des~additions de chromate; on a découvert
que'le BaCrOu est un suppresseur moins efficace de la libération du Pb
que le Cr'203 dans les glagures porteuses de Cu que l'on attribue & une
plus grande modification de la structure du verre.

La ecinétique de la libération du Pb dans la solution dé-
montre une dépendance linéaire en rapport avec la racine carrée du
temps de lixiviation ce qui indique que le procédé est contrdlé par
la diffusion et donc sujet & des modifications structurales provenant

de variations de la composition du verre.

#Chercheur scientifique et #¥Chef, Section de 1la céramique,
Laboratoire du traitement des minéraux, Laboratoires des sciences

minérales, CANMET, Energie, Mines et Ressources Canada, Ottawa.
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INTRODUCTION

Lead oxide is a common ingredient in ce-
ramic glazes because it improves the melting char-
acteristics and their physical and chemical pro-
perties. As with any material, durability of the
glazes should be adequate for the service condi-
tions to which the product will be subjected and
ceramic glazes are usually formulated to endure
the most demanding of chemical and physical envi-
ronments. In the event of chemical corrosion of
glazes on tableware, the resulting degradation
typically results in deterioration of the required
properties and the release of glaze constituents.
With lead-bearing glazes, the leached materials
include toxic lead that can be carried into the
human body via foods and beverages. Isolated in-
stances of lead poisoning resulting from poorly
glazed foodware have sharply focussed worldwide
attention on this matter. Consequently, lead con-
taining glazes on food-contact surfaces are sub-
Jjeet by most nations to close control of permissi-
ble quantities of leachable lead. In Canada, the
permissible limits of lead and cadmium felease in
particular, are regulated under the Hazardous
Products Act.

To gain optimum durability of lead-con-
taining glazes, it is desirable to determine the
mechanisms of lead stabilization and release.
This knowledge can then be exploited to develop
glaze compositions having improved durability in
service.

The objectives of this project are:
(a) to establish the mechanism and rate of lead
release from typical Canadian pottery glazes as a
contribution to the development of safe glazes for
application on ceramic ware sold to Canadian
consumers and produced for export, and (b) to es-
tablish a basis for Canadian participation in In-
ternational Standards Organization Technical Com~
mittee 166 dealing with the release of toxilc mate-
rials from foodware.

This report covers studies on the effect
of various compositional parameters on lead re-
lease from glasses melted from typical Canadian
glaze formulations. Further work to be reported

separately will deal with the effect of various

processing parameters on lead release from these
glaze formulations applied to ceramic ware.

STRUCTURE OF GLASS

Glazes are special, complex types of

glass, but their structures are essentially iden-
tical to those of normal glasses. The mechanical
properties of glasses, particularly their
strength, show that the force responsible for
their coherence must be similar to that in a crys-
tal, and that the atoms must be linked together
to form an extended continuous three-dimensional
network. In this network the immediate environ-
ment of each atom is the same as or similar to
that in a crystal, but lacks long-range order.
The distinction between a crystal and a glass has
been illustrated by Zachariasen in the two-dimen-
sional examples shown in Fig. 1 (1). Here there
is seen to be no regularity in the glass, but the
type of binding and coordination is the same in
the two cases.

In inorganic glasses, the chemical com-
position of the glass may be represented by the
formula Amon’ where Am is the cation and On is the
anion. According to Goldschmidt, all glass-form-
ing oxides have ionic radii ratios, RA/RO, in the
range of 0.2 to 0.4, because the cation:anion ra-

dius ratio determines the possible type of ionic

‘Q

*

Fig. 1 - Schematic representation of (a) crystal-
line lattice and (b), corresponding glassy net-
work. After W.H. Zachariasen and B.E. Warren (3)




packing and hence determines the coordination of
the cation with respect to oxygen (2). He also
pointed out that the tetrahedral coordination
typical of this radii ratio range was required for
glass formation.

Zachariasen considered the glass-forming
abilities of various oxides and concluded that,
to form a glass, a substance must be capable of
producing én extended three-dimensional network
lacking periodicity but with an energy content
similar to that of the corrésponding erystal net-
work (1).

following requirements for glass formation:

From this assumption, he derived the

1. an oxygen atom is linked to no more than two
cations;

2. the number of oxygen atoms surrounding the
cation must be smallj

3. .the oxygen polyhedra share corners with each
other; - '

4. at least three corners of the polyhedra must

be shared.

The oxides that readily form glass ac-
cording to Zachariasen are B203, 510,, GeO,, P205
and Aszos. The B203 glass was considered a per-
fect example of a structure built up from BO3 tri-
angles such as are formed in crystalline borates;
510,, GeOy, P,05 and As,0g glasses were regarded
as being built up of Siou, GeQy, POy and AsOy te-
trahedra.

The present concept of the structure of
glass is that it consists of random three-dimen-
sional networks in which the formation of chains
or sheets is not possible compared with crystal-
line materials. The structures of erystalline and
vitreous (glassy) silica. are shown in Fig. 1.

Other»oxides incorporated into the glass
structure ére called glass modifiers. In general
for multicomponent glasses, it is not essential
that all constituents be glass-forming cations.
A glass is formed when the composition contains a
high percentage of cations surrounded by oxygen
in triangular or tetrahedral coordination, when
these polyhedra share corners, and when at least
some oxygen atoms are bonded to two cations and

do not share bonds with other cations. Thus, for

example, a sodium silicate can form a glass in
which sodium ions do not contribute to the network
formulation but sit in the holes in the network
as illustrated in Fig. 2 (3).

RELATIONSHIP BETWEEN COMPOSITION, STRUCTURE
AND CHEMICAL DURABILITY

The chemical durability of glass is de-
It is well known that

pure silica glass possesses high chemical durabil-

pendent on composition.

ity, compared with glass containing alkali oxides.
The decrease in chemical durability with addition
of a network modifier results from breaking of the
continuous Si-0-Si network in the glass structure.
Extensive studies of glass corrosion have been
carried out in various laboratories. The complex
nature of the glass composition and structure make
it difficult to have a clear understanding of the
corrosion prodess.

Glass may be subjected to éhemicai attack
by water, acid, alkali, salt solutions, and gases,
and'by vapours in the atmosphere. The dependence
on pH of the corrosion of glasses by aqueous solu-
tions was investigated by El-Shamy, Douglas, and
Lewin (4,5). They observed that when'a soda~sili-

ca or a soda-lime-silica glass is placed in pure

| é%?hh+

Fig. 2 = Schematic representatipﬁ of sodium sili-

est  Oon

cate glass. After B.E. Warren (3)



water, changes occur both in the glass and in the
solution. Two main reactions take place in the
glass: extraction of alkali ions with their
replacement by protons from the solution, and dis-
solution of silica by breakdown of the siloxane
bonds at the interface between the solution and
the attacked glass. The removal of silica usually
lags behind the alkali extraction, leading to the
formation of a silica-rich leached 1layer on the
surface of the glass. This layer plays a major
role in determining the rate at which the corro-
sion of the glass proceeds.

In their investigations of glass powder
containing 50% Pb0, U3% 3102 and 7% KZO leached in
dilute HNO3, Hafner and Jones reported that the
corrosion process involves exchange reactions at
the base of a permeable surface layer with selec-
tive adsorption characteristics for the various
ions released from the glass (6). In this case,
the potassium was released immediately on contact
with the acid. While the alkali was being re-
leased the rate of lead release was small. As the
alkali release decreased, the rate of lead release
increased. Their data support the proposition
that a leached-silica surface film has 1little
power to retain K ions but is able to retain Pb
ions. They postulated that the Pb ions are par-
tially adsorbed by a silica surface layer formed
by ion exchange at the base of the surface layer,
or are contained in a solution in contact with the
outer surface of a silieca layer.

The difference in rate of corrosion is
due to selective adsorption in the silica surface
layer and not to the formation of two surface
films of different properties as a result of the
removal of both lead and potassium from the outer
layer and removal of potassium only from the lower
layer.

The lead release from glazes containing
PboO, SiOz, K20 and Na20 was studied by Yoon et al
(7). The effect of different food acids was eval-
uated. In addition, a number of glasses with
varying batch compositions and melting timesvwas
investigated to determined the kineties of the
leaching process. This showed that the amount of
lead released is increased with lower pH value of

the beverage, longer reaction time, and higher

reaction temperature. It also indicated that the
leaching mechanism is a combination of diffusion
and chemical reaction. The possible chemical re-
action between glass and solution is interpreted

as.:

- Si-0-M + H30+
(glass) (solution) (glass)

- Si-0-H + M" + H,0
(solution)

Where M = glass modifier ion

From the glass surface, glass modifier
ions are released into solution due to the effect
of hydronium ions in the acid solution, which in
turn enter into the holes of the skeleton layer
from which lead and glass modifiers were leached.

In pure silica glass, each silicon atom
is surrounded by four oxygen atoms, and each oxy-
gen atom is bonded to two silicon atoms. The num-
ber of nonbridging oxygen atoms increases with in-
creasing quantities of glass modifiers (Na+, K+,
ete).

Based on the single bond strengths given
by Sun (8), Yoon et al. considered that glass
modifier-oxygen bonds such as Na-0 and Pb-0 are
easily broken, and that Na+, k* and Pb2+ ions move
from one nonbridging oxygen atom to another in a
viseous flow process during glass melting (7).
The modifier ions (K*, Na‘ and Pb2+) on the glass
surface in contact with an aecid solution are re-
leased into solution due to chemical action on
these weakly bonded ionic species.

Takashima and Saito examined the effects
of various cations in the lead oxide-silica-metal
oxide system on the extraction of Pb by 4% acetic
acid (9). They observed that when alkali and al-
kaline earth (except Be, Mg) ions were included
in the glass, the amount of Pb released was larger
than that from the mother glass. They explained
that the increase in Pb extraction by doping of
the mother glass with glass modifier was caused
by the weak bond strength of the introduced ions,
their large ionic radii, and the formation of in-
terstices in the glass structure. When Mg and Be
were added to the glass, the amount of Pb ion dis-
solution was less than that of the mother glass.

Those cations are considered to contribute to the



tight structure of the glass by binding to oxygen

ions having unsaturated valency.

INFLUENCE OF COLOURING OXIDES ON
TOXIC MATERIALS RELEASE '

In decorative glazes and enamels, proper

colours may be obtained by adding chromogenic
ions, which- often increase the releése of toxiec
materials. Very little information is available
on the mechanisms or the cause of the increased
toxic release with these additions. In green
glazes, copper oxide may be used as the colouring
agent. It is incorporated into the frit as cupric
carbonate, cuprous carbonate, cupric oxide or cup-
rous oxide. The presence  of small quantities of
these materials in the glazes can promote higher
lead release.

Dube reported that the lead release from
copper-bearing glazes can be suppressed by the ad-
dition of chromium compounds (10). He studied the
effect of adding different amounts -of several
chromate compounds. His results showed that bari-
um chromate decreased lead release as its concen-
tration’ increased, whereas silver chromate had the
reverse effect. Iron chromate passed through an
effectiveness peak, - suppressing lead release at
low concentrations, increasing it at -higher con-
centration.

Buldini studied the action of a 4% acetic
acid solution on a ceramic glaze conbaining lead,
zinc and chromogenic oxides (11,12). His results
indicated that both copper -and chromium oxides .in-~
creased the release of lead and zinc; Fe3+ and
manganese oxides had a lesser ‘effect, and Cto,
N12+ and Cd2+ had none.

Lehman reported the. effect of colouring
oxides on lead release from glazes (13). His re-
sults showed that cobalt oxide and manganese oxide
did not significantly affect the lead release of
the base glaze.
standard  base glaze caused a lead-release incréése
of from below 0.5 ppm to about 1.5 ppm.

It appears that the nature of the colour-
ing oxide in combination with the glaze composi-
tion determines  its effect on release .of toxic
material, but there seems to be considerable un-

certainty as to the mechanism of toxic releases.

A 2% mill addition of Cu0 to a .

FORMULATION OF GLAZES FOR LOW LEAD RELEASE

‘The - first attempt to correlate composi-

tion with lead release was made by Thorpe (14).
Based on his studies of lead bisilicate having a
PbO:SiO2 molar ratio of 1:2, he proposed -the
following empirical ratio to  compare the 1lead

solubilities of frits:

Sum of moles of basic oxides + A1203A

Solgbility % Sum of moles of acidic .oxides

233
* 760
where 223 and 60 are the molecular weights: of PbO
and 8102} " To
ratio

should be less than 2.

Mellor simplified Thorpe's expression to

achieve 1low: solubility, this

(15):

Sum of moles of basic oxides + Al2 O3

Solubility = Sum of moles of acidic oxides

For--low solubility, this ratio sould be less than
0.5.

Bloor attempted to correlate several pro-
perties of glazes with two other factors based on
the concepts . of network formers and negwork modi-
fiers (16). He treated Si0, and Al,0; as network
formers, and all other oxides as network modifi~
ers. For each- glaze the following "R" and "P©"
values were calculated (based on molecular formu-
la):

_ Sum of Q in molecular formula '
” Sum of Si+Al+B in molecular formula

P = Sum of O in molecular formula

~ Sum of network modifiers (Li,Na,K,Ca,Sr,Ba,Pb,Zn)

He showed that for boron-free ‘glazes, P, R and P/R
correlated well with several properties, e.g., the
On the other
hand, the correlation did not fit for glazes con-

maturing temperature of the glaze.

taining boron oxides.: He also showed, in triaxial
diagrams where the three apices of the triangle
3 and B203,
that the lines of constant maturing temperature

This

were network modifiers, 5102 + Al20

were- perpendicular to.the apex 5102 + A1203.




indicated that the boron oxide behaved as a net-
work modifier rather than as a network former.

It has been shown that the Pb release
must take into account the effects of the entire
composition of the glaze and is not related in any
simple way to its Pb content. Eppler proposes a
new way of predicting lead release, based on the
relationship of two factors, each derived from the
summation of those constituents that impart “good"
and "bad" properties, respectively (17).

Good = 2(A1203) + 810, + 2Zr0, + TiO, + Sn0

2 2

(The factor 2 is incorporated due to two equiva-
lents of Al in every equivalent of A1203.)

Bad = 2[L120 + Na20 + K20 + B203 + P205] +
Mg0 + Ca0 + Sr0 + BaO + F + Zn0 + Cd0 + PbO

He then plotted Good/YBad for every glaze versus
its lead release.
Applying simple and multiple regression

analysis he determined a
to Good/vBad:

If Good/¥Bad > 2.05,
less than 7 ppm.

If Good/¥Bad < 1.80

will most likely exceed 7

"figure of merit" equal

then the Pb release is

some Pb release values
ppm.

EXPERIMENTAL PROCEDURE
RAW MATERIALS

The raw materials for batch preparation

were obtained in the form of frits from a commer-

Table 1.
BaCrOu and Cr-203 - were

The additives subsequently used - CuO,
of certified chemi-

cal grade.

GLAZE COMPOSITIONS

Three basic glaze compositions were used,

prepared from the individual frits or their mix-
tures plus the usual mill addition of 10% clay.
The batch compositions are given in Table 2 and
the calculated chemical compositions and empirical
formulae of the glazes are given in Table 3.
Glazes 1 to 3 are typical Canadian pottery glaze
formulations maturing at Cones 06, 06-01, and 3
plus, respectively.

The lead release characteristics of these
glaze compositions, melted as glasses, were deter-
mined without and with additives.
effect of copper colourants, 2 wt % CuO was added

To examine the

to each of the basic glazes. Subsequently, sec-
ondary additions of BaCrOu and Cr-203 in amounts
varying from 0.1 to 4.0 wt % were made to each of

the copper-bearing glaze compositions.

BATCH PREPARATION

The glaze compositions were melted in
either 1000- or 500-g batches.
were accurately weighed on a laboratory balance
accurate to 0.1 g. After weighing, each batch was
placed in a 2-L polyethylene Jar tightly fitted

with a screw cap, and thoroughly mixed by rotation

The raw material

in a Turbula Mixer#* for about one hour.

cial supplier. Their composition and that of the ¥Manufactured by Willy A. Bachofen
clay used for compounding the glazes are given in Maschinenfabrik, Basel, Switzerland.
Table 1 - Chemical compositions of frits and clay used for compounding of glazes
K20 Na20 Ca0 Mg0 PbO A1203 B203 SiO2 Tio0, F6203 LOI

Frit 1 57.0 43.0

Frit 2 6.0 11.2 12.4 23.0 7.4

Frit 3 1.9 1.5 4.6 31.3 3.1 12.9 by 7

Frit 4 1.6 2.7 9.6 18.7 5.6 4.9 56.9

EPK clay 0.22 0.04 0.09 0.12 38.71 45,91 0.34 0.42 14,16




Table 2 - Mix proportions of frits and clay for compounding

of glazes

Glaze 1

Glaze 2

Glaze 3

59.09 wt % Frit 1 -
31.82°wt % Frit 2
9.09 wt 9 EPK clay

90.91 wt % Frit 3 -
9.09 wt % EPK clay

90.91 wt % Frit 4
9.09 EPK clay

Table 3 -~ Batch ‘compositions of glazes in weight per cent and empirical formulae

Glaze 1

Glaze 2 Glaze 3
Weiéht Empirical Weight Empirical- Weight , Empirical
per cent formula per cent formula per cent formula
K,0 0.02 0.012 1.98 0.084 1.51 0.054
Na20 1.98. 0.125 1.42 0.091 2.52 0.14.
RO . Ca0 3.66 0.255 B.29 0,304 8.95 0.54
Mg0. 0.01 0.0004 0.01 0.0008 0.01 0.001
-~ Pb0 34.49 0.608 29,14 0.520 17.40 0.265
AL,05 7.13 0.274 5.98 0.234 8.31 0.275
R203 B203 7.50 0.423 12.10 0.692 4,56 0.22
Fe203 0.04 0.0002 0.04 0.001 0.04 0.0007
810, 45,14 2. 94 b5.29 3.00 56.68 3.19
RO, Ti0, 0.03 0.0002 0.03 0.001 -0.03 - 0.001

MELTING

To minimize volatilization of Pb from the

- melts, the glazes were melted at as low a tempera-

ture and for as short a time as was consistent
with ensuring thorough melting and homogenization.
The liquidus temperatures were first determined
in a Leitz heating microscope with the results
given in Appendix A (18).
melted in electrical resistance furnaces. The
melting time was normally about 15 min at the

The batches were then

liquidus temperature, which was automatically con-
trolled to * 5°C.

melted in platinum dishes, but due to damage sus-

Initially, several batches were
talned by these expensive contalners, subsequent
batches were melted in fused-silica boats or cru-~
cibles, which have the advantage of low cost, high

purity and high thermal shock resistance. At the

end of the melting period the contalners were re-
moved and the melts poured into waten‘for_quench:
ing .and disintegration. To promote homogeneity,
each batch was remelted for a further 15 min at
the iliquidus temperatﬁre, and again quenched in

water.

LEAD RELEASE DETERMINATION

_Leaching of lead from the melted glazes
was performed using a modified version of ASTM
C225-73 standard test method for resistance of
glass containers to chemical attack, in which the
granulated glass is leached with 4% acetic acid
at 27°C (19).

GRINDING

The quenched melt from the second melting




was oven-dried at 150°C for 3 h. The dry sample
was then reduced in a Jaw crusher and granulated
in a micropulverizer. The ground sample was shak-
en through No. 20, 40 and 50 Tyler sieves. The
fraction retained on the No. 50 sieve of between
300 and 425 um particle size was retained for lead
extraction. This sample was first passed through
a magnetic field to remove any contaminating iron
introduced by the grinding process, then washed
three times to remove any adhering fines and
rinsed in methyl alcohol. In each washing step a
liquid:solid volume ratio of 3:1 was employed.

The washed sample was oven-dried at 150°C for 3 h.

LEACHING
A1l leaching was conducted on duplicate

samples.

glasses were placed in 550-mL bottles with 350 mL

Ten-gram aliquots of the granulated

of 4% acetic acid (one volume of glacial acetic
acid diluted with 2% volumes of distilled water).
The bottles were capped and the caps attached to
motor-driven shafts. The bottles were submerged
in a constant-temperature bath at 27°C. During
leaching, the sample and solution were constantly
stirred by rotation of the motor-driven shafts.
Granulated glasses of the three basic
glaze compositions were leached for 2, 4, 8, 16
and 24 h, as were the same glasses with 2 wt ¢ Cu0
addition, and in turn the copper-bearing glasses

with additions of from 0.1 to 4.0 wt % Cr,0; and

BaCr‘Ou respectively. ’

Following 1leaching, 250-mL aliquots of
solution were withdrawn from the bottles and ana-
lyzed for lead to * 0.001 g/L by atomic absorption
technique in the Chemical Laboratory of the Miner-

al Sciences Laboratories, CANMET.

RESULTS AND DISCUSSION

PREDICTION OF LEAD RELEASE FROM GLAZES
Based on the empirical formulae, the

"figure of merit" for these glazes, given in Table
4, was calculated according to Eppler (17).

Each of these three glazes has a figure
of merit equal to Good/YBad > 2.05 and therefore,
according to Eppler, the lead release should be

low. Glaze 2 has the lowest figure of merit among

these glazes, and should have the highest 1lead

release value.

Table 4 - Figure of merit for various glazes

Glaze No. Fig. of Merit
1 2.48
2 2.08
3 2.70

LEAD RELEASE FROM BASE GLAZE COMPOSITIONS

Lead release from base glazes was exam-

ined first. Results 6f the average of duplicate
analyses of the lead release values versus extrac-
tion time were plotted in Fig. 3 to 5. Under
identical extraction conditions, the lead release
values for glaze composition 3 were significantly
lower than those for compositions 1 and 2. Com-
position 2 gave the highest value and composition
1 had values slightly lower than glaze 2. In all
cases, lead release increased with increasing ex-
traction time. These results confirmed the pre-
diction, based on the calculation of the figure
of merit, indicating 1lead release from glaze 1 <
glaze 2 > glaze 3. Comparing the chemical compo-
sitions of these glazes in Table 3, it can be seen
that the glaze with the lowest release eontained
more A1203, Ca0, and 8102 and less PbO and B203,
whereas glazes with the higher release in general
had less Al1,0,, Ca0, and SiO2 and more PbO.

Ths gffeet of Mg0, Ca0, ZnO, A1203, T102
and ZI‘02 in lead-borosilicate glass was examined
by Cooke and Paul (20). They observed that the
presence of A1203 in glass improved the resistance
to attack by aqueous solutions. They ascribed
this to the formation of AlOu groups linked by

bridging oxygens to Siou tetrahedra, the cations
Pb2+ and Li+, which have donated the necessary
oxygens, being held in close association with the
AlOu groups for local electroneutrality. The ba-
sic cations in A1203-eontaining glasses are thus
much 1less free than they would be in the absence
of alumina.

Although B203 is a network former that
might be expected to improve the durability of

glass, 1ts addition to a lead-containing glaze
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rapidly lowers the acid resistance and increases
the Pb release. According to Eppler, constituents
such as Al 03, 5i0,, TiO and ZrO improve dura-
bility of the glaze (17). Those constituents that
contribute to lead release include the alkalies,
the alkaline earths, Zn0O, CdoO, 3203, F, and P205.

The higher lead release for glazes 1 and
2 appears to result from the larger amount of B2 3
and lesser amount of A1203 present in the strue-
ture, which is in agreement with the work reported

by others (14-17).

EFFECT ON LEAD DISSOLUTION ADDING COPPER OXIDE TO
BASE GLAZE COMPOSITIONS

Once the lead release values of the base

glazes were established, the effect of copper ad-
dition was examined. Two wt % of cupric oxide was

added to glazes 1, 2 and 3. Lead dissolution

versus leach time for these copper-bearing glazes

were plotted in Fig. 3 to 5. Table.5 compares the
lead release values obtained for base glazes and
copper-bearing glazes after leaching for 24 h.

It can be seen from the table and figures
that the lead dissolution is higher for the cop~
per-bearing glazes than for the base glazes.
There is a substantial increase in lead release
for glazes 1-and 2 after incorporating 2 wt % of

Cu0, but little difference in the values for glaze




Table 5 - Lead dissolution after 24 h of leaching

for base and copper-bearing glazes

No. Base glaze Copper-bearing glaze

Dissolved lead, g/L

1 0.045 0.063
2 0.049 0.05U
3 0.003 0.004

3, which was also the most stable base glaze.
Cooke and Paul examined the effect of
copper oxide on chemical durability of lead boro-
silicate glasses and showed that the lead extrac-
tion inecreased with increasing copper oxide con-
centration in the glasses (20). They observed
difference in extraction of lead, silica and the
colouring oxide from quenched and heat-treated
glasses, the extraction increasing with heat
treatment. Furthermore, heat treatment had a
greater effect on extraction as the copper content
of the glass increased. The low durability of the
2+ with

a very small amount of cu® dissolved in the glass.

glass was due to the presence of cut and cu

Under identical melting conditions the cut content
increased with increasing lead oxide content of
the glass. Both Cu20 and Cu0O are soluble in the
acid, the solubility of Cu20 being much higher
than that of Cu0, and as a result the addition of
copper oxide to glass decreases the corrosion re-
sistance. - In the case of the heat-treated copper-
containing glasses, the marked increase in dura-
bility over that of chilled glasses was due to
three-phase separation, i.e., liquid-liquid immis-~
cibility together with a cerystalline phase.

Powell and Auchmoody studied the reduc-
tion of Cu2+
the temperature range of from 750 to 1300°C (21).
They observed that the Cu™:CuZ*
containing PbO—B203 glass with high lead content

in high-lead borate solder glasses in

ratio in the Cu-

was found to be exponentially related to fining
temperature. They concluded that the higher fin-
ing temperatures favour the participation of Cu
in  the oCut

according to the equation:

state as a network modifier

2(B0) + 4cu?t + 30%" » 2(B0, ") + o™ + %0,

The above reaction suggests that some
boron is converted from threefold to fourfold co-
ordination with oxygen. At very low and very high
modifier contents, the Bou- tetrahedra may not
play a part in strengthening the boron-oxygen net-
work in the glass, but instead may act to break
it up by forming terminal groups and complex poly-
ions. Only at the intermediate modifier contents
do the Bou' tetrahedra cooperate to strengthen the
network. In high-lead glasses, the cut entering
the structure as a modifier would result in loos-
ening the network structure.

It has been suggested by other investi-
gators that the ratio of Cu:cu*
ing glasses has a great innfluence in controlling
durability of the glass (20). 1In part, this may

explain the increased lead release from those cop-

in lead-contain-

per-containing glazes that developed a high cut:

cu®* ratio.

EFFECT ON LEAD RELEASE OF ADDING CHROMATE
COMPOUNDS TQO COPPER-BEARING GLAZE COMPOSITIONS
It has been suggested by other investi-

gators that the addition of small amounts of
chromate compounds will suppress lead release from
copper-bearing glazes (22,23). To examine this
effect, 0.5 wt % BaCr‘Ou was added to glazes 1 and
2 containing 2.0 wt % Cu0. These glasses were
leached as before, and the amounts of lead ex~
tracted were plotted as a function of leach-time
in Fig. 3 to 5. With a 0.5-wt % BaCr0), addition
to the copper-bearing glaze 1, the lead release
level was about 30% lower than for the copper-
bearing glaze without the addition. However, the
lead release level of the copper-bearing glaze
with 0.5-wt % BaCrOu addition was still higher
than that of the base glaze.

There appeared to be no benefit from add-
ing 0.5 wt % BaCrOu to copper-bearing glaze 2, as
shown in Fig. 6. In this case, with the addition
of barium chromate, the lead release level in the
copper-bearing glaze was higher than that of the
copper-bearing glaze without barium chromate addi-
tion.

The lead release from the copper-bearing
glazes 1 and 2 as a function of BaCrOu and Cr'203
concentration was examined. In this study, the




ledching time of the glazes was 24 h at 27°C. The
lead release data obtained for copper~-bearing
gléze 1 as a function of oxidé concentration are
plotted in Fig. 6. It can be seen that the lead
release decreased with ihcreasing BaCrOu concen-—
tration up to 0.5 wt %. With further increase in
BaCrOu"éohcentration' up to 2 wt %, the lead re-
lease reached a maximum, followed by a decrease as
the BaCrO concentration reached U wt %. By adding
Cr203 to the same glaZé, the results shown-in Fig.
6 indicated that the lead release was at a minimum
3 at 0.5 wt %. With further additions of
Cr,0, to the glaze, there appeared to be no signi-

2"3 ,
ficant change in the ‘amount of lead released.

for Cr20

‘Figure T shows the effect on lead extrac-
tion from oopper—bearihg glaze 2 by adding varia-

ble amounts of BaCrOu and Cr "As can be seen

0,.

. 273
from the figure, minimum lead release occurred at
a BaCrOu concentration of 0.2 wt %, followed by a

maximum at 2.0 wt %. A further addition to U4 wt %
reduced the lead release to below the level 6f the

base glaze. The effect of adding Cr to glaze'Z

0
was similar to that in glaze 1, witﬁ 3inimum lead
release at a Cr203 concentration of 0.3 wt %.

The results’ obtained for lead extraction
from the copper-bearing glazes with various addi-
tions of BaCrOu and Cr203' show that Cr203 is a
more effective lead-release inhibitor than BaCrOu.
The behaviour of Cr203 as a lead-release inhibitor
may be explained in part by the similar size in
ionic radii of Cr3* and A13*. It has been report-
ed by Zamin and Murthy in their investigation into
the effect of A1203 on the chemical durability of
PbO—SiO2 "glass leached in dilute hydrochloric
acid, that there is some relationship with the co-

ordination of Al3+

in the glass (24). They ex-
plained that durability of the glass increases
with increasing A1203 content wup to a critical
3

concentration below which the Al * ions are in
sixfold coordination and above which they enter
Apparently the Al-0

bond strength is higher in fourfold coordination,

into fourfold coordination.

hence less bonding power is available for sharing
with Pb, rendering it more susceptible to leach-
ing. One might assume a similar behaviour for
Cr3+ions. The results of the present investiga-

tion would indicate that the critical concentra-

10

tion of‘Cr203, above which the coordination chang-
es from sixfold to fourfold, is about 0.5 wt %.
Barium chromate also acted as a. lead-re-
lease inhibitor, however, its effectiveness de-
pended strongly on its concentration (Fig. 6,7).
It might be assumed that on decomposition of the
BaCrOu, Cr203 would be available 22d thus act as a
lead-release. inhibitor. But Ba™~ would alsq be
available, which would be expected to increase
lead release due to disruption of the glass struc-
ture because of the large ionic radius of the Ba.
The decomposition of BaCrOu is representgd by the

following equation:

y BaCr0), = 2Ba ,0(Cr0)) +’Cr203 + %02

For Cr3+

ions to be present it must be
assumed that'PbCrou decomposes in a similar man-
ner, which has in fact been proposed by Mellor
(25). '

Another possible explanation for the re-
duction of lead release from the copper-bearing
mm%by®meﬁh&£3Mthtmfwmﬁm
of ‘compounds such as CuZCrZOM and CuCrzou and the

2+ and Cr+3.

presence of ions such as Cu+, Cu For-
mation of the copper chromate compounds would re-
duce the interaction of the copper and boron ions,
restricting the boron ions to threefold coordina-
tion and'thus'strengthening the glass structure.
The foregoing assumption has yet to be verified
experimentally, but X-ray diffraction analysis
failed to 'reveal any crystalline compounds in

these quenched glasses.

LEACHING MECHANISM
The lead~leaching kinetics of the glazes

show a linear dependence with respect to vt in
Fig. 8, 9 and 10, indicating that the lead release
is a diffusion-controlled process and will there-
fore be sensitive to alterations in structure due
to changes in composition. The results are in
good agreement with results reported by Baranyi
et al. for the leaching of cadmium‘from a glass
frit (19).

It is the generally accepted theory that
the chemical reaction between glass and a solution

is:




Si-0-M + H 0+ 3= Si-0-H + M" + H,0
(glass) (solution)

3

2

(glass) (solution)

CONCLUSIONS

Initial leach tests of three base glazes

where M = glass modifying ion. prepared from four commercially available frits
showed that the lead release from these glasses

From the glass surface, glass modifier was very sensitive to compositional variation.

ions such as alkalies, alkaline earths and pp2* It has been shown that compositions containing
are released into solution. In turn, hydronium high proportions of PbO and B,0; and low propor-
ions enter into the holes of the skeleton layer tions of Ca0 and Al,0; result in higher lead re-
from which the alkali and alkaline earth ions were lease. Lead release was generally higher for

leached. glazes with lower "figure of merit".
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On adding 2 wt % of copper oxide to the
base glazes, the léad release was higher for glas-
ses containing higher B203 concentrations. The
increase in lead release for high boron oxide
glasses is attributed to the oxidation state of
the copper: the cu® state was favoured and modi-

fied the network-forming B.O thus converting

2°3?
some boron from threefold to fourfold coordination

with oxygen. In high-lead glasses the Cu+ can

enter the structure as a modifier, resulting in

loosening of the network structure.

Adding chromium compounds BaCrOu and
Cr203
lead release was suppressed proportionally, but

to the copper-bearing glazes revealed that
only up to a critical concentration. It was also
demonstrated - thatlcr203 was a more effective lead
inhibitor than BaCrOy.
effectiveness of BaCrOu was due to the large ionic
radius of the Ba2+

some bonds in the glass structure and hence in-

It appeared that the lower
which may cause disruption of
crease the lead release. The role of CPZO3 as a
lead-release inhibitor may be explained in part by
the . close similarity in ionic radii of Cro* and
213*. The cr3* ions can exist in either sixfold
or fourfold coordination. The presence of cr3* in
the fourfold coordination in effect decreases the
overall bond strength in the.glass structure.

‘The lead leaching kinetics of these glas-
ses showed a linear dependence with respect to the
square root of time and this indicated that the
leadlrelease is a diffusion-controlled process and
.hence is sensitive ﬁq change in structure due to

cdmpositional variation.
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APPENDIX A

SOFTENING AND LIQUIDUS POINTS OF GLASSES






Prior to actually melting the full-size
samples, the behaviour of each composition was
determind by melting small samples in air using a
Leitz heating microscope, type IIA-P capable of
operating in air up to 1750°C. The construction
and operation of this equipment has been described
elsewhere (18). The samples used in the heating
microscope were prepared from the batches formu-
lated for the leaching experiments.

The small samples were heated in the mi-
croscope in a static air atmosphere at 6°C/min.
The projected image of the sample was photographed
at approximately 100°C intervals as the tempera-
ture was raised. In this manner, a series of

photographs was obtained showing the progressive

A-17

shrinkage and deformation of the sample with in-
creasing temperature. The softening temperature
was defined as the point at which the corners of
the specimen were clearly rounded, and the liquid-
us temperature as the point at which the melted
specimen had flowed to assume an essentially flat
surface. These temperatures for the three base

glaze compositions were:

Softening point Liquidus point
°C °C
Glaze 1 850 9lo
Glaze 2 900 960
Glaze 3 950 1100
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