Abstract

The feasibility of using a zinc oxide
obtained from zamak waste recovery
as a raw material for frit synthesis has
been studied. For this purpose, three
widely used types of frit in the
ceramic sector, which are charac-
terised by their high ZnO content (a
crystalline, a zirconium white, and a
zinc matt frit), have been synthe-
sised using ZnO made from zamak
waste, and an industrial grade ZnO.
The characteristics of these frits and
of the glazes they yield have been
compared. The results show that the
recovered ZnQO alters to a certain
extent some frit properties, particu-
larly those relating to the appear-
ance of the resulting glazes, but that
in certain cases the recovered ZnO
can serve as an alternative raw mate-
rial.

Introduction

Zinc oxide is an essential constituent
in the ceramic frits used to prepare
single-fire glazes, since itis related to
a series of important characteristics,
such as maturing range and sealing
temperature. At temperatures above
950°C, zinc oxide acts as a flux
which, in combination with other
oxides, facilitates the obtainment of
a smooth surface; however, when
incorporated in excess it generates
matt glazes.

In recent vears this raw material has
become much more expensive,
since its price is linked to that of
metallic zinc, whose price has soared
on the international market (the
price of a ton of Special High Grade
zinc on the London Metal Exchange
has increased almost fourfold in the
period from January 2000 to January
2007). Since many frit compositions
contain this oxide (some even in
proportions of almost 20 % by
mass), production costs have risen
with adverse effects on the ceramic
sector.

Price rises of raw materials tend to
drive research into alternative raw
materials, or the search for sources
different from the wusual ones.
Indeed, studies have been published
on zinc recovery from various indus-
trial wastes, such as aqueous solu-
tions [2], catalysts [3], or steel mill
dust [4]. The extraction of zinc oxide
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from industrial wastes may thus con-
stitute an alternative supply route, at
least for a certain range of frits in
which the possible pollutants includ-

ed in recovered ZnO will not
adversely affect the ceramic applica-
tion.

The alloys generally known as zamak
(consisting mainly of zinc, with 4
mass-% of aluminium and smaller
quantities of magnesium and cop-
per, which vary according to the par-
ticular alloy involved) [5, 6], are
widely used in many industrial sec-
tors, such as the toy and automotive
sectors, Considerable waste is gener-
ated during the manufacture of
these products, which cannot be
readily reused in the process and
tends to end up at landfills, though
different avenues are being explored
for reuse.

Zamak waste can be transformed
into zinc oxide using a procedure
developed by AU [7]. The method
is based on the use of an electric arc
that allows the volatilisation and oxi-
dation of the zinc contained in the
zamak, and the resulting ZnO is col-
lected in a filter system. This process
has been tested on a pilot scale,

which has provided representative
samples for analysis of ZnO proper-
ties and of the effects of recovered

e
ZnO incorporation into ceramic
products (AlJU references).

The present study has been con-
ducted using this recovered ZnO
and a high-quality industrial zinc
oxide to evaluate the differences in
their characteristics, as well as in the
properties of the frits obtained from
both. First, both zinc oxides were
thoroughly characterised. Three dif-
ferent frits were then synthesised, a
zinc matt, a zirconium white, and a
crystalline frit, the rest of the process
variables being kept constant (raw
materials and obtainment proce-
dure). Finally, the six frits, as well as
the glazes obtained from them, were
characterised.

Experimental Procedure

The zinc oxide used as a reference
was an industrial product (specifical-
ly, a sample of Union Miniére Gold
Seal, which was referenced ZnQ/E);
the product supplied by AlJU from
the recovery pilot plant was refer-

enced ZnO/R. The other raw materi-
als used in frit synthesis were of the
quality customarily used in the
ceramic {rit sector.

The oxide characterisation included b
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the determination of the chemical Juguete (AJU)(E).
composition by X-ray fluorescence | '
(XRF) (PW2400, Phailips, Nether-
lands); fluorine was determined by a
selective electrode (9655, Crison,
Spain); the crystalline phases present
were identified by X-ray diffraction
(XRD) (Theta-Theta D8 Advance,
Bruker AG, Germany); specific sur-
face area was measured by nitrogen
adsorption (TriStar 3000, Micromerit-
ics, USA); particle size distribution
was determined by laser diffraction
(Mastersizer 2000, Malvern, UK);
and particle morphology was char-
acterised by scanning electron
microscopy (SEM) (XL30, Philips,
Netherlands ).

The raw materials of each frit were
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were homogenised by wet milling in

o . . . PR Tab. i
a ball mill, using acetone as fluid.  cham
The suspension obtained was dried  tion (n

constituent ZunO/E
99 % 961
<1 (.19
<(1 .03 230
<(3.01 .14
<{(3 (31 (.04
<) 01 .07
K-0 <(.01 <y i3]
T10- <0.01 <().01
MnO <0011 <0301
P-0Os <(.01 <(.01
CuQ <().01 0131
S <0 .01 <001
Cl <001 (.06
i <().01] <().01]
LOT at 900°C 0,13 0,85
Parameter ZnC/E ZnO/R
dgg (Lm) 1.19 204
dsp (um) 0,45 10.03
dyo (1m) 012 4.16
dy- (pm) 0,56 11.31
ds {m) 0.29 6.96
Specific surface (mz/g) 4,2 23.0
Tab. Z Particle size distribution and spe-
cific surface area parameters.
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Micrograph of
ZnO/R

Fig. 4 (right)
Micrograph of
ZnO/E
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size distributions

under infrared lamps and the result-
ing powder was put through a 600
micron mesh sieve to avoid the pres-
ence of large agglomerates. Portions
of 500 grams of each starting mix-
tures were placed in mullite cru-
cibles, which were set inside an elec-
tric glass fusion furnace (BLF1800,
Carbolite Furnaces, UK). The same
thermal treatment schedule was
used for all frits: heating at 10K/min
to the desired peak temperature, fol-
lowed by a 30 min dwell at that tem-

erature. When the residence time
ad ended, the crucible was with-
drawn from the furnace and its'con-
tent poured into water {guenchead)
to vitrify the mass. The frit obtained
in each fusion was dried under
infrared lamps and stored for the dif-
ferent characterisation tests. Three
fusions were penormer\ of @acn frit,
the product of these fusions being
mixed before proceeding with the
characterisation.

The frits obtained were charac-
terised by XRD, hot stage
microscopy (Misura 2, Expert Sys-
terns, ltaly) and differential thermal
analysis (SDTA85Te, Mettler,
Switzerland). At the same time,
glaze slips were prepared in a labo-
ratory planetary mill, with a mixture
of frit and kaolin in a ratio of 100:8
by weight, with the addition of car-
boxymethylcellulose and sodium
tripolyphosphate in order to obtain
stable suspensions. The slips were
applied on to white tile biscuits; after
the glazed pieces had been dried in
an oven they were fired in an electric
laboratory kiln (Pirometrol S.A.,
Spain) with a thermal treatment that
simulated a rapid floor tite manufac-
wring cycle, with a 6 min residence
time at peak firing temperature
(hereafter TC), while a range of TC
values appropriate for each type of
glaze were tested.

The chromatic coordinates were
determined on the fired test pieces,
depending on the type of glaze, with
a spectrophotometer (CE7000, Gre-
tag Macbeth, Switzerland), and gloss
was determined with a reflectometer
(Statistical Novo-Gloss, Rhopoint,
UK) at an angle of 60°.

o]

Results

Characterisation of the
Oxides

The results of the oxide chemical
analysis (Tab. 1) indicated that sam-
ple ZnO/R was less rich in zinc oxide
than ZnO/E, which would not be too
problernatic in principle, provided
the quantity remained steady. From

the \fiewnoi it of
cation, the pre
ALO, is not a p bl i
essing since all 'ts contain these
isments. However, the CuO and
O, impurities are a problem
suse of their chromophore prop-
erijes.
From & mineralogical viewpoint,
ZnO/E consisted of a single zincite
phase (Fig. 1), whereas ZnG/R (in
addition to the zincite) included a
small quantity of unoxidised zinc.
Note, further, that given the lower
intensity and greater width of the
sample LnO,P\ reflections in the dif-
fractogram, there are likely to be dif-
ferences in the size of the primary
crystallites between both oxides,
which may entail differences in their
reactivity.
ZnO/E particle size distribution indi-
cated that it was made up of much
finer  partictes than  ZnO/R
(Fig. 2, Tab. 2). in addition, the
ZnO/R particle size distribution was
practically monomodal, with a max-
ima at 11 - m, while that of the
ZnO/E was clearly bimodal ‘Vith two
maximums, at about 0,15 and 0,63
Howsever, this fact was not
i cific surface arga,
\.fvhic’n was about five times larger in
. It was possible to interp
arent anoma{y thanks ot
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whose primary particles were appre-
ciably larger (Fig. 4).

Synthesis and
Characterisation of the
Frits and Glazes

The three synthesised types of frits
were given the general references
FM  (zinc matt), FB (zirconium
white), and FC (crvstalline), to which
the termination /E or /R was added,
depending on the zinc oxide used in
synthesis. The compositions of the
mixtures designed to obtain the frits
is detailed in Tab. 3. A melting tem-
perature of 1550°C was used except
for the matt frit, whose melting tem-
perature was 1500°C.

The first effect of the zinc oxide sub-
stitution was detected in the frits
themselves. The three frits synthe-
sised from the ZnO/E oxide dis-
played a transparent appearance
with a greenish-yellowish shade,
whereas the three frits synthesised
from ZnO/R exhibited very different
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in the half-sphere and melting tem-
1

peratures ( 0°C at most).

it was verified by differential thermal
= analysis '“h:t the frits symms's ed
g E from Zn displayed much less
= G efined ex othermc devitrification
i = peaks than their coumer arts made
é 'E from ZnO/E (Fig. 9-11), thou gE they
= g showed no displacement in the
e ond

maximum temperaiure of {
The properties of

FMR

obtained from the frits
appreaaok influence o ty
10 20 30 40 50 10 20 30 40 50 zinc oxide used. First isp
20 % AR ment of the firing range towards

e

— ~ lower temperatures was detecte
Fig. 6 Detail of the diffractograms of the frits synthe- evidenced by bubble formation in
sised from ZnO/E the Fivi/R frit at slightly lower firing
temperatures with respect to FM/E

Fig. 5 Detail of the diffractograms of the frits synthe-
sised from ZnO/R

50 {(1080°C in comparison
B = =
50 1090°C). No surface defects
detected in the white and crvszallmc
40 40 frits within the explored ranges of fir-
= = ing temperatures, but the evolution
< 2 ~ i i
L 30 =~ of the properties of the resulting
g o 30 . o .
@ = glazes in relation to this variable sug-
2 5 = gest a similar trend, as set out below.
[ W= 2 . |
£ < 0 Glaze gloss behaviour was analysed
@ 0 by dividing nﬂ fms into
10 o 18 s The glo;s
/ from the
i g e higher at
600 850 800 850 900 950 1000 1050 range """‘/hef
Temper Temperature {°C) instead of £
— gloss increase
Fig. 7 Shrinkage/tempe Fig. 8 Shrin rose until it r
type of frits white and cry fo
\

Howed b\
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appearances, without any loss of  The sintering curves {
transparency. The FC/R frit had a  the characteristic e :

bluish colour; the EB/R frit contained  (Tab. 4) obtained using hot stage = The glaze
some reddish-coloured particles, — microscopy, indicated that ZnO/R white and

Tab. 3 Frit composi-
tions (mole %)

Tab. 4 Characteris-
tic frit temperatures

O
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while the FM/R frit clearly consisted
mainly of reddish-coloured particles.
Despite their great differences in
appearance, the six frits can be con-
sidered practically amorphous, since
no defined reflections were detected
in any of them by XRD (Fig. 5,6),
which indicates that the zinc substi-
tution causes no important devitrifi-
cations during frit synthesis.

produced slightly more fluxing frits,
with slightly lower characteristic

temperatures compared with those
obtained with ZnQ/E. However, the
variations were not high, these
being most pronounced in the
shrinkage end temperature (30°C at
most), and they were much smaller

similarly (k
thesised us
glazes with
across the er
ing temperatures, which in addi-
tion reached maximum values at
the same temperature (FB) or
higher temperature (FC) and
which, once the maximum hac

Frit Si0, | ALO; | B,O;  MgO Ca0 Bal Zu0 Lo | Na,O K,0 Zr0,
FM 46.60 5.23 3.63 11.93 - 21.25 1.33 2,50 1.0> (1.33
BB 61.23 2 .80 230 410 12.00 - G753 . - 2RO 3RO
FC | 6543 | 354 309 062 | 1580 | 193 | 6.89 - 6 203 -
Femperature | FM/E EB/E FBE FO/E FC/R
Shrinkage start 630 843 830 830 820
Shrinkage end 770 1010 1o10 1013 Y83
Softening 780 1073 1030 1033
Sphere 875 1100 03 63 1063
Hall-sphere 1020 1160 S0 P30 123
Melting 1033 1190 83 Lo
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been reached, exhibited a much always lower in those obtained of frit considered (Fig. 15-17),
more gradual decrease in gloss. from the frits synthesised with though the differences were more
The lightness of the glazes was ZnO/R, independently of the type pronounced in the matt glaze than
£ 20 cfi/Ber. DKC 85 (2008) No. 7-8
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in thc white and transparent glazes
{in this last case, the glaze should
be colourless, so that the colour of
the body would essentially be
measured, but the variations in the
chromatic coordinate measure-
ments indicated a modification in
the glaze characteristics, since the
body had been subjected to the
same thermal cycle and should
therefore display the same back-
ground colour). In regard to the
evolution of lightness with TC,

changes were observed in the mair
and transparent glazes, since the
replacement of ZnO/E with ZnOJ/R
may be considered only to move

P

the curve tov /cuds lower values o
L*. In contrast, in the white glazc—
the FcplaC\,F’l‘“ﬂL of ZnO/E wi
ZnOJ/R  converted &
decreasing evolution into a differ-
ent evolution, which was practical-
ly independent of the firing tem
perature

Discussion

The variations found in the frit and
glaze properties when ZnO/E was
replaced with ZnO/R can be related
to the differences in the characteris-
tics of both oxides, especially in the
impurities content, in which the
presence of CuQ plays an essential

role, together with iron oxide,
metallic zinc, and alumina.
The origin of the reddish colour

mainly displayed by the frit FM/R
particles, and more sporadically by
those in FB/R, may be assigned to
CuO in combination with the pres-
ence of metallic zinc as a reducer.
This shade would be due to the
reduction of copper during frit
fusion, and the precipitation of col-
loidal particles of Cu,O during
quonchino 8]t wough the gquantity
is so small that it is be i ni
detection limit and, Lhe[e|orc, was
not identified in FM/R. This phe

nomenon can obviously only appear
in frits with a mgn ZnO/R com:m,
which is why it does not appear in
FC/R, since this contains a fo%

guantity of ZnO/ R, aﬂd he

ence of CuO in
detected in this{
The changes in
iour may be interpreted 53}/ consider-
ing that ZnO/Rincludes an addition-
al contribution of a!umn an om
c}mraaemucﬂllv me

Ql
[st]

d|spiay less oro nced and more
d

iffus dcvwrmu on processes at
high temperature. In adGluO n, the
characteristic temperatures that
unde 2rgo a greater variation are the
ones immedxately above the devitri-
fication temperatures (the sphere
temperature in FM, the softening
temperature in FB, and the shrink-
age end temperature in FC), which
decrease. This is consistent with a
smaller quantity of devitrified crys-
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appearance of surface defects, as detected in the g
obtained from the matt frit. However, the effect of the
smaller quantity of crystals on viscosity would be part-
ly compensated by the smaller quantity of zinc oxide
contributed by ZnO/R; for that reason, a highly pro-
nounced variation in thermal behaviour does not

occur.
The enhanced sinterability of the glazes obtained from
the frits synthesised with ZnO/R should mean greater
ease in obtaining a smooth surface and, therefore,
high gloss. This occurs in the case of the matt glaze,
exceptwhen defects start appearing in the surface, but
the same fails to happen in the transparent glaze and
the white glaze, in which lower gloss values are
obtained with the frits synthesised from ZnO/R. This
phenomenon might be interpreted by considering
that the lower apparent viscosity allows the devitrified
crystals to alter the surface roughness of the glaze,
even though the number of crystals is smaller, a phe-
nomenon that would occur to a lesser extent with the
glazes obtained from frits FB/E and FC/E.

The changes in the lightness of the matt and white
glazes can be interpreted by considering the lesser
devitrification to be noted in the glazes obtained with
ZnO/R, which means a smaller number of olassfcrysi“k
interfaces and, therefore, decreased light scatter. In the
case of the transparent glaze, the small reduction in
lightness may be more closely related to selective
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absorption phenomena by the chromophore impuri-
ties, which are also responsible for the colour change.
Although the matt and white frits exhibit reddish
sreas, this colour disappears in the glazes, which indi-
a es that the colloidal Cu,O oxidises to CuC during

ing. This oxidation state generates greenish co!—
orations in silica glasses, while the Fe(lll) impurities
tend to generate vellowish shades [11], so that the
combined action of these cations would be responsi-
ble for the change in colour observed in the glazes, i.e
the decreased a* would be assignable to Cu(ll), while
the decreased b* would be caused by Fe(lll).

pets 2 e ERK Y

Conciusions

The results described indicate that ZnO/R could be an iﬂ e now manuracture our iﬁfeﬁégmﬁ’qgﬁ or
acceptable raw material in the synthesis of frits that do ‘expertise across Eampe and Aisa

not contain large quantities of zinc oxide, since in this ’
case the occurring alterations in frit behaviour would
be small. Complete substitution in zinc-rich frits like

-Draytoh Beaumont Kilns (UK) have over 40 yearé Kilne

those used in this study would involve greater alter- '[dihg experienqe with over 1000vinsfallarﬂons worldwide.
ations in both thermal behaviour and final glaze Drayton Beaumont have established a manned presence
appearance (reflected in gloss and colour), whose in China to extend their engineering expertise and western
importance would need to be evaluated in each case. quality range of kilns & furnaces to the far eastern market.
However, an intermediate solution may be proposed, - : o

in which ZnO/R could constitute part of the zinc oxide As an extension of Drayton Beaumont's Global
contributed to the frit compaosition, and in this case the Marniufdcturing Policy, Far Eastern customers now.have

alterations would be much smaller. A slight change in ‘the Oppoﬁunity to buy Drayton Beaumont products at

frit composition might also be considered in order to
accommodate the variations that this zinc oxide could competliive priges W[th all the qualtty and rehabmty they

generate in thermal behaviour and, in this case, only WOL“d expect from a Drayton Beaumont pl‘OdUC’[
the effects on end glaze appearance would need to be i : S . ;

evaluated.

Design'and TgChnology from the UK, manu
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