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Introduction

The use of zircon (ZrSiO4) as a glaze opacifier
has become widespread in the white ware
industry. The presence of zircon crystals that
have a particle size that approaches the
wavelength of incoming light allows for light
scattering and, thus, opacification1–2. The
three parameters, which control the degree of
opacity obtained, are the following3:

➤ relative refractive index between the
crystals and the glass matrix

➤ number of independent light scatters
➤ particle size and shape of crystals.

Zircon is used in industry in a wide range
of applications, as zircon sand directly from
the mine; as a milled product in the form of
zircon flour (95 per cent micronized to 
< 45 µm, used in the manufacturing of frit)
and opacifier grades (100 per cent micronized
to < 6 µm, used in ceramic glazes for tiles and

sanitary ware); chemical processing or fusion
of zircon sand (or baddelyite) to produce
zirconium chemicals and synthetic zirconia.
The most important market for zircon is as an
opacifier for ceramic tiles and sanitary ware.
Both zircon flour and the micronized grades
can be used as opacifier. However, opacifier
grades or zircon opacifiers tend to refer to
micronized zircon (100 per cent < 6 µm) that
can be introduced directly into the glaze.
Typically, zircon glaze uses 8–12 per cent of
milled zircon depending on the degree of
opacity requirements. 

The particle size of zircon grades is also
very important in terms of application.
Different zircon grades are usually classified
according to their d50 value (the mesh size
through which 50 per cent of the material
passes). There are a number of milled zircon
products available commercially, which vary in
grain size and purity. The following are the
most commonly used grades of opacifier: (a) 9
micron (d50 = 1.5–2.0 µm)—widely use in
ceramic glazes; (b) 6 micron (d50 = 1.2–1.5
µm) —widely use in ceramic glazes and also
used as cheaper substitute for the 5 micron
material in sanitary ware and fully vitrified
unglazed tiles: (c) 5 micron (d50 = 0.8–1.2
µm)—highest use product in fully vitrified
unglazed tiles and sanitary ware. This grade
tends to be the benchmark because of its high
value-added/volume ratio4-5.

Zircon is the most commonly occurring
mineral of zirconium. It is an extremely
efficient refractory mineral with a high melting
point, a low and regular coefficient of thermal
expansion and high thermal conductivity. The
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mineral has a high hardness and is thus resistant to
abrasion. A major feature of the mineral is the strength of
the ZrO2-SiO2 bonds. Significant amounts of energy are
needed to break these bonds and therefore zircon is highly
resistant to chemical attack. Unaltered zircon has a high
refractive index, which makes it suitable for use as opacifier.
Highly crystalline zircon does not absorb or reflect any
particular wavelength of visible light and therefore gives
ceramics a white appearance. This unique property allows
zircon to be used as an opacifier in ceramic applications. 

The quality of the zircon determines the suitability for a
particular application. Quality specifications for zircon are
typically quoted in terms of the zirconia content (expressed
as ZrO2 + HfO2), iron (Fe2O3), alumina (Al2O3) and titania
(TiO2). An iron content of less than 0.07 per cent, designated
as a ‘premium’ grade zircon, is usually required for ceramic
opacifier applications. However, refractory producers have
little concern for iron levels, which could be as high as 0.3
per cent. The iron, as well as the alumina content5, are
impurities present in zircon that negatively influence the
opacity properties. The solubility of iron in the glaze causes
discoloration of re-crystallized particles in the glaze. In
industry, the iron content is primarily controlled through
grain surface cleaning and efficient mineral separation. High
alumina contents are normally an indication of contami-
nation by alumina-silicate minerals. The minerals are most
effectively separated from zircon by using wet gravitation
techniques, such as spirals shaking tables and Kelsey jigs. In
some cases, final cleaning is done by dry gravity separation
using air tables6. 

Zircon has to be milled or micronized to suitable particle
sizes before it can be introduced into many of its end-use
applications. However, the energy costs for milling increase
exponentially with increasing fineness. Excluding the zircon
price, electric power is the highest cost element in the
production of zircon as an opacifier, followed by the cost of
the grinding media. 

The aim of the present work was to study the effect that a
treatment process in the presence of mineralizers has on the
opacity properties of an inferior grade of zircon with a
relatively high iron (Fe2O3) and alumina (Al2O3) content that
is generally not suitable for high quality ceramic applications,
i.e. opacifier for glazes. The treated zircon material was
compared to three South African commercially available 5
micron zircon opacifier products, produced from high quality
zircon concentrate (prime grade material), after application
on a ceramic tile. The influence of the treatment process in
the presence of the mineralizers on the milling characteristics
of zircon was also investigated.

Materials and methods

A South African grade zircon, with relatively high Fe2O3 and
Al2O3 contents, was used in this study as opacifier material.
The chemical composition (determined by XRF spectroscopy)
of the zircon grade used is given in Table I (column labelled
as ZS). The zircon material, designated as a ‘standard grade’
zircon product (ZS), was milled in a conventional ball mill to
a zircon flour product (95 per cent < 45 micrometre). The
milled zircon flour product was mixed with selected
mineralizers in a Y-cone tumbler mixer in order to ensure a
thorough homogeneous blend and thereafter calcined in an

air furnace to produce a raw calcined product, referred to as
treated zircon opacifier (designated ZT). After calcining, the
product was washed with water to remove the excess
mineralizers and impurities present in the calcined product.
The resultant washed product was then wet milled in an
MMS series RAPID mill to a average particle size (d50-value)
of between 0.8–1.2 µm. Yttria-stabilized zirconia milling
media was used in order to eliminate any contamination that
could result from the milling media during the milling
process. A 12 per cent opacifier/transparent glaze mixture
was prepared, mixed and applied to a bisque ceramic tile by
means of a high-pressure spray gun and fired in a muffle
furnace at a temperature of 1080°C. The colour of the
opacifier product was assessed on the grounds of L*, a* and
b* parameters, calculated from the diffuse reflectance specra,
through the method recommended by the Commission
Internationale de l`Eclairage (CIE). According to the method
the parameter L* represents the brightness of a sample; a
positive L* value indicates a light colour, while a negative
one corresponds to a dark colour; a* represents the green (-)
→ red (+) colour axis and b* the blue (-) → yellow (+) colour
axis.

In order to evaluate the quality of the treated zircon
opacifier, three commercially available South African 5-
micron zircon opacifier products, supplied by Eggerding
South Africa, were used for comparison purposes. The
industrial zircon opacifier products were designated ZP1, ZP2
and ZP3 and a typical chemical composition of such a South
African prime grade 5-micron zircon opacifier product is
given in Table II. 

The influence of the calcining process in the presence of
the mineralizers on the milling characteristics of zircon was
also investigated. A 1.5 kilogram batch of the standard grade
zircon flour product was calcined in the presence of the
selected mineralizers and the calcined product was washed
with water to remove the excess mineralizers and impurities
present in the product. A quantity of 1.5 kg of the calcined
and washed standard grade zircon product, as well as 1.5
kilogram of standard grade zircon flour product, were milled
simultaneously in two separate roller jar mills for comparison
purposes with yttria-stabilized zirconia as milling media for a
period of 16 hours. Particle size measurements on the milled
samples were carried out at regular time intervals to compare
the milling times of both zircon samples used. 

Particle size measurements were carried out on a
Sedigraph 5100 particle size analyzer supplied by
Micromeritics.
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Table I

Chemical analyses of zircon flour material

Composition Unit ZS ZT

ZrO2 (+HfO2) % 66.6 66.6
SiO2 % 32.7 32.7
TiO2 % 0.24 0.25
Fe2O3 % 0.20 0.04
Al2O3 % 0.53 0.12
Cr2O3 % < 0.01 < 0.01
MgO % 0.01 0.01
CaO % 0.12 0.02
P2O5 % 0.12 0.12



The samples were demarcated as follows:
➤ a first letter that is relative to the product (Z: zircon)
➤ a second letter that is relative to the description of the

product (S: standard grade, P: prime grade, T: treated)
➤ a number that is relative to the different commercially

available zircon opacifier products used.

Results and discussions

Table I reports the chemical analyses of the ‘standard grade’
zircon flour product (ZS) used in this study compared to the
calcined standard grade zircon flour product (ZT). The
influence of the calcining step in the presence of the
mineralizers, particularly on the Fe2O3, Al2O3 and CaO
impurity levels, is evident. A substantial decrease in the
Fe2O3 content of the ZT sample is evident. The Fe2O3 content
decreases from 0.20 per cent for the ZS sample to 0.04 per
cent for the ZT sample. As suggested by Poynton7, a zircon
grade with an iron impurity level of 0.06 to 0.07 per cent,
must be treated with concentrated hydrochloric acid or
sulphuric acid for long periods either at ambient or elevated
temperatures to reduce the iron level to a minimum of 0.035
per cent. The treatment process, as suggested in this study, is
therefore a very effective method to reduce the iron impurity
level present in the zircon material as discreet grains. 

A large decrease in the alumina content of the calcined
‘standard grade’ zircon flour product compared to the
untreated zircon flour product also occurs. The alumina
(Al2O3) content decreased from 0.53 per cent for the ZS
sample to 0.12 per cent for the ZT product. A typical chemical
analysis of the unmilled standard grade zircon product, as
stated in the specification sheet of the supplier, shows an
alumina content of 0.25 per cent. The treatment process
therefore not only reduces the alumina constituents present
in the zircon grains as alumina-silicate minerals, but also
alumina present due to contamination of the alumina milling
media used to mill the sample to a zircon flour product. Also
evident from the chemical analyses in Table I is the decrease
in the CaO content in the ZS product from 0.12 to 0.02 per
cent for the ZT sample. The removal of the iron, aluminium
and calcium content in the ZS sample during the calcination
process therefore suggest a possible mechanism of
volatilization of these constituents to form various
intermediate volatile iron, aluminium and calcium species in
the presence of the mineralizers. 

Table III reports the CIE L* a* b* parameters of the ZT
sample compared to that of three commercially available
prime grade zircon opacifier products (5 µm product)
available in South Africa. In this method, the L* parameter
represents the brightness (whiteness) of a sample; a more
positive L* value indicates a light colour (white) while a more
negative one corresponds to a darker colour (black); a*
represents the green (-) → red (+) colour axis and b* the blue
(-) → yellow (+) colour axis. The largest L* value of the
industrial zircon opacifier product corresponds to sample ZP1
with a value of 88.62, while samples ZP2 and ZP3 have
values of 88.20 and 88.10 respectively. A substantial
increase in the L* value to 90.11 is observed for sample ZT,
giving it a much whiter appearance compared to the commer-
cially available 5 micrometre zircon opacifier samples. The ZT
sample is also characterized by lower values of a* and b*,
indicating a tendency to achromatism. The a* values for the
commercial opacifier samples, samples ZP1, ZP2 and ZP3,
varies from 2.08 to 2.26 compared to 1.57 for the ZT sample.
The same tendency is seen for the b* values. The latter varies
from 5.65 to 6.14 for the commercial opacifier samples,
compared to 3.44 for the ZT sample. 

Figure 1 shows the comparison of the L* value of the ZT
sample compared to the L* values of the commercially
available zircon opacifier samples with regard to the effect of
the wt per cent opacifier applied on a ceramic tile. A range of
between 8–12 wt per cent opacifier was selected to cover the
amounts most commonly used in industry and also
representing a reasonable change in the L* values. To
facilitate the preparation of the test tiles, a fixed weight of
glaze/opacifier mixture was applied per unit area by means of
a high-pressure spray gun. Uniformity of application was
monitored by first weighing the test tiles, and then spraying
the mixture to a fixed weight gain. It is evident from the test
results that the L* values for the ZT sample are much higher
than the results obtained for the commercially available
zircon opacifier products with each of the 8, 10 and 12 wt per
cent opacifier additions. The results in Figure 1 also indicate
that the L* value of 88.39 obtained for the ZT sample with an
8 wt per cent opacifier addition is even higher than the
values obtained of 88.10 and 88.20 for the ZP2 and ZP3
samples respectively with a 12 wt per cent opacifier addition.
Only sample ZP1 with an L* value of 88.62 with a 12 per
cent opacifier addition is higher than the L* value obtained
for sample ZT with a 8 wt per cent opacifier addition. The L*
value of 89.21 for the ZT sample with a 10 wt per cent
opacifier addition surpasses that of all the commercially
available 5 micron products with 12 wt per cent opacifier
additions. Between 17 and 33 per cent less ZT product is
therefore necessary to obtain the same level of whiteness on
a ceramic tile compared to the commercially available 5-
micron prime grade zircon opacifier products.
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Table II

Typical analyses of a South African premium grade
zircon opacifier product

Composition Unit ZP – 5 µm

ZrO2 (+HfO2) % 66.2
SiO2 % 32.6
TiO2 % 0.11
Fe2O3 % 0.05
Al2O3 % 1.20
Cr2O3 % <0.01
MgO % 0.01
CaO % <0.05
P2O5 % 0.11
U + Th mg/kg <500

Table III

CIE L* a* b* parameters of zircon opacifier products

Sample L* a* b*

ZT 90.11 1.57 3.44
ZP1 88.62 2.08 5.65
ZP2 88.20 2.25 5.77
ZP3 88.10 2.26 6.14
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Milling tests were performed on the 325 mesh zircon flour
ZT and ZS samples in order to evaluate the influence of the
calcination step on the milling characteristics of the respective
zircon products. Figure 2 graphically displays the comparison
in the mean particle size (d50 value) at different time
intervals. After the calcination step in the presence of the
selected mineralizers, a slight increase in the mean particle to
14.8 micrometre was measured in comparison with the ZS
flour product of 12.3 micrometre. This effect is due to the
agglomeration of certain particles during the calcining step.
After a milling time of two hours, the particle size analyses
already shows a difference in the particle size of the ZT
sample compared to the ZS sample. After 8.5 hours of
milling, the mean particle size of the ZT sample measured 5.6
micrometre compared to a particle size of 5.5 micrometre
achieved after 15 hours of milling on the ZS sample. 

SEM micrographs of the ZT sample are reported in
Figures 3 and 4, and that of the ZS sample in Figure 5
respectively. The definite role played by the presence of the
selected mineralizers during the calcination stage is quite

evident in Figure 3 (x 8 500 magnification) and Figure 4 (x
20 000 magnification). The most apparent feature in these
micrographs is the evidence of cracking of the zircon particles
and ‘pinhole’ effects on the surface of the particle that was
caused by the presence of the selected mineralizers during the
calcination stage. In comparison with the ZT product, the
untreated 325 mesh ZS product, shown in Figure 5, has a
relatively smooth surface appearance with no evident cracks
in the individual zircon particles. The surface effects that are
visible in the ZT sample, Figure 3 and Figure 4, therefore
improve the milling characteristics of the treated zircon
sample quite dramatically compared to the ZS sample. This is
also evident from the results of the milling tests that are
reported in Figure 2. 

Conclusions

A superior zircon opacifier product was prepared by calcining
an inferior grade of zircon concentrate with a relatively high
Fe2O3 and Al2O3 content, which is generally not suitable for
high quality ceramic applications, in the presence of selected
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Figure 1—L* parameters of different zircon opacifier wt% additions

Figure 2—Milling comparison tests of ZS and ZT samples



mineralizers. The product was evaluated against three
commercially available prime grade zircon opacifier products
and the advantages of the treatment process have been
established. The CIE L* a* b* parameters showed that the L*
value (whiteness) increased substantially after the treatment
process compared to the L* values of the three commercially
available zircon opacifier products. Moreover, the obtained
results suggest that between 17–33 per cent less of the
treated zircon opacifier product is necessary to obtain the
same level of whiteness after application on a ceramic tile
compared to the commercially available zircon opacifier
products. 

It was also found that the milling characteristics of the
treated zircon product, compared to the untreated zircon
material, improved dramatically after the calcining step in the
presence of the selected mineralizers. It was established in
this study that a milling time of 8.5 hours is necessary for
the treated material compared to that of 15 hours necessary
for the untreated material to achieve the same mean particle
size of about 5.6 micrometre. This factor is significant when
it is considered that excluding feedstock, electric power is the
highest cost element in opacifier production, followed by the
cost of grinding media. 

The zircon treatment process, as suggested in this study,
is therefore a very affective method to improve the opacifying
properties of an inferior grade of zircon concentrate due to
the large decrease of the two main impurities, namely iron
and alumina, that adversely affect the opacifier quality.
Substantial cost savings can potentially be realized through
shorter milling times and consumption of the opacifier. A
more detailed analysis to take the cost of the calcination
procedure into account is required in follow-up work to
establish the true economic evaluation of this proposed
treatment process.
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Figure 3—SEM image of ZT sample (x8 500 magnification)

Figure 4—SEM image of ZT sample (x20 000 magnification)

Figure 5—SEM image of ZS sample (x7 500 magnification)
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