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Abstract

Pegmatite is the main source of feldspar for ceramics industry. Usage of pegmatite in ceramic industry causes
some problems due to the presence of mica and iron oxides. These materials reduce tile strength, hardness
and density of the final product leading to low quality ceramic products. Southern Saudi pegmatite separa-
tion treatment was carried out in two phases in order to improve the ceramic quality of the feldspar obtained
from this pegmatite. The first phase consists of gravitational separation to remove the heavy impurities and
in the second phase magnetic separation was carried out to further minimize iron content. Porcelain ceramic
batches were prepared by wet-mixing, drying, pressing (semi-dry press) and fired at temperatures from 1000
to 1350 °C. The porcelain ceramic bodies were prepared and examined by DTA, X-ray diffraction, SEM and
tested for bulk density, linear shrinkage, water absorption and flexural strength. These results indicated that,
after treatment (gravity and magnetic separation), the pegmatite can be considered as a good source of potash
feldspar. The present study provides a positive indication for using of Southern Saudi pegmatite after treatment

in ceramic industries.
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I. Introduction

Alkali feldspars are one of the basic raw materials
of ceramic and porcelain industries. Feldspars are alu-
mina silicates containing K, Na and a small amount of
Ca. They occur in different types of rocks such as gran-
ite, syenite and pegmatite. In fact, high-grade feldspar
products are extracted from pegmatite deposits. In re-
cent years the consumption of feldspar has been in-
creased significantly together with the developing and
changing technology. As pegmatite occurs in very lim-
ited quantities and very restricted geologic environ-
ment and does not meet the increasing demands there
is a need to look for other rocks as potential reserve for
feldspars. A majority of these rocks contain low-quali-
ty feldspar and undesirable impurities for ceramic and
glass industries. Pegmatite consists of an important pro-
portion of feldspar and quartz. Other minerals associ-
ated with these minerals are biotite muscovite and iron
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oxides. Generally, these minerals have specific magnet-
ic properties and high density. Therefore it is possible to
remove them in appropriate size.

Feldspars are commercially used in the glass and ce-
ramics industries because of their chemical composi-
tion, particularly for their alkali content. The consump-
tion of feldspars within these two industries is estimated
at 85-90 % of the market [1]. Feldspar is also used in
fillers and abrasive industries but not as much as in the
ceramic and glass industries.

The greatest consumption of feldspar raw materi-
als is in ceramic products. Ceramic products comprise
sanitary ware, ceramic tiles, dinnerware, ceramic glaz-
es, and electrical porcelain. In ceramic industries feld-
spar is a basic component in the raw material batch for
ceramic bodies. The typical feldspar content in floor and
wall tiles is from 10-55 wt.%, from 15-30 wt.% in white
ware, chemical porcelain and hotel china, 25-35 wt.% in
sanitary ware and 30-50 wt.% in electrical porcelain [2].
Feldspar is also used in ceramic glazing in amounts rang-
ing from 30-50 wt.%; by providing alumina and alkali it
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also acts as a flux in fine ceramics [3]. In addition, feld-
spar also has various significant usages such as for ce-
ramic shields. The NASA space programme has used a
ceramic thermal shield to protect spacecraft during the
re-entry to the atmosphere. In pottery, a high amount of
potash feldspar increases their strength. Potash feldspar
is also involved in the ceramic materials which increase
the efficiency of gas turbines. A particular application
that consumes a significant amount of feldspar is porce-
lain industry, which uses 60-80 %.

Fluxes are raw materials with high amount of alkaline
oxides, mainly K,O and Na,O, whereby, in reaction with
silica and alumina, promote liquid phase formation that
facilitates the densification. The liquid phase surrounds
the solid particles and by surface tension enables rear-
rangement of particles and decreasing the porosity [4-7].

Traditionally, porcelain is defined as a glazed or un-
glazed vitreous ceramic white ware, and is used also for
technical purposes, such as electrical, chemical, mechan-
ical, structural and thermal wares when they are vitreous.

Triaxial porcelain is primarily composed of clay,
feldspar and a filler material (usually quartz or alumi-
na). However, alumina can be substituted for quartz to
increase the mechanical strength of the fired ware and
sometimes nepheline syenite also can be substituted for
feldspar. On thermal treatment, the triaxial porcelain
system forms a mixture of glass and crystalline phas-
es depending on the chemistry of the raw materials and
processing type. The K,0-Al,0,-Si0, and Na,0-Al O,-
SiO, ternary phase diagrams provide useful informa-
tion about the compositions of various types of indus-
trial porcelains [5,8]. The phase transformation and
microstructure of traditional triaxial porcelain (kaolin-
ite-quartz-feldspar) bodies have been studied in great
detail by many authors [9-12].

Generally, these types of porcelain are heteroge-
neous with crystalline phases (mainly quartz and mull-
ite) and close spherical pores (in case of presence of a
little porosity) dispersed in a glassy matrix. The chem-
ical reactions involved in a porcelain body at various
stages of thermal treatment have been discussed thor-
oughly [13-15]. Kaolinitic clay (Al0O,-2Si0,-2H,0)
is the major raw material of a porcelain system (clay-
quartz-feldspar), which undergoes dehydroxylation at
around 550 °C and forms metakaolin (Al,0,-2Si0,).
This is an endothermic process as detected in differen-
tial thermal analysis. Then, when the temperature ranges
between 950 and 1000 °C, metakaolin decomposes into
non-equilibrium spinel-type phases with the release of
amorphous silica. At this temperature range feldspar re-
acts with silica and forms an eutectic. The exact eutec-
tic temperature depends on the type of feldspar (potash
or soda). Beyond 1000 °C, densification starts by a vis-
cous flow sintering process followed by transformation
of spinel phases to mullite (3A1,0,-2Si0,). The spinel is
transformed into primary mullite and silica at tempera-

tures above 1100 °C. Due to this reaction series, prima-
ry mullite is commonly observed in porcelain micro-
structure as an aggregate of small crystals (<0.5 mm) in
the clay relicts. Secondary mullite is formed by the re-
action of clay relicts with feldspar at around 1200 °C,
and appears as a long needle crystal (>1 mm) [16].

The aim of this study is to evaluate and improve a
Southern Saudi pegmatite as a source of feldspar for ce-
ramic industry, to meet the increasing demands for oth-
er rocks as potential reserve for feldspars.

I1. Experimental

2.1 Magnetic separation

Magnetic separation (MS) is the method carried out
after gravity separation to separate the undesired ma-
terials which have magnetic properties. In the magnet-
ic separation method only two size fractions are used
namely 0.6-0.4 mm and 0.4-0.1 mm. The size fraction
of 1.2-0.6 mm is disregarded because the presence of
the iron oxide and mica are compacted with the light
minerals hence the machine cannot separate them. In
this work Jones high-intensity paramagnetic separator
1300 x 80 A/M was used.

Flotation experiments were conducted with —200
and —100 mm test samples in a self-aerated laborato-
ry flotation cell. Conditioning time was kept constant
at 5 min for rougher circuit and 3 min for cleaning cir-
cuits. Potassium oleate (100 g/t) was added in four steps
at natural pH of 7.6. Pine oil was used as frothier in the
first stage and in subsequent stages.

2.2 Porcelain ceramic compositions and batch
preparation

In the present study, two ceramic compositions were
selected designated as C1 (containing Southern Saudi
pegmatite before magnetic separation) and C2 (contain-
ing Southern Saudi pegmatite after magnetic separa-
tion), keeping the content of other raw materials con-
stant. Table 1 lists the compositions of the used natural
raw materials. The details of ceramic compositions in
oxide percentages and percentages of raw materials are
given in Tables 2 and 3.

One kilogram from each raw material was weighed
to be used in preparation of the batch compositions of
the studied porcelain bodies (Table 3). Each batch was
wet-ground in a pot mill for 18-20 h until the residue on
a 200 mesh BS sieve was reduced to less than 1.5 wt.%.
The produced specimens were dried, then powdered
and classified into rectangular samples of dimensions
66 mm x 15 mm x 4 mm and cylindrical samples 25
mm in length using a hydraulically operated compact-
ing press. A specific pressure of 450-500 kg/cm? was
applied similar to the conditions in industry. In addition,
the pressed samples were oven-dried until the moisture
content was reduced to less than 0.5%. The dried cylin-
drical samples were thermally heated in a high temper-
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Table 1. Chemical analyses of the raw materials used

Raw materials [wt.%]

Oxides Pegmatite before MS Pegmatite after MS Clay Quartz
Sio, 71.80 72.32 4541 98.66
ALO, 14.59 14.99 34.39 0.39
Fe,O, 1.00 0.05 1.13 0.07
TiO, 0.11 0.04 0.89 0.01
CaO 0.06 0.05 1.07 0.10
MgO 0.10 0.08 0.76 0.02
K,0 10.00 9.10 0.42 0.12
Na,O 2.00 3.18 0.87 0.09
L.O.L 0.58 0.20 14.67 0.37

Table 2. Chemical composition of the porcelain bodies studied

Chemical composition [wt.%]

Oxides 1 o
Sio, 62.83 62.86
ALO, 28.64 28.65
FeO, 0.92 0.51
TiO, 0.73 0.39
CaO 1.07 1.03
MgO 0.60 0.60
K,0 3.78 3.42
Na,O 1.10 2.58

Table 3. Batch composition of the porcelain bodies studied

. Batch composition [wt.%]
Raw materials

Cl C2

Clay (kaolin) 60 60
Pegmatite before MS 30 Nil
Pegmatite after MS Nil 30
Quartz 10 10

ature dilatometer furnace at a rate of 10 °C/min to study
their densification behaviour.

Rectangular samples were heated in the temperature
range of 1160—1200 °C in an electric furnace at the rate
of 18 °C/min for period of 45 min at the peak temper-
ature. The heated samples were tested for bulk density
(BD), linear shrinkage, water absorption (WA%), and
flexural strength (Instron 5500R).

2.3 Sample characterization

Differential thermal analysis and thermo gravimet-
ric analysis (DTA-TGA) were carried out on Netzsch
STA-490 using 60 mg of powdered samples, of grain
size 0.2-0.6 mm heated alongside with AL,O, powder
as a reference material. A heating rate of 10 °C/min was
maintained for all the runs.

Identification of crystals precipitating in the course
of crystallization was conducted by the X-ray diffrac-
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tion analysis of the powdered samples. The X-ray dif-
fraction patterns were obtained using a Schimadzue
XRD-600, Japan, adopting Ni-filtered CuKa radiation.

The microstructures of the samples were exam-
ined using a Hitachi S-3600N scanning electron micro-
scope (SEM) operated under high vacuum conditions.
The mineralogical constitutions were studied using Carl
Zeiss polarizing microscope.

The electron microprobe (EMP) analytical proce-
dure (developed at the Department of Geology, Univer-
sity of Leicester) were used to identify different miner-
als using wavelength dispersion on electron microprobe
operating at 15 kV and 30 nA with a beam diameter
of 10 um. Approximately, 200 points were analyzed to
identify different minerals such as quartz, mica and the
feldspar end members.

The brightness and colour values were determined
using a Hunter Lab. spectrocolourimeter. Values were
compared to standard white reference body.

II1. Results and discussion

X-ray diffraction analysis (Fig. 1) of Southern Saudi
pegmatite after treatment (gravity and magnetic separa-
tion) showed that the selected four samples composed
of K-feldspar (microcline, ASTM card No.12-703) as
the major phase with a little amounts of quartz (ASTM
card No.11-252) and albite (ASTM card No. 20-554).
These results indicate that the pegmatite after this kind
of treatment can be considered as a good source of pot-
ash feldspar.

The visual and optical microscopic examination of
selected samples indicated that the Sothern Saudi peg-
matite is essentially composed of K-feldspars (micro-
cline) with low amounts of quartz and albite (Fig. 2).
Microcline is characterized by a combination of albite
and pericline twinning, while albite shows a polysyn-
thetic twinning. Most microclines are microperthitic
and retain the morphology of the monoclinic feldspar
from which they have obtained. Microcline is charac-
terized by cross-hatched texture. This is clear in Fig.
2a,b and confirmed literature results [17].
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Figure 2. Photomicrographs of the investigated samples from Southern Saudi pegmatite: a) the microcline
shows cross hatched, euhedral crystals of quartz and albite, and b) the intergrowth microcline
with albite and prismatic crystals of quartz
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Figure 3. SEM backscattered images for feldspar impurities:
a,b) magnetite crystals contact with K-feldspar grains and
¢) mica crystal
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Figure 4. DTA-TGA curve of the investigated samples

Table 4. Mineral composition of Southern Saudi pegmatite
(three samples were used for the measurement)

Sample No. Microcline Albite Quartz
[wt.%] [wt.%] [wt.%]

1 56.05 17.96 23.28

2 55.52 18.63 23.29

3 57.62 17.70 22.83

Scanning electron microscope (SEM) indicates that
the pegmatite samples include some impurities such as
magnetite and mica crystals. In addition, the sizes of
impurities range from 60 micron to one millimetre. For
example, magnetite falls in the range from 60 to 100
um (Figs. 3a,b) while mica crystals are reaching about
1 mm (Fig. 3¢)

Electron microprobe (EMP) shows that the South-
ern Saudi pegmatite composed of potash feldspar (mi-
crocline) as a major mineral phase ranging from 55.05
to 57.62 wt.%. Quartz was found as secondary miner-
al with 22.83 to 23.29 wt.%, while albite mineral had
17.70 to 18.63 wt.% (Table 4). This method also gives
details of chemical composition of each constituent
mineral (Table 5).

The raw materials used to prepare the porcelain ce-
ramic bodies play a vital role in ultimate product qual-
ity. All the raw materials used in the study were chemi-
cally analysed, and the results are given in Table 1. The
chemical composition of C1 and C2 bodies is given in
Table 2. It may be observed from Table 2 that the C2
body contains comparatively lower amounts of Fe,O,
and TiO, due to the upgrading process of the South-
ern Saudi pegmatite used, and this is advantageous for
white-based vitrified porcelain as their presence in ex-
tra amounts leads to colouration in the fired body [18].
Johnson and Pask [19] also observed that impurities
such as Fe,O, and TiO, affect the formation kinetics and
morphology of mullite.

DTA-TGA curves for both C1 and C2 are present-
ed in Fig. 4. The DTA-TGA curve indicates endother-
mic peaks at 113 °C due to the removal of physically
adsorbed water followed by de-hydroxylation of kaolin
(clay) initiated at almost similar temperatures (536 °C)
for both C1 and C2, and by this process kaolin trans-
forms to metakaolin [20-22]. The nature of the peak
further indicates that dehydroxylation is an endother-
mic process. These measurements are very important in
optimising fast-fired ceramic bodies’ profiles.

The plot of linear dilatation with temperature (Fig.
5) indicates the densification behaviour of compact
green samples of C1 and C2 compositions with tem-
perature. This test is conducted at a constant heating
rate (10 °C/min) up to 1200 °C. The initial increase in
length is observed due to the thermal expansion of the
material. Then distinct changes in the curves are seen
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Table 5. Chemical analysis of the mineral constituents of the studied pegmatite samples

Oxides Microcline Quartz Albite Magnetite
[wt.%] [wt.%] [wt.%] [wt.%]
Sio, 64.78 99.93 68.72 24.71
TiO, 0.00 0.01 0.00
ALO, 18.38 19.42 8.39
Cr,0, 0.00 0.02 0.00
FeO 0.01 0.01 57.81
MnO 0.00 0.00 0.02
MgO 0.00 0.00 0.01
CaO 0.01 0.14 0.14
Na,O 2.86 11.71 6.31
K,0 12.86 0.06 0.05
Total 98.90 100.01 100.11 97.43

1
=N

Linear shrinkage [%]
& N

L
A

0 200 400 600 800 1000 1200
Temperature [°C]

]
3]

Figure 5. Percentage linear dilatation of the investigated
samples with temperature
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Figure 6. Differential shrinkage plot of the investigated
samples

Table 6. Peak densification temperature (PDT), bulk density
(BD) and percent of water absorption (WA %) of the
samples densified in the dilatometer

Sample PDT [°C] BD [g/cm?] WA%
Cl 1171 2.39 0.45
C2 1195 241 0.27

at around 530 °C when kaolin transforms to metaka-
olin by the dehydroxylation process. After removal of
lattice water, the clay matrix starts shrinking, followed
by its conversion into a spinel-like structure at around
980 °C. These observations are also supported by the
results of DTA-TGA discussed earlier. As the tempera-
ture further increases, porosity is eliminated by the vis-
cous flow of glassy phases, which finally results in den-
sification. The differential shrinkage plot indicates the
rate of densification achieved at a specific temperature
(Fig. 6). Furthermore, in both compositions, a remark-
able increase in densification rate is observed at above
1100 °C. A comparison between the two compositions
shows that C2 (feldspar after magnetic separation.) un-
dergoes maximum densification at 1195 °C compared to
a lower temperature (1171 °C) for C1 (feldspar before
magnetic separation).

Porcelain composition containing feldspar after
magnetic separation (C2) can be densified at the tem-
perature of 1195 °C, which is 24 °C higher than the tem-
perature required for the porcelain with the feldspar be-
fore magnetic separation (C1). The densified samples
after the dilatometric study were tested for bulk densi-
ty and water absorption percentage to verify their de-
grees of vitrification. The results are given in Table 6.
The variation in physico-mechanical properties and co-
lour of the samples fired in an electric furnace at dif-
ferent temperatures is graphically represented in Figs.
7a-e. It can be seen from Fig. 7a that there is no sig-
nificant difference in shrinkage value between the two
compositions C1 and C2. However, as it could be seen
from Fig. 7b, bulk density increased with temperature
and reached a maximum value at 1200 °C in both cas-
es. The C2 body achieved higher bulk densities at all
temperatures. As expected, the ratio of water absorption
percentage decreased with increasing heating tempera-
ture (Fig. 7c), due to the elimination of pores through
liquid phase sintering. The figure also indicates that
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Figure 7. Variation in physico-mechanical properties and L-value of C1 and C2 samples with temperature:
a) linear shrinkage, b) bulk density, ¢) water absorption, d) flexural strength and e) L-value

C2 achieved water absorption percentage of 0.16 % at
1180 °C compared to 0.59 % at 1200 °C for water ab-
sorption of C1. This result also supports the observa-
tions made from dilatometric studies (Table 6). Figure
7d shows the flexural strength of the samples fired in the
range of 1160-1200 °C.

The flexural strength was found to increase with
increasing firing temperature and reached maximum
values of around 51 MPa for C1 and 53 MPa for C2
compositions. Increase in flexural strength and bulk
density were also observed by other authors for triax-
ial ceramic compositions [23]. Theoretically, a max-
imum flexural strength develops in a porcelain body
when apparent porosity decreases to zero. A similar
trend is observed in the present study also. The result-
ing vitrified ceramic samples obtained in the present
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investigation were subjected to colour measurement
using the opponent-colour coordinate system devel-
oped by Hunter [24]. In this system, the third coor-
dinate describes the lightness of colour and is usually
denoted by L. The results are graphically represented
in Fig. 7e. It may be observed that the L-value decreas-
es as the body approaches vitrification at higher tem-
peratures. This is probably due to the increased inten-
sity of colour-forming oxides Fe,O, and TiO, present
in the raw materials at higher temperatures. It may also
be noted that the composition containing pegmatite af-
ter magnetic separation containing composition (C2)
showed a higher L-value (whiter) due to the presence
of lower amounts of Fe, O, and TiO,, compared to the
composition containing feldspar before magnetic sep-
aration containing composition (C1).
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IV. Conclusions

The sequence of chemical reactions in the studied
porcelain compositions followed similar reaction steps
up to 1000 °C, beyond which feldspar forms an eutec-
tic melt and starts reacting. The porcelain composition
containing pegmatite after magnetic separation exhib-
its a maximum densification rate at 1195 °C compared
to 1171 °C of pegmatite- containing composition before
magnetic separation. The treated pegmatite lead to high-
er bulk density (2.43 g/cm?), a lower percentage of water
absorption (0.07 %), and highest flexural strength (53.14
MPa) at 1200 °C compared to untreated pegmatite.

The whiteness of the porcelain ceramic bodies pro-
duced by the treated pegmatite is of better values than
those obtained using untreated pegmatite in which Fe O,
and TiO, impurities are present. The present study pro-
vides positive indications for usage of Southern Saudi
pegmatite after treatment in ceramic industries.
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